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Abstract

Up-conversion (UC) process involves conversiorogf-energy light photons into
higher-energy light photons. This is being achieusd a “ladder” type stepwise
excitation of a luminescent ion through sequerdalaorption of lower-energy photons
followed by the emission of the accumulated enangg form of luminescence. In this
case the luminescence light has shorter wavelgihggher photon energy) than any of
the absorbed photon.

In the present work the main focus is set on erbdoped NalLal crystalline
material and erbium doped transparent oxyfluoritkesgy ceramics containing LaF
nanocrystallites.

Structure, photoluminescence and UC luminescent&abafR:Er** are studied by
means of x-ray diffraction (XRD), stationary anthé-resolved spectroscopy methods.
It will be shown that the increase of°Erconcentration in NaLafEr* causes the
formation of Na(LaEr)k complex compound responsible for the shorteninghef
lifetime of EF* UC luminescence. The quenching of the UC lumineseein
NaLaR:Er* annealed at different temperatures is due fo-@&tygen related defects.
Additionally, a novel synthesis route of NaldE" will be shown allowing to
synthesize the material without using hazardousdilgeric acid.

Oxyfluoride silicate glass ceramics containing ¢:&F" is synthesized by thermal
treatment of the precursor glass and UC propedidgbhe material are studied at room
temperature and 50 K. It will be shown that the dw@nce of either excited-state-
absorption (ESA) or energy-transfer (ET) mechanisofisthe UC luminescence
mechanisms in oxyfluoride glass ceramics containlmafsEr* nanocrystals is
temperature dependent. A dominance criterion dieeibf the two mechanisms of the

UC luminescence in the crystalline phase of theggteeramics will be provided.



1. Introduction

1.1. Topicality and motivation for the research

UC process involves conversion of low-energy lighbtons into higher-energy
light photons. This is being achieved by a “laddéype stepwise excitation of a
luminescent ion through sequential absorption wfeleenergy photons followed by the
emission of the accumulated energy in a form ofim@scence. In this case the
luminescence light has shorter wavelength (highestgn energy) than any of the
absorbed photon. This type of luminescence hasctgtt interest of scientists since it was
first recognized and treated by Auzel in 1966 [Rpssible applications of the UC
luminescence involve but are not limited to viszation of infrared radiation [2], reading
of x-ray reusable memory plates [3], 3-D displaght®logy [4], white light simulation
[5], temperature sensors [6], active medium for ld€ers [7], biological markers [8],
optical fiber amplifiers [9], enhancing the effioy of solar cells [10] and others.

In principle any ion which has several discretergpdevels (transition metals,
lanthanides, actinides) might be used in UC prae$$l], when incorporated in, for
example, a solid state material. RE (RE) ions aadiqularly EF* ion is the most
recognized and often used for UC purposes. Itrigfgeries of nearly equidistant energy
levels of EF*, which make it perfectly suited for UC excitatiand thus desirable as an
activator in many different hosts.

Depending on a particular application differentsskes of the host matrixes must
be used. For example, if the material is expeabelet used as an active medium for a
laser, than it must be of high optical durabilitpdaheat resistance, while fine
granularity rather than the durability is of gréaportance if the material is used as a
luminescent display. In any caseaterials characterized by high efficiency of the
UC luminescence are persistently searched for.

Low-phonon energy media, which can be doped withidRs, are attractive hosts
for UC purposes, because they enable emissions R&ron energy levels that would
quenched by multi-phonon relaxations in high-phoeoergy materials [12]. Shalav et
al. [10] has shown that heavy halides of lantharfuats, LaBr;, LaCk) are featured by
high efficiency of the UC luminescence. The highcedncy can be explained by the
reduced rate of non-radiative transitions in theemals due to small phonon energy of



the hosts and also by the possibility of effectdaping of the materials due to the
affinity of La®>" to any other trivalent RE activators. However rextely high sensitivity
of the heavy halides towards moisture diminishes tthances to become widely used
in various applications.

Fluorides, belonging to the class of halides, draracterized by much lower
hygroscopicity compared to their heavier countdgatill possessing a small phonon
energy required for an efficient UC process. Thizses make theRE doped L&
containing fluorides attractive media for UC purposes.

UC luminescence was studied in many RE doped hd#awyides (Lak [13],
GdF; [14], YF; [15], Bak, [16], Cak [17], BaYFs [18], SrF, [19], PbFR, [20], NaGdR
[21] and others). RE doped NayYks one of the most prospective and extensively
studied materials among the efficient UC luminoghdn, 22-25]. At room temperature
(RT) two types of stable lattice structures areortgal for NaYR: cubic and hexagonal
[26, 27]; the efficiency of the UC luminescencetlive hexagonal phase is about 10
times higher than that reported for the cubic [22le high efficiency of the UC process
in the hexagonal NaYfis explained partly because of the small effeciphenon
energy of the medium (~360 ¢hi11]) and partly by the multisite nature of NayF
crystalline lattice, meaning that RE ions can ogougrious non-equivalent states in the
crystalline lattice [28, 29], thus enhancing thigcefncy of the UC process.

Compared to NaYFUC properties of RE doped NaLakp to now have not been
extensively studied. NalLaRloped with Ef" and YB* was first examined as an UC
host in 1972 [26], howevemno further studies of the UC luminescence in RE doped
NaLaF, have followed. The similarity in chemical compasit of NaLak and NaYFh
(Y®* — La®") as well as their isostructure (NalaRas a hexagonal lattice structure
[30]) predictRE doped NaLaF; to be an efficient UC hostMoreover, the existence of
exclusively hexagonal structure of NalaBuggests easier synthesis routine of the
material while the existence of both the cubic @aedagonal crystalline structures of
NaYF, stable at room temperature sometimes makes ththesya of the purely
hexagonal NaY[ rather problematic [10, 31]. The above mentionedsalerations
makethe synthesis of RE doped NalLajand the studies of the UC processes in the
material important and prospective for future devebpment of new effective UC
media.

RE doped fluorides in powder form are prospectivatamnals to be used as

efficient UC luminophors, for example, in luminestedisplays. However some



applications require synthesis of large sizensparent media with efficient UC
properties. Rather high temperatures and specigigém-free) atmosphere conditions
required for the synthesis of large size and highlyable bulk fluoride crystals make
the production of the materials a challenging tasklditionally, limited fusion-
spliceability of the bulk fluorides to conventiortalecommunication fibres diminishes
chances for the materials to be used in photomppcations.

The synthesis of large size RE doped glassesxtmple silicate glasses, is much
easier; the synthesis usually occurs at lower teatpee and therefore the synthesis
procedure is cost-effective and energy-efficieimaly, the affinity of the silicate glass
to the optical fibres opens up the possibility floee material to be used in the field of
telecommunication and optical signal processing.

Despite much easier synthesis routine, RE dopedatsl glasses suffer from
increased probability of non-radiative transitianghin luminescent RE ions related to
rather high phonon energies of the matrix. As aultethe efficiency of the UC
luminescence observed in RE doped silicate glassesially small.

Transparent oxyfluoride glass ceramics, having RBed fluoride nanocrystals
embedded in a silicate matrix, provides both thyh lefficiency of the UC process (the
efficient UC luminescence occurs in the fluorideoerystals) and excellent chemical,
mechanical and durability properties of the sikcglass [12].

Conventional synthesis of an oxyfluoride glass weca [12] involves annealing
of the initially properly composed precursor oxyitide glass at certain temperature
corresponding to the crystallization of the gladse heat treatment of the glass triggers
the formation of RE doped fluoride nanocrystals.

Different oxyfluoride ceramics systems have beertt®sized with PbH32- 34],
CaF, [35-38], Bak, [39-41] crystallites doped with various RE dopasitsce the first
oxyfluoride glass ceramics was reported [42]. Augr@f Wang have succeeded in the
preparation of an oxyfluoride silicate ceramics,ialihcontains EY doped Lag
nanocrystals. Various properties of this systerateel to the synthesis of the material
and UC processes have been thoroughly studied cah remperature [43-45]. At
present, no results on the studies of the UC Ilusceece performed at low
temperatures in this system have been publisiiéd. detailed studies of the UC
luminescence in oxyfluoride glass ceramics at lovermnperatures might be of great
importance to understand the true nature of the UCprocesses occurring in the

material that are otherwise impossible to observetdigher temperatures.



1.2 Main goals and tasks of the work

The main focus in this work is set on two represtves of the most prospective

classes of UC hosts: erbium doped NafaFystalline material and erbium doped

transparent oxyfluoride glass ceramics containiaBlnanocrystallites.

The goal of the present work ie study the UC luminescence in Ef doped

NaLaF, crystalline material and to study the UC luminescence in Ef doped

oxyfluoride glass ceramics at different temperaturse. To achieve the goal the

following tasks were set:

A\

synthesize Bf doped NaLak

develop a novel synthesis method for NajBF",

study the structure of NaLgEr" and the influence of the structure on the UC
luminescence properties of the material at diffefati’ doping levels,

study oxygen impact on the UC properties of NatBf",

synthesize Ef doped oxyfluoride glass and glass ceramics withFsLa
nanocrystallites,

study the UC luminescence properties of the oxyitleoglass and glass ceramics at
different temperatures.

1.3. Novelty of this work

Experimental investigations performed in this walowed to:
develop a novel synthesis technique of NatBf" material without using a
hydrofluoric acid,
identify the impact of oxygen related defects ore tbC luminescence of
NaLaFy:Er",
establish regularities leading to the dominanceittfer ESA or ET mechanisms of
the UC luminescence in Er doped oxyfluoride glass ceramics at different

temperatures.



1.4. Author contribution

Synthesis of all the samples mentioned in this wankasurements of UC and
photoluminescence spectra, excitation spectra amdnkescence kinetics, differential
thermal analysis, x-ray diffraction patterns aslwslthe analysis of the obtained results
have been performed solely by the author.

Raman spectrum of NalLaFmaterial was measured br. phys Georgijs
Cikvaidze, infrared absorption spectra of Najafaterials were measured by
Dr. habil. phys.Larisa Grigorjeva.



2. Physical background

2.1. Synthesis and up-conversion luminescence in rare-

earth doped NalLaF,

The first report on NaLafdoped with Ef* and YB* has appeared in 1972 [26].
Various works related to NaF-Lalphase diagram [46-48], optical phonon modes in
Raman polarized spectra of the bulk Nal§#0] and thermostimulated luminescence
of different RE ions in polycrystalline NaLaf49] are virtually the only information
known about the material.

From x-ray diffraction measurements the latticeictire for most of Na(RE)Hs
proposed to be hexagonal [48, 50]. Thoroughly thectire of NaLakwas studied by
the polarized Raman spectra measurements [30hisnwork it is claimed that the

C,,(P6) gagarinite structure is the correct one for NalaErystal. The authors

describe NaLakas Na sLa; sVnaFs, Where \{, represents vacant Na sitésg. 2.1).

F1

La

Fig. 2.1. The structure of NaLaH30].

The studies on RE doped NayFwhich has the same hexagonal structure as
NaLaF, revealed that RE activators may occupy two aed¢hron-equivalent sites in the
crystalline structure, substituting for''Yand N&. The isostructure of NaLafo NaYF
supposes that the RE activators might substituted® and N&.
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The conventional Czochralski technique has beeorteg for the synthesis of
bulk undoped NalLafsingle crystals. NaLaFhas an incongruent melt point which
means that NaLaFean be grown directly only from non-stoichiometnelt, containing
excess of NaF [30]. Due to nonstoichiometric mattly small single crystals sized as
few cnT can be grown at very low pulling speeds (0.1 mm/h)

Two other synthesis methods of polycrystalline Ripeti NaLak material have
been reported [26, 49].

In [26] it was shown that the powder samples carsy#hesized by firing the
mixture of NaSiFs and La.\REFs. The latter was precipitated by hydrofluoric akif
from an aqueous nitrate or chloride solution of pneper RE composition. During the
synthesis at around 600 temperature N&iFs decomposes to produce NaF and,SiF
gas. The reaction between NaF ang.RE«F; yields NalLaF4:RE«. UC luminescence
in Yb*, EF* doped NaLafsynthesized by this method is mentioned in theesamrk
[26], however no further studies of the UC promsrof RE doped NalLafave followed.

In [49] it was shown that RE doped Nalatan be prepared from La oxide and
other RE oxides, considered to be used as doparttseifinal material, N&O; and
aqueous 47% HBr and 40% HF solutions of acids. midure of the respective RE
oxides is dissolved in HBr and the fluorides RE&Fe precipitated with HF. The liquid is
evaporated and HF is added again. The appropmateirst of NaCO;s is dissolved in
water and slowly added to the mixture. The prodsiclried, and the addition of HF and
drying are repeated. Then the solid is transfeiaa glassy carbon boat and heated to
550 °C in a HF/Ar gas stream for 20 h. In this sthp reaction toward hexagonal NaLa
«F4:RE takes place. The powder is ground up in mortarresaded to 590 °C in an Ar gas
stream for another 20 h. Finally, the product isheal with water and then dried at 100
°C. The final product — NaLaFloped with various RE ions — was thoroughly staidiig
Krumpel et al. [49] to obtain the energetic posit@f RE dopant levels in the band gap
of NaLaR, but no additional information on UC propertiesteé material have followed.

In the both synthesis methods [26, 49] highly poae hydrofluoric acid HF is
used. The high corrosivity of the acid towards maraterials including glass makes the
synthesis of the NaLaFather complicated.

Both lack of the detailed information on UC lumioesce in RE doped NalLaF
and its complicated synthesis ledtte studies of the UC processes in &rdoped
NaLaF, and elaboration of new synthesis technique of Ef doped NalLaF

presented in this work.
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2.2. Synthesis and up-conversion luminescence in rare-
earth doped oxyfluoride glass ceramics

Transparent low-phonon energy hosts are desiraleldiaxfor UC applications.
Oxyfluoride glass ceramics, having RE doped flueritanocrystals embedded in a
silicate matrix, provides both the high efficienafthe UC process (the efficient UC
luminescence occurs in the fluoride nanocrystatg) excellent chemical, mechanical
and durability properties of the silicate glass][XI2omparison of three main types of
RE doped hosts is given irable 2.1

After the first synthesis of the oxyfluoride glassamics by Wang and Ohwaki in
1993 [42] different oxyfluoride ceramics systemsgédnaeen synthesized with PHB2],
CaF, [36], Bak [39], BaYK [51], NaYF, [52] crystallites doped with various RE
dopants. In 1998, Dejneka [12] reported that L sFone of the most suitable fluoride
hosts for RE ions in oxyfluoride glass ceramicsdose it has a great solid solubility of

RE ions and is characterized by low phonon energy.

Table 2.1 Physicochemical properties of different hosts peasive in UC

applications.
Crystalline phase Oxide glass Oxyfluoride glass
ceramics
(Heavy fluorides) (SiG; or GeQ base) (SiG, with Laks)
Complex synthesis Easy synthesis Easy synthesis
Costly Cheap Cheap

Hard to obtain large sizegdEasy to obtain large sizedEasy to obtain large sized

materials of good opticalmaterials of good opticalmaterials of good optica
grade grade grade

NOT fusion-spliceable tp Fusion-spliceable tp Fusion-spliceable to

conventional optical fiber] conventional optical fiber conventional optical fiber

High efficiency of UC| Low efficiency of UC| High efficiency of UC
process process process

A group of Wang have succeeded in the preparati@i@ based glass ceramics
with E** doped Lak nanocrystals. Various properties of this systefated to the
synthesis and UC processes have been thorougtdiedt{#3-45]. According to their

12



research first of all an oxyfluoride glass with t@mposition 41.2 Si©- 29.4 AbO3 —
17.6 NaCO; — 11.8 Lak — 1.0 Erfz has to be melted. The melting occurs in a covered
Pt crucible at 135(C. Afterwards the precursor glass is thermallytedaat a glass
crystallization temperature to vyield transparentsgl ceramics. The structural
composition (XRD and transmission electron micrgscaeasurements) of the glass
ceramics revealed that the thermal treatment ofjkass triggers the formation of LaF
nanocrystallites.

During the thermal treatment ¥rions initially present in the glass phase partly
incorporate into the LafFnanocrystallites greatly improving the efficienafythe UC
luminescence. It was argued that considerably Ighenon energy of LaFecrystalline
phase (~350 cth[12]) compared to the precursor silicate glasslQ@lcni® [12]) is
responsible for the boost of the efficiency of h& luminescence observed in the glass
ceramics.

Considerably less attention has been paid to tdiest of the time-resolved UC
luminescence in oxyfluoride glass ceramics contgjiaf:Er** and no information on
the UC luminescence and its temporal charactesistieasured at low temperatures for
this system could be found.

A considerable dearth of the information on UC psses in Ef doped
oxyfluoride glass ceramics at low temperature tethé studies of the UC processes
at low temperatures in EF* doped oxyfluoride glass ceramics with Lak

nanocrystallites presented in this work.

13



3. Experimental methods

3.1. Synthesis

For the synthesis of the samples in air atmosplaetemperature controlled
furnace Carbolite HTF 18/8 was used. The heatiegnehts of the oven are MgSi
allowing to achieve temperature as high as £800

The annealing of NaLaHRn fluorine flow was performed in a special appasa
made of nickel, which withstands fluorine atmosghat elevated temperature. For the
fluorination a mixture of 10%90% He was used.

3.2. Differential thermal analysis

In the present work the differential thermal ansy®TA) was used to identify
the crystallization temperature of the oxyfluorgikcate glass related to the appearance
of LaF; crystalline phase in the glass matrix. The DTA soeements were performed
using Shimadzu DTG-60 apparatus.

3.3. Structure investigations

For the XRD measurements x-ray diffractometer XtFReo MPD was used. The
diffractometer was equipped with an x-ray tube @nonaterial — Cu, wavelength
0.154056 nm) operating at 40 kV and 30 mA. Thetallje size determination was

performed using the software provided with therdiffometer.

3.4. Infrared absorption and Raman spectra
measurements

Infrared absorption spectra were measured usingR F9pectrometer Bruker
Equinox 55 (resolution <0.5 ¢ Raman measurements were performed using SPEX-
RAMALOG Laser Raman Spectrometer system (resoluti@rl5 cn) equipped with
laser MLL-671 nm—-300mW from CNI laser.

3.5. Luminescence measurements

UC and photoluminescence of all the samples wecéesk either in CW regime

by a temperature-power controlled IR laser diod#esyie,=975 nm (power up to 1W)

14



(Thorlabs) or in pulsed regime by a wavelength blmdoptical parametric oscillator)

pulsed laser from Ekspla NT342/3UV. Laser pulseation was 5 ns. The spectra have
not been corrected for the spectral sensitivitythef equipment. For low temperature
measurements closed cycle He cryostat ARSCRYO vgasl.uTemperature of the

sample was controlled by a temperature controll@kelShore 325 with a precision

+1 K.

For the measurements of the luminescence spe@falacamera Andor DU-401-
BV attached to Andor SR-303i-B monochromator/smeugter was used. For power
dependence measurements of the UC luminescencalngensity filters were used in
the excitation channel to attenuate the excitagiower while the intensity of the UC
luminescence was detected by CCD camera. The @gnitpower was monitored by
Thorlabs PDA55 amplified Si photodetector.

For the excitation spectra measurements the sameablau laser,
monochromator/spectrometer and CCD camera were libedmeasurement technique
involved the measurement of the Iluminescence speatr different excitation
wavelengths and processing of the measured dataubyor's developed software
(LabVIEW) to yield the excitation spectra measuf@da fixed luminescence position.
The spectra have not been corrected for the speetnaitivity of the equipment.

Luminescence kinetics was measured by a photorhettigube ®3VY-115
attached to Andor SR-303i-B monochromator/specttemand detected by Tektronix
TDS 684A oscilloscope. The overall temporal resotutof the system was less than
10 ns.
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4.

1)

2)

3)

Summary

4.1. Erbium doped NalLaF,4

Synthesis

Erbium doped polycrystalline NaLaFnaterial was synthesized from 65NaF —
35Lak; — xErks (x = 0.05, 0.1, 0.5, 1, 2, 4, 5, 7 and 10 mol égNaF — 10Lak—
25Erk; melt (in mol %).
Novel synthesis procedure of NalaEr" without using hydrofluoric acid has been
developed. NaLafEr" (Er** concentration 0.5 mol%) was prepared fromQza
Er,O3, NaF and hydrochloric acid. For the synthesishef material the RE oxides
were dissolved in hydrochloric acid yielding La@hd ErCi:

La,O;3 + 6HCI— 2LaCk + 3H,0

Er,03 + 6HClI— 2ErCk + 3H,0
After evaporation of the liquid the chlorides weatissolved in deionized water
while in separate beaker a water solution of sodfluaride was prepared. The
addition of NaF solution to the dissolved chloridied to the precipitation of LaF
and Erk:

LaCl; + 3NaF— LaF; + 3NaCl

ErCk + 3NaF— ErF; + 3NaCl
The precipitate was washed several times with dstonwater to remove NaCl
species. Later, additional amount of NaF was addethe precipitate and the
solution was evaporated to dryness. The followiggtisesis procedure involved
heat treatment of the synthesized powders at diftetemperatures from 400 °C to
650 °C for 15h in air. The structure analysis & NaLak:Er" materials has shown
that optimal synthesis temperature of the matesi@b0 °C.

Structure and UC properties

The XRD patterns measured for NakaRaterial at different doping levels of BrF
showed considerable lattice distortion of Naj@Rd the formation of a complex

Na(LaEr)R compound when Bf content was increasefig 4.1).

16
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Fig. 4.1: XRD pattern of NaLaFEr" material for samples with different La&nd

ErF; contents.

4) The effective phonon energy of Naladterived from Raman measurements for the
undoped material was estimateg290 cni (Fig. 4.2.

5) The UC luminescence spectra measured for NaEaf under excitation at 975 nm
revealed the characteristic luminescence bandkenviolet tHg, — “I151), green

(PHy1o — 1512 and*Ss — *l1s0) and red o, — *l1512) spectral regionsHig. 4.3.

1.20
o Experimental data

| Lorentzian Fit

1104 4 Lorentzian subbands

1.15

1.05 4

1.00

Intensity, a.u.

0.9547F
0.90

0.85

T : T y T ; T y T y :
250 300 350 400 450 500 550 600
Raman shift, cm™”

Fig. 4.2: Raman spectrum of undoped NalaBmple.
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Fig. 4.3: Stationary UC luminescence spectrum of 29% Bpped NalLafexcited
at 975 nm measured at room temperature.

6) The luminescence decay curves originating ff&p and*Fo, levels of EF* ions in
NaLaF, crystalline structure were measured and the riifesi of the corresponding
levels were determined. It was found that both“treen” and “red” luminescence
decay kinetics are composed of two componentsafastslow Table 4.1). The fast
component is attributable to strongly distorted IN&{r)F, phase, while the slow

component is related to NaLaEr*".

Table 4.1: Lifetimes (inps) of the main optical transitions in*doped NaLaf
samples at different doping levels and Nafrieasured under direct excitation at

room temperature.

0.05 01 05 1 2 4 10 NaErF,
% % % % % % %
Sy, fast 50 40 35 30 25 20 7

N 0.275
o slow 510 490 470 410 350 240 80

453/2 fast 110 100 90 8 70 60 30 .
4,, Slow 530 520 510 480 450 390 230

7) It was found that pure ET mechanisms are respanfiblthe “red” and “violet” UC

luminescence, while a combination of ESA and ET meatsms is involved in the

creation of the “green” UC luminescendéed. 4.4).
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optical transitions in NaLafEr**(0.5mol%) excited at 980 nm measured at room

temperature.

8) Mechanisms involved in the UC processes of HEn NalLak were determined
(Fig. 4.95. It was found that the appearance of the greemnlescence band at 540
nm is a result of an ESAprocess i.e. sequential two photon absorption ga%ic
s + v — %y thy — “Fyp. Afterwards the relaxation t8H11, and *Sgp.
populates the emitting levels for the green lunieese. Another route to populate
the*Sy level is by ET process: 1112 ‘1112 — Clisia, “Frr) (ETo).

The appearance of the red luminescence at 660 rghtrbe caused by a cross-
relaxation (CR) and subsequent Eirocess, for example?S,, “lis2) — (los,
*l1312) (CR) and later(1zsz *l1112) — Clisiz *For) (ETo).

The appearance of the violet band could be explayea CR and subsequent£T
process Sz, “l1s2) = (lorz *l1z) (CR) and later ‘Sz, *l132) — (CHorz, ‘1151
(ETs).
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9) For the samples synthesized at the temperaturés BP0 °C by the novel method
the UC luminescence is quenched mostly by @idups.

10)The concentration of OHyroups present in the material at the first staf¢éhe
synthesis is decreasing as the annealing tempergtaws Fig. 4.6).

11)The increase of the synthesis temperature above G(Qfflomotes the creation of
other EF*-oxygen defects in the material, responsible fer gnenching of the UC
luminescence.

12)The post-treatment of NaLzEr" in a fluorine atmosphere at 500 °C helps to
remove the oxygen impurities from the material tineseasing the efficiency of the
UC luminescenceHg. 4.7).
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1)

2)

3)

4.2. Erbium doped oxyfluoride glass ceramics

Synthesis

Oxyfluoride silicate glass and transparent glasaro&s containing Lafcrystallites
has been synthesized. For the synthesis of thes glas following chemical
composition was used 40SH25AL0s-19NaCO;—3NaF-9Lag-0.5Erk. The
batch of the raw materials (~10g) was melted im&ered corundum crucible for 1
h at 1450 °C in air atmosphere followed by the ingsof the liquid between two
preheated stainless steel plates. The glass ceramais prepared by heating of the
precursor glass at its crystallization temperatbtined from DTA measurements
(Fig. 4.8

Structure and UC properties

During the synthesis the activator ions partiatigarporate in the crystalline phase
and Lak:Er" is formed.

The UC luminescence spectra, the excitation spectdathe decay kinetics of the
“green” luminescence band of ¥mwere measured for the GC sample at 50 K and
RT (Fig. 4.9, 4.10, 4.11, 4.)2

40 -

30

20
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i B s e e oo e o e S B S s s m
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Fig. 48: DTA curve of the precursor glassy ¥ glass transition temperature, +

crystallization temperature.
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4) From the analysis of the kinetics of the UC lumoexe it is concluded that at RT
the dominant mechanism of the UC luminescence enGIE sample is ESAF(Q.
4.17), while at 50 K — the ET mechanism prevaklgy( 4.12.

5) The ESA mechanism of the UC luminescence is stitiva at 50 K for the
excitation energies, at which the energetic ofbresice between the GSA and ESA
is less than 6 cth(Fig. 4.13
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Fig. 4.13: Energy level scheme of ¥rion in Lak [53] and possible mechanisms of
the UC luminescence in the crystalline phase ofGResample at 50 K. (a) and (b) —
ESA is possible, (c) and (d) — ESA is impossitdg  ETU.
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5. Thesis

> Novel synthesis method of NaLaEr* has been developed allowing to

synthesize the material without using a hydrofla@cid.

> Luminescence properties of NaLaE" depend on the synthesis conditions:

e The increase of Bf concentration in NaLafEr'" causes the formation of
Na(LaEr)lR complex compound responsible for the shorteningtred
lifetime of E* luminescence.

e The quenching of the up-conversion luminescencahaf:Er* depends
on the annealing temperature: below 500 °C theamwrsion luminescence
is quenched by OHelated defects, but above 500 °C — the quendkidge
to other oxygen related defects.

e The post-treatment of NaLzEr" in a fluorine atmosphere at 500 °C
reduces the content of oxygen impurities in theemait and significantly
diminishes the quenching effect of the up-conversiminescence.

» The dominance of either excited-state-absorptioanargy-transfer mechanisms of
the up-conversion luminescence in oxyfluoride glessmics containing LafEr’”

nanocrystals is temperature dependent.

» A criterion, which entails the dominance of enetansfer over excited-state-
absorption mechanism of the up-conversion lumineseén the crystalline phase of
the glass ceramics at 50 K, is the energy mismafanore than 6 ci between

ground-state-absorption and excited-state-absarptio
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6. Outlook

In this work two prospective materials for UC pusps, namely NaLafEr* and
oxyfluoride glass ceramics containing ls&" were investigated.

It was concluded that the increase of'Eoncentration in NaLafEr* causes the
formation of Na(LaEr)k complex compound responsible for the shorteninghef
lifetime of EF* UC luminescence, while the quenching of the UCihascence in
NaLaR:Er* synthesized at different temperatures is explaimedr*-oxygen related
defects.

From application point of view the existence of gegy defects in fluorides is
undesirable because they act as “killers” of the W@&inescence due to their
involvement in the enhanced non-radiative de-efoitaof RE ions leading to the
decrease of the UC efficiency. From scientific padh view the existence of such
defects in NaLafFRE®" raises a series of challenging questions to beenes!: what is
the structure of these defects? What is the mestmanf their formation? What is the
mechanism of the energy transfer from°R the oxygen defect? Once these questions
are answered, possible applications like, for eXapfluorine sensors may follow.

Another material investigated in this work is thansparent oxyfluoride silicate
glass ceramics containing LaEr’*. It was synthesized by thermal treatment of the
precursor glass and UC properties of the materakvgtudied at RT and 50 K. It was
shown that the dominance of either ESA or ET meisinas of the UC luminescence in
oxyfluoride glass ceramics containing L& nanocrystals is temperature dependent.
A dominance criterion of either of the two mechamssof the UC luminescence in the
crystalline phase of the glass ceramics was prdyideowever, some general
unanswered questions related to the glass ceratilagmain.

Although the glass ceramics provides an interestimuglel, where two different
phases (glass and crystalline) coexist, the studiethe UC luminescence in such
systems reported in the literature are strictlgeséed on either of the two phases: the
glass or the crystallites. But is there any endgrgysfer between the two phases and if it
can be observed, what are the mechanisms of sechyetmansfer?

On the other hand, the efficiency of the UC lumasexe in oxyfluoride glass
ceramics is defined by the efficiency of the UCqass in the fluoride component of the

ceramics. At the present, the most efficient flderihost for the UC purposes is
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considered to be NaYFmainly due to its low phonon energy. Soon after elxcellent
UC properties of crystalline REdoped NaYk were reported, a number of works, in
which oxyfluoride glass ceramics with NaY®anocrystallites, appeared.

In the present work the Raman spectrum measuretldbaFl, showed that the
phonon energy of the latter is lower than that regubfor NaYR, suggesting that the
efficiency of the UC luminescence in NaLaRE>" might be comparable or even better
than that of NaYERE® matrix. This raises another challenging task —obtain
oxyfluoride glass ceramics with NaLaRE>* nanocrystals.

The raised questions are the subjects of furthgesiigations that will be

continued after the defending of the present thesis
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