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Abstract:

lighting applications.

Downconversion processes which include visible and near-infrared luminescence at high
energy excitation have been investigated in Yb3**/Pr** doped TeO,-ZnO-BaO glasses. The decrease of
the DC emission intensities of Pr** ions with increasing mol% amount of Pr** ions is attributed to the
concentration quenching. The CIE chromaticity coordinates of the perceived emission of Pr** ions
shifted from orange to the red region depending on the increase in the pumping power. Consequently,
Yb3*/Pr** doped Te0,-ZnO-BaO glasses could be used as functional optical materials for solid-state
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INTRODUCTION

Downconversion (DC), which is known as Quantum
Cutting (QC), is a frequency conversion process
that a photon at higher energy is cut into two
photons at lower energy. This physical energy
conversion process has represented by Dexter in
the 1950s (1). Energy conversion processes play
an important role in studies on rare earth (RE) ion
doped materials for assorted areas, for instance,
lighting technology, solar cells, optical amplifiers,
and solid-state lasers (2-5). Among the RE ions,
Pr3* ions can exhibit multi-photon emission under a
high energy excitation, as an instance of
downconversion (6). Besides, the luminescence
performance of Pr®* ions can be enhanced by
contributing the ideal rate of Yb?*' ions as an
acceptor in the energy transfer (ET) processes
between both ions (7). Therefore, Yb** ion provides
a phonon-assisted non-resonant energy transfer.
Also, the phonon structure of the material is
important due to the achievement of efficient
phonon-assisted energy transfer (8).
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Tellurite glasses have common usage in optical
fibers, mid-infrared laser applications, and optical
sensors (9-11) due to having attractive features
such as wide transmission frame, high refractive
indices, lower melting temperature, high thermal
stability against crystallization, good chemical
durability, high devitrification resistance, low
phonon energy, and high RE ion solubility (12,13).

With modifier oxides (ZnO, BaO, GeO, Nb.Os, and
B.0s, etc), the physical properties of tellurite-based
glass materials can change. Among them, ZnO
indicates that a decrease in the optical band gap,
glass density, and thermal stability, whereas an
increment in the refractive index, crystallization
temperature (T.), and glass transition temperature
(Tg) (14,15). BaO also provides higher T4, thermal
stability, transmission spectra, and the cross-
linking network density to glass materials (16,17).
Additionally, high BaO concentrations in the Er3*
doped phosphate glasses give rise to intense red
and near-infrared (NIR) emissions (18).

The studies on Pr** and Yb*/Pr’* doped glass
materials are available in the literature. In the
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studies on Pr** doped Te0,-Sb,0;-WO; and TeO,-
ZnO-YFs-NaYF, glass systems, it is seen that the
luminescence intensities of Pr3* doped glasses
increase with increasing Pr®* concentration up to
1.0 mol%, and then decrease over the 1.0 mol%.
This decrement is proposed to be due to
concentration quenching (19,20). The emission of
Pr3* ions around 910 nm corresponding to 3P, - ‘G4
transition decreases down to zero at 6 mol% Yb?3*
jon concentration, and 2Fs; 2F,, emission
intensity at 978 nm of Yb*" ions decrease by
increasing Yb®' ion concentration due to the
reabsorption process of Yb%* (21). The range of
1050 nm emission of Pr** ions which is attributed
to 'D, — 3Fs4 energy transition as an occurrence by
the cross-relaxation process of Py + *Hs — *He +
D, in Yb3*/Pr3* co-doped Si0,-Nb,0s
nanocomposites had been reported (22). The
energy transition from 2Fs;, level to *F;, level of
Yb3* ion can be observed at around 1020 nm as
seen in our results due to the cross-relaxation
between Pr3* and Yb3* ions correspond to 3Py + 2F72
- G4 + ?Fs2 (23). Rajesh et. al. reported that the
emission intensity of Yb3*: 2Fs, — 2Fy, transition
decreased with increasing Yb** ion concentration
due to the back energy transfer process from 2Fs;
level of Yb®*" to 'G, level of Pr** ions (24). Marcos P.
Belangon et. al. was investigated the 612 and 645
nm emissions of Pr3* doped TWNN glasses at lower
and higher Pr3* concentrations and obtained
stronger 645 nm and weaker 612 nm emissions at
high Pr** concentration due to hypersensitive 3Py -
3F, transition of Pr®* ions (25). Seshadri et al.
proposed that the Yb3*'/Pr** co-doped TBZLN
glasses are good candidates for photonic devices
due to their yellow-orange emissions (26). V.
Himamaheswara Rao et.al observed the orange
color on Pr?** ions doped TeO,-Sb,0;-WO; glasses
(27). Furthermore, reddish-orange color was
observed on the Commission International de
L'Eclairage (CIE, France) chromaticity system
under 445 nm excitation in Pr** doped ZnO-
Na.C0s-Bi-03-B,0; glasses which are applicable
materials for lighting devices (28).

—

Apart from these studies in the literature, in our
study, the DC and tunable color properties of Yb3*
and Pr** ion-doped Te0,-ZnO-BaO (TZB) glasses
under 439 nm laser excitation were examined and
discussed.

MATERIALS AND METHODS

Yb3*/Pr3* ions doped TZB glasses were produced by
melt quenching which is the traditional technique
for fabricating the glass materials. The powder's
purities of oxides are 99.995% TeO. and 99.999%
BaO by Sigma Aldrich; 99.999% ZnO, 99.9%
Pr.0s;, and 99.99% Yb,Os; by Alfa Aesar. The mol
percent values of the oxide powers are (76-x)% for
tellurium dioxide, 16% for zinc oxide, 5% for
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barium oxide, x% for praseodymium oxide, and
3% for ytterbium oxide. The x values of
praseodymium oxides are chosen as 0.075 and
0.15 mol and the glass samples are labeled as
TZBYP1 and TZBYP2 respectively.

The oxide powders whose amounts were defined
and mixed in an agate mortar. The melt of the
mixture was obtained in the furnace at 950 °C for
1 h. The molten mixture was poured from a
platinum crucible into a stainless-steel mold. To
abate the inner stress, the melt was heated at 150
°C in the stainless-steel mold and kept for 30
minutes. After manufacturing, transparent TZBYP
glasses were prepared for the optical analyses.

The absorption spectrum of the samples was
obtained through A Perkin Elmer Lambda 35
UV/VIS Spectrophotometer at room temperature.
The analysis of photoluminescence spectra of the
glasses was done via an SP2500i monochromator
from Princeton Instruments. To define the emission
intensities of the samples, a SI 440-silicon detector
from the Acton series was used. A CNI MDL-H-975
model continuous-wave diode laser was used to
excite the glass samples. The pump power applied
on the glass samples was determined through a
FieldMaxII - TOP power meter from Coherent. To
specify the chromaticity coordinates of the
luminescence of the samples, an AsenseTek
Lighting Passport Model illuminance meter was
used.

RESULTS AND DISCUSSIONS

Absorption Spectra

Figure 1 illustrates the absorption spectra of TZBYP
glasses in the range of 400-1100 nm. In the
spectra, four absorption peaks are observed at
435, 445, 485, and 628 nm wavelengths
correspond to the ground level (°H4) excitation to
the 3P,, Py, 116, °P, and 'D, excited energy levels
of the Pr3* ions, respectively. Additionally, the
broad absorption band of Yb*" ions is observed
around 1065 nm due to the 2F;, — ?Fs;; transitions.
Moreover, as seen in the spectra, there is a rise in
the absorption band peaks depending on the
increasing concentration of Pr3* ions.

Photoluminescence Characteristics

Figure 2 indicates the DC luminescence intensities
of two glasses between 400-1100 nm wavelengths.
As seen in Figure 2, the peaks of down-converted
emissions of Pr** ions centered around 497, 530,
542, 597, 617, 647, 686, 708, and 732 nm at the
visible region, and 886 nm at the NIR region.
These peaks correspond to the 3Py — 3Ha4, 3P; — 3Hs,
3P0 N 3H5, lD2 N 3H4, 3P0 N 3H6, 3P0 N 3F2, 3P1 N 3F3,
3P, - 3F4, 3Po — 3F4 transitions at the visible region
and 'D; 3F, transition at the NIR region,
respectively. Also, the emission observed around

-
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the 1020 nm is due to Yb3*: 2Fs, — %Fy, transitions.
The spectral output of the glasses indicates that
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decreased with increasing mol% of Pr** ions on
account of the concentration quenching.

the down-conversion emission intensities
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Figure 1: Absorption spectra of TZBYP glasses in 400-1100 nm range.
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Figure 2: Down-conversion emission intensities depending on the Pr3* concentration.
The DC luminescence intensities of the TZBYP process. The number of photons (n) was calculated

glasses were investigated as the function of the
pumping power to explain the DC energy transfer
process. Figures 3 and 4 (a) represent the DC
emission behaviors of the TZBYP1 and TZBYP2
glasses at various pump powers. As clearly seen in
Figures 3 and 4 (a), the emission intensities of
both glasses increased with an increasing 439 nm
laser pumping power. The plots of the emission
intensities versus the pumping powers in the
logarithmic scale are demonstrated in Figures 3
and 4 (b) to express the photonic absorption
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by the slope of the luminescence intensity vs.
power curve (I ~ Pn). The slope values of TZBYP1
glass are found to be n4; = 0.84, ns3 = 0.96, ne;»
= 104, Ne47 =1.05, Negs = 089, N7s = 082, Ny32 =
0.95, ngsz = 0.63 and nj0 = 0.52, respectively. For
TZBYP2 glass, the values are ngo; 0.91, ns3 =
105, Ne17 = 103, Ne4y = 103, Neses 098, Nys =
094, N7z = 096, Nggy = 0.3 and Nio20 = 055,
respectively. These results indicate that the down-
conversion energy process is due to one-photon
absorption.



RESEARCH ARTICLE

Erdem M, Dogan A. JOTCSA. 2022; 9(1): 21-28.
a) u TZBYP1Glass P,_(mW)
B T 18
- ) 439
nn. exc nm 70
— 145
201
- —— 268
—_ 336
= —— 385
o[
e
o)
=
0
F=g s
QL
et
=
400

A (nm)

Figure 3: (a) Down-conversion luminescence at different pump powers, and (b) the intensity-power
curves for the emissions of TZBYP1.
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Figure 4: (a) Down-conversion luminescence at different pump powers, and (b) the intensity-power
curves for the emissions of TZBYP2.

Energy Transfer Mechanism

The schematic representation of the energy levels
of Yb®** and Pr** ions at visible and NIR regions is
given and the possible energy transfers (ET1 and
ET2) in the DC process in the Yb*'/Pr** doped
tellurite glasses are defined in Figure 5. At first,
Pr3* ions are excited by 439 nm blue photon from
the multiplet *Hs ground state to the multiplet 3P
excited state. Nonradiative relaxations (NR) take
place from 3P, state to 3P, state that is mostly
populated and from 3P, state to 'D. state. The
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possible energy transfers between the Pr®* and
Yb3* ions are given by the two-step sequential
resonant energy transfer (29) from 3Py !Gs
transition of Pr3* ions to *F;2 — 2Fs transition of
Yb** ions and followed by from 'Gs — 3H, transition
of Pr3* ions to %F;» — °2Fs;» transition of Yb3* ions.
The energy difference between 3P, and 'G, levels of
Pr3* ions is close to the energy difference between
F,, and °Fs levels of Yb3 ions. Moreover, the
energy gap between the lowest Stark and sub-
Stark energy levels of 2Fs;, levels of Yb** ion is
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small. Therefore, the energy transition from Pr3*
jon to Yb3" ion loads the sub-Stark level of %Fs;
state of Yb** ion and the energy transfer from the
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minimum Stark level of 2Fs, state to the minimum
Stark and sub-Stark levels of 2F;, state causes the
emission at 1040 nm (30).
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Figure 5: Energy level diagram of Pr** and Yb®* ions in the TZB glasses.

Color Analysis

Figures 6 and 7 show the photometric analysis
supplied from the illuminance meter for the
glasses. The insets in Figures 6 and 7 also indicate
the camera image of the TZBYP glasses. As seen in
the CIE chromaticity diagram of the TZBYP glasses,
the color coordinates change with the laser
pumping power. While the color coordinate values
of TZBYP1 glass were measured as (0.57; 0.42),
(0.64; 0.33), (0.63; 0.34) and (0.67; 0.32) for the
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related pump power of 70, 201, 336 and 455 mW,
respectively. These values of the color coordinates
were measured as (0.56; 0.38), (0.54; 0.43) and
(0.69; 0.31) for TZBYP2 glass at the pumping
power of 201, 336 and 385 mW, respectively. As
seen in both figures, remarkable shifts observed in
the coordinates with increasing pump power are
from the orange to the red region in the CIE
diagram.



Erdem M, Dodan A. JOTCSA. 2022; 9(1): 21-28.

RESEARCH ARTICLE

0.8-

07
0.6-
051
0.4-
03
0.2-

0.1+

0.0

04 02 03 0.4

X

0.0

05 06 0.7 08

Figure 6: Color coordinates in the CIE diagram and luminescence spectra of TZBYP1 glass at different
pumping powers.
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Figure 7: Color coordinates in the CIE diagram and luminescence spectra of TZBYP2 glass at different
pumping power.

CONCLUSION

Te0,-Zn0O-BaO glasses doped with Yb** and Pr3*
ions were produced by the traditional melt
quenching method. Intense multi-photon
downconversion luminescence in the visible region
was observed under a 439 nm laser excitation. The
spectral output of the glasses indicated that the
increment in the Pr®* concentration quenches the
luminescence intensity of Pr** ions. The color
coordinates shifted from the orange region to the
red region with increasing excitation power.
Consequently, the Yb*/Pr** doped TeO,-ZnO-BaO
glasses can be useful material for solid-state
lighting.
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