Optical Materials 107 (2020) 110018

Contents lists available at ScienceDirect

Optical Materials

FI. SEVIER

journal homepage: http://www.elsevier.com/locate/optmat

Check for

d®>" ion-doped Zn-Al-Ba borate glasses for NIR | e

Spectroscopic study of N
emitting device applications

M. Djamal ", L. Yuliantini®, R. Hidayat", N. Rauf, M. Horprathum ¢, R. Rajaramakrishna °,
K. Boonin “, P. Yasaka “!, J. Kaewkhao “, V. Venkatramu ®", S. Kothan"""

& Department of Physics, Faculty of Mathematics and Natural Sciences, Institut Teknologi Bandung, Bandung - 40132, Indonesia

Y physics Study Program, Department of Science, Institut Teknologi Sumatera, Lampung - 35365, Indonesia

¢ Department of Physics, Faculty of Mathematics and Natural Sciences, University of Hasanuddin, Makassar - 90245, Indonesia

4 Optical Thin-Film Laboratory, National Electronics and Computer Technology Center, Pathumthani - 12120, Thailand

€ Department of Post Graduate Studies & Research in Physics, The National College, Jayanagara, Bengaluru - 560070, India

f Center of Excellence in Glass Technology and Materials Science (CEGM), Nakhon Pathom Rajabhat University, Nakhon Pathom - 73000, Thailand

8 Department of Physics, Yogi Vemana University, Kadapa - 516 005, India

1 Department of Physics, Krishna University Dr. MRAR PG Centre, Nuzvid - 521 201, India

I Center of Radiation Research and Medical Imaging, Department of Radiologic Technology, Faculty of Associated Medical Sciences, Chiang Mai University,
Chiang Mai - 50200, Thailand

ARTICLE INFO ABSTRACT

Keywords: Trivalent  neodymium (Nd®*H) -doped Zn-Al-Ba  borate glasses of composition (60-x)
Borate glass B203+20BaO+10Al,03+10Zn0O + xNd2O3(x = 0.0, 0.5, 1.0, 1.5, 2.0 and 2.5 mol%) were prepared by a con-
Neodymium ventional melt-quenching technique and studied their physical, structural, optical and luminescence properties.
i‘:‘iﬁ:ji;&:ory The amorphous nature of the glasses has been confirmed by X-ray diffraction patterns. The EDAX data shows

percent mass of elements of the glass system. FTIR spectra confirm the formation of BO3 and BO4 groups in the
glass structure and compared them with Raman spectra. The Judd-Ofelt theory was adopted to analyze the
radiative properties of Nd,03 —doped glasses to derive oscillator strengths (f), JO parameters (Q;—2 4¢), Stimu-
lated emission cross-sections (o), radiative transition probabilities (Ag), and branching ratios (Br) of various
transitions of Nd®* ions. The lifetime of the “Fs/; level of Nd*" ions in the glasses decreases with the increase of
Nd03 concentration due to the shortened distance between Nd®* ion in the glass structure. The strongest
emission intensity is found at 1056 nm (4F3/2 - 4111 ,2 transition) when excited by 808 nm. The optimum
concentration of NdO3 in the studied glasses is found to be 1.0 mol% based on luminescence intensity. All these
results were compared with reported research of Nd>*:glasses to determine the lasing potentiality of studied
glasses.

IR emitting Material

1. Introduction

Nowadays, trivalent rare-earth ion (RE3H) doped materials have
been more attractive due to their application in many fields such as
medical, industry, electronics, and communications [1-5]. In particular,
RE®" ion - doped glasses become more attractive, due to their low
production cost and simple preparation technique, for scintillation,
optical amplification, solid-state laser applications, and microwave
absorbing materials [6-8]. Among oxide glasses, borate glass is the
interesting host matrix due to the high transparency, low melting point,

high thermal stability, efficient radiative transition, great RE>' ion
solubility and homogeneity [9-12]. However, the phonon energy of
borate glasses is very high around 1400 cm ™! that is higher than 1100,
1200, 900, 700, 500, and 350 cm~! for silicate, phosphate, germanate,
tellurite, fluorozirconate, and chalcogenide, respectively [13]. Hence,
the present investigation is aimed to study the influence of glass
composition or high energy phonons on luminescence properties of
Nd>* ions.

Among RE3* ions, trivalent Neodymium (Nd3+) ion is interesting ion
for near-infrared laser application due to the strong emission at 1.06 pm
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arising from 4F3/2 to I 2 transition. The addition of Nd»O3 content
with slight concentration will make the ion as the dopant. Meanwhile,
the addition of Nd,O3 content with high concentration will act the ion as
a modifier. However, the addition of high Nd** ion concentration can
lead the concentration quenching that will reduce the fluorescence [9].
When the active ion is added to borate glass there are two possibilities.
They are the conversion of BO3 units into BO4 units or the presence of
non-bridging oxygen (NBOs) [14]. The behaviour of active ion in a host
matrix depends on the surrounding ligand, which affects the emission
peaks. The emission peaks of Nd>* ion doped glass is originated from
F3/, state. The physical, structural, optical, luminescence and
non-linear optics of Nd>" ion in borate aluminium glass, germanate
glass, and phosphate glass were investigated [15-17]. The results show
that the emission of glasses is found to be more intense in the infrared
region at about 1060 nm under 808 nm excitation with high emission
cross-section and long fluorescence lifetime. Therefore, it is needed to
find the proper composition for borate glass with suitable modifiers to
optimize the spectroscopic and luminescence properties of RE>" ions.

The compound ZnO is intensively used in optoelectronic, optical,
scintillating and catalytic applications due to their great functionality
and physiochemical properties such as optical, thermal, photocatalytic,
bioactive, and electrical [18]. The introducing ZnO in the glasses can
decrease the phonon energy and improve transparency [19] of the glass.
Moreover, the addition of Al;O3 in the glass system increase density,
refractive index, improve chemical stability, physical and laser proper-
ties [20]. G. Benoit et al. reported that the addition of Al;O3 in the
phosphate glass increase the emission intensity of active ion [21]. The
alkaline earth addition such as BaO into glass improves the transition
temperatures, thermal stability and create larger spectral bandwidth
[22].

The present investigation is aimed to study physical, structural, op-
tical and luminescence properties of Nd** ions in ZnO-Al,03-BaO borate
glasses. The experimental section describes glass preparation by melt
quenching technique besides characterization techniques employed.
The result and discussion section describe the amorphous nature of the
present glasses, structural modifications in the glasses on doping of
Nd,O3 through Fourier transform infrared and Raman spectroscopy.
Moreover, optical band gap energies (direct and indirect) of the glasses
have been evaluated from their absorption spectra. Radiative properties
such as stimulated emission cross-sections (c), radiative transition
probabilities (Ag), and branching ratios (fg) for various transitions of
Nd3* jons in the glasses as a function of NdyO3 concentration was
determined. The experimental lifetime of 4F3/2 level was determined
from its luminescent decay curve. The important conclusion drawn
based on observed results are summarised in the conclusion section.

2. Experimental details
2.1. Glass composition and preparation

Zn-Al-Ba borate glasses have been fabricated by conventional melt-
quenching technique. =~ The glass composition is (60-x)
B203+20Ba0+10A1503+10Zn0O + xNd,03 where x is 0.0, 0.5, 1.0, 1.5,
2.0 and 2.5 mol%. The glasses are labeled as BBaAZNd0.0, BBaAZNdO.5,
BBaAZNd1.0, BBaAZNd1.5, BBaAZNd2.0 and BBaAZNd2.5, respec-
tively, for 0.0, 0.5, 1.0, 1.5, 2.0 and 2.5 mol% Nd»O3 concentrations,
respectively. The raw materials have 99.99% purity and were procured
from Sigma-Aldrich. They were mixed in an alumina crucible and stirred
until to get homogeneity. At ambient conditions, the glass mixture was
melted at 1100 °C for 3 h and mould on stainless steel plates. The bulk
glass was annealed at 500 °C for 3 h to keep clear of the thermal stress.
After annealing, the glass was permitted to cool off in air temperature
and cut with a dimension of 1.5 x 3.0 x 0.35 cm®. Before optical
characterization, the glasses were polished to obtain a clear and trans-
parent sample.
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2.2. Characterizations

The physical properties that involve density (p) and molar volume
(Vm) were calculated by following Archimede’s principle [10,19,23].
The amorphous nature of the prepared glasses has been studied by X-ray
diffractometer D8 ADVANCE from BRUKER. The Energy Dispersive
Analysis of X-rays (EDAX) was adopted to know the elements present in
the glasses using JEOL JSM 6510 in SEM Laboratory, FMIPA, ITB. The
FTIR spectrum was recorded by Agilent Technology Cary 630 FTIR.
Raman spectra of glasses were measured by Renishaw inVia Raman
Microscope excited by 633 nm. Abbe refractometer (ATAGO) NAR-2T
was used to measure the refractive index of glass at 589.3 nm wave-
length (sodium vapour lamp) with mono-bromonaphthalene as contact
liquid. The absorption spectrum in the wavelength of 400-1000 nm
region was measured using Variance Cary-50 Spectrophotometer with
resolution around <1.5 nm. The photoluminescence emission spectra
and decay curves were measured by fluorescence spectrometer of
Edinburgh FLS-980 where 808 nm diode laser is used as the excitation
source. The resolution of Edinburgh FLS-980 spectrometer is around 1
nm. Judd-Ofelt (JO) theory is used to evaluate the spectroscopic prop-
erties of RE>" ions. The area under various peaks of the absorption
spectrum is used to obtain oscillator strengths (f.q), JO intensity pa-
rameters (£2,-24¢), radiative transition probabilities (Ag), stimulated
cross-sections (og) and branching ratios (B.q) [24,25]. The optical and
luminescence properties have been evaluated by following the proced-
ures described elsewhere [14,26,27].

3. Results and discussion
3.1. Physical properties

Fig. 1 presents the cut and polished glasses doped with 0.5-2.5 mol%
Nd,Os3 concentrations. The colour of the glass is darkened with the in-
crease of Nd;O3 concentration in the glass system. The glass density and
refractive index have been found to increase with the increase of Nd,O3
content. The increase of density occurs due to the higher molecular mass
of Nd»03 (336.48 g/mol) than B,O3 (69.76 g/mol).

Physical properties of BBAAZNd0.5 to BBaAZNd2.5 glass are shown
in Table 1. The density and refractive index possesses a linear correla-
tion, i.e., the denser glass sample, the higher refractive index is.
Dielectric constant (e) or relative permittivity is the measurement of
electrostatic flux density of material when an electric potential is
applied. Dielectric constant (e) is calculated by following the procedure
described elsewhere [28]. Dielectric constant (e) increase with the
addition of Nd,O3 concentration. Dielectric constant of BBaAZNd1.0
glass is 2.41 that is lower than TAKLNP10 (3.19) [27], and ZnAl-
BiBNd1.0 (3.26) [29]. The low value of dielectric constant leads to huge
power or frequency for loss reduction of electric power [30]. Dielectric
constant is changed with change of glass composition. The derivation of
dielectric constant with respect to density called optical dielectric con-
stant expressed as Pdt/dP. The optical dielectric constant increase with
decreasing density. This corresponds to their polarizability alteration
that respects to the improvement of covalent and ionic nature in the
glass structure [31]. In the mole of a substance, the total polarizability
can be evaluated from their refractive index and molar volume. The total
polarizability corresponds to the molar polarizability (o) as determined
[32]. Molar polarizability of glasses increases with the alteration of
density (p) and refractive index (n) indicating the samples is more
polarized due to the introducing Nd,03. Nd>* ion concentration in the
glass system is obtained from glass density (p) and average molecular
weight (M) [19]. Polaron radius (rp) and inter nucleus distance (r;) of
glasses can be calculated by following the procedure described else-
where [19,33,34]. They decrease with increase of Nd,O3 content as
presented in Table 1.
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Fig. 1. Cut and polished glasses doped with 0.5-2.5 mol% Nd,Os.

Table 1
Physical properties of BBaAZNd glasses.

Physical properties Glass Sample Nd,O3 (mol%)

0.5 1.0 1.5 2.0 2.5
Average molecular weight, M 76.848  78.182  79.516  80.849  82.183
(g/mol)
Density, p (g/cm®) 2.676 2722 2.755 2.770 2.826
Thickness of the glass, d (cm) 0.347 0.365 0.407 0.363 0.360
Refractive index, nq (589.3 1.549 1.552 1.554 1.558 1.567
nm)
Dielectric constant (e) 2.398 2.408 2.415 2.428 2.454
Optical dielectric constant 1.398 1.408 1.415 1.428 1.454
(Pot/oP)
Molar volume, Vy, (cm®/mol) 28.716 28.718 28.865 29.192 29.077

Molar refractivity, Ry, (cm®/ 9.127 9.172 9.253 9.413 9.494

mol)
Refraction losses, R (%) 4.632 4.674 4.707 4.760 4.874
Molecular electronic 0.362 0.363 0.367 0.373 0.376
polarizability, oy, (x102
cm®)
Mn-ion concentration N 1.049 2.097 3.130 4.126 5.178
()(1022 ions/cms)
Polaron radius, r, (A) 1.842 1.462 1.279 1.166 1.081
Interionic distance, r; A) 4.569 3.626 3.173 2.894 2.683

Field Strength, F (x10'” cm™?)  1.681 2.668 3.484 4.190 4.874
free OH content, Noy (x10'°,  0.044 0.097 0.105 0.100 0.226

ion/cm?)
Direct bandgap (eV) 3.398 3.418 3.420 3.426 3.436
Indirect bandgap (eV) 3.146 3.234 3.253 3.280 3.298
3.2. Structure

The X-ray diffraction patterns have been measured for BBaAZNd
glasses and are shown in Fig. 2 for BBaAZNd1.0 glass. All the glasses
under investigation exhibit broad and diffused XRD patterns. This
clearly indicates amorphous nature of the glasses. Fig. 3 shows the
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Fig. 2. X-ray diffractions of BBaAZNd1.0 glass.

Scanning Electron Micrograph (SEM) of BBaAZNd1.0 glass. The micro-
graph reveals that the BBaAZNd1.0 glass possesses porous structure. It
clearly indicates that annealing at higher temperature is still needed for
removing the porous structure of the glass [35]. Table 2 presents the
energy dispersive analysis of X-rays (EDAX) of BBaAZNd1.0 glass. As can
be seen from Table 2, the presence of Oxygen (O), Aluminium (Al), Zinc
(Zn), Barium (Ba) and Neodymium (Nd) have been confirmed in the
glass network. However, the element Boron (B) is not identified by
EDAX [36]. Since when low energy of X-ray photon was used as exci-
tation for low atomic number elements like B, the probability of Auger
emission is higher than X-ray emission for low energy-lines, thus leads
the weak X-ray fluorescence [37], that may overlap of element peaks
and/or noise. Therefore, it is quite difficult to measure light atomic
number elements like Boron by EDAX.

FTIR and Raman spectroscopic techniques have been employed to
know the vibrational modes of the functional groups present in the
materials. They are complementary techniques since molecular vibra-
tions occur through changes in the dipole moment in FTIR whereas
Raman bands through polarization of molecules. There are several
studies of FTIR and Raman spectra in understanding the structure of
borate glasses. Fig. 4 shows the FTIR spectra of present glasses measured
in 650-4000 cm ™! region. The vibrational bands are observed at 846-
885, 945-976, 1201-1255, 1348-1380, 2920-2927 and 3259-3378
cm™L. In the pure borate glass, the boroxol ring nature is confirmed by
the presence of ~806 cm ™! absorption band. In present FTIR spectra, the
boroxol ring does not observed but the BO3 and BO4 units in the struc-
ture of glass were confirmed. The band at 846-885 cm ™! arises because
of the BO4 unit symmetric stretching [38]. B-O stretching vibrations of
tetragonal (BO4) units in diborate groups are only found in the 0.5-2.5
mol% of Nd,03 doped Zn-Al-Ba borate glasses centred at 945-976 cm ™.
Furthermore, FTIR spectra confirm B-O bond stretching of BO4 units
around 1201-1255 em ™! [39]. The weak band in the 1348-1380 cm ™!
region comes from BOgs units asymmetric stretching and BO3O™ [40].
The band around 2920-2927 cm ™! appears due to O-H band stretching
vibration [41]. The band centred at 3259-3378 cm! belong to
stretching vibration of OH band [41]. The FTIR spectra of BBaAZNd
glass was compared with other borate glasses, namely, 30B203 +
29TeO; + 30BaO +10ZnO + 1Smy03 (BTZOS glass) as reported [36].
The structure of BTZOS glass doesn’t have much difference with
BBaAZNd glass, they both have similar band and assignment including
852, 1255, 1359, 2921, and 3259 cm™'. The assignments of FTIR bands
of BBaAZNd glasses have been summarised in Table 3.

The free OH content (Nog) in the glass system can be calculated by
Eq. (1) That is related to transmission in the OH band from FTIR spectra
[421.

N,
Noy- :?Aflom (@)

Where the absorption coefficient (apy) at OH band (~3300 em™Y) is
defined by [In(To/Tp)1/L. Ny is Avogadro’s number, ¢ is molar absorb-
tivity of silicate glass 49.1 x 10° cm?/mol as reported [43], T is
maximum transmittance, Tp is transmittance at OH band (~3300 cm’l),
and L is glass thickness. The free OH content in the glass system has a
tendency to increase by the addition of Nd,O3 as predicted [44]. It
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Fig. 3. Scanning electron micrograph of BBaAZNd1.0 glass.

Table 2
The energy dispersive analysis of X-rays (EDAX) of BBaAZNd1.0 glass.

Element Energy (keV) Relative Mass%
(o} 0.525 45.90

Al 1.486 14.68

Zn 8.630 11.75

Ba 4.464 23.25

Nd 5.227 4.42

——BTZOS

—— BBaAZNd2.5
—— BBaAZNd2.0
—— BBaAZNd1.5
—— BBaAZNd1.0
—— BBaAZNd0.5
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Fig. 4. FTIR spectra of BBaAZNd glasses.

indicates that Nd>* ion is coupled with free OH content due to higher
electronegativity of Nd>* than free OH content [45]. The free OH con-
tent is found in the high temperature during melting process and can

react with NdOs3 to form Nd(OH)s as per following reaction possibility,

namely, Ndy03-2%.2Nd(OH), [46].

Fig. 5(a) shows the Raman spectra of BBaAZNd glasses and measured
between 400 and 1550 cm™!. For BBaAZNdO.0 glass, the band of 459
em ™! rises due to bending mode of the boroxol ring. With introduction of
Nd,Os into the glass structure, the peak shifts to 498 cm ! and becomes
wider and stronger in BBaAZNd1.0 glass compared to the other glasses
due to the dominance of the bending mode of BO4 groups and/or be-
longs to the movement of boron and oxygen atoms of boroxol ring in-
phase [47]. The peak around 649 to 665 cm ™! assigns to metaborate
unit [48] whereas the peak of 758-777 cm ! indicates the emergence of
six-membered borate rings containing one BO4 [49] and B-O-B bending
vibrations [50]. The intensity of this peak decrease while the peak of
795-800 increase with Nd2O3 addition in the glass network. That con-
firms the conversion of borate ring to boroxol ring because of the
transformation of threefold to fourfold coordinated [51]. The intense
vibrational mode of glasses at 904 to 968 cm ™! show the stretching of
orthoborate unit [49]. In BBaAZNd0.0 and BBaAZNd2.5 glass, 968 cm ™!
peak exhibit stronger than other peaks indicating the enhanced
stretching of orthoborate units in the glass structure. This peak has been
deconvoluted for the BBaAZNd0.0 and BBaAZNd2.5 glass samples (See
Fig. 5(b)). The deconvoluted vibrational peak at about 945 em ! in
BBaAZNd0.0 and BBaAZNd2.5 glasses is characteristic of an
orthoborate-type structure containing BO3 units, which can be trans-
formed by the linking of pentaborate and tetraborate groups. The
presence of orthoborate groups and the absence of pentaborate groups
prove the feasibility of the transformation of pentaborate to orthoborate
groups as a result of addition of NdyOs3 into the structure hence the
structure expands. This suggests that the addition of Nd,O3 transformed
high polymer borate units like pentaborate into low polymer groups
such as boroxol rings, triborate and orthoborate groups shown in Fig. 6.
The bands observed at about 1020 cm™! in the spectra indicate the
presence of diborate groups in these borate glasses. The number of
diborate groups show less with increasing Nd;Os content, as indicated
by the intensity and shift observed as shown in Fig. 5(b).

B@; < B@,O™ 2)

Where @ is bridging oxygen and O is non-bridging oxygen, Nd2Os acts as
modifier content, this fraction decreases, B@s units being replaced by

Table 3

The assignments of FTIR bands of BBaAZNd and BTZOS glass.
Wavenumber (cm™!) Assigments Reference
BTZOS BBaAZNd

0.5 1.0 1.5 2.0 2.5

852 869 846 856 853 885 The symmetric stretching of BO4 unit [38]
- 976 945 947 947 945 B-O stretching vibrations of tetragonal (BO4) units in diborate groups [39]
1255 1210 1201 1211 1211 1209 Stretching mode of B-O bond from BO,4 units [39]
1359 1380 1353 1351 1348 1350 Asymmetric stretching modes of BOzand BO,O unit [40]
2921 2927 2920 2923 2923 2926 Stretching vibration modes of O-H band [41]
3259 3268 3343 3341 3289 3378 Stretching vibration modes of O-H band [41]
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Fig. 5. (a) Raman spectra of BBaAZNd glasses, and (b) Deconvoluted graph for the BBaAZNd0.0 and BBaAZNd2.5 glasses in the range of 820-1115 cm ™.
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Fig. 6. Structural units of Borate groups.

boron-oxygen triangles with non-bridging oxygen atoms hence we can
notice from Table .1 that the molar volume of the glasses increases with
increase in Nd;O3 concentration. The number of non-bridging oxygens is
found to be increased with increase in Nd2O3 content. Equation (2)
shown holds good for these glasses as the tetrahedral borate groups
(B@y) are converted to triangular borate (B@;0~) network series, such
as trigonal vibrations. The weak peak around 1039 show the diborate
group [52]. This may also explains the stretching vibration of carbonate
species (CO3™) from ~1039 cm ™! due to the high basicity of borate glass
[48]. The band at 1148-1192 c¢cm™! also confirms the diborate grup
formation in the glass structure [49]. The band at 1305-1325 cm!
verifies stretching vibrations of the BOs triangles in metaborate, pyro-
borate and ortho-borate units and these groups contain a large number
of non-bridging oxygens [53]. The band at 1465-1481 cm ™! rise due to
BO,O- triangles linked with other borate triangular units [54]. For
BBaAZNd1.0 glass, the largest phonon energy only extends to 1470
cm ! which is lower than the host matrix glass (1480 c¢m ). The Raman
spectra of BTZOS and BBaAZNd glass have been compared to understand
the glass structure modification with the addition of Nd;O3 content. As
can be seen from Fig. 5(a), for BTZOS glass, the most significant dif-
ference is the dominant appearance of 771 ecm™! that is covered peak
around 650 and 800 cm ! while for BBaAZNd glass, peak at 800 cm ™! is
more dominant. It indicates that the formation of six-membered borate
rings containing one BO4 and B-O-B bending vibrations is more intense
for BTZOS while the boroxol rings vibration is more notable for
BBaAZNd glass. The Raman spectra of glasses and their assignments are
presented in Table 4.

3.3. Nephelauxetic effect and bonding parameter

The nephelauxetic effect depends on covalency and polarizabilities
between the central metal ion and ligands [55,56]. The nephelauxetic

ratio (f) is related to bonding parameter (6) by Ref. [57]:

5= (ﬂ) x 100
B

Where g = Z% and f is the ratio of wavenumber of transition in the
N

3

complex (v.), for example, present glass and aqua-ion (v,) [58] and
presented in Table 5. The average of the nephelauxetic ratio () of
BBaAZNd1.0 glass is 0.99. The value of bonding parameter (5) depends
on whether covalent or ionic bonding of Nd>* ion with their neigh-
bouring ligands. The value of § may be either a positive or negative. The
bonding parameter (5) of BBaAZNd1.0 glass is +0.07. The positive sign
of bonding parameter shows that the BBaAZNd1.0 glass possesses higher
covalency bond [59].

3.4. Optical properties: absorption spectra and bandgap energy

Fig. 7 presents the optical absorption spectra of the studied glasses.
The optical absorption spectra consist of several transitions that are
originated from 419/2 level to various excited level including (2P,2D)3/2,
Gy a+2D3/2+2K15/2,*Grja+*Goya,  *Gs/2+2Grya, *Hirja, “Fosm, “Fyy
2+4S5 /25 “Fg /2+2H9/2, and 4F3/2 states, which are peaked at 428, 475,
524,581, 625, 678, 739, 800, and 872 nm, respectively. The spectral
shapes and positions of these transitions are similar to reported ones [60,
61]. As can be seen from Fig. 7, the strongest transition called hyper-
sensitive transition is centred at 581 nm due to transition from 419 /2 level
to *Gs/2+2Gy,2 level. The hypersensitive transition follows the quadru-
pole selection rules, i.e. AJ < 2; AL < 2; AS < 0 [62,63].

The bandgap energy is an important parameter to study the elec-
tronic structure of amorphous material. Absorption coefficient a(v)
corresponds to the optical bandgap following Mott and Davis relation
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Table 4
Raman modes of BBaAZNd glasses and their assignments.

Wavenumber (cm ™) Assigment

BTZOS  BBaAZNd

0.0 0.5 1.0 1.5 2.0 2.5

498 459 498 498 498 492 444 Bending mode of
BO,4 groups and/or
movement of
boron and oxygen
atom of boroxol
ring in-phase [47]
Metaborate unit
[48]
Six-membered
borate rings
containing one BO4
[49], B-O-B
bending vibrations
[50]

Vibration of
boroxol rings [51]
Stretching of
orthoborate unit
[49]

Diborate group
[52], stretching
vibration of
carbonate species
(C03") [48]
Diborate unit [49]
Stretching
vibrations of the
BO3 triangles in
metaborate,
pyroborate and
ortho-borate units
and these groups
contain a large
number of non-
bridging oxygens
[53]

BO,0- triangles
linked t other
borate triangular
units [54]

- 656 654 654 649 665 654

771 771 758 777 777 777 768

- 795 800 800 800 800 800

953 966 960 904 936 905 968

1038 - 1039 1039 1039 1039 -

1156
1305

1188
1316

1185
1307

1151
1325

1192
1316

1156
1316

1148
1307

1470 1480 1481 1470 1473 1470 1465

o @

opt

Where By is constant, E¢" is optical bandgap energy, n is half (1/2) for

Table 5
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allowed direct transition and two (2) for the allowed indirect transition.
The bandgap energy is determined by plotting the relationship between
hv as x-axis and (ahv)" as y-axis. The extrapolation of the absorption
edge of the graph is shown the optical bandgap energy as presented in
Fig. 8 (direct bandgap) and Fig. 9 (indirect bandgap). The direct and
indirect bandgap energies of the glasses are found to be in the range of
3.40-3.44 eV and 3.15-3.30 eV, respectively. Both direct and indirect
bandgap energy of the glasses increases by the addition of Nd2O3 con-
centration as shown in Fig. 10. The increase of bandgap energy indicates
the decrease of glass structure disorder [65]. The present glass band gap
energy is higher than Nd>* ion-doped soda lime silicate [66] and lower
than lithium magnesium borate glass [10].

3.5. Photoluminescence properties

Emission spectra of BBaAZNd glasses were presented in Fig. 11(a).
These glasses were excited by Aex = 808 nm and the resultant emissions
in the wavelength 800 nm-1500 nm range are generated by transitions
from 4F3/2 level to 419/2, I /2, and 4113/2 level, which are centred
around 875 nm, 1056 nm, and 1327 nm, respectively [67-69]. The
emission intensity is increased with the increase of Nd,O3 concentration
from 0.5 mol% to 1.0 mol% and then decreased with further increase of
Nd,O3 content beyond 1.0 mol%, indicating that the optimum concen-
tration of NdyO3 concentration is 1.0 mol%. Fig. 11(b) represents the

4
4
I9/2
U;
S
34 o *a
= 2 =
g X o
2 Y E
2 o " =
£ <8 3
g 27 R * n
= al oy
£ <2
St
2|
o
< 14 9%
0 T T T T T T T T T T T
400 500 600 700 800 900 1000

Wavelength (nm)

Fig. 7. Optical absorption spectra of BBaAZNd glasses.

Transition, peak position (A, nm), wavenumber of transition in complex (v, em™Y) and in aquo-ion (v,, em™b), experimental and calculated oscillator strength (f,

><10’6), and JO parameters (Q;, X 10~2° ¢m?) of BBaAZNd glasses.

Transition *Iy /2= A Ve Va BBaAZNdO0.5 BBaAZNd1.0 BBaAZNd1.5 BBaAZNd2.0 BBaAZNd2.5

fexp feal fexp feal fexp feal fexp feal fexp feal
(ZP,ZD)g/z 428 23364 23140 0.49 0.41 0.43 0.36 0.28 0.32 0.23 0.37 0.31 0.37
2Go/p+2D3/5+%Kiss 475 21053 21016  2.40 1.75 2.14 1.24 1.05 1.22 1.10 1.56 1.35 1.54
4G7/2-¢—4G9/2 524 19084 19103 8.00 7.15 7.35 6.10 4.95 4.94 6.80 6.13 5.78 6.02
2G7/2+4G5/2 581 17212 17167 30.10 30.14 24.45 24.44 21.19 21.19 23.12 23.17 22.34 22.34
2H11/2 625 16000 16026 0.76 0.23 0.27 0.20 0.09 0.17 0.11 0.21 0.18 0.20
4Fg/z 678 14749 14854 1.04 0.84 0.78 0.73 0.22 0.63 0.47 0.75 0.76 0.74
4F7/2+453/2 739 13532 13565 10.75 10.84 9.18 9.42 8.07 8.31 9.41 9.72 9.33 9.63
4F5/2 +2H9/2 800 12500 12573 10.18 10.19 9.23 8.91 7.84 7.49 9.49 9.09 9.41 8.99
4F3/2 872 11468 11527 2.50 2.98 2.47 2.67 1.72 1.98 2.07 2.66 2.41 2.63

Q=797 Q, = 6.06 Q, =5.80 Q, =5.60 Q, =5.28

Q4 = 5.65 Q4 =5.15 Q4 = 3.52 Q4 =4.99 Q4 =4.88

Q¢ = 7.66 Q¢ = 6.63 Q¢ = 5.90 Q¢ = 6.83 Qg = 6.72

Qo>Q6> Q4 Q6>Qr>Q4 Qe>Q5>Q4 Qe>Q5>Qy Qe>Q0>Q4

Q4/Q6 = 0.74 Q4/Q6 = 0.78 Q4/Q6 = 0.60 Q4/Q6 = 0.73 Q4/Q6 = 0.73

RMS = 0.44 x 107°

RMS = 0.16 x 10°°

RMS = 0.22 x 107¢

RMS = 0.39 x 107°

RMS = 0.21 x 107
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Fig. 8. Mott and Davis plots for the evaluation of the direct bandgap energies of
BBaAZNd glasses.
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Fig. 9. Mott and Davis plots for the evaluation of the indirect bandgap energies
of BBaAZNd glasses.
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Fig. 10. The variation of direct-indirect bandgap energies of as a function of
Nd,O3 concentration.
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partial energy level diagram of Nd>* ions in BBaAZ glass along with
cross-relaxation channel. When Nd>* ions excited by 808 nm, electrons
are jumped from 419/2 level to (4F5/2, 2H9/2) level. The transition from
this excited (4F5 /2 2H9 ,2) state to metastable 4F3 /2 state is non-radiative
due to multi-phonon relaxation. So that the transition does not generate
photons but produced phonons. Radiative transitions are produced by
electrons movement from 4F3/2 level to 419/2, T /2, and 4113/2 level.
From Fig. 11(b), it can be concluded that 808 nm wavelength is suitable
wavelength to pump and populate electrons in metastable state *Fs 5.

3.6. Judd-Ofelt analysis

Experimental oscillator strengths and calculated oscillator strengths
(f x107°) of various transitions of Nd>* ion in the host glass matrix are
shown in Table 5. Oscillator strengths of various transitions indicate
how strong the absorbance is [70]. The JO parameters (Q,) are derived
by a least-square fitting approximation and obtained the best fit between
calculated (f.q) and experimental (feyy) oscillator strength, with RMS
value 0.16-0.44 x 107 for all present glasses. The JO parameters value
depend on the glass composition and determine the local structure of the
ligand field neighbouring the Nd*" ion. The JO parameter trend line for
BBaAZNdO.5 glass has been found to be Qy>Q>Q4 whereas for the
remaining glasses it is found to be Qg>Qy>€Q4. The JO parameter Q,
indicates the covalent bond strength between Nd* ion and surrounding
ligands. The greater Q,, the stronger covalent bond and affect the local
structure of the glass towards more asymmetric. The value of Qj
parameter decreases on increasing Nd2O3 concentration indicating the
reduction of covalent bond nature (See Table 5). Moreover, the reduc-
tion of Q, value is followed by the increase of optical bandgap. The JO
parameter (Q,), JO trend line and spectroscopic quality factor (y) of
glasses and other reported Nd3*:glasses are listed in Table 7. On the
other hand, viscosity and rigidity of the glass are correlated to 4 and Q¢
parameters. According to R.R Jacobs and J. Weber [71], the emission
intensity of the “Fq /o — T /2 transition of Nd>* is characterized by the
ratio of Q4 and Qg parameters since Qo does not contribute in deter-
mining the intensity as ||U?||? is zero for these transition. The ratio is
called spectroscopic quality factor (y). The y value is found to be 0.74,
0.78, 0.60, 0.73, and 0.73 for BBaAZNdO0.5, BBaAZNd1.0, BBaAZNd1.5,
BBaAZNd2.0, and BBaAZNd2.5 glass, respectively. The smaller the ratio,
the more the intensity of the 4F3/2 -1, /2 transition is. The maximum
intensity of “Fg /2 — T /2 emission can be achieved when Qg > Q4 [71,
72]. The smaller spectroscopy quality factor (x), the higher 1056 nm
emission [23]. As can be clearly seen from Fig. 11 (a), the intensity
(corresponding y values) of the *F3/5 — *I;1,, laser transition for the
studied glasses is found to be in the order of BBaAZNd0.5 (0.74) <
BBaAZNd2.5 (0.73) <. BBaAZNd2.0 (0.73) < BBaAZNd1l.5 (0.60) <
BBaAZNd1.0 (0.78). Therefore, based on yx values, intensity of the
BBaAZNd1.5 glass is supposed to have strongest emission as it exhibits
lowest y value compared to BBaAZNd1.0 glass and other glasses in the
present investigation. But experimentally, it is observed that intensity of
the BBaAZNd1.0 glass exhibit strongest emission compared to
BBaAZNd1.5 glass and other glasses in the present investigation (see
Fig. 11). This might be due to structural variations of BBaAZNd1.0 glass
at 498 cm™! (see Fig. 5(a)) compared to other glasses. The peak at 498
cm ! (498 cm 1) is broad and intense compared to other peaks for
BBaAZNd1.0 glass i.e., high intensity vibrational energy corresponds to
the BO4 groups and/or movement of boron and oxygen atom of boroxol
ring may be coupled electronic levels of Nd>* ions. These low energy
phonons may be responsible for lowering non-radiative relaxation
consequently higher radiative transition probabilities leads to high
luminescence intensity compared to BBaAZNd1.5 and other glasses. The
y values of the studied glasses are found to lower than TZNLN [69],
BSGdCaNdo0.5 [7], PKCFAN10 [33], SPbKNLFNA10 [26], NKZLSNd10
[68], TZNLNd [73], D glass [74], TZN10 [75], and SrLiBO [76] glasses.
The JO parameter (), JO trend line and spectroscopic quality factor ()
of glasses and other reported Nd>*:glasses are listed in Table 7. The JO



M. Djamal et al.

Optical Materials 107 (2020) 110018

1 ] ‘F.H
[ Aex= 808 nm BBaAZNd0.5 % 5 o H,
. —— BBaAZNdL0 % < R
sk Fin BBaAZNd1.5 % . :
[ 4 —— BBaAZNd2.0 % 101 = |glgl gl
2 7 1172 w |E| 5| 2
g7 BBaAZNd2.5 % 2 alels| !
- ~ I\
= 6r s 8 "z ®|S|@ 1\ cR
=) L ) < 1
h L)
& 5t S v 1
> T 6 T 152
o4t 4 g !
5 ) : L
- L - 132
E = \
2t 4
4 2 N v : I11/2
1t 1132 :
g L. ) L4
0 WL e = 0- o2
900 1000 1100 1200 1300 1400 1500
Wavelength (nm)

(a)

Fig. 11. (a) Photoluminescence spectra, and (b) partial energy level structure and cross-elaxation channel of N

Table 6

Wavelength (A, nm), calculated (f.q) and experimental branching ratios (fexp),
stimulated emission cross-section (c.) and radiative transition probability (Agr)
for various transitions of Nd>* ions in BBaAZ glasses.

Glass code Transition *F3, A Peal Bexp 6e x 10720 Ap
o (nm) cm? )

BBaAZNd0.5 ‘I, 875 0.38 010 1.04 1567
N TP 1056  0.51 0.68 3.74 2092
T30 1327 011 022 1.20 433
Ar (s = 4092

BBaAZNd1.0  “Iy)» 875 0.39 037 0.79 1419
10 1056  0.51 0.54 3.03 1842
T 1327 010 0.09 0.81 377
At (s71) = 3638

BBaAZNd1.5 ‘I 875 0.35 036 0.65 1047
10 1056  0.53 055 2.80 1566
T 1327 011 0.09 0.77 337
Ar (571 = 2950

BBaAZNd2.0 ‘I, 875 0.38 036 0.76 1414
N TP 1056  0.51 0.55 2.96 1898
T13/2 1327 011 0.09 0.79 393
Ar (s71) = 3705

BBaAZNd2.5 ‘I, 875 0.38 036 0.82 1411
N TP 1056  0.52 0.55 3.30 1899
a2 1327 011 0.09 0.92 394

Ar (571 = 3704

trendline of BBaAZNd1.0 glass is Q>Q2>Q4 indicating higher rigidity
in the glass structure.

Table 6 shows branching ratios (f.q), stimulated emission cross-
sections (o.), and radiative transition probabilities (Ag) of BBaAZNd
glasses for all transition of emission spectra. The branching ratios (fcq1)
and radiative transition probabilities (Ag) have been calculated by
employing JO theory to absorption spectra. Total radiative transition
probability (Ar) is associated with radiative lifetimes (tyoq) [45,61,77].
The greater Ar, the faster decay time occurs. The total radiative transi-
tion probability (A7) of BBaAZNd1.0 glass in *Fs,; level is 3638 s~ and
the radiative lifetime is 275 ps. The relative intensity of the transition in
the emission spectra is known as experimental branching ratio (Bexp),
that is given by the ratio of the transition intensity and total transitions
intensity in the emission spectra. The 4F3/2 - 13 ,2 transition of
BBaAZNd1.0 glass centred at 1056 nm has radiative transition

(b)

d®* ions in BBaAZ glasses.

probability Ag = 1842 s~1, experimental branching ratios Pexp=0.54 and
stimulated emission cross-section ¢, = 3.03 x 10~2° cm?. The standard
deviation value (8stav) of AR, fexp, and o is £5.25, +0.007, and £0.11 x
1072, respectively. Branching ratios (fg) is an important parameter to
describe a laser gain medium. The branching ratios for laser gain me-
dium should be > 0.5 for high lasing power [78].

Table 7 shows the comparison of stimulated emission cross-section
(o), effective bandwidth (Aleg), and gain bandwidth (6. x Aleg) of
BBaAZNd glasses at 1056 nm with reported Nd>*:glasses. The glass
medium should have high stimulated emission cross-section (c.) value
for a laser application [79]. From Table 7, the stimulated emission
cross-section of BBaAZNd1.0 glass at 1056 nm is greater than
PKMFAN10 [80], BSGdCaNd0.5 [7] and TAKLNP10 [27]. The gain
bandwidth is the frequency range where optical amplification will be
achieved. The gain bandwidth of BBaAZNdO0.5 glass is 1.26 x 10~2° cm®.
This value is higher than PKMFAN10 [80], BSGdCaNdO0.5 [7],
SPbKNLFNA10 [26], TAKLNP10 [27], PKFBAN10 [81] and TZNLNd
[73]. Due to the high gain bandwidth, BBaAZNdO0.5 glass possesses high
potential for a broadband optical amplification [26]. However, for
further laser application, the advance experiment could be needed to
observe the glass sample directly in the laser system, as none of the
present glass in Table 7 was tried in the laser experiment.

3.7. Lifetimes

Luminescent decay curves for the determination of experiment life-
times for the 4F3/2 level of Nd** jons in BBaAZNd glasses are presented
in Fig. 12. The decay curves have been observed by recording 1056 nm
emission under 808 nm excitation. It is found that luminescence decay of
all glasses is bi-exponential and the average lifetime of glasses for “Fs;
— *1,1 /5 is measured by Eq. (5).

_ A 1 T% -+ AzT%

Tave =7 T 1 - 5
At + AT )

Where 7,ye shows the experimental lifetime (texp); A1 and Ay are con-
stant; 71 and 75 are short and long decay time. The experimental lifetime
(Texp) is found to be 58, 52, 46, 40, and 32 ps for BBaAZNdO.5,
BBaAZNd1.0, BBaAZNd1.5, BBaAZNd2.0, and BBaAZNd2.5, respec-
tively. Therefore, the experimental lifetime (teyp) is decreased with
increasing Nd,O3 concentration due to energy transfer between Nd*
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JO parameters (Q, x 1072° cm?), and their trendline, y (Q4/9), stimulated emission cross-section (6. x 1072° cm?), effective bandwidth (A)cg, nm), and gain
bandwidth (6e x Akeg, x 1072° cm®) at 1056 nm emission of BBaAZNd glasses along with reported Nd>*:glasses.

Glass Code Qp Q4 Qg Trendline X Ce Adefr CeXANefr
BBaAZNdO0.5 [p.w] 7.97 5.65 7.66 Q>Q6> Q4 0.74 3.74 33.78 1.26
BBaAZNd1.0 [p.w] 6.06 5.15 6.63 Q6>Q0>Qy 0.78 3.03 36.75 1.11
BBaAZNd1.5 [p.w] 5.80 3.52 5.90 Q6>Qr>Qy 0.60 2.80 33.88 0.95
BBaAZNd2.0 [p.w] 5.60 4.99 6.83 Q6>Qr>Qy 0.73 2.96 38.72 1.15
BBaAZNd2.5 [p.w] 5.28 4.88 6.72 Q6>Qy>Qy 0.73 3.30 34.79 1.15
TZNLN [69] 2.13 3.29 3.83 Qy<Qu<Qs 0.86 4.27 28.35 1.21
PKCFAN10 [33] 5.40 7.03 6.51 Q,<Qs<Qy 1.08 3.42 - -
PKMFAN10 [80] 4.41 2.88 4.06 Qu<Q6<Q;y 0.70 1.81 40.40 0.73
BSGACaNdo0.5 [7] 2.14 2.57 1.93 Qe<Qy<Qy 1.33 1.39 32.90 0.46
SPbKNLFNd10 [26] 6.89 10.09 9.09 Q,<Qs<Qy 1.10 411 36.40 0.01
NKZLSNd10 [68] 10.26 6.38 6.06 Q>0Q4>Q6 1.05 4.30 38.00 1.63
TAKLNP10 [27] 5.93 3.23 4.69 Q4<Q6<Q 0.67 3.00 35.00 1.05
PKFBAN10 [81] 4.92 3.67 5.26 Q,<Qy<Qs 0.70 3.67 27.97 1.03
TZNLNd [73] 3.91 2.65 2.92 Q6>Q4>Q 0.91 3.69 25.88 0.96
D glass [74] 3.22 3.84 4.33 Q>Qu>Q 0.89 3.80 30.60 1.16
TZN10 [75] 3.80 4.94 4.54 Qu<Qs<Qy 1.09 4.27 30.90 1.32
SrLiBO [76] 6.52 5.00 6.16 Q,<Qs<Qy 0.81 - - -
3.8. Non-radiative process analysis
1
—— BBaAZNdO0.5 %; (58 ps) The vibration of the host matrix can lead Nd>* ion in the excited state
— BBaAZNd1.0 %; (52 ps) transfer their energy to the host matrix and relax to lower energy state
BBaAZNdL.5 %; (46 ps) without light emission called non-radiative transition. The non-radiative
. —— BBaAZNd2.0 %; (40 ps) transition rate (Wyg) includes multiphonon relaxation rate, concentra-
Z BBaAZNd2.5 %; (32 ps) tion quenching, energy transfer to luminescence quenching centres like
2 hydroxyl (OH™) groups etc. The non-radiative transition rate due to
= hydroxyl (OH™) group is negligible, since the OH™ concentration in the
.2 present glasses is very low (see Table 1). Hence, the non-radiative
E transition rate (Wnr) can be calculated using experiment (Texp) and
é radiative (t;aq) decay time by following Eq. (6).
_ 1 1
0.1{ A =808 nm Wing) = — (6)
T T,
A, =1056 nm oo Trad
Table 8 shows the non-radiative rate of BBaAZNd glasses along with
0 7'5 150 their lifetime and efficiency. With increase of Nd203 concentration the

Time (ps)

Fig. 12. Luminescence decay curves for *Fs,, level of BBaAZNd glasses fitted
by bi-exponential.

ions and/or Nd>*ions and host defects in the glass structure. The energy
transfer takes place between the excited Nd** ions and ground state
Nd3* ions through cross-relaxation “F, 2+ Iy /2 — s /2 + s /2, which
is responsible for decrease of lifetimes of *Fs /5 level of Nd>" ions in the
studied glasses. The radiative lifetime (t,,q) of all glasses is found to be
higher than experimental lifetimes (texp) because of the high phonon
energy of borate glass. The quantum efficiency of the studied glasses is
estimated by the ratio of the experiment lifetime and radiative lifetime
(Texp/Trad)- BBAaAZNd glasses possesses the quantum efficiency in the
range of 12% to 24% as presented in Table 8. The low-efficiency of
BBaAZNd glasses indicates higher non-radiative transition processes in
the borate glasses [82]. Previous research also reported low quantum
efficiency for borate glasses [7,74].

Table 8
Experimental (typ), radiative lifetime (t:aq), efficiency (n), and non-radiative
transition rate (Wyg) of BBaAZNd glasses.

Glass code Texp (HS) Trad (HS) 1 (%) Wir (s™)
BBaAZNd0.5 58 244 24 13149
BBaAZNd1.0 52 275 19 15593
BBaAZNd1.5 46 339 14 18789
BBaAZNd2.0 40 270 15 21295
BBaAZNd2.5 32 270 12 27546

interaction between ions is very important as the distance Nd>*-Nd>*
become closer leading to fast quenching process. Since the efficiency of
glasses decreases with the addition of Nd»Os3, the non-radiative rate of
glasses increase that is affected by the glass luminescence. The high Wygr
may occur due to energy transfer through the cross-relaxation process
between Nd>* ion via (4F3/2+419/2)—>(4115/2+4115/2) or (4F3/2+419/2)—>
(*I13 /2+411 5/2) channel as shown in Fig. 11(b). According to W.T. Carnall
et al., the difference energy gap of *F3/5 and *I;5/- level of Nd>* ion is
5447 cm™!. For BBaAZNd1.0 glass, the phonon energy is around 1470
em ™}, so that three to four phonons are enough to bridge the energy gap
allowing multhiphonon relaxation process for *Fs, level.

The local crystal-field symmetry of glasses can be involved in the
non-radiative transition rate by depopulating excited state level through
the local vibrational mechanism. Such mechanism occurs when Nd>*
ion decay non-radiatively via lattice vibrational and reduce the lumi-
nescence [80]. This process is avoided for laser gain development since
high quantum efficiency should be achieved. The high Wyg produces the
increase of thermal population in emission state, the increment of
multiphonon decay, and decrease of fluorescence decay time. Among
glasses, the highest efficiency with lowest non-radiative transition rate is
obtained by BBaAZNdO0.5 glass. The high Wyr can be reduced by
lowering the borate content accompanied by the addition of heave metal
oxides such as TeOs.

4. Conclusion

The Zn-Al-Ba borate glasses doped with Nd>* ions were fabricated
and studied their structural and optical properties. The addition of
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Nd,Os3 in the glasses has improved the physical properties such as
increasing the density, molecular electronic polarizability, and field
strength; decrease the polaron radius and interionic distance. The broad
and diffused X-ray diffraction patterns confirmed the amorphous nature
of the glasses. The FTIR spectrum reflects the characteristic vibration
modes of BO3 units, BO4 units, and OH groups in the studied glasses and
compared with corresponding Raman spectra. The phonon energy of 1
mol% Nd,03 doped Zn-Al-Ba borate glasses is about 1470 cm™'. Both
direct (3.40-3.44 eV) and indirect (3.15-3.30 eV) bandgap energies are
increased with the increase of Nd>O3 concentration. The JO parameter
trendline is found Qp>Q¢>Q4 for BBAaAZNdO0.5 and Qg>Q0>Q4 for the
rest of glasses. The radiative properties for BBaAZNd0.5 glass at 1056
nm is found as Ag = 2092 s, Bexp = 0.68 and ¢, = 3.74 x 10720 ecm?
The gain bandwidth of BBaAZNdO.5 glass for 4F3/2 - 4111 ,2 transition
has been found to be 1.26 x 1072 em®. All the results indicate that
BBaAZNdO0.5 glass could be useful for infrared emitting device
applications.
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