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Abstract

Transparent Yb3*/Er®* glass-ceramic was successfully obtained by the extrusion method. The extrusion of
oxyfluoride tellurite-germanate glass co-doped with Yb®" and Er®* ions at 520 °C resulted in the formation of
Bao 75Er0.25F2.25 nanocrystals, leading to an increase in the upconversion (UC) emission intensity of 35 times in
glass-ceramic with respect to the glass. The glass to glass-ceramic transition was confirmed by X-ray diffraction
(XRD) and Transmission electron microscope (TEM). Also, the structural changes that occurred during
crystallization were assessed using Fourier-transform infrared (FTIR) spectroscopy. Furthermore, the pump power
and temperature UC emission dependence of glass and glass-ceramic under 976 nm laser excitation were
investigated in detail. The assessments showed that i) two-phonons are involved in the UC process and ii) the
temperature has a significant influence over it. The Yb3*/Er®* codoped glass-ceramic shows relatively high S, and
S, values in a wide temperature range from 300 to 573 K, presenting the maximal S, value of 3.50 x10- at 573 K
and the maximal S, value of 6.30 x10° at 364 K. These results suggest that the glass-ceramic is a good candidate
for optical applications such as luminescent thermometry.

Keywords: glass-ceramics, extrusion method, upconversion, temperature sensor, structure-property relationship.

1. Introduction

Rare earth (RE) ions co-doped upconversion (UC) materials have the ability to convert
infrared light into visible light, making them attractive for many applications, such as solid-
state lasers [1], waveguide amplifiers [2], display devices [3], solar cells [4], biological imaging
[5], biological sensing [6], detectors [7], and temperature sensors [8]. To obtain an efficient UC
process, it is necessary to use a host matrix with low phonon energy and an optimized co-dopant
concentration to avoid non-radiative transitions [9, 10]. Among the glass matrices with low
phonon energy [11-14] tellurite-based glasses stand out [11, 15, 16] since they have a broad
transmission region (up to around 6 um) and the lowest phonon energy among oxide glass
formers (~ 750 cm™') [11]. However, their low thermal stability limits their use. For that reason,
the use of other dopants such as GeO> that increase its thermal stability and maintain its high
RE solubility results very attractive [16-32]. Also, it was observed that its presence diminishes
the phonon density of the glass, causing a slight enhancement in the UC emission intensity [12—
15]. However, such an increase is enhanced when the glass is transformed into glass-ceramic
(GC) since the unique ordered-disordered combination improves its optical, thermal, and
mechanical properties [32, 33]. This is because of the local arrangement around the rare earth
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ions changes [10, 33-36]. The development of transparent glass-ceramics is essential for many
applications. Among the techniques to fabricate glass-ceramics, the melting quenching of the
glass followed by a thermal treatment stands out. In this method, nanocrystals grow in situ in
the glass host, due to heating above the glass transition temperature [16]. Another typical
method is direct doping, which consists of adding the nanocrystals to the melted glass at a
guenching temperature. However, the nanocrystals should be thermally stable to succeed [17—
20]. An alternative technique is the use of laser-induced crystallization, which has received
great attention since allows the accurate design and control of lass crystallization [21]. For the
past few decades, global efforts have focused on the development of glass-ceramic optical fiber
optics co-doped with rare-earth ions. However, the manufacture of GC optical fibers with
tailoring photonic properties is still a challenge [22-24]. Taking these premises into
consideration, in this work a transparent glass-ceramic was fabricated using the billet extrusion
method i.e., obtaining a transparent glass-ceramic with Bao.75sEro.2s5F2.25 nanocrystal dispersed
in an oxyfluoride tellurite-germanate glass. To the best of our knowledge, this is the first time
that such a technique has been employed for such a purpose. The sample was inspected with
different techniques to confirm the presence of the crystalline phases and evaluate their
luminescence properties. Also, we explore the possibility of using glass and glass-ceramic in
thermometry applications.

2. Materials and methods

A glass billet with the molar composition of 30TeO,-25Ge0>-10Ga,03-10Zn0O-18.8BaF-
5Na,0-0.4YbFs—0.8ErFz (in mol%) was obtained by the melt-quenching method. The glass
samples were obtained for various concentrations of the ErFs (activator, 0.2, 0.4, 0.6, 0.8, 1.0,
1.2, 1.4 mol%), with a constant content of 0.4YbFsz (sensitizer). Having measured the
luminescence spectra of co-doped glass samples, it was found that the sample with 0.4YbFz and
0.8ErFs (in mol%) revealed the most effective up-conversion. Therefore, this concentration of
co-dopants was chosen for the experiment.

Ten grams of precursors, with purity over 99.99% from Sigma-Aldrich, were well mixed in
a mortar and placed in a platinum crucible. After that, the crucible with the set has been heated
from room temperature to 1050 °C for 1h 30 min. The crucible was not been covered during
melting. When the melting was completed, the liquid was quenched on a pre-heated rod mold
with a diameter of 10 mm and a length of 60 mm. Then the billet was annealed at 390 °C for 6
h. Finally, the sample was cooled at 10 °C/h until room temperature. The glass billet was used
as an extrusion preform to obtain a glass-ceramic sample. Prior to extrusion, the cylindrical
billet and its surface were polished.

The glass billet was extruded in an extruder fabricated by the Czylok company. Graphite
was been used as a die material for tellurite-germanate glass-ceramic extrusion. The sample
was been extruded at a viscosity of about 10® Pa-s, below the onset of glass crystallization
temperature (Tx1). We performed many experiments on various extruded parameters, and
finally, the temperature of the heating furnace used in the extrusion was determined at 520°C.
The billets were extruded into cylindrical glass-ceramic of 1 mm in diameter under a pressure
of 170 kg and at a speed of 0.5 mm/min. The extruded glass-ceramic was then moved to
anneal slowly at a temperature slightly below T4 to room temperature.

The differential scanning calorimetry (DSC) curve of the glass was obtained at 10 °C/min
from room temperature to 1000 °C using a SETARAM Labsys thermal analyzer. The X-ray
diffraction patterns of glass and glass-ceramics were measured using an X’Pert Pro X-ray
diffractometer supplied by PANalytical with Cu Kol radiation (A = 1.54056 A). The X-ray tube
was operated at 40 kV and 40 mA and equipped with a scintillation detector. Qualitative
identification of the phase composition in the glass-ceramic and ceramic samples was
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performed with reference to concerning the ICDD PDF-2 database. The transmission electron
micrographs were obtained using spherical aberration-corrected scanning transmission electron
microscopy (ARM200F, JEOL). The infrared spectra of all samples were measured with a
Bruker Optics-Vertex70V Fourier spectrometer using the KBr pellet technique. All spectra
were recorded at 128 scans with a resolution of 4 cm™!. The FTIR spectra were deconvoluted
using the Fityk software (0.9.8, open-source (GPL2+)). The upconverted emission spectra were
recorded at room temperature using an Apollo Instrument 3 W laser diode of 975 nm. The
density power of the laser was fixed at 450 mW. The laser-power dependence and read-out
capability were obtained using a Stellarnet Green-Wave monochromator with Aexc = 976 nm
excitation. The temperature-dependent luminescence measurements were performed on an
electric heater at a 300 K-573 K temperature range. The material was placed over the stainless-
steel plate of the heater, and then heated with remaining there for 5 min to guarantee temperature
stability. After that, the sample was irradiated at 980 nm (Pmax = 375 mW) with a CW fiber
laser (Changchun New Industries Optoelectronics Tech. Co., Ltd., Changchun, China) for
obtaining luminescence spectra.

3. Results and discussion
3.1. Thermal characterization — the DSC curve of the glass

The differential scanning calorimetry curve of the oxyfluoride tellurite-germanate glass co-
doped with 0.4YbF3/0.8ErFs is presented in Fig. S1. The DSC curve shows that the glass
transition (Tg) occurs at 413 °C. The exothermic peaks, located at 570 (Tc1) and 638 °C (Tc2)
are attributed to the temperature of the glass crystallization.

3.2. Structure characterization
3.2.1. X-ray diffraction

The X-ray diffraction patterns of the glass, glass-ceramic, and ceramic are presented in
Fig. 1. The XRD pattern of the glass (Fig. 1a) confirms the amorphous nature of the sample
since the diffraction pattern exhibits two broad bands centered at 27.8 and 48.8 ° of 26, which
are typical of a glassy structure [25]. The diffraction pattern of the extruded transparent glass-
ceramic sample exhibits some diffraction peaks at 25.6, 29.5, 42.3, and 50.0 © of 26 (Fig. 1b),
which well match the cubic Bao.7sEro2sF2.25 crystals, presented as a circle (JCPDS no. 152-
8531). However, such diffraction peaks overlap the broad signals from the amorphous
component indicating that the crystals in this sample coexist with a significant amount of an
amorphous phase coming from the glass matrix. Such amorphous contribution reduces when
the sample is heated over 560 °C for 30 minutes (Fig. 1c), favoring the growth of
Bao.75Er0.25F2.25, BaF2 (presented as a star, JCPDS no. 720-3818), and BaGa.Ge20s (presented
as a triangle, JCPDS no. 009-4175) crystals phases.



M. Lesniak et al.: EFFICIENT GREEN UPCONVERSION EMISSION IN TRANSPARENT TEO2-GEO2 GLASS-CERAMIC ...

¢) Ceramic

311 b) Glass-ceramic

.
313]

Intensity (a.u.)

a) Glass

P A 4 o #152-8531 * #720-3818 A #009-4175

20 30 40 50 60 70
2 Theta (°)

Fig. 1. X-ray diffraction patterns for Yb®*/Er®* co-doped (a) glass, (b) extruded glass-ceramic, and (c) glass
heated at 560 °C for 30 minutes.

3.2.2. Transmission electron microscopy

Figure 2 shows TEM images of the glass-ceramic, as well as the corresponding electron
diffraction patterns, and high-resolution (HRTEM) micrographs. The TEM image of the GC
(Fig. 2a) confirms the presence of nanocrystals, which have a size distribution of 11.7 + 0.8 nm
(Fig. S2). In the HRTEM images (Fig. 2b), the lattice fringes of (202) and (311) planes in
Bao.7sEro.25F2.25 are indicated. Moreover, it is possible to distinguish an amorphous region on
the sample. From the electron diffraction pattern, it is possible to confirm the presence of a
crystalline phase, thus it is possible to observe the formation of faint diffraction rings (inset in
Figure 2b) which will match the Bao.7sEro.2sF225 phase. However, these are quite diffuse
because of the presence of the amorphous phase [26]. All of these results are in agreement with
the XRD diffraction pattern of extruded glass-ceramic co-doped with Yb**/Er®* (Figure 1b).

rings originating from the diffraction of the lattice face with the Miller indices of (311) (222) (202) (200), and
(111) — inset in 2b.

3.2.3. FTIR spectra

The infrared deconvoluted spectra of glass and glass-ceramic are shown in Figure 3. The
FTIR spectra between 400 and 1100 cm™! have mainly two bands centered around 500 and 770
cm™!. These bands correspond to the vibrational modes of tellurite, germanate, and gallate
structural units [27, 28, 29], and their deconvoluted components are presented in Table S1 [27-
30]. The deconvolution of the spectra exhibits slight changes in the vibrations ascribed to
symmetric and asymmetric stretching vibrations of Ge-O-Ge, located in the 400 — 600 cm™
range [27]. While the scattering bands at 642, 682, and 748 cm™, which correspond to six-
coordinated Ge atoms, the TeOs trigonal bipyramid structure - [TeO4]tbps, and 6(Te-O") of the
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TeOs trigonal pyramid structure - [TeOz]tps respectively, increases in the glass-ceramic and
ceramic samples (Figs. 3b and S3). The most evident increment occurred at 745 cm™ suggesting
that [TeOs]tps units grew, triggering changes in the RE3* ions arrangement that could influence
the optical properties [28, 29]. On the other hand, the band between 750 and 950 cm™ decreases
and shifts to higher wavenumbers, which could be associated with the reduction of the bridging
Ge—0-Ge of GeOg tetrahedra in glass-ceramic and ceramic samples, because the thermal
treatment favors other vibrations (Fig. S3) [30]. These results confirm that the temperature
required to extrude the transparent glass ceramic causes changes in the structural components
that could impact the upconverted emission.

a) b)
Glass Glass-ceramic

Absorbance (a.u.)
Absorbance (a.u.)

400 500 600 700 800 900 1000 1100 400 500 600 700 800 900 1000 1100
Wavenumber (cm-!) Wavenumber (cm-!)

Fig. 3. FTIR spectra of Er®*/Yb® co-doped (a) glass, (b) extruded glass-ceramic.
3.3. Optical characterization
3.3.1. Upconversion luminescence

The upconversion (UC) spectra of the glass, transparent glass-ceramic, and ceramic based
on oxyfluoride tellurite-germanate glass co-doped with 0.4Yb%*/0.8Er** under 976 nm
excitation are presented in Fig. 4. All UC spectra exhibit the typical upconverted emission of
erbium at 525 nm (?Hiyz — 4l1s12), 548 nm (*Szz — “l1s12), and 668 nm (*Ferz — *l1s12). The
luminescence intensities of green and red emissions are higher in glass-ceramic compared to
glass and ceramic. In addition, the Stark splitting observed in the glass-ceramic confirms the
ordered local field environment of rare-earth ions, which reduces the probability of the
multiphonon nonradiative relaxation of erbium and ytterbium ions [31]. The enhancement of
the upconversion luminescence of the glass-ceramic compared to the glass may be correlated
with the partial incorporation of erbium ions in the low phonon energy nanocrystals of the
Bao.75Ero0.25F2.25 [32]. Generally, an increase in heat treatment temperature of the glass leads to
the crystallization of more than one kind of crystal, as we observed in XRD of Bag.75Ero.25F2.25,
BaF», and BaGa>Ge20s (Fig. 1c) and confirmed by FTIR. However, this causes the presence of
more defects in the crystals' surface potentiating other non-radiative vibrations and resulting in
a quenching effect [32].
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Fig. 4. Upconversion spectra of Yb3*/Er®* co-doped (a) glass, (b) extruded glass-ceramic, and (c) glass heated at
560 °C under 967 nm at room temperature.

3.3.2. Excitation mechanism of UC

To better understand the upconversion mechanism, the dependence of the emission
intensities on the pump power under 980 nm laser excitation was measured in the co-doped
with YB3 /Er®* glass and extruded glass-ceramic. The relation between UC intensity (1) and
pump power (P) allows the use of the | ~ P" formula, where n is the number of pumping photons
required to populate the upper emitting energy levels [33]. Such dependence on glass and
extruded glass-ceramic is presented in Fig. 5. The slope of the green (525 nm, 548 nm, presented
as a square and a circle, respectively) and red (668 nm, presented as a triangle) emissions for
glassis 1.9, 1.6, and 1.5, respectively (Fig. 5a), and the slopes of the glass-ceramic are 1.5 (525
nm, square), 1.4 (548 nm, circle), and 1.52 (668 nm, triangle) in Fig. 5b. This indicates that in
both cases, two two-photons are involved in the upconversion process.
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Fig. 5. Dependence of emission intensity on pump power for glass and extruded glass-ceramic.

To give a profound insight into the upconversion mechanism, the energy level diagram of
the Er®* - Yb®" system is displayed in Fig. 6. First, Yb®* absorbs one photon and it is excited
from the 2F7/2 to %Fspstate. This process is called ground-state absorption (GSA) and involves
only one ion. Green emission is associated with upconversion processes, which occur according
to the following processes: the *l112 level is populated by GSA: *lis2(Er®*) + photon —
*1112(Er®") and energy transfer (ET): 2Fs2(YD3*) + #lis2(Er*t) — 2F72(YD%Y) + *l112(Er®Y). The
population of the *F72(Er®") level is followed by energy transfer upconversion (ETU):
M112(ErtY) + Hlup(Ertt) — *lisp(ErY) + *Frp(Ert), excited state absorption (ESA): *li1(Er®)
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+ photon — *F72(Er**) and energy transfer: 2Fs2(Yb®) + 4li12(Ertt) — 2F72(YD3) + 4F7(Er®H).
Subsequently, both non-radiative relaxations *Fz> — *Hip, and “Sgp give emissions in the
range of 525 nm (?Hi12 — *l1s2), 548 nm (*Sgrz — *l1s12), and 668 nm (*Fa—*11512) [32].
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Fig. 6. Energy level diagrams with the mechanism of energy transfer for Yb**/Er®* co-doped glass pumped at
976 nm.

3.3.3. Optical thermometry

Optical thermometry in terms of the fluorescence intensity ratio (FIR) method is suitable for
erbium ions [32]. It benefits from the two thermally coupled energy levels (TCELS) of erbium
ions: 2Hi2, and “Szr2. The relationship between the FIR value of the two green-emitting bands
in the upconversion spectrum of Er3* and temperature is given in (1) [33].

FIR = B exp(— ), (1)
B

where FIR is the value of the ratio of the *Hiiz — *l1si2, and *Sgi2 — *l1sy2 transitions, B is a
constant, AE represents the energy gap between 2Hi12 and #Sgp2, ks is the Boltzmann constant,
and T is the absolute temperature [33].

Following this approach, the upconversion spectra of glass and extruded glass-ceramic under
976 nm excitation were measured from 300K to 573 K for their application as optical
temperature sensors (Figs 7a, b). The FIR ratios in the function of the temperature for glass and
glass-ceramic were presented in Fig. 8a. It can be seen that the intensity of green and red
emissions decreases with an increase in temperature for both samples i.e., glass and glass-
ceramic. The temperature-dependent green and red luminescence quenching may be connected
with nonradiative relaxation processes at higher temperatures [34, 35].

In addition, the fitting lines are well matched with the experimental data, and the energy gap
AE between the two TCELSs of the 2Hi1/2 and *Say2 are estimated to be 672 cm™ and 663.6 cm'™!
for glass and glass-ceramic, respectively.
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Fig. 7. Temperature-dependent upconversion emission spectra for (a) glass and (b) extruded glass-ceramic in the
wavelength range of 500-700 nm.

The relationship between the change in FIR value with temperature for glass and glass-
ceramic (Figs. 8 a and b, respectively) could also be quantitatively evaluated with sensitivity S.
The absolute sensitivity Sa and relative sensitivity Sy can be defined according to (2), and (3),
respectively [36]:

dFIR

| = FIR )

1 | |dFIR AE
S = [gl &

FIRl | ar | = kpT2 ' (3)

Saand S of glass and glass-ceramic were obtained according to the definition of sensitivity
and are shown in Figures 8c, and 8d, respectively. The Yb*/Er®* co-doped glass shows
relatively high Sa and Sr values in a wide temperature range from 300 to 600 K, presenting the
maximal S, value of 4.58 x 107 at 477 K and the maximal S, value of 10.60 x 10 at 300 K
compared to the glass-ceramic sample, presenting the maximal S, value of 3.50 x 10 at 573 K
and the maximal Sy value of 6.30 x 10 at 364 K (Tables 1, 2). However, it should be mentioned
that despite the sensitivity of the glass-ceramic being lower than glass, the emission intensity
of GC is 35 times higher.

In particular, as a comparison, several typical Yb*"/Er®* systems for optical thermometry-
based TCELSs are listed in Tables 1 and 2. The calculated maximum sensitivity for glass in this
temperature is significantly higher with respect to the TeO>—ZnO-Nb20s—Er>03-Yb203 [37],
TeO2-Ge02-K20-10Bi203-Er03-Yh203 [38], TeOz-LaFs—NaF-TiO>—Er,0s-Yb,03 [39],
and PbO-GeO,-Ga>03-Er03-Yh203 [40] glass systems. The optical thermometry parameters
of some glass-ceramics and nanophosphors are presented in Table 2. As can be seen, they
exhibit lower values at a given temperature than extruded tellurite-germanate glass-ceramic.
That means that the glass and extruded glass-ceramic could be in favour of application in
measuring temperature with very high sensitivity.
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Fig. 8. (a), (b) Plot of FIR value versus absolute temperature and fitting curves, as well as (c), (d) relative
temperature sensitivity Sa and Sr of glass and extruded glass-ceramic at various temperatures.

Table 1. Maximum sensitivity values for different Yb3*/Er®* co-doped glasses based on FIR.

Glass Maxmzir)\?3 S;_T)smwty Tem;zt:.(r)ature References

Tellurite-germanate 10.60 300 This work
TeOZ—ZnO—Nszs—ErzO3—Yb203 9.50 363 [37]
T602—G602—K20—10BizO3—Er203—szo3 8.90 473 [38]
TeO,—LaF;—NaF-TiO2—Er,03-Yb,03 8.72 558 [39]
PbO-GeO,—Ga,03-Er;03—Yh,03 7.00 550 [40]

Table 2. Maximum sensitivity values for different Yb*/Er®* co-doped glass-ceramic and phosphor materials

based on FIR.
. Maximum Sensitivity Temperature
Glass-Ceramic (109 K (K) References
Tellurite-germanate 6.30 364 This work
SiOz—A|203—A|Fs—N&zCOs—N&F—GdzOs—

Er0s-Tm;0s 1.00 334 [41]

NaScF.: Yb/Er 3.30 298 [42]

Y20s: Er 2.70 298 [43]

NaBiF.: Yb/Er/Fe 5.30 303 [44]
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4. Conclusions

A transparent glass-ceramic co-doped with Yb**/Er®* ions was successfully obtained by the
billet extrusion method. The nanocrystals are well mixed in the oxyfluoride TeO,—GeO> glass
matrix. These have a size of ~11 nm and fit well with Bao 7sEro.25F2.25 crystals. Also, the FTIR
confirms changes in the structural arrangement. Such changes influence the cooperative energy
transfer between Yb** and Er®* in the transparent glass-ceramic leading to an enhancement in
the upconverted emission spectra. The results show a promising use in different optical
applications. One of them is the optical thermometry as we observed, since the sensitivity of
this material is 6.30 x 10 364 K.
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Fig. S2. The size distribution of extruded glass-ceramic doped with Yb**/Er®",
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Fig. S3. FTIR spectra of Yb3*/Er®* co-doped germanium-tellurite matrix.
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Table S1. Assignment of the bands in FTIR spectra.

Assignment Glass GC Ceramic Reference
vs (Ge-O-Ge) 437 437 441 [27]

va (Ge-O-Ge) 557 555 565 [27]
Six-coordinated Ge atoms 642 646 [27]
[TeO4] thps 682 694 684 [28,29]
3(Te-O") of TeOs tps 748 773 786 [28,30]
va(Ge-O-Ge) 823 877 894 [28,30]




