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Different concentrations of Ce3+-doped TeO3-WO3-GeOy-Cex03 (TWGCe) glasses were prepared by melt-
quenching method and characterized. Different spectroscopic and luminescence properties were evaluated
using room temperature absorption and emission spectra. The absence of sharp X-ray diffraction peaks and the
presence of broad band from 18° to 35° shows the amorphous phase of studied glasses. The Fourier transform
infrared absorption spectra show the presence of various vibrational bonds. The optical properties of TWGCe

glasses were studied by exciting the glass samples at 323 nm ultraviolet wavelength. The quenching in lumi-
nescence is noticed at x = 0.5 mol% along with a red-shift at higher Ce>" concentrations. The decay time was
found decrease with increase of concentration of Ce>* ions. These glasses emit intense blue luminescence with
CIE coordinates (0.161, 0.018) when excited at 323 nm radiation. These glasses are favourable as blue light
sources in the design of phosphor-based white LEDs.

1. Introduction

The multi-component glasses are of most significant compared to
single crystals. They are of interest due to their low fabrication cost,
flexibility in manufacturing different sizes and shapes. The glassy ma-
terials have been used to produce various optical components with
excellent transparency. They exhibit intense emission in near ultraviolet
and visible regions, possesses relatively high density and more rare earth
(RE) ion solubility [1-4]. They have tremendous applications as host
materials for variety of RE ions doped laser sources, fiber amplifiers in
communication, dispersion-control devices, sensors in industry, scintil-
lators in radio-physics, etc...[5,6]. The trivalent cerium (Ce®") ions are
the most commonly used REs for intense luminescence in the spectral
range of 300-600 nm. These are most significant in designing oxide-
based scintillators owing to their high fluorescence yield strength and
short lifetime of the order of 10® — 10 s. The Ce®** -doped scintillators
find wide range of applications in the fields of bio-imaging, defense,
communication and high-energy physics [7,8]. The emission of strong
blue light from Ce3" activated multi-component glass or glass-ceramics

* Corresponding authors.
** Corresponding author.

have been used to generate white light in phosphor based white light
emitting diodes (w-LEDs) [9,10].

The tellurite-based glasses are of noteworthy due to their excellent
non-linear optical properties with low phonon energy, relatively good
thermal stability with chemical durability, low manufacturing temper-
ature. These glasses are more advantages in enhancing the fluorescence
efficiency by reducing multi-phonon relaxations rates [11,12]. The
presence of TeO4, TeO3,1/TeO3, WOg, WO4 and GeOg structural units
which help in strengthening glass network, glass forming ability and
hence thermal stability. The structural, physical and thermal properties
[13] and the shielding properties [14] of TeO2-WO3-GeO5 glasses have
been studied. Certain RE®* ions activated TeO2-WO3-GeO, glasses were
fabricated and characterized for various visible and fiber laser sources
[15-17]. This work reports on the structural and photoluminescence
properties of TeO3-WO3-GeO2-CeO2 (TWGCe) glasses. The optimization
of Ce>* concentration and photometric properties were also discussed.
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2. Materials, method of preparation and instrumentation

The TWGCex glasses of composition (85-x) TeO2-5 WO3-10 GeOs-x
Ce203 (x =0, 0.1, 0.5 and 1.0 mol%) were prepared by melt-quenching
method using TeOy (>99.5 %), WO3(>99 %), Ge02(99.999 %) and
Ce203(99.9 %) as precursor materials. The stoichiometric amounts of
precursor materials of 20 g batch each were thoroughly mixed in the
presence of acetone and melted at 875 °C for 40 min using alumina
crucible. The melt was air-quenched by pouring onto a preheated brass
mould and annealed at 300 °C for 10 h and then cooled to room tem-
perature producing bubble-free and transparent glasses (see Fig. 1a). All
these glass samples were polished for optical quality with 0.18 cm thick
and then used for other characterizations. The prepared glass samples
were referred as TWGCex glasses, where x stands for the concentration
of Ge>* ions in mol%.

The Archimedes principle was applied to obtain density measure-
ments using double-distilled water as an immersion-fluid. The Abbes’
refractometer illuminated with sodium vapour lamp (A = 5893 A) was
used to find the refractive indices. The room temperature optical ab-
sorption spectra were recorded on Agilent Cary 60 UV-Visible spec-
trometer. The transmittance mode infrared absorption spectra were
recorded with PerkinElmer FT-IR spectrometer following KBr technique.
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the significant basic parameters of TWGCex glasses are summarized in
Table 1. The values of refractive index (n) and density (d) increase with
increase of Ce>" concentration and their variation are illustrated in
Fig. 2. The decrease in molar volume (V,,) with Ce3* concentration leads
compactness of elements. The reflection loss is found to be ~ 18 % for all
the samples indicating negligible loss of incident light intensity or the
studied glasses allow most of the incident light to absorb or transmit
through them. The ratio of molar refraction (Ry,) to molar volume (Vy,)
has been used to predict metallic or non-metallic behaviour of glass
samples. (Ry,/Vi) > 1 for metallic nature of solids while (Ry,/Vi,) < 1 for
non-metallic nature of solids [18]. In the present investigation, the value
of (Rm/Vp) is found to be ~ 0.63 for all TWGCex glasses indicating their
non-metallic nature. The increased concentration of Ce3* ions (C) cause
a decrease in inter-ionic distance (r;) resulting to energy transfer among
the excited Ce®* ions at higher concentrations.

In order to evaluate the optical band gap energy of prepared TWGCex
glass samples, the room temperature optical absorption spectra were
measured and presented in Fig. 1c. The optical band gap energy is one of

Table 1
Comparison of basic parameters of TWGCex glasses.

N . . . Parameter TWGCe0  TWGCe0.1 TWGCe0.5 TWGCel.O
The scanning electron microscopy-energy dispersive X-ray spectrum
(SEM-EDS) was recorded on VEGA3 TESCAN provided with BrukerEasy Optical path length, [ + 0.18 0.18 0.18 0.18
EDS equipment. The excitation and emission spectra were carried out 0.01 cm 3
ith Jobin Y Fl 1 3 trofl imet d the lifeti Density, d & 0.001 g/cm 4.454 5.067 5.086 5.102
with Jobin Yvon Fluorolog-3 spectrotiuorimeter and the lifetime mea- Refractive index, n + 0.001  2.448 2.453 2.458 2.462
surements were done using FLS 1000 photoluminescence spectrometer Reflection losses, Ry & 0.02  ~18 ~18 ~18 ~18
with light source in pulsed mode. All the optical measurements were %
performed at room temperature. M((;lz(i)rlrefrglctlon, Ry + 22.12 19.48 19.45 19.42
. cm
. . Molar volume, Vy, + 0.01 35.41 31.13 31.02 30.94
3. Results and discussion em?
(R / Vi) £ 0.02 ~0.63 ~0.63 ~0.63 ~0.63
3.1. Basic characteristic parameters Concentration, C + 0.02 x - 1.10 5.53 11.03
10% ions/cm®
. Inter-ionic distance, r; + - 20.84 12.18 9.68
The phase of TWGCex glasses has been examined by powder X-ray 001 & !
diffraction (XRD) studies. The XRD profiles shown in Fig. 1b reveal a Indirect band gap energy, 2.56 2.40 2.24 2.16
broad-bump range from 18° to 35° and it has been assigned to the Eg + 0.02 eV
combined effect of multiple-scatterings at non-uniformly distributed Direct band gap energy, E; ~ 2.84 274 2.54 242
. e . +0.02 eV
atoms leading to exhibit amorphous phase of studied glasses. Some of
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Fig. 1. Image of TWGCeO05 glass (a), XRD profiles(b) and absorption spectra (c) of TWGCex glasses.
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Fig. 2. Variation of density and refractive index of TWGCex glasses as a
function of Ce>* concentration.

the significant properties to analyze the optical transitions of active ions
doped in a glassy matrix and it can be determined using
UV-VISabsorption spectra (see Fig. 1¢). The absorption coefficient (a0 =
Absorbance /optical path length) near the absorption edge and the
photon energy (hv)of incident radiation are related as shown below
[19].

a.(hw) = B(hw—E,,)! @
where B is a constant and it is independent of photon energy. The integer
q represents the type of transition (direct/indirect) and it has 1/2,1/3, 2
and 3 for direct allowed, direct forbidden, indirect allowed and indirect
forbidden transitions, respectively. This condition is applicable under
negligible reflectance. In case of glassy material, the reflectance can be
minimized by polishing them to optically high quality [20-24]. The
value of indirect and direct band gap energies has been obtained by
extrapolating the linear region of Tauc’s plots to meet the hv axis as
shown in Fig. 3. In the present investigation, both indirect and direct
band gap energies found decrease with increase of Ce>" concentration
(see Table 1). The addition of low concentrations of dopant ions
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decreases the energy band gap and it could be due to small separation
distance between dopant ions [25].

3.2. FTIR and SEM analysis

The FTIR spectra help us to know various structural vibrations pre-
sent in the glass host. The FTIR spectra of TWGCe0 and TWGCe05
glasses shown in Fig. 4 are similar and they are identical to other tel-
lurite glass [26]. The IR bands at ~ 3437, ~2361 and ~ 1713 cm!
belongs to the symmetric stretching vibrations of HO™ group [5,27], the
IR band noticed at ~ 871 cm™! is related to asymmetric stretching vi-
brations of Ge-O-Ge and W-O-W units [26]. The bands at ~ 721 and 642
cm ! have been ascribed to Te-O stretching vibrations in TeO4 and TeOs
units respectively [28]. The presence of OH™ content influence the
luminescence properties of RE active ions in a glassy matrix [29] and it
can be evaluated using the equation,aog = In(To/ Tp) /L, where T, is
the maximum transmittance, Tp is transmittance corresponding to 3000
cm'by assuming the reflectance as zero and I is the optical path length.
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Fig. 4. FTIR spectra of TWGCex glasses.
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Fig. 3. Tauc’s plots for indirect (a) and direct (b) allowed transition in TWGCex glasses.
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Lower the OH™ content lesser will be the non-radiative losses. The value
of aoy is found to be 0.51 and 0.48 + 0.02 cm™! for TWGCeO and
TWGCe05 glasses, respectively. The addition of Ce;O3 content reduces
the aoy value resulting to enhance the luminescence properties.

The SEM micrograph with EDS spectrum of TWGCeO5 glass is shown
in Fig. 5. As can see the SEM micrograph, one can notice that the pre-
pared glass samples have good amorphous phase and they are free from
air-bubbles, clusters and defects. The EDS spectrum shows the presence
of all elements distributed uniformly indicating the proposed chemical
composition. The atomic weight percentages of different elements pre-
sent in the TWGCeO05 glass are 61.77 at%, 4.52 at%, 31.53 at%, 1.69 at%
and 0.49 at% for oxygen (0), germanium (Ge), tellurium (Te), tungsten
(W) and cerium (Ce) and the corresponding mole percentages are 23.98
mol%, 23.60 mol%, 30.81 mol%, 16.87 mol% and 4.74 mol%.

3.3. Luminescence properties

The excitation and emission spectra of TWGCex glasses are shown in
Fig. 6. The excitation spectra monitoring the emission at 408 nm consists
of a broad band extended from 243 nm to 360 nm and has been assigned
to Ce®™: 4f — 5d transition [see Fig. 6(a)]. This broad band appears
having three sub-peaks with maximum at ~ 255, ~274 and ~ 323 nm.
The emission spectra recorded at 323 nm excitation consists of a broad
and intense band due to Ce>*: 5d — 4f (408 nm) transitions. The in-
tensity of excitation band increases with increase of Ce>" concentration,
while the intensity of emission bands increases with increase of Ce>*
concentration reach to maximum at x = 0.5 mol% and then decrease for
further rise of concentration showing luminescencequenching phe-
nomenon beyond x = 0.5 mol% due to energy transfer (ET) among the
excited Ce>* ions at higher concentrations. The emission profiles of
TWGCe glasses are similar to those reported for gadolinium oxy-
fluoroborate [5] and P20s5-LioCO3-GdBr3-Al;03 [30] glasses.

As can see the normalized emission spectra shown as inset of Fig. 6
(b), one can notice a red-shift in emitted luminescence with increase of
Ce" concentration. The peak maximum of Ce>™: 5d — 4f transition
shifts from 403 nm for x = 0.1 mol% to 408 nm for x = 0.5 mol% and
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finally to 410 nm for x = 1.0 mol%. The observed red-shift has been
ascribed to the site distribution of Ce®* ions in the ligand fields [31]. It is
well known that when the energy of incident light photons is equal or
greater than band gap energy of the material then the photons are
absorbed by the material and excites the active ions to higher energy
levels. When excited at 323 nm wavelength, the ground state Ce3*: 4f
ions get excited to Ce®*: 5d emission state resulting to exhibit intense
luminescence through Ce®>*: 5d — 4f transition. The emission mecha-
nism of Ce3" ions in TWGCex glasses at 323 nm excitation is illustrated
in Fig. 7(a).

The Commission International de I’Eclairage (CIE-1931) chroma-
ticity coordinates evaluated from the emission spectral profiles have
been used to know the colour purity (CP) and correlated colour tem-
perature (CCT) of emitted luminescence. For TWGCex glasses excited at
323 nm, the CIE chromaticity coordinates are obtained as (x = 0.161, y
= 0.018).The CP and CCT values have been determined using the
equations shown below.

_e2+ — 2
op - VI x)” + (=) 100 @

\/(xzz —x)" + (va =)

CCT = —4497° + 35257% — 6823.37 + 5520.33 3

where (X, ye) represents the coordinates of epicenter point and (xg, y4)
represents the coordinates for dominant-wavelength-point. Generally,
the typical coordinates for equal-energy point are (0.333, 0.333). The
constant z can be obtained using the formula, z = (x — Xc)/ (¥ — ye). The
evaluated CIE coordinates are located in the intense blue region of CIE
diagram shown in Fig. 7(b). The colour purity is estimated to be 98 %
and the corresponding CCT rating is 1802 K. It is well known that the
light sources with CCT < 3000 K emit warm light useful for living room
illumination. It is known that the generation of white light from
phosphor-based LEDs requires blue light excitation. The observed results
show that the studied glasses emits intense and warm blue light suitable
for decorative lighting sources as well as replacement for blue light
source in phosphor-based w-LEDs.
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Fig. 5. EDS profile of TWGCeO05 glass. Insets show the SEM micrograph and elemental analysis.
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Fig. 7. Emission mechanism of Ce>* ions at 323 nm excitations (a) and the chromaticity diagram of TWGCex glasses.

The process of ET among the excited active ions occurs either due to
exchange interaction or multi-polar interaction process depending upon
the critical transfer distance but not on inter-ionic distance. According to
Dexter’s theory of sensitized luminescence in solids [32], the exchange
interaction type of ET is possible for R, < 5 A and beyond this limit (R, >
5 A) the multi-polar interaction come into play for the transfer of energy
among the excited ions. The inter-ionic distance (r;) is the average dis-
tance among the sites of Ce>" jons in TWGCe glass host matrix, while the
critical transfer distance (R.) represents the mean distance among the
Ce®" ions for which threshold transfer of energy occurs at suitable
excitation. The value of R, responsible for ET mechanism has been
estimated using the following formula [33].

M 1/3
R. = (NA. d. c) “)

where M is the molar mass, Ny is the Avagadro’s number, d is the density
and C is the concentration of active ions (in g/mol). The value of R is
found to be 5.56, 3.82 and 3.03 A for x = 0.1, 0.5 and 1.0 mol%,
respectively. These values suggest that the exchange interaction mech-
anism play a key role in ET for TWGCex glasses.

3.4. Luminescence decay

The luminescence decay curves of Ce>" in TWGCex glasses moni-
toring the emission and excitation wavelengths at 408 nm and 323 nm
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respectively are illustrated in Fig. 8. These decay curves are well fitted to
a double exponential function,I(t) = Ar.et/n 4+ Ay et/ where I(t)
represent the emission intensity as a function of time t, A; & Ay are
constants and 77 & 73 are the short and long decay times, respectively.

The average decay time (r) has been estimated using well known

. A1 73 +Ar 73
equation,(7) = ﬁ. In the present case, the values of () are

determined as 23.92, 22.15 and 19.32 ns for TWGCe0.1, TWGCe0.5 and
TWGCel.0 glasses, respectively. The gradual decrease in decay time
with the addition of Ce>* ions in TWG glass host is an indication of
energy transfer among the excited Ge3* ions at higher concentrations.

4. Conclusions

The TWGCex glasses have been prepared with perfect amorphous
phase by conventional melt-quench method are free from bubbles and
impurities. The ratio of molar refraction to molar volume is found lesser
than unity [(Rp/Vm) > 11 showing non-metallic nature of TWGCex
glasses. The OH™ content of the order 0.51 — 0.48 cm ™! is favourable to
improve the luminescence properties. The SEM micrograph confirms the
absence of impurities and bubbles and the EDS results show the presence
of all the elements distributed uniformly. These glasses exhibit deep-
blue luminescence through Ce3*: 5d — 4f transition when excited at
323 nm wavelength. The observed concentration quenching has been
ascribed to the exchange interaction among the excited Ce3* ions at
higher concentrations. For all TWGCex glasses, the lifetime is found to
be 1.02 ns. The colour perception and CCT rating values are found to be
99 % and 1802 K, respectively are more favourable for decorative
lighting sources. The intense and fast luminescence signal is more suit-
able to be used as a scintillator material. The observed results suggest
that the TWGCeO05 glass is more favourable to design decorative blue
light sources for living rooms and a suitable blue light source to design
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0.33 | ExpDec2Fit
- ——TWGCel.0 (1 = 19.32 ns)
—~ 0.00 |
é PR T TR Y VRN [T SR T SR N SN T SN NS NS NN S N
=]
s 0.99 (b)
3 L
2 066
72]
=) L
g
£ 033 ExpDec2Fit
2 A —— TWGCe0.5 (x = 22.15 ns)
‘T 000 |
g PR IS NN WU T T [N TR TS SR NN N U NN N
]
“ 099 | (a)
0.66 |
033 | ExpDec2Fit
i ——TWGCe0.1 (x = 23.92 ns)
0.00
PR [T TR T W [T SR [T SR [N SR N SO [N S NS N S N

20 0 20 40 60 80 100 120 140 160 180 200
Time (ns)

Fig. 8. Luminescence decay profiles of TWGCex glasses.
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w-LEDs.
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