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ARTICLE INFO ABSTRACT

Keywords: Tb®" doped BZLP glasses were prepared via a melt-quenching route and investigated thoroughly using spec-
Phosphate glass troscopic techniques such as XRD, UV-VIS absorption and photoluminescence (PL) to explore their utility in
Optical bandgap visible photonic device applications. The information pertaining to glass transition temperature, melting tem-
Et g:)c;;?mes perature, and thermal stability were understood by using recording the differential scanning calorimetry (DSC)
Thermal stability spectrum for an undoped BZLP glass. The total weight loss during the glass composition melting process was
analyzed using Thermogravimetric curves. The UV spectral information recorded for the titled glasses reveals the
optical bandgap falling in the range from 4.57 to 4.19 eV. The prepared Tb%* doped BZLP glasses exhibit intense
green emission along with relatively less intense blue, yellow, and red peaks under 373 nm excitation. In the
resultant PL spectra, the emission intensity increases with the activator concentration of Tb®* jons from 0.5 to
5.0 mol%. The estimated CIE chromaticity coordinates falling in the green region reveal the aptness of the titled
glasses as a green constituent in visible photonic devices. The PL decay curves show the bi-exponential behavior
with an average decay time of 2-3 ms. The temperature-dependent PL profile shows fewer changes in spectra and
has a relatively high activation energy value, confirming the high thermal stability. Various results obtained for
Tb%" doped BZLP glasses finally reveal their usage as a green emitter needed to fabricate w-LEDs and other

green-emitting photonic device applications.

1. Introduction

Over the last few decades, the fabrication of rare-earth (RE) activated
inorganic glasses have received a lot of attention because of their sig-
nificant role in the advancement of photonic devices and their appli-
cations [1-4]. Furthermore, RE doped glasses have specific properties
such as high luminous efficiency, thermal resistance, chemical stability,
extended durability, low production cost, and many more, which can
position them as a critical player in the field of science and technology
[4,5]. These different properties of RE doped glasses are required in
many sectors and multiple advantageous applications to build sophis-
ticated display devices, variable power lasers, solar cells, optical fibers,
waveguides, optical memory systems, advanced lighting devices, sen-
sors, and so on [6-9]. Modern lighting devices, such as white light
emitting diodes (w-LEDs), are replacing traditional and long-lasting
illuminating systems. The RE doped glasses are one of the utmost
promising materials for fabricating w-LEDs since they can overcome the
disadvantages of phosphor materials, do not require organic epoxy
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resins, and have no aging effects [10]. Furthermore, the RE activated
glasses act as an appropriate wavelength converters as well as an
encapsulant in the fabrication of w-LEDs [11].

The luminescent features of the RE doped glasses depend not only on
the RE ions but also on the host matrix that provides a crystal field
environment to the RE ions. As a result, selecting a glass host matrix is
equally important along with the choice of a particular RE ion for the
designated applications. Out of many host glass matrices, the phosphate
glass host offers outstanding features such as high thermal stability,
reduced melting point, thermal resistance, chemical durability, high
transparency and many more. These unique properties of phosphate
glasses motivated us to explore more about them [6,12-14]. An alkaline
oxide, such as BaO, can be used as a network modifier in phosphate glass
formers, forming non-bridging oxygen groups and lowering the melting
temperature of the glass host [15,16]. Adding alkali oxides helps to
minimize the non-radiative losses that lead to the enhancement of the
luminescence characteristics. Furthermore, alkali oxides such as lithium
oxide added to a phosphate glass increas the transition temperature. The

Received 7 December 2022; Received in revised form 13 January 2023; Accepted 27 January 2023

Available online 7 February 2023
0925-3467/© 2023 Elsevier B.V. All rights reserved.


mailto:drsrallam@gmail.com
www.sciencedirect.com/science/journal/09253467
https://www.elsevier.com/locate/optmat
https://doi.org/10.1016/j.optmat.2023.113533
https://doi.org/10.1016/j.optmat.2023.113533
https://doi.org/10.1016/j.optmat.2023.113533
http://crossmark.crossref.org/dialog/?doi=10.1016/j.optmat.2023.113533&domain=pdf

K. Maheshwari and A.S. Rao

only setback with phosphate glasses is their hygroscopic nature which
can be mitigated considerably by adding zinc oxide to it. The addition of
ZnO can modify P-O-P to P-O-Zn bonds and improves
moisture-resistant characteristics [17,18]. All the aforementioned spe-
cial characteristic features owned by the constituent chemical sub-
stances such as BaO, ZnO, Li»O and P05 motivated us to synthesize
barium zinc lithium phosphate (BZLP) glass system doped with distinct
RE ions to understand the suitability of the BZLP host glass for numerous
photonic device applications.

The desired luminescence characteristics of Lanthanide ions in tri/
divalent states show the different energy states in UV to the IR region of
the electromagnetic spectrum, making available a broad range and
producing visible lasers and other photonic device applications. In lan-
thanides ions, mostly a sharp excitation and sharp radiative emission
(f — f transitions) were perceived due to the partially filled 4f shells
shielded by 5s25p® orbitals [19]. The highest effective green emitting PL
ingredient among the RE ions was found when the host was activated
with Tb®" ions. The PL properties of Tb®" ions in the host were deter-
mined by 5D4—>7Fj transitions, which were affected by the amount of
Tb3* ions doped, the composition of the surrounding host, and the
pumping wavelength [18,19]. Long lifetime, high quantum efficiency,
and narrow emission spectral width can make Tb>" ions contained
molecules more suitable for many distinctive applications such as bio-
logical probes, green color components in displays, sensors, thermos
luminescent dosimeters, field emission displays, and other photonic
devices [20-22]. Many researchers have recently investigated Tb3*
doped glasses for luminous device applications.

Due to the distinctive optical characteristics and direct applicability
of RE induced glassy systems in diversified areas, Tb>" doped BZLP
glasses have been prepared and studied for its spectroscopic properties.
UV-vis absorption, luminescence properties, and lifetime profiles were
used to distinguish the suitability of the Tb>" incorporated BZLP glass
for appropriate w-LEDs and luminescent devices applications.

2. Experimental section
2.1. Synthesis

Tb3* ion doped BZLP glass samples have been synthesized using melt
quenching process with molar composition given below:

60P,05 —15Zn0-(15-m) BaO -10Li;O: mTb4O;where m = 0.5, 1.0,
1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5 and 5.0 mol% in BZLP glasses abbreviated
as PZBaLTbys, PZBalLTby,, PZBaLTb;s, PZBaLTb,,, PZBaLTbys,
PZBalLTbs,, PZBalTbss, PZBaLTbs,, PZBalTbss and PZBaLTbs,
respectively. Here m signifies the doping content of Tb®* jons. Fig. 1
indicates the steps followed to prepare the aforementioned glasses
through the most commonly used melt quenching technique. The
transparent and uniformed glasses were obtained and ready for further
characterization at ambient temperature.

2.2. Characterization

The density of the as-prepared glasses has been calculated using
Archimedes’ principle in the distilled water medium. DSC-TGA data
were recorded in the range of 50-1300 °C by DSC/TGA real-time in-
strument (SETARAM, Labsys Evo). The XRD has been recorded to
confirm the glassy nature of the titled glasses (D8 advance, Bruker). The
absorption spectral studies have been done via spectrophotometer
(JASCO, V-770). Photoluminescence excitation and emission spectra
were recorded via Spectro fluorophotometer (JASCO, 8300 FP) at 300 K.
The lifetime measurements were investigated via spectrophotometer
(Horiba, Fluorolog-3). The temperature-dependent PL (TD-PL) studies
have been performed using a spectrophotometer (FLAME- S-XR1-ES,
Ocean optics) with a heating sample assembly.
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Fig. 1. Schematic diagram of a melt-quenching technique.

3. Results and discussion
3.1. DSC/TGA analysis

The DSC curve for the undoped BZLP glass has been plotted in the
range of 50-1300 °C, as presented in Fig. 2. It contains various endo as
well as exothermic peaks. The values of glass melting, peak crystalli-
zation, onset crystallization, and transition temperature were found to
be Ty, = 1193 °C, T, = 226 °C, T = 179 °C, and T = 157 °C, respec-
tively. The thermal stability of the as-prepared glass composition can be
analyzed on the basis of temperature difference (AT) and thermal sta-
bility parameter (S). These two critical parameters can be estimated by
using the following expressions [11,20].
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Fig. 2. DSC curve for an undoped BZLP glass.
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The AT value signifies the range of temperature where the material
can endure crystallization through any type of heat treatment. Here it
was found to be 69 °C which is relatively higher than the other reported
values [21]. Such a significant value reveals that the as-prepared glass is
thermally stable. Furthermore, the value of S was found to be 6.58. Also,
the endothermic peak observed at 1193 °C indicates the melting tem-
perature of the glass composition, which is used for glass preparation.
Based on the observed values of AT and S, the undoped BZLP glass may
be considered a good host for photonic device applications.

Fig. 3 shows the two stages of weight loss in the TGA curve plotted
for an undoped BZLP host glass. The first weight loss was observed be-
tween 50 and 600 °C and the corresponding loss was found to be
21.38%, owing to water molecules and ammonia. It means the reaction
happening is an exothermic reaction. This is in correlation with the
outcomes of the DSC curve. The second stage of the weight loss at 600 °C
ascribed because of the release and decomposition of CO, gas, which
was found to be 10.47%. Initially, we have taken a sample amount is
35.67 mg, which is homogeneously mixed. After heating it to 1300 °C,
the remaining sample is 24.26 mg. Hence, a total of 68.15% of the
weight remained after the preparation of BZLP glass.

3.2. Physical properties

The density of Tb®* doped BZLP glasses was determined based on the
experimental approach. Several physical parameters were estimated
including average molecular weight, molar reflection and refraction
losses (R), dielectric constant (), electronic polarizability (e), and op-
tical electronegativity (yop) by following the expressions from already
published papers [22].

The increase in Tb®* ions concentration increases the value of the
refractive index (n) and density (d) in BZLP glasses. A heavy weight of
Tb407 is responsible for an increase in the molecular weight of the glass
samples, which could explain the increase in density. By linking the
oxygen atom to Tb>" ions in BZLP glasses, the incorporation of LiyO in
our host matrix produces non-bridging oxygen and helps to improve the
network stability. In addition, the inter-ionic radius (r;) and the polaron
radius (r,) of the as-synthesized BZLP glasses decrease with the Tb3* ion
content. All these physical parameters have been depicted in Table 1.

The increase in field strength (F) signifies that the bond strength
between Tb and O is increasing, and tri-borate units are converting into
tetra-borate units [23]. With an increase in Tb®" ions concentration,
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Fig. 3. TGA curve for an undoped BZLP glass.
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some more parameters such ¢ and R are also increasing. The variation in
all these physical parameters tells the behaviour of the as-prepared glass
with change in concentration of RE ions.

3.3. Structural analysis

XRD was performed to confirm the glassy nature of the titled glasses.
The XRD patterns investigated for all (undoped as well as doped) glasses
are the same, so we have shown the XRD pattern of PZBaLTbs g glass
only in Fig. 4. It has only a large hump about an angle of 28 °C without
any solid crystalline peak, which discloses the non-crystalline and glassy
characteristics of the as-prepared glasses.

3.4. Absorption properties of glass

Fig. 5 illustrates the absorption spectra recorded for Tb3* doped
BZLP glasses in the range of 250-500 nm. It consists eight peaks at 284,
302, 318, 339, 350, 370, 379 and 484 nm related to f-f- transitions of
Tb3" ions based on the Carnall report [24]. The electric dipole-induced
transitions followed the selection rule |J| < 6, whereas the magnetic
dipole-induced transition followed |J| = 0,+1.

Using the absorption spectra, the optical band gap of Tb®* doped
glasses was estimated by employing the Davis and Mott relation as fol-
lows [12]:

a(v)= (%) (hv — E,p)" 3)

here, hv is photon energy, E, is the optical bandgap of glass, and B is the
band tailing parameter. The parameter n is a number that declares the
type of transition. The value n = 1/2 denotes the indirect allowed
transitions. The a(v) was estimated by using the expression [25]:

wo- (o)

Here d is glass thickness and the absorbance represents by the factor
In(Io /Ir). The Eqy values for Tb3* doped glasses were evaluated for
indirectly allowed transitions via Tauc plot, as presented in Fig. 6. These
values were found in the range of 4.57-4.19 eV and placed in Table 1.

3.5. PL analysis

PL excitation spectra of the as-prepared glasses were recorded in
250-500 nm range by fixing emission wavelength at 545 nm. The
excitation spectrum in Fig. 7, exhibits many excitation peaks. The
excitation peaks were detected at 284, 302, 318, 339, 350, 368, 375, and
485 pertaining the transitions from ground level (“Fg) to various energy
levels 5F4, °Hg, >Hy + Dy, 5Ly + °Gs, Lo + °Dy, °Gs, °Gg +°D3, and °Dy of
Tb®* ions, respectively [26,27]. The dominant excitation peak was
observed at 373 nm corresponding to the transition from the lowest
energy state 'Fg (4f%) to the higher spin-allowed excited state °Hg (4f'5
dY) of the Tb®* ion. Hence, the as-prepared glasses have been effectively
excited by that n-UV excitation source. Further, this excitation wave-
length (373 nm) was chosen to record the PL emission spectra of Tb3*
doped BZLP glasses.

The PL spectra of BZLP glasses doped with the varying concentration
of Tb*" ions under 373 nm excitation wavelength shown in Fig. 8. The
resulting PL profile exhibits several peaks in the range of 450-700 nm.
The blue, green, yellow and red emission peaks were situated at 490,
542, 585 and 620 nm due to the characteristic transitions °D4 — 7F5, "Fs
7F, and "F3 of Tb>" ions, respectively. The blue emission peak related to
the °D4 — 7Fg transition followed the selection rule AJ = +1 rule and
magnetic dipole in nature. The green emission peak arises due to the >Dy4
— 7Fs transition following the Laporte-forbidden selection rule, which is
the most intense among all the emission peaks [14,28-30]. In the
resultant PL spectra, the emission intensity changed with a surge in the
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Table 1
Physical parameters of Tb>" doped BZLP glasses.
Physical Property PZBaL Tbg 5 PZBaLTb, o PZBaL Tby PZBalL Tbs PZBaL Tb, PZBalL Tbs o
Refractive index (nq) 2.06 2.12 2.13 2.13 2.14 2.14
Density (gm/cm3) 3.02 3.04 3.20 3.21 3.26 3.33
Average molecular weight 211.51 214.47 220.41 226.35 232.30 238.24
Tb**ion concentration N (10?% ions/cm®) 0.4278 0.8691 1.7254 2.5424 3.3276 4.0823
Polaron radius (r,) (A) 2.4836 1.9602 1.5467 1.3703 1.2453 1.1705
Inter-atomic distance (r;) A) 61.6329 48.6232 38.736 34.0098 31.1092 29.0502
Optical band gap (eV) 4.57 4.38 4.32 4.27 4.21 4.19
Dielectric constant (€) 4.2759 4.4106 4.4549 4.4926 4.5387 4.5538
Optical dielectric constant (€-1) 3.2759 3.4106 3.4549 3.4926 3.5387 3.5538
Molar refraction (Ry,) (cm™3) 18.493 19.098 19.382 19.656 19.723 19.784
Reflection losses (R %) 6.883 7.418 7.487 7.522 7.582 7.698
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Fig. 4. XRD pattern of 5.0 mol% Tb3* doped BZLP glass (PZBaLTbs g).
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Fig. 8. PL spectra of Tb®" doped BZLP glasses with the doping concertation
varying from 0.5 to 5.0 mol% at 373 nm excitation wavelength. The inset plot
shows the variation of the emission intensity with Tb>" ions concentration.
doping concentration of Tb>*
tensity intensifies with an increase in activator concentration of T
ions from 0.5 to 5.0 mol%. No concentration quenching was observed up
to 5.0 mol% of Tb>" ions in BZLP glasses. This is another key feature of
the BZLP glass host having high RE solubility and can be suitable for
photonic applications. The ratio between blue (°D4—Fg) and green
(°D4—"Fs) emission peaks defines the center of symmetry around the
Tb®" ions in BZLP glasses. Hence the green color (G) to blue color (B)
ratio was evaluated, which was reckoned to be more than four and varies
with activator ions content. The high value of the G/B ratio recommends
no center of symmetry around the Tb* ions in BZLP glasses [29].

Fig. 9 illustrated the partial energy level of Tb®* doped BZLP glasses,
which clarified the excitation, radiative and non-radiative transitions
mechanism involved. It is represented that Tb®" jons were excited at
373 nm wavelength and populated the energy level. The occupied D3
excited energy level may release the energy in two ways, initially some
non-radiative relaxation up to the Dy level. Finally, radiative emission
occurs from the Dy to “Fe.3 levels of Tb3" ions in BZLP glasses, giving
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Fig. 9. Partial energy level diagram of Tb®* doped BZLP glasses.
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visible blue, green, yellow and red light in the range of 450-700 nm
[31].

3.6. Colorimetric study

The recorded emission profiles under 373 nm excitation for Tb3*
doped BZLP glasses were used to evaluate chromaticity color co-
ordinates. The chromaticity coordinates for all glasses were tabulated in
Table 2. All the evaluated coordinates were situated in the green region
of the CIE diagram. The chromaticity coordinates for PZBaLTbs ( glass
(0.309, 0.597) as shown in Fig. 10, closely match the green emitting
component by the European Broadcasting Union illuminant (0.290,
0.600). The CCT was evaluated with the help of the McCamy formula
[32]:

CCT = —449n> + 3525n% — 6823.2n + 5520.3 5)

In the above relation, n = y’y , Xe = 0.332, y. = 0.186. The emitted

light can be considered as a cool green light because CCT values are
greater than 5000K as placed in Table 2. Based on chromaticity co-
ordinates, the color purity has been evaluated for all glasses by using the
following expression [33-35]:

2 2

. X — Xee +y— ee

Color Purity = ( )2 (= Yeo) 5 6)
(xd - xee) + (Yd - ype)

here, (x, ¥), (X4, ¥a) and (e, Ye.) specify the CIE coordinates of glass,
dominate wavelength point and standard white point, respectively. The
calculated color purity for prepared glasses is listed in Table 2. The color
purity for PZBaLTbs o glass was found to be 79%. The result described
above favors that Tb®" doped BZLP glasses are very effective green
emitting constituents for developing w-LEDs and other photonic devices.

3.7. Decay profile analysis

PL decay curves of Tb>* doped BLZP glasses were recorded from the
3D, level via monitoring the emission of 542 nm at 373 nm excitation, as
illustrated in Fig. 11. The recorded PL decay curves at room temperature
for all the glasses show the exponential behaviour. The decay curves of
the as-prepared glasses were found to best fit with the bi-exponential
equations as follows [28,36].

I=Iy+A  exp(—t] 71) + Ay exp(—t [ 12) @

Here, Iy and I signifies the PL decay intensities at starting (t = 0) and t
time, A; and A, are the decay fitting constants, 7; and 7, were lifetime
components. The average decay time can be estimated as per the
following expression:

AT + ATl

8
AlTl JrAzT] ( )

avg —

The average decay time for the series of Tb®" doped glasses was
listed in Table 2, which shows the minor disparity with changes in
doping concertation. The average lifetime value for the PZBaLTb 5 glass

Table 2
CIE coordinates (x, y), CCT (K), color purity (%) and lifetime (ms) of Tb3+ doped
BZLP glasses.

Glass Chromaticity CCT (K)  Color Purity (%)  Lifetime (ms)
coordinates
X y
PZBalTbys 0.302  0.499 6201 69% 2.893
PZBaLTb,, 0.308 0.562 5972 71% 2.851
PZBaLTb, o 0.307 0.576 5971 73% 2.828
PZBalTbz, 0.307 0.586 5949 74% 2.793
PZBaLTb,, 0.310 0.593 5902 77% 2.757
PZBaLTbs, 0.309 0.597 5917 79% 2.724
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Fig. 10. CIE chromaticity coordinates of PZBaLTbs o glass.

is 2.893 ms, which was reduced to 2.724 ms for the PZBaLTbs  glass.

3.8. Temperature-dependent PL characteristics

To investigate the luminescence features and thermal stability of the
as-prepared glasses, the TDPL spectra were recorded at different tem-
peratures under 373 nm excitation. TDPL spectra of PZBaLTbs  glass are
shown in Fig. 12. The TDPL spectra reveal a slightly falling intensity
with temperature rise. It may be described as thermal energy increasing
with temperature. It supported the electrons to pass the point of ground
and excited level, emitting energy through the non-radiative transition
process. The thermal stability can be considered a direct measure of
activation energy. Arrhenius equation was used to calculate the acti-
vation energy as follows [10]:

Ir= )

where, I,and It represent the PL intensity at room temperature (300 K)

Optical Materials 137 (2023) 113533

and T (K). AE stands for activation energy and Kz denotes the Boltz-
mann’s constant whereas C is a random constant . The graph between
In[(I, /Ir) —1] and (1 /KgT) was plotted and fitted with a linear equation
as shown in Fig. 13. Using the plotted graphs, the estimated activation
energy is 0.161 eV. This high value of AE value proposes the high
thermal stability of the present glass system, which supports the utility
of the as-prepared glasses.

4. Conclusions

In this work, the Tb®" doped BZLP glasses have been synthesized
using the melt-quenching technique. We have characterized the titled
glasses through several techniques, analyzed and then summarized them
as follows:

e The XRD pattern recorded for Tb®* doped glasses confirmed their

glassy nature.

UV-vis spectra were employed to estimate the energy band gap for

Tb** doped BZLP glasses via Tauc’s plot, which is found in the range

of 4.57-4.19 eV.

o The dominant emission attributed to the °D4—’Fs transition gave the

intense green emission at 542 nm under 373 nm excitation

wavelength.

All the evaluated coordinates were situated in the green region of the

CIE diagram. The chromaticity coordinates for PZBalLTbs glass

(0.309, 0.597) matched with green emitting standard data.

o The PL decay profiles of Tb>" doped BZLP glasses are found bi-
exponential in nature.

e A significantly slighter decrease in emission intensity with rising
temperature and the high activation energy value (0.161 eV) sug-
gests that the prepared glasses have good thermal stability.

The above mentioned characteristics indicate the suitability of Th>*
doped BZLP glasses for green color emitting components useful in
various photonic device applications such as display devices and w-
LEDs.
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