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ARTICLE INFO ABSTRACT

Handling Editor: Dr P. Vincenzini Transparent oxyfluoride glass-ceramics doped with rare earth ions (RE3") are promising materials for photo-
luminescence up- and down-conversion. In this study, glass compositions within the system 40SiO,.
—25A1503-18Li30-7LiF-10YF3 (mol.%) doped with ErFs and codoped with ErF3/YbFs were prepared by melt-
LiYF4 ) quenching method and subjected to thermal treatment at temperatures above glass transition (Tg + 35 °C) for
8:?13)1;1(\)/2Ssiogria;;zstoluminescence long dwell times to obtain the corresponding glass-ceramics. The formation of LiYF4 and LiAlSiO4 nanocrystals
Rare earth ions was confirmed by XRD analysis after thermal treatment at 540 °C for 20 h. The increase in the treatment time up
Transparent glass-ceramics to 80 h resulted in the enhancement of the UC luminescence yield and the decrease of the Red to Green ratio (R/
G) emission intensity. Due to the nano-sized crystals, the glass-ceramic products were transparent (%T) in near-
infrared (NIR) and visible spectral region with %T remaining approximately 85% and 75%, respectively, after 20
h treatment. However, the visible window transparency reduced, with %T dropping to around 50% after 80 h
due to the increase in crystal size and crystalline fraction. The influence of Yb>* co-doping on the up-conversion
(UC) luminescence has been investigated in the glass-ceramics and compared to the parent glasses, confirming
that Yb%* ions were also a key factor for facilitating up-conversion via energy transfer (ET), leading to a greater

Keywords:

luminescence yield than for Er>* single doped glass-ceramics and tuning of R/G intensities.

1. Introduction

Glass-ceramics (GCs) are materials in which crystals are embedded in
a glass matrix. Crystallization from an amorphous state is a remarkable
process due to the fact that nucleation and growth rate act to tailor
diverse physical properties, including thermal, mechanical, electrical,
and optical capabilities [1-3]. Particularly, transparent oxyfluoride
glass-ceramics (TGCs) doped with rare earth ions (RE3+) are one of the
most favorable groups of materials for high efficiency up- and
down-conversion photoluminescence (PL) emission. They are
well-suited for using in optoelectronics and optical refrigeration because
of their transparency, mechanical and chemical resistance, low phonon
energies and low refractive index inherited from fluoride crystals [4-7].
In order to achieve transparency, the crystal size, morphology, isotropic
crystalline phases and their homogeneous distribution in glass matrix
need to be strictly controlled [8]. The luminescence yield of the GCs is
enhanced by regulating oriented crystallization in fluoride phases after
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heat treatment, hence achieving single-crystal-like characteristics [9].
Oxide glasses have substantially higher phonon energy (hup, ~ 1100
cm 1) than fluoride glasses (hopp ~ 550 cm 1) so, energy quenching via
vibrational relaxation occurred. Fluoride glasses, on the other hand, can
prevent energy loss via vibrational relaxation due to their low phonon
energy, but they are chemically and mechanically unstable [1]. The GCs
are viewed as gap fillers that can compensate for the deficiencies of both
materials. In particular, the LiYF4 phase considered for this study,
possess a low phonon energy, ho,, = 446 cm! [10,11].

Due to the potential light emission features of fluoride phases,
crystallization of RE3* doped AREF, (A, alkali metals) in oxyfluoride
glass-ceramics (OxGCs) has been intensively studied. A. De Pablos et al.
[12] investigated KLaF,4 transparent GCs containing both cubic and
hexagonal crystals with very low phonon energy (hop, ~ 262 em™1) and
provided a promising look at scientific background for future researches
in terms of enhanced photoluminescence. A. de Pablos et al. [13] also
reported the optical properties of GCs based on hexagonal NaYF4:Er®*
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nanocrystals. The PL of the investigated GCs was ten times higher than
that of the parent glass, with predominating green emission (550 nm)
and a lower intensity of red emission (670 nm). Er3t dopant ions were
incorporated into the NaYF4 nanocrystals during the crystallization
process, as indicated by the time-dependent sharpening of the stark-split
structure in the GCs. The incorporation of Yb®" in Er®*/Yb%"-co-doped
OxGCs significantly improved the optical properties that governed the
efficiency of light emission. However, co-doped samples exhibited a
stronger red UC emission than the green emission, in contrast to those
with only Er®* doping. The intensity ratio of green and red UC emissions
could be governed by the crystalline fraction and adjusted with the
Er/Yb ratio [13-15]. Cabral et al. [16] claimed the formation of cubic
(a-phase) and hexagonal (B-phase) KLaF4 NCs from the glasses 70SiO2.
—7A1,03-16K,0-7LaF3:xNdF3 (mol.%, x = 0.1-2%) after heat treatment
at Tg + 10-100 °C, highlighting the distinguishable growth kinetics of
the two phases. After 15 h of treatment at 660 °C with 0.5% Nd>*
dopant, the formation of dominated $-KLaF4 resulted in superior PL
emission compared to the a-phase alone. From the same aspect, J. Qiu
et al. [17] investigated the cubic-to-hexagonal phase transformation of
NaYF4 in the system 40Si02-(10+x)Zn0-(33-x)NazCOs3.
-10YF3-7NaF-0.1TbF3-0.5YbFsx; withx =0, 5, 10, 15 (mol.%). The goal
was to improve UC emission by modifying the ZnO/NayO ratio and
integrating Tb®*-Yb®" ions into the crystal phases of transparent Zin-
catesilion oxyfluoride glasses and OxGCs. They discovered that adding
10-15 mol.% ZnO produced a pure cubic phase, while adding 20 mol.%
ZnO generated a mixture of cubic and hexagonal phases. When the ZnO
concentration reached 25 mol.%, the pure hexagonal phase was formed.
Because the crystal field symmetry of hexagonal p-NaYF4 phase was
lower than that of the cubic a- NaYFy, the absorptive capacity of RE>*
ions and the dipole polarizability of RE>" ions were both increased [17].

With the smaller cationic radius compared to Na®*/K", and higher
cation polarization power, the substitution of Li™ can cause crystal field
distortion and increase the asymmetry environment around the trivalent
lanthanide ions, forming scheelite-type tetragonal (bipyramidal) instead
of hexagonal or cubic phases. Therefore, it significantly affects the
emission intensity as reported recently [9]. Notably, LiYF4 crystal is a
suitable host for trivalent RE>" ions because their similar ionic radii can
provide high capacity for isomorphic replacement of Y3* ions by other
RE3" ions with negligible influence on the lattice structure [9,18]. J. Qiu
et al. [19] studied 40Si02-20Al,03-20LiF-20GdFs TGC system, singly
doped with 1 at. % Eu®t, 1 at. % Tb®>" and 1 at. % Tm>" ions, respec-
tively. They confirmed the inverse scheelite structure of the LiGdF4
crystalline phase, with nanocrystals of size around 20-50 nm. The low
symmetry sites around the RE3" ions significantly prolonged fluores-
cence lifetime via electric dipole transitions. Recent research conducted
by X. Li and his team [20] uncovered the co-precipitation of tetragonal
LiYF4 and hexagonal LiAlSiO4 in 40Si02-25Al,03-5Li;0O-20KF-10YF3
because of the excess Li ™ ions. The sample containing 5 mol.% of NayO
or K50 in the glass batch composition produced pure LiYF4 NCs since the
Na'/K" functioned as bond breakers and facilitated the presence of Li"
in the glass matrix.

Based on prior research findings, the goal of this work is to produce
RE-doped transparent GCs incorporating lithium fluoride phases, spe-
cifically scheelite-type tetragonal LiYF4 nanoparticles, using the melt-
quenching method and subsequent thermal treatment to improve
luminescence yield and prolong emission lifetime.

2. Experimental
2.1. Glasses and glass-ceramics preparation

High purity silica nano-powders (SiOz, 99.9%, Alfa Aesar),
aluminum oxide (AlyO3, 99.99%, Alfa Aesar), yttrium fluoride (YFs3,
99.9%, Alfa Aesar), lithium carbonate (LioCOs3, 99.998%, Alfa Aesar),
lithium fluoride (LiF, 99.98%, Alfa Aesar), ytterbium fluoride (YbFs3,
99.99%, Alfa Aesar), and erbium fluoride (ErF3, 99.9%, Alfa Aesar) were
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used as raw materials for glasses preparation.

A series of glasses with the composition 40SiOs.
~25A1,03-18Li0-7LiF-(10-x-y)YF5-xErs-yYbF3 (in mol.%.), in which
YF3 was partially substituted by ErF3 and YbFs, were produced by melt-
quenching method. The theoretical composition of glasses and corre-
sponding sample notations are summarized in Table 1. Batches of 50 g of
each composition were homogenized for 1 h prior to melting in a Pt/Rh
crucible covered with a lid to prevent fluorine and lithium evaporation
in an electric furnace. First, the batches were held at 1200 °C for 1 h and
calcined. Then, the temperature was gradually increased to 1500 °C
with a heating rate of 10 °C/min, and the formed melt was homogenized
and held for an additional hour prior to the first casting. To improve the
homogeneity of the prepared glass, the formed glass was re-melted for
1/2 h at the same melting temperature, 1500 °C. The glass melt was
casted on a brass mold and annealed in a furnace at temperature Ty +
5 °C for 0.5 h to relieve residual stresses. The annealed glass was then
progressively cooled down at 1 °C/min to ambient temperature.

The GC samples were prepared using the following procedure: the
corresponding glasses were cut into pieces and subjected to heat treat-
ment in a furnace at a temperature of 540 °C (around Tg + 35 °C) with
selected dwell times of 20, 40, and 80 h, respectively. The heating ramp
from RT to 540 °C was 10 °C/min; and for sample cooling, a rate of 2 °C/
min was used. The heat treatment temperature was chosen based on the
thermal behavior of the prepared glasses (DTA analysis, see text below);
the working temperature was high enough, above Tg, to promote crys-
tallization of nano-crystalline fluoride phases but low enough, under Ty
to avoid uncontrollable crystallization and loss of transparency of pre-
pared GCs.

In this study, chemical compositions were determined with a Magic X
2400 (PANalytical) spectrometer in order to track chemicals, specif-
ically fluorine loss. To prepare the beads for analysis, 0.3 g of sample
was combined with 5.5 g of lithium tetraborate (Li;B4O7) and melted at
1100 °C. Utilizing the IQ + software, the calculation was performed
(PANalytical).

2.2. Thermal and structural characterization

Differential Thermal Analysis (DTA/TG, Netzsch STA 409/C, Ger-
many) was used to investigate the glass thermal properties and to esti-
mate glass transition temperature (Ty), the onset of crystallization (Tx)
and crystallization temperature (Tp). The DTA/TG traces were recorded
in the temperature range of 25-1000 °C at the heating rate of 10 °C/min
in air atmosphere. The powdered glass samples 20-30 mg with the grain
size of 1-1.25 pym and powdered Al;O3 as an inert reference material
were used for the analysis.

X-ray diffraction (XRD) measurements were conducted by an X-ray
diffractometer (D8 ADVANCE, Bruker, USA) equipped with a Lynx Eye
detector. The diffractograms were collected using monochromatic
CuKo, radiation (1.54056 1°\) in the 5° < 20 < 70° range with a step of
0.05°/sec. The crystalline phases were identified and analyzed using
EVA Difrac PLUS software (V2, Karlsruhe, Germany). The mean crys-
tallite sizes were estimated by Scherer’s equation:

po— M o)

A/~ * cos 6

where D is the mean size of the crystallite domain, k is the shape

Table 1
Chemical compositions (in mol.%) of the oxyfluoride glasses.

Sample’s code Composition (mol.%)

Undoped glass 408i0,-25A1,03-18Li;O-7LiF-10YF3

GO0.1Er-0.4 Yb 40Si0,-25A1,03-18Li,0O-7LiF-9.5YF5-0.1ErF3-0.4YbF3
GO.5Er 408i02-25A1,03-18Li,0-7LiF-9.5YF3-0.5ErF3
GO.5Er-2Yb 40Si0,-25A1,03-18Li,0-7LiF-7.5YF3-0.5ErF3-2YbF3
GO.5Er-4Yb 40Si02-25A1,03-18Li,0-7LiF-5.5YF3-0.5ErF3-4YbF3
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factor selected as 0.94, generally due to LiYF4 scheelite structure, A is the
wavelength of X-rays (0.154056 nm), 0 is the Bragg angle X-ray
diffraction peak, p, is the line broadening at half the maximum intensity
(FWHM) of the measured peak, and f; is the line broadening at FWHM of
the standard powder NaF (PROVYS 99.9%) to include the instrument
response function. The pseudo-Voight profile function was used in the
Rietveld refinement of the recorded XRD diffractograms.

High resolution transmission electron microscopy (HR-TEM) was
used to confirm the crystals morphology in the GCs. The glass GO.5Er-
4Yb and its corresponding GC treated at 540 °C for 80 h were crushed
into powder (<60 pm) and dispersed in ethanol. The micrographs were
taken with a JEOL-JEM 2100 HT (Japan) equipped with a thermionic
cathode electron gun and LaB6 filament working at 200 kV with a 0.19
nm resolution. ImageJ software was used for micrograph analysis.

2.3. Optical characterization

The polished samples of 1 mm thickness were used for optical
characterization. The refractive indices of doped-glass samples (1 mm
thickness), were measured by ellipsometry with a Gaertner 117 equip-
ment, operated by the HeNe laser using the 632.8 nm wavelength to
record the refractive indices.

Ultraviolet-Visible (UV-Vis) spectroscopy (Cary 5000, Agilent
Technologies USA) was applied to determine the transmittance of
samples in the spectral range of 190-2000 nm.

The up-conversion photoluminescence (UC-PL) spectra, corrected for
the spectrometer response, were recorded using a Fluorolog FL3-21
(Horiba, France) spectrometer. A continuous-wave diode laser oper-
ating at a wavelength of 980 nm was used as an excitation source; and an
excitation power of 500 mW was applied to record all up-conversion PL
spectra. The decay curves were recorded at RT on the same instrument
using a pulsed Deltadiode (DD-375 L, Horiba, France, peak wavelength
376 nm, pulse duration 50ps, repetition rate 10 kHz-100 MHz) at 376
nm as an excitation source; the green (~540 nm) and red (~665 nm)
emission wavelengths were monitored. The decay curves were fitted
using a double-exponential function.

3. Results and discussion

The undoped parent glass was colorless and transparent. The doped
glasses were light pink and transparent due to the presence of ErF3. The
fluorine and lithium loss, as determined by X-ray Fluorescence (XRF),
was found to be in the range of 20% and 40%, respectively. The
refractive indices of four glass samples with varying dopant concentra-
tions were only slightly different, according to Table 2. All glass samples
showed similar results for refractive indices, demonstrating that the
partial substitution of Y3t with Er®" and Yb®" ions had little effect on
the lattice structures.

Fig. 1 and Table 2 showed in detail that the T of all glass samples
were approximately 505 °C. The Ty value ranged from approximately
605 to 685 °C as the dopant concentration increased. The increase in Ty
expanded the thermal stability of the glasses from approximately 100 to

Table 2
Characteristic temperatures, Tg, Ty, AT, T, estimated from DTA traces and
refractive index of doped- and undoped-glasses.

Sample’s Tg£2 Ty £2 AT Tp+2 Refractive index
code (O] [§9) (O] [{9) +0.003
Undoped 511 592 81 640 1.576
glass
G 0.1Er-0.4 504 604 100 711 1.551
Yb
G 0.5Er 505 660 157 703 1.546
G 0.5Er-2Yb 502 648 146 703 1.553
G 0.5Er-4Yb 505 686 181 713 1.550

Ceramics International 49 (2023) 41201-41209

T exo — G0.1Er-0.4Yb
25. —— GO.5Er
—— GO.5Er-2Yb
20+ —— GO.5Er-4Yb

AT

0 200 400 600 800 1000 1200

Temperature (°C)

Fig. 1. DTA traces of the doped glasses recorded at 10 °C/min in
air atmosphere.

180 °C. To avoid opalescence, the ceramization temperature (T.) range
was selected as Ty < T, < Ty, in which T, for preparing OxGCs in this
study was set at 540 °C, (~ Tg + 35 °C). The working intervals were set
to 20, 40, and 80 h; the ramp up rate was 10 °C/min, and the ramp down
rate was 2 °C/min. Due to the optical emission yield interest of these
glasses and their GCs, the crystallization experiments were undertaken
solely on the four doped glasses.

The XRD patterns of the parent glasses (not shown) revealed the
typical amorphous halo without any indication of diffraction peaks, thus
confirming the fully amorphous nature of the as prepared glasses. After
20 h of treatment at 540 °C, the initial targeted peak of the LiYF4 phase
was clearly apparent in Fig. 2a. As the duration of heat treatment
increased, the XRD diffraction peaks in all samples became more better
defined, indicating that body-centered tetragonal LiYF, crystals (JCPDS
no. 00-017-0874) were gradually formed (Fig. 2 a, b, c). The Rietveld
analysis was in good agreement with the experimental pattern, con-
firming the formation of LiYF4 with the calculated lattice parameters, a
=b=5168 A and ¢ = 10.736 10\, similar to those obtained for the
corresponding bulk materials, a = b = 5.164 [o\, c=10.741 A [21]. The
semi-quantitative analysis of the XRD patterns for the sample
GO.5Er-4Yb treated at different dwell times revealed LiYF4 crystal
fraction of about 7, 9 and 13 wt% for 20, 40 and 80 h, respectively. The
crystal size of the precipitated LiYF4 phase was calculated using Scher-
er’s equation (Eqn. (1)). Maintaining the same treatment temperature,
after 80 h, the nano-LiYF, in the doped-OxGCs were around 10-13 nm,
Fig. 2c, based on an evolution of LiYF,4 by treatment time. This could be
explained by the effect of a diffusive barrier containing network formers
such as silica or alumina around the LiYF4 nanocrystals which inhibits
crystal growth. The peaks at 26 = 29.5 of GC0.1Er-0.4 Yb and GCO.5Er in
Fig. 2b were slightly shifted into larger angles at 20 = 29.56,/29.49628
and 20 = 29.58 of GCO.5Er-2Yb and GCO0.5Er-4Yb, respectively. The
larger 26 angles shift could be the result of the shrinkage in nanocrystal
lattice by substituting larger Y>* (ionic radius: 1.019 A) with smaller
trivalent ions Er’" (ionic radius: 1.004 ;\) and Yb>* (ionic radius: 0.985
/i’\), respectively [22].

The additional crystals of LiAlSiO4, in hexagonal morphology
(JCPDS no. 00-045-0466), gained a growth advantage with time and
were approximately 16 nm in size after 80 h of treatment, Fig. 2d. Unlike
LiYF,, these crystals became the primary factor in reducing the sample’s
transparency.
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Fig. 2. (a) XRD of GCO.5Er-4Yb at different treatment times at 540 °C, (b) XRD of GCs with different dopant concentrations treated at 540 °C for 80 h. (c) and (d)
Intensity of the main diffraction peak of LiYF4 and LiAlSiO4 as a function of treatment time at 540 °C for GC0.5Er-4Yb.

d-space: 4.7 A

Fig. 3. (a) TEM, (b) HR-TEM, (c) SAED, and (d) EDS analyzed area of GCO.5Er-4Yb after 80 h thermal treatment.

The TEM observation of GC0.5Er-4Yb — 80 h (Fig. 3a) confirmed the transmission electron microscopy (HR-TEM) with the presence of
crystalline phases observed by XRD, as well as the nanoscales of crystals, several nanocrystals. The d-spacing between adjacent planes were 4.70
less than 20 nm. Fig. 3b depicted a micrograph of high-resolution A and 3.07 A, which corresponded well with the distance between the
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(101) and the (112) lattice planes, two strongest signals in LiYF,. Fig. 3¢
shows the selected area electron diffraction (SAED) which clearly
depicted the lattice arrangement of the atoms in the nanocrystals in
Fig. 3b. Compared to the above nanocrystal XRD pattern, the calculated
lattice parameters from HR-TEM were in agreement with the extracted
XRD data and clearly indicated the formation of the body-centered
tetragonal LiYF4 phase and corresponded to the indices (hkl) lattice
planes as 4.68 and 3.02 A for the (101) and (112) respectively. In a
crystal site with S, point symmetry, the dopant ions Er®" and Yb3*
replace the Y3 ions.

Additionally, energy-dispersive X-rays spectroscopy (EDS) analysis
was operated from the selected area in Fig. 3d to determine the presence
of elements in the observed area. The formation of fluoride nanocrystals
was reaffirmed by a significant increase in Fluorine % atomic = 36.19%
in the crystals relative to its surrounding glass % atomic = 7.59%.

However, the heterogeneous glass matrices and fast moving of NCs
recorded by TEM did not allow capturing the morphologies of tetragonal
LiYF,4 and hexagonal LiAlSiO4 as well as their nanocrystal distribution.

Fig. 4 depicted the optical transmission spectra of doped glasses Gs
and their corresponding GCs obtained by heat treatment at various in-
tervals. The doped glass samples exhibited a transmittance of around
90% in both the NIR and visible spectral regions (Fig. 4a). The intense
characteristic absorption peaks observed at approximately 1530, 800,
650, 520, 490, and 380 nm corresponded to energy transitions within
Er’* ions, whereas the broad characteristic absorption bands at
approximately 940 and 980 nm, which increased with Yb concentration,
were distinctive features of Yb* ions [23]. The offsets at 850 nm are
caused by changing between two detectors from infrared to visible re-
gion. The high absorption cross-section at 980 nm in the Yb>" ion, which
acted as an efficient sensitizer by transferring the absorbed energy to the
adjacent Er** ion, was advantageous for pumping Yb and Er ions for
upconversion applications. The resulting OxGCs maintained a high level
of transparency in the NIR (90%) and visible (70%) windows after 20 h
of treatment (Fig. 4b). However, with the increase of heat treatment
time (Fig. 4c), the transmittance of GCs tends to decrease as the content
of the crystal phase and the size of crystal particles increased during the
prolonged treatment period; the scattering effect of light was enhanced,
resulting in a reduction of light transmittance.

The up-conversion (UC) emission spectra of all studied glasses and
corresponding glass-ceramics were recorded under excitation at 980 nm
LD with a power of 500 mW. The UC spectra of parent glasses and their
GCs after 20 h treatment are depicted in Fig. 5. Both exhibited charac-
teristic UC emission bands; for glasses, the bands are inhomogeneous
broadened, which is typical for Er>* hosted in disordered matrices. The
green UC emissions, involving emission bands centered at about 520 nm,
540 and 550 nm, originate from the °Hy; 2= 4115/2 and 453/2 - s /2
transitions of Er>* ions, respectively. In parent glasses, red UC emissions
centered at approximately 650 and 670 nm, which were related to the
*Fg/9 — *I15/o transition of Er’t, predominated over green UC. More-
over, Yb®>* ion-containing glasses had a stronger UC luminescence
output that increased with Yb>* concentration than glasses containing
solely Er’" ions [24,25]. As shown in Fig. 5b, the same trend was
observed in GCs. It is worth noting that the UC emission intensity was
enhanced, and the Stark splitting was more noticeable for the GC sam-
ples compared to the glasses, indicating the incorporation of Er** and
Yb3* ions into the crystalline phase. The low phonon energy owning to
the fluoride phase, LiYF,, favored the UC processes after glass crystal-
lization. The UC emission spectra of prepared GCs, which contained
0.5Er>* doping, were identical in shape and red/green intensity ratio as
reported recently for LiYF:Er3+, yb3+t nanocrystals [9,18,22,23]
Compared to other samples, GC0.1Er-0.4 Yb-20 h exhibited a greater
green intensity than its red counterpart, proven by the decrease in R/G
ratio less than 1 as well as the emission shape of its green emission being
superior to its red one, which is depicted in Fig. 5b.

The UC emission spectra recorded for glass GO.5Er-4Yb and corre-
sponding GCs prepared by thermal treatment of parent glass at 540 °C at
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Fig. 4. Transmission spectra of (a) doped-glass samples, (b) their GCs after 20 h
treatment, and (c) the parents’ glass G 0.5Er-4Yb and its GCs treated at 540 °C,
for 20, 40 and 80 h.
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Fig. 5. UC emission spectra of (a) the parent glasses and (b) the corresponding GCs with various dopant concentrations treated at 540 °C for 20 h.
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Fig. 6. (a) PL spectra of the GCs treated for 20, 40 and 80 h at 540 °C compared to their parent glass GO.5Er — 4 Yb, and (b) Logarithmic plot of the integrated
emission intensities of the upconverted red and green emissions as a function of the 980 nm laser power intensity for GC0.5Er-4Yb-80 h sample. Symbols represent
experimental data and solid lines linear fits. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

different dwell times (20, 40, and 80 h) under 980 nm excitation are
depicted in Fig. 6a. As the amount of dopants incorporated into the
crystal phase increased over time, the intensity of up-conversion
increased.

To obtain more information about the UC processes, the dependence
of the green and red UC emissions as a function of the incident pump
power were studied for selected sample GCO.5Er-4Yb-80 h. It is well
known that the UC emission intensity (Iyc) depends on the incident
pump power (Ppump) according to the relation Iyc (Ppump)”, where n is
the number of incident photons required for population of the emitting
levels. In a double logarithmic plot, UC emission intensity vs. incident
pump power, the value of n can be obtained as the slope of this
dependence. Fig. 6b shows the logarithmic plot of the UC green and red
integrated emission intensities vs. pump power for the glass-ceramic
sample GCO.5Er-4Yb after 80 h of thermal treatment. The dependence
is nearly quadratic, with n values of 1.94 and 1.82 for green and red
emissions, respectively. The obtained values close to 2 indicate that two-
photon UC process populates “Ss/5 and “Fo,, energy levels. A somewhat
lower values (1.50 for green and 1.31 for red emissions) were obtained
for the sample GCO.5Er-4Yb thermally treated for 40 h. The lower values
of the slope than 2 can be attributed to several processes such as coop-
erative energy transfer and cross-relaxation or to excitation saturation
induced at higher excitation densities.

The UC luminescence mechanism in the codoped glasses and glass-
ceramics could be described in Fig. 7 as follows: the excitation of a
980 nm diode laser pumped the ground state of Yb3* and Er®** jons into
higher energy levels (Yb3*: 2F7/2 - 2F5/2; Erdt: 4115/2 - 4 /2) through
ground state absorption (GSA). However, because Yb3* ions had a much
larger absorption cross-section than Er>* ions, the 980 nm photon
preferentially populated directly the 2Fs o upper level of Yb>* ions and
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Fig. 7. Simplified energy level diagram and possible populating pathways of
codoped materials under 980 nm excitation [14].
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subsequently transferred the absorbed energy (energy transfer - ET) to
the neighbouring Er®" ion populating the *I;1 /> upper level of Er** ion.
Thus, the ;15 level of Er®" was mainly populated via ET from Yb>*
ions due to their compatible energy matching levels. Then, the popu-
lated *I; ,2 level absorbed another incident photon via excited state
absorption (ESA), reaching the 4F7 /2 excited state of Er’*. The 4F7/2 state
could also be populated by energy transfer upconversion (ETU1) from an
YbBJr ion (2F5/2 — 2F7/2) (Yb3+); (4111/2 - 4F7/2) (El‘3+). After non-
radiative relaxation from 4F7/2 state to the 2H11 ,2 and 453 /o levels, the
green UC luminescence (525 nm and 545 nm) could be emitted via
radiative process (®*Hpq /25 453/2)—>4115 /2. When referring to the red UC
emission (4F9/2 — 4115 /o) at about 650-670 nm, two primary routes are
possible: (1) direct population of *Fg, level through non-radiative
transition of *Sg5 (Er*H)—%Fq/; (Er®") due to multi-phonon relaxa-
tion, or (2) population of 4F9/2 level from the 4113/2 first excited state,
populated by multi-phonon non-radiative relaxation process from I /2
(Er®") level, via ESA *I13/5 (Er®")—*Fg/5 (Er®") and/or via an energy
transfer process described by (2F5/2 — 2F7/2) (Yb3+); (4113/2 — 4F9/2)
(Er*") (ETU2).

The integrated intensity ratios of red to green (R/G) emissions for the
glass and GC samples were extracted from UC spectra and data were
plotted in Fig. 8a. The red intensities in glass samples were approxi-
mately 4-6 times greater than the green intensities, indicating that red
emission was stronger than green emission. According to calculated R/G
ratio, GO.5Er-4Yb and GO.5Er appeared of higher value than GO.5Er-2Yb
and GO0.1Er-0.4 Yb. Among GC samples, contrary to the increase in the
concentration ratio of Yb>" ions to Er>* ions, the R/G emission intensity
ratio decreased. This was consistent with previous research on the effect
of Yb®" ions on the UC process [18]; the R/G ratio can be altered by
varying the concentration of Yb®>*ion. By adding Yb>" ions as sensitizers,
which have the capacity to absorb excitation light efficiently and
transfer photon energy to Er’* ions, the intensity of UC emission was
better maximized [24].

As previous stated, the red emission that dominated the UC spectra of
Er®*/Yb®*-doped glasses could be clarified in the context of the multi-
phonon non-radiative relaxation that was favored in the glasses. The
relatively large vibrational energies like Si-O, Si-O-Al bonds (about
1000 cm’l) and possibly also OH groups (about 3500 cm’l) could easily
bridge the non-radiative relaxation from I s2 to 4113/2 level (approxi-
mately 3600 cm™!) and/or from Sz, to *Fgy level (approximately
3000 cm™Y). To reveal the mechanism, the PL spectra of glasses (not
shown here) were also recorded under 378 nm excitation. The spectra
exhibit the dominant green emissions due to the (2H11 /2 453/2)—>411 5/2
transitions and only very weak bands (*Fg/5 — “I15/2) in the red spectral
region. This points to the fact, that 4F9 /2 state, responsible for the red UC
emission (*Fo 3 — *I15/2), is predominantly populated either by the ESA
process (“I;32 + photon —*Fg/5) and/or by energy transfer (ETUZ2)
process denoted as (Yb3+:2F5/2 - 2F7/2):(Er3+:4113/2 - 4F9/2), rather
than by the multi-phonon assisted relaxation process Sg /5 — “Fg /5. The
cross-relaxation processes (e.g. (Er3+:4S3/2 - 4113 /2):(Yb3+: 2F7/2 - 2F5/
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2)) may also play the role in population of *I;3/» and *Fo 5 levels within
Er®" ions in co-doped systems. As a result, the multi-phonon assisted
relaxation from *I;; soto e 3,2 level, favouring the population of the 4F9/
5 state in the Er®* through ESA and/or ETU2 (preferentially) processes,
thus enhancing the UC red emission.

The red emission tended to lose its prominence when GCs were
formed. After thermal treatment, green emission intensities grew over
time, presented in the dropped down of R/G ratio in glass-ceramics
samples when compared to their parent’s glasses. This decreasing
ratio as a function of treatment time indicated that Er>* and Yb>" ions
were incorporated into LiYF4 crystals and thus facilitated green emis-
sions. However, these results contradicted the R/G ratio pattern
discovered in a previous study using 11 nm NaYF4 hexagonal crystals as
host matrices [13]. It could be suggested that UC emissions were
affected by the morphology and density of the crystalline structures. For
the GO.5Er-4Yb glass and corresponding GCs, the transformation from
glass to glass-ceramics resulted in the change in CIE 1931 chromaticity
coordinates (calculated from corrected UC spectra) for the GO.5Er-4Yb
glass and corresponding GCs (Fig. 6); transition from the red to the
green region. This implied that the R/G of GCs containing LiYF4: Er,Yb
crystals could be tuned through incubation times as well.

The decay kinetics of the green and red Er’* emissions of selected
glasses and GCs have been recorded under direct excitation of the Er®*
ions at 376 nm (4115/2 - *Gyq ,2). The decay curves are shown in Fig. 9
and corresponding lifetime data are summarized in Table 3. The decay
profiles were fitted with a double-exponential fitting function, Eqn. (2),
yielding the fit with low residuals,

t t
I(1)=A, exp (—) + Ay exp (—)
T T2

where 11 and 15 are the luminescence lifetimes and A; and A, are the
respective weighing parameters. The average experimental lifetime
(Texp) was calculated using the following formula (Eqn. (3)):

(2)

7AIT%+AZT%

exp — 3
Fer AT +ATy )

The decay curves of green and red emissions for all measured sam-
ples exhibited a non-exponential shape, as clearly seen in Fig. 9. The
double-exponential fit of the decay curves provided two decay compo-
nents, the short and long lifetimes. For green emission, the short decay
component in glasses was found in the range of 12-18 ps, while the long
lifetime was in the range of 110-160 ps, respectively. When the parent
glass GO.5Er-4Yb was compared with its corresponding GCs, the short
decay component was significantly increased, and the longer lifetimes
were slightly shortened. The red luminescence lifetimes in glass samples
were in the range of 140-150 ps and 540-565 ps, respectively, and for
corresponding GCs samples, they were somewhat higher compared to
GO.5Er-4Yb glass. The similar trend in lifetimes of green/red emissions
in glass and corresponding GC was observed by X. Li et al. [20]. The
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Fig. 8. (a) Red to Green Ratio of all glasses and GCs series, and (b) CIE 1931 chromatogram of GO.5Er-4Yb series. (For interpretation of the references to color in this

figure legend, the reader is referred to the Web version of this article.)
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this article.)

Table 3

Lifetime data extracted from double-exponential decay fits of the green and red Er®* emissions for Gs and GCs under direct excitation at 376 nm.

Sample Green emission (Aem = 544 nm) Red emission (Aem = 655 nm)
71 (ps) T2 (ps) A Az Tave (1S) 71 (ps) T2 (ps) A Az Tave (1S)
Glass
GO.1Er-0.4 Yb 18 160 0.699 0.301 131 147 558 0.756 0.244 374
GO.5Er 14 107 0.913 0.087 53 150 565 0.757 0.243 377
GO.5Er-2Yb 14 138 0.878 0.122 85 144 548 0.754 0.246 368
GO.5Er-4Yb 12 140 0.877 0.123 92 139 540 0755 0.245 363
Green emission (Aem = 541 nm) Red emission (Aem = 653 nm)
Glass-ceramics
GCO0.5Er-4Yb-20 h 21 110 0.825 0.175 68 142 554 0.761 0.239 369
GCO0.5Er-4Yb-40 h 35 115 0.696 0.304 82 132 519 0.749 0.251 352
GCO.5Er-4Yb-80 h 27 118 0.772 0.228 78 154 581 0.762 0.238 385

interpretation of the decay behavior was however not straightforward
when considering the complexity of these GCs. The obtained lifetime
values for glasses and GCs reported in this work were however compa-
rable with lifetime data observed for other glass-ceramic systems con-
taining Er’*/Yb3" codoped fluoride nanocrystals [22-25]. As an
example, M Secu et al. [26] reported short lifetimes of 15 ps (for 540 nm
emission) and 48 ps (for 650 nm emission) for LiYF4:Er3+,Yb3Jr con-
taining GCs under 378 nm excitation. The reduction of emission life-
times for the *S3/» and *Fo,» excited state was attributed to an increase of
the non-radiative decay rate due to ions pairing or aggregation that may
act as trapping centers and non-radiatively dissipate energy. The life-
time of green emission at 520 nm (Aexe 460 nm) for hydrothermally
prepared LiYF4:Er®*,Yb®* nanocrystals calcined at 600 °C was found to
be 19 ps and its shortening was associated with surface defects and
non-radiative relaxation between the 4111 ,2 and 4113/2 states [27]. The
non-exponential decay of (®°Hyq /2 483/2) green emission was also re-
ported for sol-gel derived glass-ceramics with embedded Er’*/yb%*
codoped CaF; nanocrystals [28]. The lifetime obtained with a
bi-exponential fit was 1(453/2) = 7.8 ps and reduced lifetime value and
non-exponential shape of the decay were explained by the efficient
cross-relaxation processes between Yb3t-Ertt [453/2(Er3+) +
2F7/2(Yb3+) - 4113/2(Er3+) + 2F5/2(Yb3+)] and EI'SJr-EI'?’Jr [2H11/2(E1‘3+)
+ M5B > Hg/0ErT) + *113,5(YD)] ions, respectively. The
decay of *Fg, level is quasi-exponential with a lifetime t(*Fg/2) = 137

ps [28]. From the above discussion was clear that several factors may
contribute and affect the lifetimes in both glasses and corresponding
glass-ceramics.

4. Conclusions

Glasses with nominal compositions of 40Si0s.
—25A1,03-18Li30-7LiF-10YF3 doped with ErFs and codoped with ErFg/
YbF;3 were prepared by melt-quenching method. As determined by the
crystallization kinetics at 540 °C for the four doped glass compositions,
the LiYF4 nanocrystals in the related glass-ceramics had scheelite
tetragonal morphology and crystal diameters were roundly 10 nm after
80 h’ treatment at 540 °C. Another crystallizing phase, LiAlSiO4, which
had sizes approximately 16 nm is also present. There was weak UC light
emission through the ESA pathway in the singly doped GO.5Er glass and
its GCs. However, UC luminescence was enhanced in GCs co-doped with
Er’* and Yb®" thanks to the ET pathway, which facilitated the transfer
of photons from Yb3+ to Er®* especially for the sample GO.5Er-4Yb. The
R/G ratio decreased, depicting a shift from red to green after thermal
treatment. There were two distinct green emission lifetimes found in
GO.5Er-4Yb: a short (12-18 ps) and a long (110-160 ps). The short
lifetimes of the GCs were slightly prolonged, while their long lifetimes
were reduced. In contrast, the GCs’ red emission lifetimes were longer
than those of their parent glass. The resulting transparent glass-ceramics
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are a promising option for further investigation into optical fiber,
lighting devices, and optical thermometry applications.
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