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Abstract: In recent years, rare-earth-doped inorganic phosphors have gained significant attention in the field of display
technologies. In this study, BaTiO3 phosphors doped and co-doped with Tb3 * and Eu3 *ions were synthesized using the
wet chemical method. The crystal structure and phase composition of the obtained phosphors were characterized through
Xray diffraction (XRD) combined with Rietveld refinement. Surface morphology and elemental composition were
investigated using scanning electron microscopy (SEM) along with elemental analysis. Photoluminescence (PL) studies
revealed that, under excitations at 265 nm, 395 nm, and 465 nm, Eu? *doped and Tb??/Eu3* co-doped BaTiO3
phosphors displayed prominent emissions: an orange peak at 595 nm and a red peak at 614 nm corresponding to the "D,
— F; and Dy — F, transitions of Eu* respectively, while Th3 * doping yielded green emission. Upon satisfying the
spectral overlap condition, co-doping both ions in the host matrix resulted in photoluminescence with color tunability from
green to red. These findings suggest that the synthesized phosphors are promising candidates for white light-emitting diodes
(WLEDs) and display device applications.
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1. INTRODUCTION

Because of its many uses, including as capacitors, electro optical systems, pyroelectric infrared sensors,
ultrasonic transducers, positive temperature coefficient (PTC) resistors, and more, barium titanate (BaTiO;)
is being explored in great detail[l,2]. By utilising diverse preparation techniques and dopants, BaTiO;'s
electrical characteristics can be modified. The luminescence properties of BaTiO; nanopowders generated by
different processes may also be significantly influenced by the varied types of defects that have been found.
Among the chemical elements utilized as dopants for BaTiOj; are rare earths[3-6]. One of these, lanthanum,
is a donor dopant that fills the Ba sites in the BaTiOj; crystal lattice. When barium titanate (BaTiO;) is doped
with RE, it exhibits a shift in electrical resistance, particle size, and symmetry from tetragonal to cubic[7-9].
The BaTiO; structure becomes defective due to RE-doping, as it results in alterations to the A and B sites as
well as an Assite vacancy. It follows that doping should have an impact on optical properties. It was
demonstrated that the optical band gap value (derived from UV-Vis spectra) for RE-doped BaTiO; samples
synthesised by solid state reaction reduced as La concentration increased. On doped samples, however, no
broadening or shifting of the luminescence peaks is seen. However, it is known that the process of synthesis,
which can result in the production of more or less structural flaws, might affect the physical properties (namely
luminescence). There were several techniques utilised to prepare RE™ doped BaTiOs;, including
coprecipitation, spray pyrolysis, sol-gel, solid state reaction, Pechini method, etc[7,10-15]. We want to
investigate the effects of rare earth doping on luminescence spectra.

Rare earth ion luminescence in solids has previously been observed in recent decades[16-19]. Due to the
unique electrical arrangement of rare earth elements, rare earth luminescent materials have numerous
emission spectra due to the rich energy level structure of their 4f orbit. Rare earth polychromatic
luminescence materials have drawn increasing attention in recent years from those working in the fields of
displays, lighting, lasers, and photoelectric devices[20-23]. Tb* is a superior ion for activating green lights.
In BaTiO; phosphors, the energy can move from Tb’* to Eu”, and it may also enhance the luminous
characteristics of Eu’* doped BaTiO; phosphors[10,24]. If different ratios of Eu’" and Tb* are doped, the
emission colour of the co-doped Eu’*, Tb> BaTiO; phosphors can shift from green to red. The kind of
phosphors was mentioned as having promise for use as materials in anti-counterfeiting systems. Analyzing the
colour and intensity changes in Tb’* and Eu’* co-doped BaTiO; phosphors is particularly helpful in
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elucidating the physical process underlying the energy transfer from Tb’* to Eu’* in the phosphors. In light
of the aforementioned, we created Th>" and Eu’* co-doped BaTiO; micro-crystals in our work using the
precipitation method. We looked at the simples' X-ray diffraction spectra and scanning electron microscopy
pictures. PL investigations have been conducted in Tb’* and Eu’ phosphor to confirm luminous
characteristics and analyze energy transmission[25-27].

2. Synthesis and Characterizations

BaTiOs phosphor powders, singly doped and co-doped with Th3* and Eu3* ions, were synthesized via a wet
chemical route, followed by annealing in a reducing atmosphere. In the preparation process, stoichiometric
quantities of Ba(NO3),-4H,0O and TiO, were thoroughly mixed. High-purity Eu;O3 (99.99%) and Tb,O-
(99.99%) were converted into respective nitrate by dissolving in minimum amount of nitric acid, which were
then mixed in a small volume of double-distilled water. The solution was continuously stirred and heated in
a water bath at 85 °C to obtain a homogeneous precipitate. This precipitate was dried overnight in a hot-air
oven, after which the dried mass was collected, ground for 5 minutes, and subsequently used for further
characterization.

The phase purity of the prepared BaTiO3 phosphor was examined using multiple characterization techniques.
Powder X-ray diffraction (XRD) patterns were recorded with Cu Ka radiation (A = 1.5405 A) on a RIGAKU
MiniFlex 600 diffractometer for structural analysis. Fourier transform infrared spectroscopy (FTIR) was
employed to study the vibrational modes of the sample. Additionally, photoluminescence (PL) studies,
including both excitation and emission spectra, were performed using a SHIMADZU RF-5301
spectrofluorophotometer to explore the optical properties.

3. RESULT AND DISCUSSION
A. XRD Analysis

Step scanning at intervals of 0.02° was used to monitor the XRD pattern of the synthesized Ba ., TiO3:xTh™,
yEu™ phosphors in the range of (20—80) °, as shown in Figure 1. The detected diffraction peaks are in good
agreement with JCPDS card number 82-1175. The peaks are thin, clear, and distinct, suggesting that the
diffraction pattern is clearly indexed. The existence of these peaks is explained by the possibility that rare
earth ions, whose ionic radii are similar to those of Ba*, will occupy these interstitial positions. The near
ionic radius match between Ba’* ions and rare earths explains this substitution. But because of the discrepancy
in ionic radii, the Ti* sites whose ionic radius is remained unsubstituted, which explains why they are absent
from the substitution process. It is possible that both phases are present in the sample because trace amounts
of BaTi,Os have been observed to peak with BaTiO; in the XRD pattern. Depending on the relative
prevalence of these two phases within the material, a correlation between them may show up as a change in
peak intensities. The distinctive peaks of BaTiO; will show up more clearly and intensely in the XRD pattern
when it is the dominant phase. Because of its reduced presence in these circumstances, the intensity of
BaTi,Os peaks will be relatively lower. On the other hand, if BaTi,Os takes over as the predominant phase,
its distinctive peaks will stand out more and have higher intensities in the XRD pattern. Thereafter, the
BaTiO; peaks would become less visible and intense, suggesting that there was less BaTiO; in the sample
overall. The observed XRD pattern may be influenced by the correlation between these phases' dominance.
The concentrations of each phase's peaks within the sample are directly correlated with their intensities.
When one phase predominates, its distinctive peaks stand out more, and when the other phase is less
prevalent, the strength of its peaks diminishes.
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Figure 1: XRD analysis of Ba,,.,TiO;:xTb*, yEu’* phosphors.
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B. FTIR Analysis

The BaTiO; perovskite phosphor's FT-IR illustrations are displayed in Figure 2. The common explanation
for the band at 1421 cm~" is the asymmetric stretching vibration of carbonate groups. The carbonate groups'
symmetric stretching vibration is correlated with the absorption at 1003 cm~". This peak provides additional
evidence that carbonate ions are present in the sample. The carbonate group's out-of-plane bending vibration
is linked to the band at 696 cm~". The recognition of carbonate ions in the material is also supported by this
vibration mode. The presence of the Ti-O stretching vibration band at 553 cm~" in the FT—IR spectra, which
is compatible with the findings from other analytical techniques like XRD, strongly supports the
establishment of the perovskite structure in the prepared material. The effective synthesis of the desired
perovskite phase is confirmed by this validation. The characteristic Ti-O stretching vibrations in the infrared
spectra of BaTiO; are well-known. The absorption peak located at 560 cm~" is indicative of the particular
vibration mode of the Ti-O bonds seen in the BaTiOj structure. In the FT-IR spectra, the absorption bands
at wave numbers (723 and 772) cm~" are linked to metal-oxygen (M—Q) vibrations, specifically with the
bonds between titanium and oxygen (Ti-O) and titanium and oxygen-titanium (Ti-O-Ti)(3,28-30].
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Figure 2: FTIR analysis of BaTiO; phosphor.

C. Photoluminescence Investigation

On doping Tb** ions, PL emission and excitation spectra were observed for the identical host lattice. Four
peaks in the NUV region are visible in the PL excitation spectra, with peak positions at 351 nm, 368 nm, and
377 nm. The 'F¢ — °L, transitions are responsible for the peaks at 351 and 368 nm, whereas the "Fg — °Dj
transition shown in Figure 3 is responsible for the peak at 377 nm[31]. The two wavelengths at which the
peaks at 351 and 377 nm are the most influential are those at which we record PL emission spectra. Two
strong emission peaks were found at 452 and 545 nm, along with a few smaller, more broadly orientated
peaks at 452 and 488 the wavelengths. Figures 4 and 5 show the peaks at 452 and 488 nm, which are caused
by °D; — °F¢ and 544 nm, which are caused by °D, — °Fs transitions[32-34].
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Figure 3: PL excitation spectra of BaTiO;:xTb** phosphor monitored at emission of 545 nm.
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Figure 4: PL emission spectra of BaTiO;:xTbh** phosphor at excitation of 351 nm.
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Figure 5: PL emission spectra of BaTiO5:xTb** phosphor at excitation of 377 nm.

The PL excitation spectra of BaTiO3: x Eu3* phosphors, as illustrated in Figure 6, exhibit two distinct
excitation peaks at 394 nm and 466 nm. These peaks, recorded using an emission wavelength of 594 nm,
correspond to the “Fg — °Lg and “Fy — D, electronic transitions of Eu?* ions[35-40], correspondingly.
When excited at wavelengths of 394 nm and 466 nm, as illustrated in Figures 7 and 8, the phosphor exhibits
two prominent emission peaks positioned at 594 nm and 614 nm. These emissions are associated with the
"Do—"F1 magnetic dipole transition and the *Dy—"F, electric dipole transition of Eu3* ions, respectively[41].
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Figure 6: PL excitation spectra of BaTiO;:xEu’" phosphor monitored at emission of 594 nm.
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Figure 7: PL emission spectra of BaTiO;:xEu®* phosphor at excitation of 394 nm.
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Figure 8: PL emission spectra of BaTiO;:xEu’* phosphor at excitation of 466 nm.

In BaTiO3 phosphors doped with Tb3* and Eu3*, the emission intensity increases with dopant concentration
up to about 2.5 mol% for Tb** and 2 mol% for Eu3*, after which it declines. This reduction is attributed to
the concentration quenching phenomenon. Such quenching occurs due to the critical transfer distance (Rc),
defined as the separation between a host ligand and an activator ion at the critical concentration (Xc). The
magnitude of Rc determines the type of interaction responsible for quenching. When Rc is less than 5 A,
exchange interactions dominate the reduction in intensity, whereas for values greater than 5 A, multipolar
interactions are primarily responsible. Critical transfer distance is determined by the Blasse theory[18];

Rc=zQ§%ka )

Here if V=196.90 A’ is the volume of the unit cell, X, = 2.5 and 2 mol % for Tb* and Eu’" respectively are
the optimal concentration, N=2 is the number of cations in the unit cell. Now according to formula, Rc is
4.22 and 4.54 for both Tb** and Eu’* ions respectively. Therefore, exchange interaction is accountable for the
concentration quenching effect in Th”", Eu** doped BaTiO; phosphors.
Dexter theory was applied to obtain more precise information regarding the interactions accountable for the
concentration quenching in Tb’* and Eu** doped BaTiO; phosphors[37,42];
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The emission intensity of the rare-earth-activated phosphor is represented here, where x indicates the doping
concentration, and k and B are constants. According to Van Uitert’s theory, as discussed in previous
literature, the nature of the interaction causing concentration quenching is determined by the value of 6[43].
Relation between log (x) and log (I/x) are depicted in Figure 9 and 10 for Tb** doped BaTiO; and Eu’ doped
BaTiO; phosphors respectively[44-46]. Slope of given linear fits for the Th’>* doped BaTiO; and Eu’* doped
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BaTiO; phosphors are -0.0389 and -1.0462 respectively. Therefore, values of 8 are 0.1167 and 3.1386 for
Tb™ and Eu’" respectively which are nearly equal to 3 therefore exchange interaction is responsible for the
concentration quenching for both the rare earth ions.
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Figure 9: Log(x) Vs Log(I/x) for Tb** doped BaTiO; phosphors.
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Figure 10: Log(x) Vs Log(I/x) for Eu** doped BaTiO; phosphors.
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Figure 11: PL emission spectra of 2.5 mol % Tb’*, x mol % Eu’* activated BaTiO; phosphors.

The energy transfer from Th’" to Eu’" has taken place as a result of the BaTiO; phosphors' Tb** and Eu** ions
meeting the spectral overlapping conditions of excitation- excitation overlapping[36]. Figure 11 presents the
emission spectra of Tbh3>*/Eu3* co-doped NaLa(MoQ,), phosphor monitored at 545 nm under 377 nm
excitation. The spectra exhibit three characteristic emission peaks: a green emission at 545 nm from the "Dy
— 'Fg transition of Tb3*, and orange-red emissions at 594 nm "Dy — ‘F;) and 614 nm "Dy — F,) from
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Eu3*. A progressive decrease in the 545 nm emission intensity with increasing Eu3* concentration,
accompanied by an enhancement of Eu3* emissions, indicates efficient Tb3>* — Eu3* energy transfer. The
corresponding energy transfer mechanism is illustrated in Figure 12.
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Figure 12: Energy transfer mechanism of Tb** to Eu’* energy transfer. (Reproduced with the permission
from the ref.[27] © RSC Publications 2023)

D. CIE Photochromaticity

The chromaticity coordinates of the Tb*, Eu’ activated/co-activated BaTiO; phosphor were determined by
the Commission de I Eclairage (CIE) and can be seen in Figure 13[42]. The chromatic coordinates of BaTiO3
phosphors co-doped with Tb3* and Eu3* are listed in Table 1. As depicted in Figure 13, these phosphors emit
white light. With the gradual increase in Eu3® concentration, the coordinates of BaTiOs:Tbh**, Eu3*
phosphors shift closer to the white light region, demonstrating their tunable emission properties. The
variation in dopant concentration, as shown in Table 1, also influences the color purity of the phosphors,
which can be evaluated using the given formula.[42,46-50];

JOX)P (VY2 *100 % 4)

JXa—X)2+(Yq-Y;)?

Colorpurity =

TABLE 1. Summary of CIE color co-ordinates and other parameters of BaTiO;:Tbh’", Eu’" co-activated
phosphor:

Sr No. | Sample X Y X4 Y, Color Purity (%)

1. BaTiOs: 2.5 mol % Tb’, 0.5 | 0.2059 | 0.2796 | 0.2686 0.7178 61.16
mol % Eu’

2. BaTiOs: 2.5 mol % Tb™, 1| 0.2245 0.3000 | 0.2686 0.7178 51.57
mol % Eu’

3. BaTiOs: 2.5 mol % Tb™, 1.5 | 0.2442 | 0.2974 | 0.2686 0.7178 42.39
mol % Eu’

4. BaTiOs: 2.5 mol % Tb™, 2 | 0.2734 | 0.2895 0.2686 0.7178 28.94
mol % Eu’

5. BaTiOs: 2.5 mol % Tb™, 2.5 | 0.3216 | 0.3067 0.2686 0.7178 5.69
mol % Eu’

6. BaTiOs: 2.5 mol % Tb™, 3 |0.3398 | 0.3165 0.2686 0.7178 3.32
mol % Eu’
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Figure 13: CIE chromaticity of 2.5 mol % Tbh*" x mol % Eu’* activated BaTiO; phosphors.

4. CONCLUSION

In this study, Tb** and Eu?* doped/co-doped BaTiO3 phosphors were prepared using the sol-gel technique
to investigate their charge compensation behavior and photochromic properties. Various analytical methods
were employed to confirm the structural and optical features of the synthesized phosphors. X-ray diffraction
(XRD) confirmed their crystalline structure, while Fourier-transform infrared (FTIR) spectroscopy identified
their vibrational modes. Optical studies revealed a tunable emission color ranging from blue to white, with
the CIE chromaticity coordinates showing a shift dependent on Eu3* ion concentration. These results
indicate that the phosphor serves as a promising photochromic blue-to-white emitter, suitable for white light-
emitting diodes (WLEDs) and display technologies.
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