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Abstract

Lithium borate glasses doped with transition metal and rare earth elements have gained prominence for their tunable optical properties and
diverse technological applications. In this research article, we delve into the unique contributions of key elements, dysprosium (Dy),
titanium (T1), and vanadium (V), in lithium borate glass matrices. The titanium borovandate glass system doped with Dy3+ ions with molar
compositions xTi02-(10-x)V205-30Li20-60B203 + 1 mol% Dy203 glasses (with x =0,1,3,5,9,10) have been synthesised using the melt
quench technique. An extensive investigation of the structural and optical features has been carried out to evaluate the effects of titanium
ions as an addition to the glass matrix. Multiple valence states of titanium (Ti3+ and Ti4+) and that of vanadium (V3+, V4+, and V5+)
were unveiled through density variations and UV absorbance analysis. The shifts in bandgap have been ascertained by using a Tauc plot.
Photoluminescence spectroscopy (PL) has been utilised to investigate the existence of intrinsic defects in the glass system and the influence
of transition metal ions (TiO2 and V205) on the emission spectra. CIE chromaticity coordinates of the samples have been analysed in the
white region, revealing their potential applications in display devices and optical filters.

Keywords : Dysprosium; Photoluminescence, Titanium Dioxide; Transition Metal lons (TMI); Y/B Ratio.

1. Introduction

Developing advanced materials with tailored optical properties is a central research area in modern materials science and has far-reaching
implications for a wide range of technological applications. Borate glasses are better glass formers than silicates and phosphates as they
exhibit smaller cations, greater bond strength, and can retain non-crystallinity even at slow cooling rates. So, they can be employed as a
dielectric, fast ion-conducting device, and in solid-state batteries [1], [2]. Furthermore, borate glasses containing rare earth (RE) ions are
exciting materials for solid-state lighting, like white light-emitting diodes (WLEDs), vehicle indicators, display devices, etc. [3] as they
possess remarkable RE ion solubility[4]. The borate glass structure consists of only two types of structural units, i.e., BO3 and BO4 units.
The interconvertibility of these two units strongly depends upon the ratio of the glass modifier, such as alkali oxides [5]. Lithium borate
glasses have emerged as promising candidates among these materials due to their transparency, good chemical durability, and the ease with
which they can be tuned to exhibit specific optical characteristics. In particular, incorporating different dopants into the glass matrix allows
for precise control over their optical behaviour, making them appealing for applications in photonics, optical sensors, laser systems, and
optical communications [6].

Lanthanide ions can activate borate glassy matrices, allowing for even more fine-tuning of luminescence properties [7]. Among the lantha-
nides, dysprosium is a reliable material for luminescence studies. Luminescence spectra of dysprosium ions (Dy?>*) consist of significant
visible emission (in the yellow and blue regions) under UV excitation. The transitions involved are *Fo2 — ®His/2 (blue color) and *Fo —
®Hi3/2 (yellow color), which could potentially generate white light[8]. The key challenge for researchers is to fine-tune the ambient field of
Dy3" ion-activated glassy matrices to create white luminescence with the appropriate yellow-to-blue (Y/B) intensity ratio[9].

Borate glasses doped with transition metal ions (TMI) are suitable for numerous applications like solid-state lasers and solar energy con-
verters[10—12]. The glass characteristics get modified in the presence of TMI in the glass matrix, as variable transition states may form
different structural units. There are several studies in which incorporating vanadyl ions (VO?") leads to changes in the chemical bonds and
structural rearrangements occur in the glass system, thereby altering the optical behaviour of the glasses[4,13—15]. Titanium dioxide (TiO2)
is added to the glass matrix as it may enhance the optical and electrical characteristics [6]. Titanium ions may act as a glass modifier
(Ti**/TiOs) as well as a glass former (Ti**/TiOg) due to their low coordination numbers[16-18]. Additionally, TiO2 is considered a non-
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toxic and low-cost n-type semiconductor[19]. Recently, B. Tirumala Rao et al. reported the spectral investigations of TiO2-doped zinc
alumino lithium borate glasses[20]. Vishab Kesarvani et al. studied the impact of incorporating TiO2 as a modifier in tellurium tungstate
glasses and found that titanium ions caused major structural changes and enhanced the photoluminescence (PL) emission[21]. B. Srinivas
et al. examined the effect of V205 on strontium titanium boro-tellurite glasses and found that the optical absorption spectra were dominated
by VO?" ions transitions[22]. S. Cetinkaya Colak reported the role of TiO2 in improving the structural and optical characteristics of zinc
borate glasses when added in small amounts[23]. B.V. Padlyak et al. studied the luminescence of lithium tetraborate glasses co-doped with
manganese and europium and found their emission in the orange-red region [24]. P. Sai Dinesh et al. examined the impact of different
modifiers on Dy*" doped lithium tetraborate glasses [25]. S. Karthika et al. studied the vanadium-doped lithium telluro-borate glasses and
investigated the compactness of the structure and decrease in direct optical bandgap with the addition of vanadium ions [26]. Sonam Raheja
et al. examined the titanium-doped niobium borate glasses and found a red shift in the cut-off wavelength and a decrease in the optical
band gap values with decreasing Nb2Os content [27].

Therefore, it is worthwhile to investigate the impact of substituting one intermediate oxide, V20s, with another intermediate oxide, TiO2,
on the structural and optical properties of polynary glasses because the synergistic effect of all the participating ions results in highly
flexible properties for this multicomponent glass system. Thus, the authors intend to understand the mechanisms underlying the observed
results by extensively examining structural and optical features. Understanding these interactions is essential for harnessing the full poten-
tial of lithium borate glasses for advanced optical applications and tailoring their properties to meet specific technological requirements.

2. Materials and methodology/ experimental details

Glasses with the chemical composition xTiO2-(10-x) V205-30Li20-60B203 + 1 mol% Dy20s glasses (with x = 0,1,3,5,9,10) have been
prepared using melt quenching method. The sample codes and the chemical composition are mentioned in Table 1. AR grade chemicals of
lithium carbonate (Li2BO3 with 99.5% purity), boric acid (H3BOs3 with 99.5% purity), titanium dioxide (TiO2 with 99% purity), vanadium
oxide (V205 with 99% purity), and dysprosium oxide (Dy203 with 99.9% purity) of make Hi-media have been used for glass synthesis.
The detailed synthesis procedure is shown in Fig. 1(a). The prepared glass samples (as shown in Fig. 1 (b)) have been optically polished
and ground into fine powder to investigate different characterizations. X-Ray diffraction (XRD) profile obtained from an X-ray diffrac-
tometer (Rigaku Model Ultima IV) employing Cu-K. (X-Rays with A=0.154 nm) exposure to samples at 30 kV applied voltage, anode
current of 15 mA, and having angle (20) variation from 15°-80° has confirmed the amorphous character of the glass samples. Density has
been calculated by Archimedes' principle using an organic buoyant liquid, xylene. The KBr pellet approach has been used to record Fourier
Transform Infrared (FTIR) spectra at room temperature (RT) using an FTIR spectrophotometer (Perkin Elmer's with a resolution of 1 cm-
1) in the mid-IR range of 4000-400 cm™! for structural analysis. By mixing the sample with KBr in a mass ratio of 1:100, the resultant
mixture has been processed into pellets. A UV-Vis spectrometer (Shimadzu UV3600) has been used to record the absorption spectra of the
polished glass samples at RT in the 200-1800 nm wavelength range with 0.1 nm resolution. PL spectra recorded with a Horiba spectrometer
(Fluoromax R298P) in the 200-800 nm wavelength range (using a Xenon lamp as an excitation source) have been used to analyse the
luminescence characteristics. The excitation and emission spectral slit widths are both set at 3 nm.

Table 1: Composition of xTiO,*(10-x) V,0s5-30Li,0-60B,05 + 1 mol% Dy,0; Glasses (with x =0,1,3,5,9,10)

S. No. Chemical composition Glass code Appearance
1. 10V,05:30Li,0-60B,0; + 1 mol% Dy,0; TLVBDO Dark brown
2. Ti0,°9V,05-30Li,0-60B,0; + 1 mol% Dy,0; TLVBDI1 Dark brown
3. 3Ti0,°7V,05:30Li,0:60B,0; + 1 mol% Dy,05 TLVBD3 Light brown
4. 5Ti0,°5V,05:30Li,0:60B,0; + 1 mol% Dy,05 TLVBD5 Light brown
5. 9Ti0,'V,05-30Li,0-60B,0; + 1 mol% Dy,0; TLVBD9 Light green
6. 10TiO,-30Li,0:60B,0; + 1 mol% Dy,0; TLVBDI10 Transparent
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Fig. 1: A) Flow Chart for Melt Quench Technique Employed for Glass Synthesis; (B) Synthesised Glass Samples.
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3. Results and discussion

3.1. XRD investigation

Fig. 2 shows the X-ray diffractograms of the TLVBD glass system. The XRD patterns exhibit broad diffusion humps but no discernible
crystalline phases. The complete absence of any peaks in the diffractogram reflects the non-crystalline character of the glass samples. All
the samples have shown broad halos at lower scattering angles (15°-30°), depicting the non-existence of long-range atomic orders and thus
confirming the amorphous nature of the prepared glass series.
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Fig. 2: XRD Pattern of TLVBDx (with x = 0,1,3,5,9,10) Glass System.
3.2. Physical parameters

For investigating the structural changes in the developed glass system, different parameters (tabulated in Table 2) have been estimated by
using formulas from the literature[28—31]. The density of the glass system is dependent on the molecular mass and volume of the prepared
glass samples. As given in Table 2, the density of the TLVBD glasses has increased initially, depicting the compactness of the glass structure
as TiO; is introduced in the glass matrix. It may be due to the possibility of vanadium ions (V3*/V#/V>*) existing in octahedral coordinated
form initially, and with the introduction of titanium ions (probably in Ti*" state), the structure reduced to a 4-coordinated tetrahedral form.
Thereafter, as the amount of TiO: is slightly increased from 1 mol% to 3 mol%, the density decreases. There may be two probable possi-
bilities for this decrement; one is the heavier V20s (mol. wt. = 181.88 g/mol) has been substituted with the lighter TiO2 (mol. wt. = 81.38
g/mol) and the other being titanium ions reduction from Ti*" (ionic radius = 0.056 nm) state to Ti** state (ionic radius = 0.081 nm) which
is comparable in size to ionic radii of vanadium ions (0.078 nm). As the content of V20s is further replaced by TiO2 (from 5 mol% to 10
mol%), the density values show an increasing trend again, indicating the structure compactness with TiO2 enhancement. Although the
molecular weight of the glass system is decreasing but the volume is also shrinking at a higher rate, depicting the structural modifications
due to the major changes in the coordination number of the neighbouring ions. This decreasing volume may be a result of the decreasing
inter-ionic distance of titanium ions as reported in Table 2. Additionally, the decrease in inter-ionic distance (ri) and polaron radius (rp)
resulted in greater Ti-O bond strength, leading to stronger field strength around titanium ions [4], [32].
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Fig. 3: Density and Molar Volume Variations of TLVBDx (with x = 0,1,3,5,9,10) Glasses with TiO, mol%.

Table 2: Summary of Different Physical Parameters of xTiO,*(10-x) V,05-30Li,0-60B,0; + 1 mol% Dy,0; Glasses (with x =0,1,3,5,9,10)
Glass codes
TLVBDO TLVBDI1 TLVBD3 TLVBDS TLVBD9 TLVBDI10

Physical Parameters

Molecular Weight(g/mol) 80.38 79.37 77.35 75.33 71.29 70.28
Density (p) (g/cc) (+0.02) 2.56 2.65 2.55 2.59 2.69 2.82
Molar Volume (V) (cc/mol) 31.41 29.85 30.32 29.04 26.42 24.89
Titanium Ion concentration(N;) (ion/cm?)x10%! - 0.20 0.59 1.03 2.03 2.39
Inter-ionic distance (r;)x1077 - 1.71 1.19 0.99 0.79 0.75
Polaron radius (r,)x107 - 0.69 0.48 0.40 0.32 0.30
Field strength (10" cm) 421 8.66 12.53 19.75 22.04

N, value 0.43 0.47 0.37 0.39 0.61 0.79
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3.3. Fourier transform infrared spectroscopy (FTIR)

FTIR spectroscopy reveals the rotations linked to a covalent bond as well as the existing molecular vibrations, thereby giving information
about the different structural units present in the glass structure. The FTIR spectra for the doped glass samples shown in Fig. 4 have been
recorded in the range 0f 400-2000 cm™'. The broad bands existing in the absorbance spectra confirm the amorphous nature of the glasses[33—
36].

The spectra in Fig. 4 exhibited all the three main absorption regions of vitreous borate glasses: (i) ~600-800 cm™! (due to the tilting of B-
O-B links in triangular BO3 units), (ii) ~800-1200 cm™ (due to the B-O stretching of tetrahedral BO4 units) and (iii) ~1200-1600 cm™!
(because of the B-O stretching in triangular BO3 units) [37], [38]. It can be seen clearly that, as the concentration of titanium ions increases,
the bands are broadened. To identify the exact peak positions in this broad spectrum, we have deconvoluted these with the help of Gaussian
multiple peak fitting in OriginPro 9. Fig. 5 represents the deconvoluted spectra of sample TLVBD5 with a coefficient of correlation (R?)
being 0.999.
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Fig. 4: Fourier Transform Infrared Spectra Observed for TLVBD Glass Matrix in the Range 400-2000 cm''.
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Fig. 5: Deconvoluted FTIR Spectra (by Gaussian Multiple Peak Fitting) of Sample TLVBDS.

The incorporation of titanium ions in different ratios in the prepared glass matrix has led to the following modifications: -

1) In the deconvoluted FTIR spectrum, the band originating around 575 cm™! might be ascribed to the vibrations of Li* ions [2] and the
Ti-O bond in octahedral TiOs groups[39].

2) The band peak positioned at ~685 cm™! substantiates the presence of B-O-B tilting vibration of triangular borate (BO3) groups[38]. It
can be observed from Fig. 4 that this band is getting sharpened in samples TLVBD1-TLVBD9 at a concentration of titanium ions from
1 mol% to 9 mol%, whereas the intensity drops at 10 mol%. Also, its position gets shifted to a higher wave number from 670 ¢cm’!
(TLVBDO) to ~692 cm™' (TLVBDI10). This results from distorted B-O linkage vibrations in the glass structure and indicates the presence
of B-O-Ti linkages vibrations of the TiO4 group at tetrahedral and octahedral positions of the glass structure, thus revealing major
modifications in the glass network with the addition of TiO2 [37], [40], [41].

3) The peak centered at ~923 cm! in sample TLVBDS is the result of stretching vibrations of the B-O bond in different BO4 units in tri,
tetra and penta-borate groups[1,42] and V=0 vibration of vanadium group (VOs)[43]. This peak is highly intense in sample TLVBDO
(in Fig. 4), whereas it is suppressed on the addition of titanium ions in the glass matrix.

4) The band around ~1088 c¢cm! and ~1227 cm! occurred because of less intense boron-oxygen stretching of non-bridging oxygens
(NBOs) in BO4 vibrations due to tri-borate, tetra-borate, and penta-borate groups, thus resulting in 4-coordinated boron units [40], [41].

5) The peaks around 1281 ¢cm™! and 1369 cm™! are the consolidated effect of stretching vibrations of B(III)-O-B(IV) of BO3-O-BOs4 and
B-O linkage of (BO3)* group in orthoborate and meta-borate chains, respectively [4,40].

6) The absorption band around 1520 cm™ is due to the stretching vibrations in B-O- of BOs units and BO3 units having 1 non-bonding
oxygen and 2 bonding oxygen linked with tetraborate units [38], [46], [47] and the peak at ~1758 cm! can be assigned to the vibrations
of OH" ions [39].

3.4. UV-Vis-NIR absorption study

The optical features of the TLVBD glass system were examined through UV-Vis-NIR absorption spectroscopy, as shown in Fig. 6. This
method involves the absorption of photons with energy higher than the optical band gap. The UV-Vis-NIR absorption spectra for the
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TLVBDx (with x = 0,1,3,5,9,10) glass system shown in Fig. 6 were recorded between 280 nm and 2200 nm wavelength range. The amor-
phous nature of glasses was ascertained by the absence of a sharp absorption edge. Ten absorption bands were detected at ~ 392 nm, 450
nm, 748 nm, 800 nm, 906 nm, 1096 nm, 1274 nm, 1430 nm, 1676 nm, and 1943 nm corresponding to Dy>" ions. These bands corresponded
to the transitions originating from ground state ®His2 — *F72, *Lisi2, ®F3r2, ®Fss2, ®F2, ®H72, ®F112 + ®Hopz, ®Hop, ®Hiis2 respectively [48].
These transitions were marked as per the assignments published by W.T. Carnall et al. [49]. The absorption bands at ~392 nm in the UV
region and ~ 450 nm in the visible region were only exhibited by the glass sample TLVBD10. These were absent in all other samples doped
with vanadium as seen in our previous results, except TLVBD9, exhibiting a very less intense band at ~ 748 nm [4]. This might be due to
the increase in absorption in the UV-Vis region with vanadium doping, and so the transitions were forbidden by spin selection rules. These
observations suggested that titanium ions have very less impact on absorption in the UV-Vis region as compared to vanadium ions. The
peaks observed in the near-infrared (NIR) region in Fig. 6 are comparatively broader and more intense than in the visible region.

‘H_ —» ——TLVBD) = TLVBDI TL.VBD3
ILVBDS5

TLVBDY9 TLVBDI0

Absorbance (a.u.)

300 600 900 1200 1500 1800 2100
Wavelength (nm)
Fig. 6: Optical Absorption Spectra of TLVBDx (with x = 0,1,3,5,9,10) Glasses in the Wavelength Range 280 nm-2200 nm.

3.4.1. Nephelauxetic effect

There has been a displacement in wavenumber of transitions in the glass system concerning aqua ion positions due to deformation in 4f
orbitals of Dy*" ions, identified as nephelauxetic effect. It anticipates the hypersensitive nature and covalent character of Dy**-O bonding
in the glass matrix. The covalency causes a decrease in interelectronic repulsion. The band at ~1274 nm occurred due to ®His2 — °Fii2
transition is hypersensitive as its width and intensity vary with the surroundings of dysprosium ions [50] and is allowed by selection rules
IAS|| =0, |JAL|| <2 and ||AJ]| <2 [28], [46]. Average Nephelauxetic ratio (B) and bonding parameter (5) were calculated as per mathematical
formulas reported in literature [4], and the obtained values are tabulated in Table 3. The bonding parameter (3) values are found to be
positive, depicting the covalent character of the bond shared by Dy>" ions with the surrounding ligands. Due to this covalent Dy3**-O
bonding, stronger asymmetry exists in the ligand field environment around Dy** ions that governs the probabilities of electronic transitions
responsible for light emission, thereby directly impacting the optical intensity and efficiency in white light production [51].

3.4.2. Absorption edge, optical band gap, and Urbach energy analysis

Cut-off wavelength (Acut-off) was determined by linear fitting of the absorption edge of absorption spectra, as shown in Fig. 7, and values
were reported in Table 3. It shows a decreasing trend with increasing amount of titanium ions in the glass matrix. This might be either due
to the absence of major change in electronic transitions in the UV-Vis region due to Ti*" ions that caused the blue-shifted absorption edge,
or possibly TiO: is behaving as a glass former, enhancing network connectivity, leading to fewer NBOs that caused a decrease in cut-off
wavelength [52]. This was also reflected by the FTIR results (increase in N4 value with increasing content of titanium oxide).
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Fig. 7: Cut-Off Wavelength of TLVBD Glass System by Extrapolating the Absorption Edge in 300 nm-750 nm Wavelength Range.

Generally, in amorphous solids, indirect transitions across the optical band gap define the optical absorption edge [53]. Optical band gap
of the TLVBD glass matrix was ascertained by the theory given by Mott and Davis relating the absorbance coefficient (o) to the incident
photon energy (hv) given below [4], [28]:

(hv—Eg)" (D

a=Db -
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Where b is the band tailing parameter and r is a constant based on the type of electronic and optical transitions. There is a possibility of
only indirect (allowed and forbidden) transitions in case of glasses due to their amorphous nature, so r =2 (for indirect allowed transitions)
and r = 3 (for indirect forbidden transitions). The indirect optical band gap (E,) values were evaluated by drawing a graph of (ahv)"? versus
photon energy (hv) and extending the linear region of the y-axis to meet at the x-axis, as shown in Fig. 8 and reported in Table 3. These
values varied non-linearly between 0.63 eV and 2.86 eV for r = 2 and between 0.052 eV and 2.43 ¢V for r = 3. The lower band gap values
hinted at the low-energy semiconducting behaviour of the glass matrix due to the high probability of thermally activated conduction, thus
bridging the gap between insulators and traditional semiconducting materials. The non-linear variations in the band gap were possibly due
to the combined effect of TiO2 and V20s in this multi-component glass system. Initially, when 1 mol% TiO: is introduced in the Dy3" doped
boro-vandate glass (sample TLVBD1), the band gap decreased slightly, possibly due to the formation of oxygen vacancies within the band
gap that acted as intermediate energy states and reduced the gap [54]. Thereafter, it increased up to 3 mol% and then showed a very less
diminishing effect up to 5 mol% of TiOz, as vanadium ions have a higher positive charge and smaller radius as compared to titanium ions,
thus possessing a strong polarization effect on oxygen ions [55]. Between 5-10 mol% of titanium content, the share of vanadium ions’
effect seems to be diminishing and the band gap goes on increasing. Glass samples TLVBDO, TLVBD1, TLVBD3, TLVBDS5 and TLVBD9
have optical band gap <1.7 eV, implying they can absorb infrared (IR) and near-IR light making them suitable candidates for application
in the areas of IR sensors, thermal imaging and night vision.

Refractive index (1) is another parameter useful for investigating the optical features and the compatibility of the glassy material in various
areas. It depends on coordination no. of ion, electronic polarizability of the oxide ion and polarizability of the directly connected neighbour
ions [48]. The values of refractive index were calculated using the following formula given by Dimitrov and Sakka [48], [52] and are
reported in Table 3:

-1, |Eg
vzt J; @

Molar refractivity (Rm), electron polarizability (am) and optical dielectric constant (g) were also determined by using the formulas from
literature [48] and their values were reported in Table 3. It was found out that molar refractivity and polarizability decreased with the
increasing content of titanium ions as there were fewer NBOs as the amount of TiO: increased in the glass system.

Table 3: Cut-Off Wavelength(A.u.om), Optical Band Gap (E,), Urbach Energy (AU), Nephelauxetic Ratio (B), Bonding Parameter (3), Refractive Index (),
Two Photon Absorption Coefficient (Brpa), Molar Refractivity (Rnm), Electron Polarizability (o) and Dielectric Constant (¢) of TLVBD Glass Matrix

Parameters TLVBDO TLVBDI1 TLVBD3 TLVBDS TLVBD9 TLVBDI10
A cutorr (NM) 716 676 545 538 478 378
E, (=2) eV 0.72 0.63 1.54 1.47 1.89 2.86
E, (=3) eV 0.085 0.052 0.8 0.72 1.15 243
AU 1.282 1.437 0.976 1.002 0.757 0.450
® 0.979 0.990 0.991 0.989 0.991 0.992
) 2.09 1.01 0.88 1.10 0.84 0.86
n 3.72 3.86 2.97 3.01 2.79 2.44
Brea 30.93 31.66 24.29 24.85 21.45 13.59
R 25.45 24.55 21.91 21.17 18.30 15.48
O x 102 10.08 9.73 8.68 8.39 7.25 6.13
€ 13.81 14.90 8.81 9.07 7.76 5.93

In the optical absorption spectrum, the exponential tail of the absorption edge is characterized by Urbach energy (AU). In glassy materials,
the degree of disorder and defect states is reflected by the Urbach energy that was determined by the following relation:

hv
a= o,em 3)

AU values were evaluated by linear fitting the absorption coefficient In(a) versus energy of photon (hv) to an exponential function as shown
in Fig. 9, and taking the inverse of the slope values thus obtained. The calculated values of Urbach energy are reported in Table 3. These
values are found to be high, indicating that TLVBD glass matrix has better possibilities to modify the weak bonds into structural disorders
and internal defects. Moreover, these values were found to follow an opposite trend concerning band gap, suggesting more localized states
within the gap [51].
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Fig. 8: Tauc’s Plot for TLVBDx (with x =0,1,3,5,9,10) Glass Matrix with r =2 and extrapolation indicates the Indirect Band Gap.
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To estimate the optical switching performance in waveguides, the photon absorption (TPA) coefficient (Brpa) is a very important factor. It
quantifies how effectively a material absorbs light through the simultaneous absorption of two photons and was determined by the following
relation [44]:

Brea(cm/Gigawatt) = 36.76 — 8.1Eg )

The calculated values of Brea are reported in Table 3, and the TLVBD10 glass sample has the lowest value (13.59 cm/GW) of Brea, hinting
its utility in waveguides [44].
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Fig. 9: Urbach Energy Plot for the Synthesised Glass Samples.

3.5. Photoluminescence (PL) investigation

3.5.1. Emission and excitation spectra

PL spectra (as shown in Figs 10 and 11) were recorded for the synthesised glass samples to investigate the dynamics of luminescence and
energy levels generated due to the Dy*" ions through the luminescence mechanism. The excitation spectra as demonstrated in Fig. 10 was
monitored at an emission wavelength Aem = 577 nm corresponding to Dy>* ions in the spectral range 300-550 nm. It disclosed eight excited
bands for 4f-4f transitions of trivalent dysprosium ions centered at ~ 324 nm (°Hisz — °P312), ~350 nm (°His2 — P712), ~363 nm (°His
— Psp), ~386 nm (°Hisz —*F72), ~424 nm (*His2 —*G112), ~452 nm (*Hisp —*1152), ~472 nm (*His2 —*Fo) and ~527 nm (®His.
—OF32) [4]. Among these transitions, the four most intense transitions were chosen for exploring the emission spectra.

The luminescence spectral profile in Fig. 11 demonstrated that there was emission of one intense blue region band centered at 482 nm
(corresponding to “Fo»—°His/2), another more intense yellow region band centered at 574 nm (corresponding to *Fox—°H13/2) and a feeble
red region band centered at 664 nm (corresponding to *Fon—CHi112) for excitation wavelengths Aexc = 350 nm and 452 nm, ascribed to the
characteristic intra f-f transitions of trivalent dysprosium ions [56].
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Fig. 10: PL Excitation Spectra of 1 mol% Dysprosium-Doped TLVBDx (with x =5,9,10) Glass Matrix with Emission Wavelength of 577 nm.

Along with these bands, there existed a weak band centered at 693 nm (corresponding to 2E— 2T transition of Ti** ions [57]) for Aexc =
363 nm, which got shifted to 733 nm for Aexc = 386 nm, indicating the presence of titanium ions in Ti** valence state for 5Smol% -10 mol%
concentration of TiOz in the synthesised glass samples. The ®His2 transition (blue band) is a magnetic dipole (MD) transition (AJ = 0, =1
but 0«0 forbidden) that is not affected by the surrounding environment of Dy** ions. The yellow band (°Hi312) is an electronic dipole (ED)
transition (permitted by the selection rule AS = 0, AL =2, AJ = 2) and is hypersensitive, being sensitive to the pristine glass environment
[32]. The intensity ratio of ED to MD (Yellow/Blue or Y/B ratio) is used to explore the local environment around Dy>" ions and lattice
symmetry in the host glass matrix. Generally, the interaction of RE ions with the host glass is determined by its degree of symmetry. More
is symmetry in the host glass system, the less is the interaction among the RE ions and the host, and vice-versa. As shown in Fig.12, the
Y/B ratio is observed to be high (>1) except for 452 nm excitation wavelength, indicating an asymmetric environment around Dy>" ions in
the synthesised host lattice as well as the ability of the Dy3" ions to produce white light in the TLVBD glass system [56].



380 International Journal of Basic and Applied Sciences

[===TLVBD0===TLVBDI TLVBD3 f TLVBDO = TLVBD | TLVBDY .
| TLVBDS ——TLVBD9 ——TLVBDI10 |—TLvBDs——TLvBD9——TLVBDI0  Foy "Hig

A, =363 nm I

L
F 'Hyg

k=350 nm I

Intensity (a.u.)
Intensity (a.u.)

EST, - (i)

T T T T T T T T T T ]
400 450 500 550 600 650 400 450 500 550 600 650 700
Wavelength (nm) Wavelength (nm)
(@) (b)

===TLVBDS

TLVBD9 =———TLVBDI0

“:- ' .’ll,\ 2

TLVBDS

TLVBD9 ——TLVBDI0

A =452 0m I

":‘2,, ‘"l.v)

| %= 386 nm I

3 3
g )
z =
Z 2
5 2
£ E
BT, - (T
E W ‘F,,~H,,,
91 Hn 2 "
; 0 ; 0 s o 500 530 600 650 700 750
400 450 500 550 600 650 700 750 E 35 64 65 £
Wavelength (nm) Wavelength (nm)

c
Fig. 11: Emission Spectral Profile of 1 mol% Dy**-doped TLVBD Glass System Observed for Excitation Wavelength (a) 350 nm, (b) 363 nm, (c) 386 nm,
(d) 452 nm, respectively.

Fig. 12 also suggested that the Y/B ratio has a strong dependence on the amount of TiO2 and V20s in the glass matrix. As per the results of
our previous work [4], vanadium concentration significantly reduces the intensity of the yellow band and enhances the intensity of the blue
band. This was also reflected in the TLVBD glass system when sample TLVBD10 (with 0 mol% of vanadium) exhibited a sharp increase
in the intensity of both the bands along with a high Y/B ratio, indicating that titanium ions enhance the luminescence due to Dy>* ions by
generating more asymmetry in the lattice. PL emission is also significantly affected by the wavelength of excitation. This is depicted in
Fig. 12 for Aexc = 452 nm; the low values of Y/B ratio may be due to possibly more excitation into the energy levels, favouring the blue
emission.
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Fig. 12: Comparison of Y/B Ratio for TLVBD Glass System with the Increasing Concentration of TiO, at Excitation Wavelengths of 350 nm, 363 nm, 386
nm, and 452 nm, depicting increasing Asymmetry in the Lattice.

3.5.2. Energy level diagram

Fig. 13 depicts the schematic energy level diagram of trivalent dysprosium ions. Initially, the Dy ions lying in the ground state were
stimulated to different higher energy levels through absorption of excitation wavelengths at 350 nm, 363 nm, 386 nm, and 452 nm. As the
energy levels above “Fop level had less energy difference, the Dy3* ions tended to decay non-radiatively from those higher energy levels to
“Foi» metastable state, causing a population explosion at this level. Contrary to this, there was the least probability for a non-radiative
transition from “Fos2 to °Fa state due to an appreciable energy difference between them. So, Dy*" ions relax radiatively to lower energy
states emitting light at 482 nm (in blue region), 574 nm (in yellow region), and 664 nm (in red region) as shown in Fig. 13. Pristine glass
matrix, chemical composition, and pumping wavelength were some factors that decided the feasibility of these transitions [4], [32]. As
depicted in Fig.13, there were probable chances of energy transfer between two Dy>* ions non-radiatively due to cross relaxation (CR),
which occurred due to energy transfer from excited state Dy>" ions to the ions lying in the nearby ground state. It caused both the ions to
be in an intermediate state and dissipate energy to the ground state non-radiatively [48].
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Fig. 13: Schematic Energy Level Diagram of Trivalent Disprosium Ions.

3.5.3. Colorimetric analysis

Colorimetry (or “science of color”) is the scrutiny of colors emitted by a material, so its insight is often blended with human color vision.
Practically, the human eye perceives the fusion of two colors as a single color and is usually imperceptible to an authentic dichromatic
composition of that fusion [58]. Hence, to ascertain the colorimetry evaluation of the TLVBD glass matrix, the chromaticity coordinates
(x,y) and color correlated temperature (CCT) were estimated using the Commission Internationale de 1’Eclairage (CIE) — 1931 system. For
color matching of the spectral distribution, P(A) of the synthesised glass samples, three tristimulus functions X, Y, and Z were determined
using the relations as follows [32]:

X= [, KxWPM)dA (3)
Y= [, yOPQ)dA (6)
Z= [ Z()PQ)dA (7

X(A), y(M)and Z(A) were standard color matching functions of the 1931 CIE system, and d\ represented a very narrow bandwidth for
executing the simulation. The Tristimulus function values (X, Y, Z) are then estimated from the CIE chromaticity coordinates (x, y, z) using
the following formulae:

X

X= vz ®)
Y

Y= Xvez ®
vA

Z= vz 10

The obtained values were compiled in Table 4. Fig. 14 illustrates these color coordinates (x,y) for 1 mol% Dy3*-doped TLVBD glass matrix
for different excitation wavelengths. The standard white luminescence value (0.33, 0.33) lies in the centre of the diagram. For Aexc = 350
nm, 363 nm, and 386 nm, the obtained color coordinates are quite close to the standard white light, and for Aexc = 452 nm, the color
coordinates shifted to longer wavelengths, matching the yellowish green region for TLVBDO0, TLVBD1, and greenish region for other glass
samples. The Correlated Color Temperature (CCT) of the illuminant, which is connected to the visual acuity, emotional state, and mental
well-being, was determined by using the following empirical formula given by McCamy [28], [53]:

CCT = 499n° + 3525n% — 6823n + 5520 (11

Where, n= % and epicenter (Xe, ye) corresponds to (0.3320, 0.1858). The estimated values of CCT were reported in Table 4. These values

predicted the suitability of the prepared glass matrix for indoor or outdoor applications. Glasses with CCT < 3500 K generate warm light
for indoor lighting applications, 3500 K < CCT < 5000 K produce neutral white light for outdoor lighting purpose and CCT > 5000 K
produce cool white light matching the daylight and are suitable for environments demanding high visibility and color accuracy. So, prepared
glass samples had CCT values > 5000 K making them suitable for improving the color accuracy, enhancing visibility and improving focus,
so perfect for lighting applications in educational institutions, healthcare facilities, industries, street lighting, parking lots, etc. One more
parameter that gives an idea about the source's competence to yield true colors of the object, known as the Color Rendering Index (CRI),
was also assessed and tabulated in Table 4.

Table 4: Color Coordinates, Y/B Ratio, CRI, CCT Values, and Emission Color of TLVBD Glass System at Excitation Wavelengths of 350 nm, 363 nm, 386
nm, and 452 nm.

Excitation Wavelength Parameters Sample Codes
TLVBDO TLVBDI1 TLVBD3 TLVBDS TLVBD9 TLVBDI10
x-coordinate 0.333 0.349 0.335 0.304 0.305 0.348
y-coordinate 0.366 0.368 0.358 0.333 0.328 0.374
350 nm Y/B ratio 1.31 1.44 1.18 0.98 1.31 1.62
CRI 88 90 95 87 76 24

CCT (K) 5497 4928 5409 6890 6936 4973
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Emission color Cool White Neutral White Cool White Cool White Cool White Neutral White

x-coordinate 0.323 0.341 0.329 0.297 0.299 0.338
y-coordinate 0.359 0.364 0.358 0.321 0316 0.360
363 nm Y/B ratio 1.25 1.39 1.2 0.89 1.24 1.51
CRI 87 89 93 90 80 30
CCT (K) 5892 5182 5622 7541 7494 5295
Emission color Cool White Cool White Cool White Cool White Cool White Cool White
x-coordinate - 0.324 0.315 0.284 0.301 0.339
y-coordinate -- 0.343 0.334 0.295 0.308 0.359
386 nm Y/B ratio -- 1.42 1.19 0.93 1.39 1.6
CRI -- 84 87 89 80 32
CCT (K) -- 5859 6330 9234 7455 5245
Emission color - Cool White Cool White Cool White Cool White Cool White
x-coordinate 0.352 0.348 0.325 0.304 0.329 0.354
452 nm y-coordinate 0.493 0472 0.442 0411 0.419 0.422
Y/B ratio 0.46 0.38 0.27 0.26 0.61 1.2
CCT (K) 5098 5149 5709 6435 5600 4917
Emission color Cool White Cool White Cool White Cool White Cool White Neutral White
Table 5: Comparison of PL Parameters of TLVBD Glass System with Already Published Work
Sample Code Excitation Wavelength (nm) Y/B Ratio CIE (x,Y) CCT (K) Reference
ZLVBDI1 386 1.18 (0.29, 0.286) 9006 [4]
0.5 Dy*": LZB 386 1.6 (0.34, 0.36) 5104 [71
Glass A 384 0.79 (0.30, 0.34) 7089 9]
DPNAB (x=0) 385 1.3 (0.33,0.37) 5761 [48]
LABD-4 387 1.08 (0.34, 0.39) 5260 [59]
TLVBDI 386 1.42 (0.32,0.34) 5859 This work
TLVBD3 386 1.19 (0.32,0.33) 6330 This work
TLVBDI0 386 1.6 (0.34,0.36) 5245 This work

4. Conclusions

In this work, a comprehensive analysis of the physical, optical, and photoluminescence performance of pristine glass matrix xTiO2(10-
x)V205:30Li20-60B203 + 1 mol% Dy20s glasses (with x =0, 1, 3, 5, 9, 10 mol%) synthesised through the melt quench method was
reported. XRD confirmed the amorphous nature of the glass samples. The density calculations revealed the overall structure’s compactness,
decrease in inter-ionic distance, and a stronger field strength around titanium ions with increasing amount of TiO2. FTIR spectroscopy gave
an idea about the existence of TiO4 group, TiOs vibrations, V=0 vibration of VOs, and borate structural units along with the Li* vibrations.
Optical band gap varied between 0.052 eV- 2.86 eV, indicating the potential application of glass samples TLVBDx (with x =0, 1, 3, 5, 9) in
IR sensors, thermal imaging, and night vision. The values of refractive index and dielectric constant revealed that TLVBDO and TLVBD1
were suitable for optical filters and capacitors, whereas TLVBD10 was found to be suitable for anti-reflective coatings. The bonding pa-
rameter () values were found positive, depicting the covalent nature of the bond shared by Dy>" ions with the surrounding ligands. Low
value of TPA coefficient (Brra = 13.59 cm/GW) for TLVBD10 suggested its utility in waveguides and it was found that TPA values can be
managed by tuning the optical band gap. PL excitation and emission spectra were recorded for Dy*" ions and demonstrated that in contrary
to V20s, TiO2 enhanced the luminescence by generating more asymmetry in the lattice. The CIE coordinates, CCT, and CRI values were
correlated to standard white luminescence lying in the cool white region for excitation wavelengths 350 nm, 363 nm, 386 nm, whereas
they coincided with yellowish-green and green color in the cool white region for excitation wavelength 452 nm. Finally, it can be concluded
that our entitled glasses were found suitable for the development of WLED devices, green LEDs, electronic devices like capacitors, and
optical filters. Our study has been limited to a fixed concentration of Dy20s. So, for future prospect, this series can be conducted with
varying Dy>" concentration to determine the optimal level for concentration quenching. Moreover, co-doping with one more RE ion such
as Eu**, Ce?" or Sm** may assist in shifting emission bands and chromaticity towards targeted regions like cool white, warm white, orange,

etc.
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Fig. 14: 1931 CIE Chromaticity Diagram for 1 mol% Dy*'-Doped TLVBDx (with x= 1,3,5,9,10 mol%) Glass Matrix excited at Aexc = 350 nm, 363 nm, 386
nm, and 452 nm Wavelength depicting the closeness of Chromaticity Parameters of the Glass Samples with that of White Light (0.33,0.33).
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