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The luminescence characteristics of Eu®" activated 30 PbO+(50-x) ByO3+5 TeOy+10 NaF+5 AlFs+x EuFs
(PBTNAEu) glasses prepared by melt-quenching process were studied for red laser applications. The phonon-side
band mechanism of Eu®*: °D, emission state was discussed with the help of photoluminescence excitation and
the Raman spectral features. The Judd-Ofelt intensity parameters that will be used to evaluate various laser

characteristic parameters were determined from both the absorption and the emission spectra. The absorption
from "F ground and F; first excited states was considered by applying the thermal correction. The emission
spectra were used to study the luminescence enhancement and the asymmetric environment around the Eu*
ions. The quantum efficiency of emitted luminescence was determined from the experimental and radiative
decay times of 5Dy emission state. From the experimental results, it was suggested that the PBTNAEu glass
containing 2.0 mol% of EuF3 has more potentiality for red laser applications.

1. Introduction

The oxyfluoride based glasses activated with trivalent rare earth (RE)
ions have drawn much attention as optoelectronic devices (such as
switching, memory and sensor devices), solid state lasers (like visible
and infrared lasers), optical amplifiers (like fiber and waveguide am-
plifiers), efficient dielectrics and infrared to visible converters owing to
their widespread inhomogeneous band-widths, huge quantity of RE ion
solubility, high thermal stability, good glass forming tendency and high
quantum efficiency compared to other conventional glasses [1,2]. It is
clear that the luminescence intensity and its efficiency depend greatly on
the ligand environment in the vicinity of RE ions. Thus, the glassy ma-
terials with considerably low phonon energy, least OH™ content, rela-
tively high thermal stability and prolonged chemical durability are more
favourable to develop potential solid-state lasers to achieve the re-
quirements of present advanced technology in eco-friendly way [3,4].

The studied 30 PbO+50 B203+5 TeO+10 NaF+5 AlF; (PBTNA)
glass has high-quality glass forming tendency, considerably high ther-
mal stability, relatively large rigidity, low OH™ content and low phonon
energy (1005 ecm™Y) [5]. The inclusion of little quantities of impurities
for example network modifiers and alkali ions to the network of borate
avoid the multi-phase formation by modifying the BO3 units as BO4
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units. The absorption spectral profile indicates that they are transparent
to UV-Vis-NIR regions. The optical band gap energy of undoped PBTNA
glass is found nearly 2.642 eV and it decrease gradually with the addi-
tion of RE impurities creating additional quantum states thereby to
structural modifications. These key results initiated to search the
applicability of Eu®* -doped PBTNAEu glasses as visible and fiber lasers
to meet the requirements of industrial, medical, science and engineering
applications.

The trivalent europium (Eu®) ions have been used as the best choice
to produce intense red emission through Dy — "F, transition as well as a
good spectroscopic probe to study the asymmetry of the host environ-
ment in its vicinity where it presents [6]. The non-degenerate "Fo and
5Dy energy states and fairly simple energy level structure of Eu>* ions
facilitates to investigate the site to site structural modifications. Partic-
ularly, the Eu®" -doped glassy materials find wide range of applications
as lasers, display devices and white LEDs [7-9]. The luminescence
properties of different concentrations of Eu®' ions in different
multi-component host matrices such as TeO3W03.GeO, [10],
PbF,-TeOy-H3BO3 [11], PbFy-WO3-TeO, [12], (Li, Na, K)
F-PbO-TeO,-H3BO3 [13] and PbO-H3BO3-TiO4-AlF3 [14] were reported
for visible lasers. The present host glass has been designed with high
thermal stability and good glass forming tendency with easy fiber
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drawing compared to our previous work [10-14].

The present research work reports the structural, spectroscopic and
optical analysis of various amounts of EuF3 -doped PBTNAEu glasses for
red laser applications. The Judd and Ofelt (J-O) model [15,16] was
applied to evaluate different radiative and laser characteristic parame-
ters. The phonon side band mechanism, luminescence decay,
non-radiative multi-phonon relaxation rates were discussed in detail.
The suitability of studied glasses for laser applications was also explored.

2. Experimental techniques

The Eu®* -activated lead-borate based oxyfluoride glasses: 30 PbO+
(50-x) B203+5 TeO2+10 NaF+5 AlF3+x EuF3 (PBTNAEu), where x = 0,
1.0, 2.0 and 5.0 mol%, were prepared through melt quenching method.
PbO of assay 98.0% from Himedia, H3BOg3 of assay >99.5% from Merk,
TeO3 of assay >99% from Sigma Aldrich, NaF of assay >97% from Merk,
AlF3 of assay 97% from Sigma Aldrich and EuF3 of assay >99.9% from
Alfa aesar were used as starting materials. About 20 g batches of ho-
mogeneous powders of starting chemicals were used to prepare the
studied glasses and they were named as PBTNAEuO, PBTNAEul,
PBTNAEu2 and PBTNAEu5 glasses for x = 0, 1.0, 2.0 and 5.0 mol%,
respectively. The prepared glass samples were polished for optical
quality with 0.16 £+ 0.01 cm thickness and they were used for further
characterizations. The details of method of preparation and estimation
of significant basic properties were explored in our earlier work [5].

The X-ray diffraction (XRD) profiles were obtained with RIGAKU
(Miniflex-600) X-ray diffractometer using Acykq = 1.5406 A. The KBr
technique Fourier transforms infrared (FTIR) spectral patterns were
obtained on PerkinElmer Spectrum One: FT-IR Spectrometer. The
Raman analysis was carried out on HORIBA LAB-RAM HR MICRO-
RAMAN Spectrometer. The scanning electron microscope and energy
dispersive X-ray (SEM-EDX) analysis was carried out on VEGA3 TESCAN
equipped with BrukerEasy EDS instrument. The optical absorption in-
vestigations were done on PerkinElmer Lambda 950 spectrophotometer.
The excitation and emission spectral measurements were recorded with
Hitachi-F7000 Fluorescence spectrophotometer. The lifetime of Eu3*:
5Dy emission state was carried out using JOBIN YVON FLUOROLOG-3
fluorimeter provided with xenon flash lamp and photomultiplier tube
(PMT) as a detector. The experimental quantum yield (QY) was
measured with Edinburgh FLS 980 spectrometer equipped with an
integrating sphere. All the spectral measurements were executed at
normal temperature.

3. Results and discussion
3.1. Basic properties

The doping of different amounts of EuFs to the PBTNAEu glasses
leads considerable changes in some of their physical and optical prop-
erties due to the structural modifications around the Eu®* ions and they
are evaluated following our previous work [5] and summarized in
Table 1. The density (p), index of refraction (n), average-molecular
weight (M) and molar-volume (V) increases with increase of EuFs
content as illustrated in Fig. 1. The reflection losses are found to be 5.00
+ 0.02% showing high transparency for the studied glasses.

3.2. Structural analysis

The powder XRD and FTIR patterns of PBTNAEu2 glass are presented
in Fig. 2. The absence of sharp crystalline peaks and the presence of
broad band in the 26 ranges from 10° to 35° (see Fig. 2a) confirm the
glassy nature of studied glasses. The FTIR spectral features shown in
Fig. 2b are identical to that of undoped PBTNA glasses [5]. This spec-
trum reveals the presence of various vibrational modes occurs in
PBTNAEu glasses. The assignment of these bands has been done
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Table 1

Comparison of density (p£0.01 g/cms), refractive index (n40.001), Eu®* ions
concentration (N+0.02 x 1072° ions/cm®), dielectric constant (K40.01)
reflection losses (R+0.02), average molecular weight (M 0.05), molar volume
(Vim%0.02) and optical band gap energy (E,+0.01) of PBTNAEu glasses.

Property PBTNAEuO PBTNAEul PBTNAEu2 PBTNAEu5
p 5.42 5.46 5.51 5.64

n 1.540 1.562 1.575 1.592

N - 2.36 4.70 11.69

K 2.37 2.44 2.48 2.53

R (%) ~5.00 ~5.00 ~5.00 ~5.00
M) 118.14 119.54 120.93 125.12
Vi (cm®) 21.78 21.91 21.96 22.17

Eg (eV) 2.642 2.627 2.298 2.004

following the literature [ [17-19] and they are summarized in Table 2.

The Raman analysis is one of the important spectroscopic tools for
identifying the existence of various molecular groups and/or structural
modes [20-24]. By knowing the energy corresponding to the different
vibrational modes, one can confirm the presence of different boroxol
units and B-O & Pb-O bond vibrations. The presence of different func-
tional groups noticed from the FTIR spectra (shown in Fig. 2b) have been
confirmed from the Raman analysis. The Raman spectra of PBTNAEu0
and PBTNAFu2 glasses in the Raman shift ranges from 400 cm ™' to
1600 cm ™! is described in Fig. 3. These spectra reveal an intense Raman
band at around 751 cm ™" along with other considerably weak bands at
around 410, 494, 674, 882, 974, 1079, 1222, 1330, 1425 and 1568
em™L,

The Raman band noticed at around 410 cm ™! has been ascribed to
the symmetric stretching vibrations of Te-O-Te linkage [20]. The
Raman peak located at around 494 em ™! is due to the vibrations of
isolated di-borate groups as well as Pb-O bonds [21]. The Raman band
observed at around 674 cm ™! has been assigned to the presence of ring
type meta-borate units and in-plane bending modes of BO3 units [22].
The Raman bands positioned at around 751 and 882 cm ™! represent the
presence of symmetric boroxol rings containing BOs; and mixed
BO3-BOy4 units, respectively while the bands at around 974 and 1079
cm™! are owing to B-O stretching vibrations in BO3 and BOy structural
units, respectively [23]. The Raman peak noticed at 1222 cm™! is
ascribed to the B-O stretching vibrations [21]. The Raman peaks posi-
tioned at around at 1330 and 1425 cm ™! are attributed to B-O stretching
vibrations linked with BO»O triangles and BO4 units, respectively [22].
The Raman band located at around 1568 cm ™! is ascribed to the B-O
stretching vibrations involving non-bridging oxygens (NBOs) [24]. The
assignment of Raman bands is also summarized in Table 2.

The chemical composition of PBTNAEuO glass has been confirmed
from the SEM-EDX studies and the obtained results are presented in
Fig. 4. The EDX spectrum reveals the presence of boron (4.14 atm %),
oxygen (53.44 atm%), fluorine (34.29 atm%), sodium (1.70 atm%),
aluminum (1.05 atm%), tellurium (0.54 atm%) and lead (4.84 atm%)
confirming the composition (PbO-B,03-TeOo—NaF-AlF3) of PBTNAEu0
host glass without any impurity elements. The percentage of atomic
weight of different elements is also presented in Fig. 4.

3.3. Absorption spectral analysis

In order to evaluate some of the significant spectroscopic properties,
the room temperature absorption spectra of PBTNAEu glasses have been
recorded and analyzed. These spectra consist of a total of five weak
bands in visible region and two considerably intense bands in infrared
(IR) region. All these bands have been originated from the "Fo and "Fy
energy lavels to various higher energy levels and they are positioned at
around 464 nm ("Fo — °D5), 525 nm ("Fy — °Dy), 532 nm ("F; — °Dy),
578 nm ("Fy — °Dy), 585 nm ("F; — °Dy), 2085 nm "Fo — 'Fg) and 2200
nm (7F1 — 7F6). The assignment of absorption transitions has been done
following Carnall et al. [25]. A representative absorption spectrum of
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Fig. 1. Variation of density (a), refractive index (b), average molecular weight (c) and molar volume (d) as a function of EuF3 content in PBTNAEu glasses.
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Fig. 2. XRD (a) and FTIR (b) patterns of PBTNAEu2 glass.

PBTNAEu2 glass is shown in Fig. 5.

The absorption spectrum of PBTNAEuO glass in the spectral region
from 400 to 2400 nm shown in Fig. 6 consists of a fundamental ab-
sorption edge at about 435 nm. Further, the absorption coefficients of
different absorption bands increase with increase of EuF3 content but
their positions remain unaltered showing the uniform distribution of
Eu* ions in PBTNAEu glasy materials. A representative spectra showing
the variation of absorbance of Fy — "Fg (2085 nm) and "F; — Fg (2200
nm) transitions with EuFg content is illustrated as inset of Fig. 6. The
covalent or ionic bonding character of Eu*" ions with 02" /F ! has been

known by evaluating the bonding parameter, § = [(1 - B/[),) X 100] ,

here j represents the mean nephelauxetic ratio. The magnitude of
bonding parameter is positive for covalent and negative for ionic bonds
[26]. The positions of absorption bands, their nephelauxetic ratios and
bonding parameters are presented in Table 3. The average value of § is

Table 2
Assignment of FTIR and Raman band positions (cm™!) in PBTNAEu glasses.

FTIR Assignment [17-19] Raman  Assignment [20-24]
3430  symmetric stretching 1568 stretching vibrations of B-O
vibrations of OH™ group bonds involving non-bridging
oxygens
2920  symmetric stretching 1425 stretching vibrations of B-O
vibrations of OH™ group bonds linked with BO4 units
1630  asymmetric stretching 1330 stretching vibrations of B-O
vibrations of B-O bonds bonds linked with BO,O
triangles
1358  asymmetric stretching 1222 stretching vibrations of B-O

bonds in pyro-borate groups

B-O bond stretching

vibrations in BO, structural

units

B-O bond stretching

vibrations in BOj3 structural

units

symmetric boroxol rings

containing mixed BO3-BO4

structural units

751 symmetric boroxol rings
containing pure BO3 units

674 Ring type meta-borate units
and in-plane bending mode of
BOj3 units

494 vibrations of isolated di-borate
groups as well as Pb-O bonds

410 symmetric stretching
vibrations of Te-O-Te linkage

vibrations of B-O bonds
1005  stretching vibrations of B-O 1079
bonds

695 B-O-B bending vibrations 974
490 O-B-0 bending vibrations 882

associated with covalent Pb-O
vibrations

found to be +0.0066 indicating covalent character for Eu>* and 0%*/F 1
bonds in PBTNAEu glasses.

It is well known that the optical band gap energy (E;) corresponding
to the direct allowed transitions is more significant to select a suitable
material for efficient optoelectronic and photonic devices. It can be
obtained using the relation, a. (hv) = B (hw — Eg)?, where o repre-
sents the coefficient of absorption at the fundamental edge, hv represents
the energy of photon and B is a constant and it is independent of energy.
The factor q = 2, 3, % and /5 for indirect-allowed, indirect-forbidden,
direct-allowed and direct-forbidden transitions, respectively [27]. The
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Fig. 3. Raman spectra of PBTNAEu glasses.

value of Eg can be obtained by extrapolating the linear part of Tauc’s
plot (i.e., (a hz./)2 versus hv curve) to meet the hv axis at (« hv)? = 0. The
Tauc’s plots for ¢ = % in PBTNAEu glasses are described in Fig. 7. The
values of Eg are found to be 2.627, 2.298 and 2.004 eV for PBTNAEul,
PBTNAEu2 and PBTNAEuU5 glasses, respectively while for PBTNAEu0
glass, it is found to be 2.642 eV [5]. The gradual decrease of value of Eg
with increase of EuF3 content is an indication for the formation of
additional quantum level as well as slight structural amendments. The
optical band gap energies are comparable to those reported for PTBEu
(~2.60 eV) [11] and TBLFE (2.69 eV) [28] glasses.

3.4. Thermal correction

In case of Eu®* ion, the "Fg and the F; energy levels are separated by
a small energy difference and it is close to KgT, where Kg is the Boltz-
mann’s constant and T is the absolute temperature. The contributions of
population of the "Fo ground and the ”F; first quantum states are about

8
{| PBTNAEu0
7 1 Pb
i 0)
F

Counts (s")
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65% and 35%, respectively at room temperature [29,30]. Therefore, the
thermal population of ’F; first quantum state should be taken into ac-
count. The fractional thermal population of any excited quantum state
(Cy) has been determined using the following equation.

C E; — E
e (@)ool e “)
Co 8o K. T
where Cy represents the population of ground state. Ey and g;( = 2J + 1)
represent the energy and degeneracy of excited state, respectively. In
case of PBTNAEu glasses, the thermal correction factors for 7F0’1 -

25+11 | transitions are estimated to be Cy = 0.6506 and C; = 0.3162,
respectively at T = 300 K.

3.5. Excitation spectra and phonon side band

In order to select a suitable radiation to produce strong emission
from the studied glasy materials, the photoluminescence excitation
spectra ranges from 350 nm to 600 nm were recorded by controlling the
emission through Eut: 5Do — 7F2 (613 nm) transition. These spectra
reveal eleven excitation bands originated from the “Fy and ’F; energy
levels to other higher energy levels. The observed bands have been
ascribed to "Fy — °Dy4 (363 nm), "Fy — °Ly (378 nm), "F; — °Ly (383 nm),
7Fo — °Le (395 nm), "Fg — °D5 (416 nm), "Fy — °D5 (465 nm), 'F1 — °D5
(526 nm), "Fg — °D; (534 nm), ’F; — °D; (553 nm), "Fg — °Dp (579 nm)
and 7F1 - 5Do (589 nm) transitions. Among these, the excitation band
noticed at ~465 nm (Eu3+: 7F0 — 5D2) is found to be the prominent one
and it could be the best choice to produce intense emission from the
PBTNAEu glasses. For reference, the excitation spectrum of PBTNAEu2
glass is presented in Fig. 8. Further, the intensities of these transitions
enhances with the activation of EuFs showing uniform distribution of
Eu* ions in PBTNAEu glasses. The inset of Fig. 8 shows the variation of
intensity of Fy — 5Dy (~465 nm) transition with EuF5 content.

The excitation spectra also reveal phonon-side band (PSB) linked
with Eu®*: 7Fy — 5D, transition on higher energy region and it is posi-
tioned at ~447 nm (PSB-I: ~22,371 cm 1) with a sub-peak at ~440 nm
(PSB-II. ~22,727 em ™). The Eut: ’Fo — °D, transition is purely
electronic transition and positioned at ~465 nm (~21,505 em™Y) and it
is considered to be the zero phonon line (ZPL) as described in Fig. 9.
Additionally, the phonon energy related to the vibronic transitions has

Element Atomic¢ %

Na K
AlK
ilichl
Pb M

VEGA3 TESCAN

Fig. 4. EDX spectrum of PBTNAEuO glass. Inset show the SEM image of PBTNAEuO glass.
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Table 3
Positions of absorption bands in PBTNAEu glasses (7) and in aqua-ion host (7,),
nephelauxetic ratios (f) and bonding parameters (5).

Transition Peak maximum (cm’l) B d
Ue Uq

7Fo — °Dy 21,552 21,519 1.0015 0.0065
7Fy — °Dy 19,048 19,028 1.0011 0.0065
7F; - °D; 18,797 18,676 1.0065 0.0065
7Fy — 5Dy 17,301 17,277 1.0014 0.0065
7F; - 5Dy 17,094 16,936 1.0093 0.0064
7Fo > Fe 4796 4980 0.9631 0.0068
7F) - Fe 4546 4679 0.9716 0.0067

Average nephelauxetic ratio, f = 0.9935
Mean bonding parameter, & = +0.0066

been determined from the shift of the PSB from the pure-electronic-band
(PEB). It is well known that the bonding nature of Eu®* ions with sur-
rounding ligand field affects the coupling of vibrational modes to the

PBTNAEu5

PBTNAEu2

Relative (a hu)2 (cm‘]—eV)2

PBTNAEul

||||||||||||I|||||||||||||||”||I|IIIIIIIIII|||III|||l||I||]|ll||||||||||l||l|l
1.5 20 25 3.0 35
hv (eV)

Fig. 7. Tauc’s plots for direct allowed transitions in PBTNAEu glasses.

electronic excited states. The PSBs associated with PEB helps us to
recognize the vibrational modes associated with the ligand field around
the Eu®* ions.

It is known from the literature [31] that the occurrence of PSB in-
dicates that the incident (excited) radiation coupled not only with the
excess energy of vibrational levels in the vicinity of Eu>* ions but also
with its electronic states. The phonon side band mechanism at 465 nm
excitation is clearly illustrated in Fig. 10. Further, the difference in en-
ergies of PEB and PSB represent the phonon energy and it corresponds to
maximum energy of the vibrational modes of host matrix surrounding
the Eu®* ion. The PSBs noticed at an average energy shift of ~866 and
~1222 em ™! from the ZPL are referred as PSB-I and PSB-II, respectively
(see Fig. 9) and they can ascribed to the B-O bond stretching modes in
BO4 and pyro-borate groups, respectively. These vibrational modes have
been correlated with Raman bands noticed at around 882 and 1222
cm ! (see Fig. 3).

3.6. Photoluminescence

Since the excitation band positioned at 465 nm corresponding to the
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Eu®*: 7Fy — °D, transition has highest intensity compared to others, the
emission analysis has been done at 465 nm excitation only. The lumi-
nescence spectra of PBTNAEu glasses are depicted in Fig. 11. These
spectra reveal five emission bands corresponding to the °Dgy — “Fg (579
nm), °Dg - F; (592 nm), °Dg — 'F5 (613 nm), °Dy — “F3 (653 nm) and
5DO - 7F4 (702 nm) transitions. Upon 465 nm excitation, the Eu®* ions
get excited to °D, higher energy state and then de-excite non-radiatively
to Dy metastable state. Once the condition of population inversion
achieved, then lasing action takes place through 5Dy — 7F, transition.
The partial energy level structure shown in Fig. 10 describes the emis-
sion mechanism of PBTNAEu glasses at 465 nm excitation.

These emission spectra also reveal that the shape of the observed
emission bands do not change even the content of EuF3 varied from 1.0
mol% to 5.0 mol% except their intensity which increase with the addi-
tion of EuFs content confirming the absence of luminescence quenching
in PBTNAEu glasses in the investigated EuFs range i.e., 0 < x < 5.0 mol
%. The in set of Fig. 11 shows the variation of intensity of Dy — F
transition with EuFs content in PBTNAEu glasses. These results are
similar to TPBFEu [32] and TLKZnFEu [33] glasses. The emission
spectral features are identical to our previous reports on Eu®" -doped
PTBEu [11], LTTEu [12], RLTB [13] and LBTAF [14] glasses. Among the
observed emission transitions, the SDO - 7F2 (613 nm) transition is
found to be the most intense and proficient transition. The emission
spectra make known that the studied glasses emit strong, intense and
enhanced red luminescence when excited at 465 nm wavelength.

It is well known that the °Dy — “F; transition is a magnetic-dipole
(M-D) and the 5D0 — 7F, transition is electric-dipole (E-D) in nature
obeying the selection rules AJ = 1 and AJ = 2, respectively [34].
Further, the transition probability of M-D (®pDy - 7F;) transition is
almost insensitive to the host matrix while the transition probability of
E-D (°Dg — F,) transition is more responsive to the environment sur-
rounding the Eu®* ions. The ratio of intensity of E-D to M-D transitions,
called the asymmetric ratio (Ry) provides essential information about
the symmetry around the Eu®" ions in which it is situated. Therefore,

[ lpdi

" [Lup.di @

A

where [Igp. di and [Iyp.di are the intensities of 5Dy = 7F5 and °Dy —
7F, transitions, respectively. Thus, the Eu>" ion has been used as a probe
to study the site symmetry of any host matrix in which they are present.
If the intensity ratio is greater than unity then the Eu®" ions occupy
higher symmetry sites in the host matrix resulting intense luminescence
through 5Do - 7F2 (E-D) transition than 5Do - 7F1 (M-D) transition and

1.2
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Fig. 11. Emission spectra (Aex = 465 nm) of PBTNAEu glasses. In set is the
variation of intensity of °Dy — ’F, transition as a function of EuF; content.
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vice versa. In the present investigation, the values of Ry are found to be
3.61, 3.65 and 3.72 for PBTNAEul, PBTNAEu2 and PBTNAEu5 glasses,
respectively. The increased values of Ry with the addition of EuF3 im-
proves the site symmetry of PBTNAEu host in the vicinity of Eu®t ions
promoting enhanced luminescence through °Dy — “F, transition with
the addition of EuF3 content. The asymmetric ratio of PBTNAEu2 glass is
found higher than LTTEu (2.78) [12], TPBFEu (~3) [32], TLKZnFEu10
(2.879) [33] and SB33 (2.53) [35] glasses.

The colour of the emitted light from the PBTNAEu glasses is exam-
ined by evaluating the Commission International de I’Eclairage (CIE)
colour coordinates using the emission spectra shown in Fig. 11. The
evaluated CIE coordinates are found to be (0.570, 0.392), (0.639, 0.355)
and (0.648, 0.351) for PBTNAEul, PBTNAEu2 and PBTNAEu5 glasses,
respectively. The location of CIE coordinates shown in Fig. 12 indicates
that the colour of emitted luminescence shifts from reddish-orange to
pure-red when the EuFs content changes from 1.0 mol% to 5.0 mol%
producing a tunable luminescence at 465 nm excitation. Among the
studied glasses, the PBTNAEu2 glass emits enhanced red luminescence
when excited at 465 nm wavelength. The CIE coordinates of PBTNAEu2
glass (0.639, 0.355) are comparable to those reported for
PbO-NayO-P205-Euy03 (0.634, 0.346) [9], TWGEuO05 (0.645, 0.342)
[10], TPBFEu (0.639, 0.360) [32] and TLKZnFEul0 (0.638, 0.362) [33]
glasses. They are also comparable to commercial red illuminates like
Y,0s3: Eu®* (0.64, 0.34) [KX-YOX, Kasei Optonix Ltd., Japan] and (Y,Gd)
B03:Eu3+ (0.65, 0.35) [KX-504, Kasei Optonix Ltd., Japan].

3.7. Intensity parameters

The quantificational investigation of various spectroscopic and laser
characteristic properties of luminescent materials activated with RE ions
has been successfully carried out by the use of standard J-O model [15,
16]. The probability rates of 4f-4f radiative transitions of RE ions has
been represented by means of three phenomenological J-O intensity
parameters (€,-246), which can be evaluated by minimizing the dif-
ference between the experimental (fex,) and theoretical (fca1) oscillator
strengths by least squares fit approximation. Knowing the Q, parame-
ters, one can find the probability rate of radiative transitions (Ag),
radiative decay time (tR), radiative branching ratio (fg) and the stim-
ulated emission cross-section (Gemi). However, the standard J-O model
fails to analyze the luminescence properties of some RE ions, such as
Pr’* and Eu®" ions in some host matrices. Thus, the strategy of standard
J-O model has been modified accordingly to evaluate the radiative pa-
rameters of these ions in different host matrices [36].

xex =465 nm

0.9

PBTNAEu5S

CIE 1931

PBTNAEu2

Glass Coordinates
PBTNAEuI - (0.570, 0392) |
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Fig. 12. CIE chromaticity coordinate diagram of PBTNAEu glasses.
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In case of Eu" ion, the absorption spectra consists of different
transitions originated from both ’Fo and 'F; energy levels due to
considerably small energy gap of the order KgT. Thus, the standard J-O
model becomes unwieldy and the corresponding Q, intensity parameters
have been obtained by modifying the experimental oscillator strengths
with thermal-correction factors to 7Fo and 7F1 state (see section 3.4).
Though the thermal-correction has been applied to the oscillator
strengths, the least squares fit process becomes invalid to determine the
Q, intensity parameters due to zero magnitude of |U%||? matrix ele-
ments. The values of |[U*||? have been collected from Carnall et al. [25]
and they are summarized in Table 4. In order to evaluate the Q, intensity
parameters of Eu>" ions by overcoming the above discussed difficulties,
several efforts have been made for alternate approaches.

In one approach, the Q, parameters have been evaluated by the use
of 7FO -5p ;(J =0, 2, 4, 6) individual bands from the absorption spectra
ignoring thermal correction [29]. This approach has given fever results
for radiative parameters of Eu®" ions in some host matrices [14]. Dej-
neka et al. [30] determined the Q, intensity parameters by adopting
thermal correction. Since the ||U%|2 = 0 for all the transitions (see
Table 4), the magnitude of Q4 intensity parameter becomes insignificant
in these two approaches. The oscillator strengths for the observed ab-
sorption transitions with and without thermal correction are also pre-
sented in Table 4. In another approach, the Q, intensity parameters have
been evaluated from the °Dy — 7F2)4)6 emission transitions [37]. Ac-
cording to standard J-O model, the ||U*||? values for emission transitions
originating from D metastable state becomes zero except for °Dgy — 7F2,
7F4, 7F¢ transitions. The detailed procedure of evaluating the Q, intensity
parameters from the 5Dy — 7F2, 7F4) ’F¢ emission transitions was
explored in our earlier work [38].

Though the PBTNAEu2 and PBTNAEu5 glasses emit enhanced red
luminescence at 465 nm excitation, the evaluation of radiative and other
optical properties are restricted to PBTNAEu2 glass sample only owing
to least consumption of EuF3 thereby reducing the cost and protecting
the environment. In the present investigation, the Q, intensity param-
eters have been determined using both the emission and the room
temperature absorption spectra with thermal correction for oscillator
strengths. Applying the thermal correction, the , parameters are
evaluated as Qy = 11.49 x 1020 cmz, Q4 ~ 0and Qg = 1.91 x 10720
cm? for PBTNAEu2 glass. A comparison of Q, parameters evaluated from
the °Dg — 7F1,2,4,6 emission transitions is given in Table 5. Since the
emission band corresponding to the 5Dy — 7Fe transitions is not located
in visible region, the Qg intensity parameter is considered as zero (Q¢ ~
0) in evaluating various radiative properties. The Q) intensity parame-
ters of PBTNAEu2 glass obtained from the emission spectral features are
very close to other reports [ [13,39-41]]. Table 6 summarizes the )
parameters for different host glasses.

It is well known that the Q, intensity parameter is a measure of
covalency and asymmetry of the host medium in the vicinity of RE ions
in which they are present. Higher the magnitude of Q; parameter greater
will be the asymmetry and the covalency of metal-ligand bonds [42]. So,
the Q, parameter is more sensitive to the host. But the Q4 parameter is
practically constant and the Qg parameter do not vary appreciably as it
depends on the viscosity of the host medium. In the present research
work, the considerably higher value of Q, parameter is an indication for
the large asymmetric environment around the Eu®" ions. These results
are similar to that of the intensity ratio evaluated from the emission
spectral profiles. The covalency of Eu®" ions with host ligands is also
higher confirming the results obtained from the bonding character (5)
described in see section 3.3.

3.8. Radiative parameters

The Q, parameters were used to evaluate the various radiative pa-
rameters, such as radiative transition probability rate (A,.q), radiative
lifetime (t.oq) and radiative branching ratio (Braq). These parameters are
further used to obtain significant laser properties like emission cross-
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Table 4
Oscillator strengths (experimental, fey, and calculated, fc.) and squared reduced matrix elements for the observed absorption transitions of Eu®" ions in PBTNAEu2
glass.
Transition Peak maximum Oscillator strengths ( x 107°) Squared reduced matrix elements, ||U*|?
A, nm v, em™! ﬂfexp bfexp bfca] HU2”2 HU“Hz HU6H2
7Fo = °Dy 464 21,552 0.1178 0.1811 0.3078 0.0008 0 0
7By - °Dy 525 19,048 0.0116 0.0178 ~0 0 0 0
7F1 — 5D1 532 18,797 0.0226 0.0715 0.8727 0.0026 0 0
7y — °Dy 578 17,301 0.0036 0.0055 ~0 0 0 0
7F) - °Dy 585 17,094 0.0856 0.2707 ~0 0 0 0
7Fo — "Fe 2085 4796 0.7881 1.2113 2.0591 0 0 0.1450
7Fy —> 7F6 2200 4546 0.1314 0.4156 5.0786 0 0 0.3773
? fexp — As evaluated.
b fexp — Thermally corrected.
Table 5 , A 'y
Comparison of €, intensity parameters obtained from the *Dy — “Fy_1 246 Oeni(¥J, ¥ ) = SrtcniA lgﬂA”‘d(yjj’ ¥J) @)

emission transitions and radiative parameters of PBTNAEu glasses.

Parameter PBTNAEul PBTNAEu2 PBTNAEuS
Q, (x 102° em?) 12.53 12.02 11.75
Q4 (x 102° cm?) 4.10 4.05 3.96
Qg ( x 102 ecm?) ~0 ~0 ~0
Radiative transition rate, Aaq (s’l) 549.04 556.41 560.38
Radiative branching ratio, fraq (%) 78 78 77
Radiative lifetime, T,,q (mS) 1.82 1.80 1.78
Experimental lifetime, Ty, (ms) 1.11 1.09 1.07
Quantum efficiency, n (%) 60.99 60.56 60.11
Non-radiative losses, Wygr (s™1) 351.45 361.88 372.78
Experimental branching ratio, ey, (%) 68 69 67
Emission peak position, Ap (nm) 613 613 613
Effective band width, A)eg (nm) 10.72 10.89 11.16
Stimulated emission cross-section, Gemj 3.93 3.87 3.71
(x 1072 em?)
Gain bandwidth, (Gemi X Alegf) ( X 4.21 4.22 4.14
107%7 cm®)
Optical gain, (Gemi X Texp) ( X 10724 7.16 6.96 6.62
cm?-s)
Table 6
Comparison of Q, intensity parameters for different multi-component glasses.
Glass Q, ( x 10°%° cm?) intensity parameters Reference
Q Q4 Q6
PBTNAEu2 12.02 4.05 ~0 [This work]
PBTNAEu2* 11.49 ~0 1.91 [This work]
Ew LILTB 12.08 ~0 1.35 [13]
Eu: NaLTB 12.60 ~0 1.41 [13]
Eu/Ag: Tellurite glass 10.00 1.76 - [39]
3.0Eu-GICZPS 11.17 5.91 1.41 [40]
5.0Eu-GICZPS 10.84 16.61 2.39 [40]
Tellurite glass 11.06 4.58 0.96 [41]

@ Evaluated from the thermally corrected absorption transitions.

sections (Gemi), gain band-widths (Gem; X Aletf) and optical gains (Gem;i X
Texp) for the potential emission transitions. The Q; parameters obtained
from the °Dy — 7F1,2,4,6 emission transitions are more reliable than those
evaluated from the thermally corrected “Fo — °D; absorption transitions.
Thus, the Q) parameters evaluated from the emission spectra have been
used to determine various radiative and laser properties as the Q, in-
tensity parameter is close to that obtained from thermally corrected
absorption transitions (see Table 6). Some of the significant laser char-
acteristic parameters like experimentally measured branching ratios
(Bexp) and effective band-widths (Aleg) have been obtained using the
emission spectral profiles. If the experimentally measured branching
ratio (f,,) for any emission transition is found higher than 50%, then it
emits intense luminescence with considerably high quantum efficiency
[43]. The magnitude of 6ep; for ¥J — ¥'J emission transition is given as

where 1p represents the wavelength corresponding to emission peak
maximum, c represents the velocity of light, Al.s represents the

effective-bandwidth of ¥J — ¥'J transition. Table 5 presents the
observed laser parameters of PBTNAEu glasses. These values obtained
for PBTNAEu2 glass are comparable to LiPbAIB [8], TWGEu05 [10],
PTBEu20 [11], TPBFEul6 [32], TLKZnF:Eu®* [33] and TeEul.5 [44]
glasses. Table 7 summarizes the laser parameters of different
multi-component glasses.

3.9. Luminescence decay, non-radiative losses and quantum efficiency

The lifetime of Eu®*: °Dg emission state of PBTNAEu glasses has been
determined from the luminescence decay profiles obtained by moni-
toring the emission (613 nm) and excitation (465 nm) wavelengths
corresponding to 5Dy — "F, and "Fy — °D,, transitions, respectively. All
these decay profiles are suitably fitted to I(t) = I(0) . e*/?, where I (0)
represents the intensity at t = O and 7 represents the decay time of
corresponding emission state. The luminescence decay profiles of
PBTNAEul, PBTNAEu2 and PBTNAEuS5 glasses are presented in Fig. 13
(a), (b) and (c), respectively. The experimentally measured lifetime
(Texp) of Eudt: 5D0 emission state is evaluated taking the first e-folding
times of the initial intensity. For the studied PBTNAEul, PBTNAEu2 and
PBTNAEu5 glasses, the lifetime values are fund to be 1.11, 1.09 and
1.07 ms, respectively. The accuracy in determining the lifetime is nearly
+0.01 ms. In general, the dependence of lifetime of Eu®*: °Dy emission
state is fever on its concentration [45]. In the present investigation, the
observed results show a shortening in lifetime with the addition of EuFs.
The variation of decay time of Eu>": °D, emission state in PBTNAEu
glasses with EuF3 content is shown in Fig. 13d.

One of the reasons for shortening in lifetime is the multiphonon-

Table 7
Comparison of laser characteristics parameters of Eu>": Dy — “F, (613 nm)
transition in different multi-component glasses.

Glass Host Laser characteristics parameters
Ahefp Bexp Gemi ( X (Gemi X (Cemi X Texp)
(nm) (%) 102 Ahegr) ( X (x 1072
cm?) 10°% cm3) cmz-s)
PBTNAEu2 10.89 69 3.87 4.22 6.96
[Present
work]
LiPbAIB [8] 11.24 63 0.499 0.56 -
TWGEu05 [10] 12.79 58 2.712 3.468 1.51
PTBEu20 [11] 12.35 65 0.87 1.074 4.89
TPBFEul6 [32] 9.712 70.47 1.458 1.416 -
TLKZnF:Eu®* 6.3753 72.38 2.210 1.4089 -
[33]
TeEul.5 [44] 10.44 64 2.319 2.421 -
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relaxation rates (Wyp). The non-radiative decay rates (Wyg) include the
multiphonon-relaxation rates (Wyp), energy transfer rates (Wg), con-
centration quenching rates (W¢q) and the OH™ content rates (Wop) and
thus, Wag = Wwmp + Wer + Weq + Wop. In case of PBTNAEu
glasses, the Woy becomes insignificant due to small value of OH™ con-
tent [5]. For the studied concentrations of EuF3 in PBTNAEu glasses, the
Wer and W¢q become insignificant due to the absence of luminescence
quenching. To bridge the energy gap of ~12,475 cm™! between the °Dj
emission state and its lower lying "Fg state, the PBTNAEu glasses require
nearly 12 phonons owing to its small phonon energy. Therefore, the
multiphonon-relaxation rates play a key role in the shortening of decay
time. The NR multiphonon-relaxation rates (Wyp) responsible for
shortening in lifetime (Wyp=Wnr= 1, —7,y) for PBTNAEul,
PBTNAEu2 and PBTNAEu5 glasses are found nearly 351, 362 and 373
cm ™, respectively. These values show that no considerable change takes
place when the content of EuFs is increased from 1.0 mol% to 5.0 mol%
in PBTNAEu glasses.

The quantum efficiency (n) of a laser host material is one of the
important parameters for its applicability as a practical laser and it has
been obtained from the ratio of experimental and radiative lifetimes.
Therefore,

Tcxp
s 4
n " @

where Texp and g represents the experimental and radiative lifetimes,
respectively. For PBTNAEul, PBTNAEu2 and PBTNAEu5 glasses, the
quantum efficiencies are evaluated to be 60.99%, 60.56% and 60.11%,
respectively. These values are found higher than LiPbAIB (58%) [8],
PTBEu20 (40%) [11], LTTEu20 (53%) [12], TPBFEul6 (53.4%) [32],
TLKZnFEulO0 (51.6%) [33], Tellurite (57.2%) [39], Borosilicate (33%)
[44] and Eu®': BITMK (56.76%) [46] glasy materials. These results
suggest that the studied PBTNAEu glasses show improved quantum ef-
ficiencies compared to above mentioned reports. The experimental
quantum yield (QY) of PBTNAEu2 glass is found to be 9.52% which is
close to LizB4O7:Eu (1.0 mol%) glass (QY = 10.7%) [36]. Based on the
evaluated spectroscopic, radiative and laser characteristic properties, it
has been suggested that the PBTNAEu2 glass has more potentiality to
produce enhanced and rich red luminescence through 5Dy — "F, (613

nm) transition.
4. Conclusions

Optically transparent PBTNAEu glasses containing different amounts
of EuF3 (0 < x < 5.0 mol%) were prepared and characterized for red
laser applications. The presence of Te-O-Te, Pb-O and O-B-O linkage
and BO4 units has been confirmed from the Raman spectra. The SEM-
EDX results confirm the intrinsic nature of studied glass composition.
Thermal correction factors for “Fq and ’F, energy levels are found to be
Cp = 0.6506 and C; = 0.3162, respectively at T = 300 K. The phonon
energy corresponding to PSB-I (~866 cm™!) and PSB-II (~1222 cm™})
has been attributed to the B-O stretching vibrations in BO4 and pyro-
borate groups, respectively. The Dy — ’F; emission spectral profiles
have been used to examine the enhanced luminescence and asymme-
tricity around the Eu®* ions. The Q,, parameters obtained from the °Dg —
7F1, "Fa, "F4, "Fg emission transitions have been used to evaluate various
laser characteristic parameters. The luminescence decay profiles of
Eu®*: 3Dy emission state have been well fitted to single exponential
function. The lifetime shortening of has been assigned to the non-
radiative multi-phonon relaxation rates. The luminescence quantum
efficiencies are estimated to be around 60%. The observed experimental
results suggest that the PBTNAEu2 glass could be the best candidate for
rich red laser applications.
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