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A novel reddish-orange emitting 2Bay.O-By03-P205:xEut (x= 0.04, 0.06, 0.08, 0.10, 0.12 and
0.14 mol%) phosphor with different concentrations of Eu>* ions were synthesized through high
temperature solid-state reaction technique. The crystal structure has been studied by X-ray
diffraction technique for all the concentrations of Eu®* ions. The morphology and elemental
analysis of the optimal ~0.1 mol% concentration was examined by the SEM-EDS images. The
functional groups were analysed by the FTIR characterization technique. The thermal properties
were studied by the TGA-DSC analysis. The energy band gap of all the samples were analysed by
using UV-VIS DRS technique. The photoluminescence properties of BaBPOs:Eu>" phosphor with
different concentrations of Eu®* ions were investigated at Ae; = 611 nm and Aex = 394 nm.
Variation in emission intensity with Eu>* ion concentrations, phonon side bands, multi-phonon
relaxation rate and energy transfer mechanisms were studied. The BaBPOs:Eu>" phosphors
exhibit characteristic emission peaks corresponding to 5D0 - 7FJ J =0,1, 2, 3, 4) transitions of
Eu®* ions under n-UV excitation. Among all the transitions, 5D0 - 7F1 (593 nm) transition shows
higher intensity and asymmetric ratio (Rg1) for all concentrations of Eu®" ions were calculated.
The lifetimes of °Dg level of Eu* ions in BaBPOs: Eu>* phosphor were calculated by using
fluorescent decay curve analysis. The CIE color coordinates reveal, reddish-orange emission in the
low CCT range. These findings imply that BaBPOs: 0.1Eu®" phosphor is a promising candidate for
solid-state lighting applications as well as phosphor-converted warm w-LEDs.

1. Introduction

In present technology, rare earth doped phosphors become more salient because of their high optical luminescence, long last-
ingness, longer lifetime, thermal stability and low energy consumption. Luminescent properties of phosphors are strongly depending
on host materials [1-6]. The synthesis of phosphate phosphors, which have excellent rare earth ion solubility, low production costs,
and notable emission cross-sections, has received a lot of interest. Because of their appealing qualities, which include inexpensive, easy
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to produce, highly resistant to chemicals, and thermally stable across a broad temperature range of 400 °C to 800 °C, phosphates are
ideal host materials [7]. Along with phosphates, borate compounds also attracted the attention due to their low sintering temperature,
high thermal stability and charge stability [8]. Boro phosphate-based phosphors doped with RE ions have increased the focus of the
researchers due to many applications e.g., solid state display, bio labelling, plant growth lighting and fingerprint identification [9]. The
addition of Ba%" ions can act as a network modifier and influences the structural and optical properties of the Boro-phosphate materials
[10,11]. W-LED technology is the only way for the present energy demands, which is environmentally friendly and energy saving to the
next generation [12].

Currently a layer of yellow-emitting phosphors is coated to prepare commercial W-LEDs [13]. This approach has several draw-
backs, such as high associated color temperatures and low color rendering indices because of inefficient red emission. Medical, en-
gineering and house hold lightings require CRI>80. Recently high CRI W-LEDs have been developed by using n-UV LED chips
(300-400 nm) using phosphors of blue, green, and red emission [14-16]. So, there is high demand for red and reddish-orange emitting
phosphors which efficiently absorb in the ultraviolet region of 360-400 nm. Phosphate crystal structure rarely affects the luminescence
properties of phosphates doped with trivalent rare earth ions. It was reported that very few phosphor powders are effectively absorbed
near UV region and established a green and blue emission at 525 nm and 460 nm respectively [17].

Tri-valent rare earth ion doped phosphate crystals show a strong influence on their luminescence characteristics. Strong and
efficient red line emitters are still a gridlock for the smart W-LEDs. In order to manufacture tricolour based WLEDs, highly effective red
emitting phosphors are required. Trivalent europium (Eu>") ions are one of the most intended rare earth ions to activate phosphors and
to produce red light in the visible region. Due of the 4f-4f transition, it displays sharpe and pure red emission; these transitions are quite
sensitive to the host environment [18,19]. The europium has effective 4 f transitions, 5D0 —>7F¥,F2,7F3 and 7F4 are in the visible region,
570 nm - 720 nm. Reddish-orange or red emission can be observed from the 5Dy — 7Fy(J=0,1,2,3,4) transitions with effective
narrowband wing to its unique 4 I configuration [20,21].

In Eu®t activated phosphors, the above transitions are attributed to the magnetic and electric dipole transitions which are
dominating contributors to the emissions. Normally, these Eu®>* doped phosphors exhibit one typical strong emission due to transition
of °Dg — “F; or °Dy — "F5 as the host material supports an inversion or non-inversion symmetry site [20]. In a centrosymmetric
environment, the magnetic dipole °Dg — ’F; transition of Eu®" is dominating in the spectral region, 585 —600 nm with strong and
sharp intensities. Electric dipole transitions, such as the hypersensitive >Dy — ’F, transition in the spectral region 610-630 nm, which
is sensitive to the complex’s surroundings, are enhanced in intensity due to the distortion of the symmetry around the ion [22-24].

Phosphors doped with rare earth ions for efficient narrow band orange-red and red emission have been studied widely. Especially,
the Eu®* doped phosphors attracted much attention due to orange-red and red emission with NUV excitation, such as CasLagSigO24:
Eu®t [25], BazY2BeO15:Eu®t[26], BaGe409:Eu>"[27], NaSrLa(MO4)3:Eu>"[28], BazLasYa(SiO4)s02: Eu®" [29], Baz xSrxZnNbyOg:
Eu®t [30], and Ba3CaK(POy)s3: Eu?t [31]. In the present investigation, another narrow band reddish-orange emitting 2Basy
0-B,03-P205:xEu>" phosphors were synthesized through the conventional solid-state technique. To the best of our knowledge, present
study aims at analysing the structural, morphological, functional, thermal and optical studies of BaBPOs:xEu>* phosphor which shows
strong reddish-orange emission in the visible region. Along with the concentration dependence of fluorescence, the colour perception
and lifetime decay of ®Dy level of Eu®" ion is also studied. According to fluorescence properties of this phosphor, it is an excellent
choice for the near UV excitation and for W-LED application.

2. Experimental procedure
2.1. Synthesis of phosphor

2Bay 40-B,03-P20s: xEut(x = 0.04, 0.06, 0.08, 0.1, 0.12 and 0.14 mol%) phosphors were prepared through solid state reaction
technique. The chemicals utilized to make this phosphor were barium carbonate (BaCO3), boric acid (H3BO3), ammonium di hydrogen
phosphate (NH4H5PO4), and europium oxide (EupsO3). EuyOg3 has purity of 99.99 % and other materials are of analytical grade. In the
first step the batch of 5 g were mixed in their stoichiometric ratio. The raw ingredients were fed into an agate motor and ground to a
fine consistency. The batch was entirely ground to powder after homogenization, and it was first heated in a porcelain crucible for two
hours at 650 °C. It was then gradually cooled to room temperature. The batch was heated to 950 °C for four hours in a porcelain
crucible in the second step. Once the mixture reached room temperature, it was once more crushed into a fine powder. The batch of 5 g
was weighed according to the suitable composition given below. The prepared powder can be examined by different characterisation
techniques to know the suitability of the powder for rare earth doping and photoluminescence properties.

2Bag 960 -By03-P205:0.04Eu>"

2Bag,940 -B203-P205:0.06Eu> "

2Bag 920 -By03-P205:0.08Eu®*

2Bag.900 -B203-P205:0.10Eu>*

2Bag ggO -By03-P205:0.12Eu®*

2Bag 860 -B203-P205:0.14Eu>"

2.2. Characterization of the phosphor

The crystal structure and phase purity of Eu®t doped (2Bay xO- B203—P205:xEu3+) phosphor was characterized by X-ray diffrac-
tometer (Rigaku -Smart lab (IRCC) IIT Bombay, Advance-D8 Bruker, Germany). The FTIR characterization was done with Alpha-II
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Bruker spectrometer with 2 cm™! spectral resolution in the wavenumber range 400-4000 cm™'. Morphological studies (FESEM and
EDS) were done with Thermo Fisher FEI QUANTA 250 FEG for 2Ba0O-B,03-P;0s5:Eu®*. Perkin Elmer LAMBDA 950 UV-VIS-NIR
Spectrophotometer is used for DRS (diffuse reflectance spectra). NETZSCH STA 449 F3 Jupiter is used for TG-DSC (thermogravimetry
and differential scanning calorimetry). Horiba Jobin Yvon - Fluorolog F3-111is used for photoluminescence excitation, emission and
decay lifetimes of 2Ba2_,(O-B203_P205:XEu3+ phosphor.

3. Result and discussion
3.1. XRD analysis

The XRD profiles of BaBPOs: xEu>t were measured in the range 10°-90° and were shown in Fig. 1. The main XRD peaks of the
phosphor coincide with the crystallography open data base (COD), Entry no: 96-151-1443. Every diffraction peak’s position is in good
agreement, even though the doping concentrations varied and are in symmetry with those appearing in the crystallography open data
base (COD). The above said information concludes the formation of pure crystalline phase of BaBPOs: xEu3t,

The phase analysis was done and it is observed that the BaBPOs: xEu>" has trigonal (hexagonal axis) crystal structure with space
group P3221(#154-1) and lattice constants a=b=7.11400A°, ¢=6.99300A°, a=90°, p=90°, y=120°, V= 306.4939 (A%)3. The crystal
structure of BaBPOs contains spiral tetrahedral chains built of three-membered rings. The contacts between BO4 and POy tetrahedra
will produce hetero tetrahedral chain complexes (BPOs). The boro phosphate compounds can form wide variety of crystal structures
which provides a great scope for the study and exploring new functional materials, extremely for the nonlinear optical materials [32,
33].

Debye-Scherrer’s formula, which is given below was used to compute the crystallite sizes [24,25]

kA

D= pcosl M

where ) is the wavelength of light used, k is shape factor, p refers to the fullwidth at half maxima and 6 is diffraction angle. The
obtained crystallite sizes for different Eu" ion concentrations of BaBPOs phosphor are listed in the Table 1. Additionally, crystallite
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Fig. 1. Powder X-ray Diffraction profiles of 2Bay 0-By03-P,05:xEu’" phosphor with different concentrations (x=0.04,0.6,0.08,0.10,0.12, and
0.14 mol%) of Eu®*.
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diameters (D) of all Eu>* concentrations are calculated using William-Hall (W-H) analysis using the following equation [34], and
illustrated in Table 1. Along with these, lattice strains and dislocation densities were also calculated by using W-H method [35] and
depicted in Table 1.

Bhklcost = % + 4etand @

where D is the crystallite size, f is fullwidth at half maxima in radians which gives the broadening of the XRD peaks, 0 is the Bragg’s
angle in radians, ¢ is the lattice’s micro strain, and k is the crystallite shape constant. Fig. 2 shows the graph created by plotting 4 sin 0
on X-axis and p cos 0 on Y-axis. The graph was linear fitted to obtain crystallite sizes (D), micro strains (¢) and dislocation densities. The
calculated values for the current phosphor were depicted in Table 1 and from the values it is observed that crystallite sizes are slightly
more in W-H method as compared to Debye-Scherrer method. This may be due to inclusion of micro strain in the method of W-H. It is
observed that crystallite size is maximum for 0.04 mol% of Eu>* and it is minimum for 0.14 mol% of Eu>". In general, the increase in
dopant concentration decreases the intensity of XRD peaks, resulting in loss of crystallinity due to distortion in the lattice cell. When
the Eu®* ions are induced in to periodic crystal lattice of BBPOs, a strain will be induced into the lattice system, resulting in crystal
symmetry and periodicity of lattice [36]. As can be seen from the Fig. 1, the diffraction peaks get enlarged as the Eu>" ions con-
centration is increased. From Table 1, it is also observed that grain size and micro strains are increasing slightly with increase in
concentration of Eu®* ions. This may attribute to change in crystal parameters due to doping of lesser ionic radii of Eu®* ions (1.20A%
in the place of higher ionic radii of Ba?t (1.35A%) [37].

3.2. Surface morphological analysis with EDS

The surface morphology of BaBPOs: 0.1Eu®" phosphor is examined and FESEM images are represented in Fig. 3 for 0.1 mol% Eu®*
doped phosphor. Particle morphologies are observed to be irregular from SEM images, and the particles also show exceptionally
smooth surfaces and distinct edges. The solid-state reaction process is used to generate the present phosphor. It is condensed and
formed clusters in the FESEM pictures as a result of the high temperature. The surface morphology of BaBPOs: 0.1Eu* phosphor shows
irregular shape with a particle size of several microns [20]. Fig. 4 displays the EDS spectrum and elemental mapping of
BaBPOs5:0.1Eu* phosphor, which has elements of Ba, P, O and Eu. Unfortunately, the light element boron(B) cannot find with EDS
because of its low photon energy. The elemental mapping shows that the elements of Ba, P, O and Eu are homogeneous in the phosphor,
indicating again that the expected phosphor of BaBPOs:Eu" has been successfully prepared by solid state reaction method.

3.3. FTIR analysis

Fig. 5 represents the FTIR spectra of BaBPOs: Eu®* phosphors in the range 500-1300 cm ™. In FTIR spectra 11 peaks were observed
at 517 cm™?, 545 cm™ 1,654 cm™',747 cm™?, 807 cm ™Y, 855 cm ™Y, 885 ecm ™!, 955 cm ™!, 1024 cm ™Y, 1094 cm ™! and 1194 em ™. All
phosphate materials show bands assigned to phosphate ions (PO4)*, characteristically recognised between the 450-635 cm ™! and
984-1200 cm ! regions. The borate groups characteristically show vibrational bands in 600-870 cm ™! region. The PO, tetrahedral
groups bending vibrations are responsible for the peaks at 517 cm ™! and 545 cm ™. The bending vibrations of BOy4 tetrahedral groups
are responsible for the peak at 654 em ™! [38]. The peak at 747 em ™! is due to bending vibrations of BO3-O-BO3 bonds. The peaks at
807 cm ™! and 855 cm™! are ascribed to stretching vibrations of B-O bonds in BO4 groups. The peak at 885 cm ™! is attributed to
asymmetrical stretching vibrations of BO4 and POy tetrahedral groups. The peak at 955 cm™! is due to asymmetrical stretching vi-
brations of P-O-P bonds. The peak at 1024 cm ™! is ascribed to asymmetrical stretching vibrations of O-P-O bond in PO} tetrahedrons.
The peaks at 1094 cm ™! and 1194 cm ™! are due to asymmetrical stretching vibrations of PO4 and BO, tetrahedral ions [33,39-41]. All
the FTIR assignments of the present phosphor is represented in Table 2.

3.4. TGA-DSC analysis

TG-DSC analysis was carried out by using SDT Q600 V20.9 Build 20 in the temperature range 0 °C - 800 °C. Fig. 6 represents the
concurrent TG and DTA profiles of BaBPOs: Eu>* phosphors.TG profile shows multistage weight loss in the phosphor attributed to
multistage decomposition. The small weight loss occurred between 0 °C — 198 °C. At this stage the loss of weight is about 0.20 % and

Table 1
Crystallite sizes (D) for 2Bay.40-B303-P20s: xEu®* (x= 0.04, 0.06, 0.08, 0.10, 0.12 and 0.14 mol%) phosphor for different concentrations of Eu®t.
S. NO Concentration Debye-scherrer’s method (D) in nm William-Hall method Lattice strains Dislocation density
() in mol% (D) in nm (©x107 (&%) 10 %(nm2)
1 0.04 69.35 82.53 1.9 0.2
2 0.06 53.53 54.80 1.5 0.3
3 0.08 38.84 41.76 3.2 0.6
4 0.1 41.85 52.52 3.1 0.5
5 0.12 41.85 52.52 3.1 0.5
6 0.14 33.05 34.32 4.0 0.9
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Fig. 2. W-H plot between 4 sin 6 and p cos 0 for 0.1 mol% of Eu>*" doped BaBPOs phosphor.

0.19 % in two stages, it may be due to removal of water molecules. Between 220 °C-320 °C in the second stage, there was a weight loss
of 0.17 %, which may be caused by decomposition. No discernible weight loss was seen in the current phosphor between 400 °C —
800 °C, indicating that it is extremely thermally stable above 400 °C [30,42,43]. Three endothermic peaks were observed at 168 °C,
256 °C and 463 °C on the DSC curve. The first two endothermic peaks are due to removal of water and other volatile materials. The
third endo thermic peak is due to glass transition of barium boro-phosphate [43,44].

3.5. Diffuse reflectance spectra (DRS) analysis

The diffuse reflectance spectra (DRS) of BaBPOs:xEu>" phosphor for different concentrations of Eu>" ions are present in Fig. 7 and
in the range, 200 nm - 2300 nm. The figure indicates that the charge transfer transition is responsible for the big bump at ~ 241 nm,
which is caused by host absorption. The weak transition at ~391 nm (350 nm - 500 nm) is due to 4f-4f transitions of Eu®t ions [30].

Tauc (1996) suggested an optical absorption spectra-based approach for determining the band gap energy. This Tauc method is
based on assumption that the energy — dependent absorption coefficient ‘@’ can be expressed by the following Eq. (3) [45]:

(«hv)*/* = B (hv - Ey) 3)

where v is the photon’s frequency, B is a constant, h is the Plank’s constant, and E; is the band gap energy. Depending on the kind of
electron transition, the y factor is equal to  for direct transitions and 2 for indirect transition band gaps. The diffuse reflectance spectra
is typically used to calculate the band gap energy. Kubelka and Munk’s theory states that the Kubelka-Munk function (F(R,,)) can be
used to convert the measured reflectance spectra to the corresponding absorption spectra by applying equation given below [45].
K (1-R.)?
F = = = X/
Rw) = ¢ R @
where K and S stands for the absorption and scattering coefficients respectively and Ry = R gsample/R standard represents the
reflectance of an infinitely thick specimen. Instead of a if we substitute F(R,,) into equation.3, then it gets the form (5)

(F (Ro) #hv)Y = B (hv - Ey) 5)

Using Kubelka-Munk function and DRS spectral data, the optical energy band gaps of BaBPOs:xEu®* (x=0.04, 0.06, 0.08, 0.1, 0.12
and 0.14 mol%) phosphor were determined. The aforementioned relation (Eq. 5) was used to convert the DRS data into absorption
spectra. To find direct energy band gap, graphs were plotted between ‘h v’ and [F(Ry,) ho]? by taking data on X-axis and Y-axis
respectively. At the point of inflection, a tangent line is constructed, and the plot’s X-axis intersection point provides an estimate of the
band gap energy. From the graph, the band gap energy values of BaBPOs:xEu* phosphor are 4.60, 4.57, 4.56, 4.57, 4.58 and 4.54 for
0.04, 0.06, 0.08, 0.10, 0.12 and 0.14 mol% concentrations of Eu>* respectively. The data shows that the band gap energy values are
slightly varying from 0.04 mol% Eu>* to 0.14 mol% Eu>" ions.

To find indirect energy band gap, graphs were plotted between ‘hv’ and [F(R,) hv] /< by taking data on X-axis and Y-axis
respectively. The X-axis intercept point of the tangent line drawn to Tauc plot gives the band gap energy. The measured band gap

172
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Fig. 3. Scanning electron microscopy images of BaBPOs: 0.1 % Eu®' phosphor with different magnitudes.

values from the graphs are 4.06, 4.03, 3.90, 4.04, 3.97, and 4.01 for 0.04, 0.06, 0.08, 0.10, 0.12 and 0.14 mol% of Eu®t respectively.
The band gap energy values are nearly same for 0.04 mol% Eu>" to 0.14 mol% Eu>" ions. The higher band gap values states that it is a
suitable host in phosphate family. The wide band gap energy values play a vital role in many optoelectronic devices at higher voltage
applications [46]. It is evident from the given results that when the dopant concentration rises, the band gap values gradually decrease.
The variation in band gap energies is due to introduction of RE ions into host lattice which introduce intermediate energy levels of
impurity bands in the host lattice. The increase in concentration of RE ions changes the crystallite size which in turn decreases energy
band gaps. Further variations in energy band gap may be due to crystalline imperfections and compositional inhomogeneity [46]. The
current phosphor is appropriate for photovoltaic applications since its energy band gap values change little with dopant
concentrations.

3.6. Luminescence properties

3.6.1. Excitation spectra and phonon side band analysis

Fig. 8 displayed the photoluminescence excitation spectrum of the BaBPOs: 0.1Eu" phosphor. The 4f-intra transitions in the Eu®*
ions are responsible for the excitation apexes, which are located between 250nm and 550nm. The excitation spectrum was observed at
characteristic emission wavelength i.e., 611 nm. The observed excitation peaks are at 298 nm ("Fo—’Is), 318 nm ("Fo—°Hg), 361 nm
("Fo—°Dy), 382 nm ("Fy—°Gy), 394 nm ("Fo—°Le), 414 nm ("Fo—°D3), 464 nm ("Fy—°D,), and 525 nm ("Fy—°D1). Among all the
peaks, higher intensity peak is observed at 394 nm. This excitation wavelength is far away from mercury (Hg) excitation and this is the
main characteristic wavelength range (350-395 nm) in solid-state lightning. This phosphor can be efficiently excited by near UV light,
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Fig. 4. EDS spectrum and elemental mapping analysis of BaBPOs:0.1 %Eu>* phosphor.

as demonstrated by the excitation and this is just what UV chip pumped multi-phosphor converted white LEDs [46-50].

To look into local environment around Eu®* ion and phonon energy, we examine the phonon side bands associated with “Fo—°D;
pure electronic transition (PET) [30]. Fig. 9 shows the phonon side band spectrum of present phosphor. Among all the transitions of
4f-4f of Eu®" ions, the’Fy—°D,, transition is usually considered to find the phonon side bands because the energy difference between
5D, to °Ds is large (2500 cm ™) and there are no energy levels between these two levels. Two smaller side bands are observed on the
higher energy side of pure electronic band (PEB) in the Fig. 9. These bands are called as phonon side bands. The PEB is called as zero
phonon line (ZPL) and it is in the range 21367-21691 cm L. In the present phosphor, two PSBs were observed at 22222 em ! and
22522 cm L. The PSBs were amplified by factor 100 for the visibility. The phonon energies (ho), electron-phonon coupling strengths
(g) and multi phonon relaxation rates (Wypg) of RE 3+ ion in present phosphor is calculated and estimated with the help of phonon side
band spectrum. The phonon energy can be approximated by the energy difference between PEB (pure electronic band) and PSB
(phonon side band) around the Eu®t ions [51].

The phonon energies (ho) of the present phosphor were observed as ~673 cm ™! and 972 cm ™! and these phonon energies are very
close to vibrational modes in the IR spectrum of present phosphor i.e., ~654 cm ™! and ~ 955 cm L. The electron-phonon coupling
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Fig. 5. FTIR spectra of BaBPOs:0.1 %Eu>* phosphor.
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Table 2
FTIR assignments of BaBPOs:Eu®>" phosphor for different concentrations of Eu>* ions.
S.NO Wave number(cm’l) FTIR assignments
1 517,545 Bending vibrations of PO, tetrahedral groups
2 654 Bending vibrations of BO4 tetrahedral groups
3 747 Bending vibrations of BO3-O-BO3 bonds
4 807,855 Stretching vibrations of B-O bond in BO4 groups
5 885 Asymmetrical stretching vibrations of BO4 and PO, tetrahedral groups
6 955 Asymmetrical stretching vibrations of P-O-P bonds
7 1024 Asymmetrical stretching vibrations of O-P-O bond in PO} tetrahedrons
8 1094,1194 Asymmetrical stretching vibrations of PO, and BO, tetrahedral ions
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Fig. 6. Combined profiles of TG-DSC profiles of the BaBPOs phosphor.
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Fig. 7. UV-Visible diffuse reflectance spectra in the range 200 nm - 2300 nm and magnification of 0.1 mol%Eu®" doped BaBPOs phosphor in the

region 300-500 nm.

7 5
F,—~’L
0 6 =
i) Ao =611 nm
)
'S
=
o
S
&
g
172
5
E )
AJ 'nT
lnn =
© 1 B
= _—
e =9
w 1 ©
v g
1 &
=]
/\\j\A\
~
. . - : - - 4
250 300 350 400 450 500 550
Wavelength (nm)

Fig. 8. Excitation (Aey; = 611 nm) spectrum of BaBPOs:0.1 mol% Eu®t.

factor (g) is determined by the ratio of integrated intensity of PSB and of the pure electronic transition (PET) by utilising Eq.6 [52,53].

[ Ls)da
&= S Iees(2)da

6

the above parameter is calculated as 0.12 and 0.08 for PSB1 and PSB2 of BaBPOs:0.1Eu®* phosphor. These values are useful in
calculating multiphonon relaxation rates between the excited level to the next lower level.

3.6.2. Multiphonon relaxation rate

The multiphonon relaxation rates can be calculated by using Miyakawa and Dexter theory and is given by the following Eq.7

[50-52].
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Fig. 9. Phonon side band spectrum of BaBPOs:0.1Eu>* phosphor with 7Fo—°D, excited state transition.

Wmpr = W0 e~ £ ()

where Wy is the rate of decay at zero energy gap and zero phonon emission, AE is the energy gap of the subsequent levels, a is the host
dependent parameter and is provided by Eq.8 [53]:

a= (iw)—1 {ln(g(Pl))—l} 8)

where p is the number of phonons needed to bridge the energy gap (AE), and n is the partition distribution function for the phonon
population, which can be calculated from Eqs.9 and 10 [53]:

AE
P= 75 9)
n— (ehm/kT _ 1)’1 (10)

where kT = 208.5 cm ™! at room temperature, ho is the energy of phonon and k is the Boltzmann constant.

In the present phosphor, the energy gaps (AE) between the °D;, °Dy and °Dj levels and the subsequent lower level are estimated as
1746 cm™}, 2472 cm ™! and 2594 cm ™! respectively. The phonon energies of BaBPOs:0.1Eu* phosphor are 673 cm™* and 972 em ™.
From these values, Wy,,;/Wy are determined for 5Dy, °Dy and 5D3 levels and are presented in Table 3. It is noticed that the multiphonon
relaxation rate decreases with increase in energy gap (AE) and the higher number of phonons (p). The calculated g value is higher in
PSB1 than PSB2. The greater value of g is an indication of increasing covalency and strong covalent bonding with the local site. The
values of o and Wp,,/Wy are calculated for all transitions and are mentioned in Table 3. These values show a general tendency as
"Fg—°D; > "Fg—°Dy > 'FO—°Ds for the transitions in compliance with the theoretical predictions. Lower phonon energies, lower
vibrational state energies reduce the nonradiative relaxation rates which can maximize the emission probability [54,55].

Table 3
Host dependent parameter (), Electron-phonon coupling strengths (g), phonon energies (hw) and multi-phonon relaxation rates (Wmp/Wo) of
BaBPOs:0.1Eu®* phosphor for different transitions of Eu®* ions.

sample g ho (em™) 7Fg—°Dy 7Fo—°D, 7Fo—°D3
a Winpr/Wo (x107%)  « Winpe/Wo (x107%)  « Winpr/Wo (x107°)
()(10’3 cm) (x10’3cm) ()(10’3 cm)
BaBPOs: 0.1Eu®* 0.12 673 3.01 513 3.53 15 3.59 8.8
0.08 972 2.14 375 2.51 196 2.57 124

10
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3.6.3. Emission spectra

Fig. 10 displays the emission spectra of Eu®>" doped BaBPOs phosphor for different concentrations. The emission spectra were
obtained in the range 550-750 nm at Aexj = 394 nm. It is clear from the emission spectra that it consists of multiple band emissions due
to Eu®* ions. The emission spectra with Aexi = 394 nm shows six peaks at 592 nm, 611 nm, 651 nm, 682 nm - 724 nm corresponding to
the transitions °Dg—’F1,°Dg—Fa,°Do—Fs, and *Dy—F4 respectively. Among all the transitions, 5Do—’F; and °Dg—’F, are more
intense observed at 592 nm and 611 nm respectively. These two transitions give orange and red emission. The same is confirmed with
the CIE diagram. The luminescence intensities of phosphors are very responsive to symmetry surrounding Eu* ions [30]. The sur-
rounding ligands of the host material have a small effect on the fluorescence spectrum of Eu®* ion [56].

The transition *Dg—"F; is magnetic dipole allowed transition and 5Dy—"F, is electric dipole allowed transition. Due to the both
magnetic dipole and electric dipole transitions, this phosphor exhibits orange-red colour emission. The magnetic dipole transition is
allowed according to Judd-Oflet theory. The intensity of magnetic dipole transition (°Dg—’F;) is not affected by the host lattice
environment, but the intensity of electric dipole transition (5D0—>7F2) depends on the host lattice environment [31]. However, it should
be noted that this intensity pertains to the transition’s total integrated intensity, not to the intensities of its constituent crystal field
components. Overall, the high intensity of >Dy—’F; transition in BaBPOs can be attributed to a combination of factors such as host
lattice effects, charge compensation mechanisms, energy transfer process, site symmetry and the quality of the host matrix [24]. The
selection rule for °Dy—’F; transition is AJ = £1 [19]. The intensity of the forced electric dipole transition 5Dy—"F, is very sensitive to
the site symmetry or local symmetry of the Eu®* ions. The transition is a so-called “hypersensitive transition”. The selection rule for the
transition °Do—’Fy is AJ = £2. It is evident from the emission spectra that 5Do—"Fy is comparatively weaker than Spg—7F1, indicating
that orange colour emission dominates the luminescence spectrum [30]. The Judd-Ofelt theory states that the transition *Dy—’Fs is
forbidden transition and generally weak. It intensifies only in the presence of substantial crystal field perturbation and strong J-mixing.
The addition of Ba" ions can change the local crystal field around the activator ions, structural changes in the crystal lattice, energy
transfer efficiency with in the material, charge compensation mechanisms in the host lattice and can reduce non-radiative relaxations
by decreasing phonon energy [57,58]. In the present work, the presence of Ba?* ions induce lattice distortion, resulting in a modi-
fication of the crystal field environment around the Eu>" ions and causing a splitting of the energy levels of the Eu>* ions. The division
of the energy levels of Eu®* can result in widening of the emission peak *Dg—’F,. Overall, the photoluminescence of Eu®" is strongly
influenced by Ba®" ions [59-62].

Introduction of Eu®" ions into BaBPOj creates a charge imbalance in the crystal lattice, because Eu* ions have a different charge
compared to Ba2* ions. To maintain charge neutrality, charge compensation mechanism may occur by the creation of oxygen va-
cancies in the host lattice structure. These vacancies act as charge compensators to balance the charge introduced by the Eu3* ions. The
charge compensation can influence the emission spectrum of Eu>* in BaBPOs phosphor by affecting the crystal field, energy transfer
process, quenching effects, and local structural distortions.

The term asymmetry ratio(Rg;) refers to the ratio of intensities of electric dipole transitions (ED) to magnetic dipole transition (MD)
(®Dg—"Fy / 5Dy—"Fy). This asymmetric ratio is given as [56,63,64]:

Ro1 =1 (°Do—~"F2) / 1 (*Dg—"Fy) (11

Aexi=394 nm ——0.14% Euv**
—0.12% Eu**
< s ——10.10% Eu**

Dy Fy ——0.08% Eu**
——0.06% Eu**
——0.04% Eu’**

5])0971"1
(592nm)

5 7
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R
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Wavelength (nm)

Fig. 10. Emission spectra (Aemi = 394 nm) of BaBPOs: xEu®t (x=0.04, 0.06, 0.08, 0.10, 0.12 and 0.14 mol%) phosphor for different Eu®t
concentrations.
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This asymmetry ratio provides the information about local symmetry of Eu®* ion and degree of covalency with the ligand anions. In
the current phosphor, Ry values are 1.16, 1.04, 1.22, 0.82, 1.04, and 1.21 for 0.04, 0.06, 0.08, 0.10, 0.12, and 0.14 mol% of Eu®' ion
concentrations, respectively. The higher (R>1) and lower (R<1) values of Rp; shows asymmetric site and symmetric site around the
activator ions, respectively [7]. When the concentration of Eu®" ions in a host material is varied, several factors can affect the Ry ratio
such as concentration quenching, site occupation, and energy transfer process. For 0.1 mol% of Eu>" ions, the Ry value is less than 1,
which indicates the occupation of symmetric site by Eu>" in the obtained ligand [60]. The occupation of Eu>* ions in symmetric sites
within in a ligand environment can indeed increase luminescence intensity. This enhancement is primarily due to reduced
non-radiative decay, effective energy transfer, enhanced electronic transitions, and minimized crystal field splitting. All these factors
can lead to sharper emission lines and higher emission intensity. In the present phosphor depicted in Fig. 10, it is evident that the
emission peak is more intense when the concentration of Eu* ions is 0.1 mol% [61]. The transition, >Dg—’F4 is due to forced electric
dipole transition. It is weak in our present phosphor. This is caused due to the replacement of less electro negative Ba>" ions by Eu>*
ions and creation of more polarized chemical environment which decreases the local symmetry.

In the present work from Fig. 10, it is clear that the emission intensity increased from 0.04 to 0.10 mol% of Eu®" ion concentrations
and decreased at 0.12 mol%, 0.14 mol%, it may be due to concentration quenching. As Eu®>" ions concentration increases the distance
between ions decreases, due to this a loss of energy transfer and a decrease in luminescence intensity occur [64]. Concentration
quenching in the present BaBPOs:Eu®t phosphor can be ascribed to two distinct mechanisms i.e.,1) cross-relaxation and 2) multi-
phonon relaxation. The photoluminescence quenching in cross-relaxation is due to high dopant concentration. In multiphonon
relaxation, the host lattice phonon side band spectrum determines the energy transfer that occurs during quenching, which is caused by
Eu®" ions and host lattice vibrations [7].

3.7. Energy transfer mechanism

The effective energy transfer mechanism, which has been widely used to study the specific mechanism of the photoluminescence
quenching process, is determined by calculating the critical distance (R.). R, can be calculated for the present phosphor by using the
following Blasse equation [65]:

1
3V \3
Re= 2 <m> 12)

where X, is the critical concentration of Eu3" ions, V is the volume of single unit cell and N is the number of unit crystal cells in the
formula. Energy transfer takes place by the exchange interaction if the R¢ < 5 A and by the multi-polar interaction if R¢ > 5 A, In
present phosphor, the mean critical distance is roughly 10.67 A°. Hence, multi-polar interaction is responsible for the energy transfer in
the present phosphor [30].
According to Dexter theory, the multipolar interaction type can be estimated using the formula [49].
é -k ek
1+ p(x)8

where the parameters for the host are B, k, and x is concentration of Eu>* ion. The above equation can be written as

slope = -1.24

log(1/X)
NN
f=2) ~

~
w
1

=
N
1

=~
w
1

72 T T T T T T

log(X)

Fig. 11. Variation of log (I/X) with log X in BaBPOs: Eu>* phosphor.
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log (i) =C— glog(x) (14)

where C is the host-related constant. The slope of Eq. (14) yields the value of 0. In this case, the slope of the straight line derived from
the plot between log(I/x) and log(x) is used to approximate 6. Fig. 11 shows the variation of log(I/x) with log (x), the graph is linear and
its slope is —1.24 and 0 value from Eq. (13) is 3.72. For the nearest neighbour ions, the values of the multipolar interaction constant (6)
are 3, 6, 8, or 10, which corresponds to the interactions between dipoles (d-d), quadrupoles (d-q), and quadrupoles (q-q), respectively.
In the present phosphor the concentration quenching is due to non-radiative energy transfer at the nearest-neighbour ions [24,55].

3.7.1. Quantum yield

The quantum yield is a measure of how efficiently absorbed energy is converted into emitted light by a phosphor material. In the
present work, the internal quantum efficiency (nigg) of the representative sample BaBPOs: 0.1Eu®* phosphor was measured at room
temperature using the integrated sphere method as illustrated in Fig. 12. nig is calculated by utilising the formula from the reference
[65]. The quantum efficiency of above phosphor is 23.86 % indicating lower quantum efficiency which may be due to higher optical
bagd gap and nonradiative relaxation [66]. Fig. 13 shows the partial energy level diagram of excitation and emission bands of BaBPOs:
Eu’t.

3.8. Lifetime decay curve analysis

The fluorescent decay lifetime curves of >Dy level of Eu®* ions in BaBPOs phosphor are shown in Fig. 14 which are recorded at Aeye
= 611 nm and Aepj = 394 nm. A bi-exponential function is fitted to the decay curves. The following equation describes the bi-
exponential behaviour [34]:

I(t) = 1(0) + A; exp(-t/11) + Az exp(-t/12) (15)

where I(0) is intensity of emission at t=0 ns, I(t) is the intensity at t = t ns, 7; and 7 are fluorescent decay lifetimes, A; and A, are
the amplitudes of decay. The mean lifetime will be calculated by using
Al‘[% + AzT%
tmean = —————= 16
A7y + Agto (16)
The existence of rare earth ions in various contexts within the host matrix and energy transfer between ions, which results in
concentration quenching behaviour, are attributed to the bi-exponential behaviour of lifetime [67]. The mean lifetime values of >Dg
level of Eu®* in BaBPOs phosphor for different concentrations of Eu®" ions are presented in Table 4. In the present phosphor the mean
lifetime values are very short. The short lifetime is good for solid state lightning and display technology [24]. The average lifetime
values of RE>"ions are typically influenced by defects, the chemical-physical environment, and nonradiative energy transfer. The
calculated mean lifetime values of °Dy level of Eu®* is influenced by multiphonon emission and phonon assisted energy transfer [55,
68].

3.9. Chromaticity co-ordinates

The Commission international de I'Eclairage (CIE) 1931 color coordinates can be used to accurately predict the color emitted by the
prepared phosphor using the emission spectra [69]. Fig. 15 shows the chromaticity diagram of BaBPOs: Eu>" phosphor. From the
diagram it is observed that the color coordinates represent the reddish orange region of the chromaticity diagram. The colour co-
ordinates are calculated by using the formulae [13] as follows:

_ Y
T X+Y+Z

X

x_X+Y+Zandy a7

The calculated color coordinates are presented in Table 5 and it is observed that the coordinates are shifting towards reddish orange
region as the concentration of Eu>* ions increased from 0.04 mol% to 0.14 mol%. Under the excitation of 392 nm the present phosphor
BaBPOs: Eu®* has coordinates (0.523,0.376), (0.553,0.371), (0.531,0.370) for 0.1, 0.12 and 0.14 mol% respectively. The data in-
dicates that the reddish-orange zone contains the CIE coordinates of the current phosphor. BaBPOs:0.1Eu>* phosphor can be a po-
tential candidate for orange-red emitting phosphor used as a red component of n-UV w-LEDs [70-72]. Co-ordinate color temperature
(CCT) is another important parameter to recognize the visual color aspect of the source. The equation given by Mc-Camy is usually

used to estimate white light quality according to CCT value(kelvin) as follows [72].
CCT = -449 n° + 3525 n” - 6823.3 n + 5520.33 (18)

Warm white light has a CCT value of about 3700 K, while cool white light has a value of about 5000 K. Cool white light is not
advised for indoor use due to its high CCT values. Warm white light bulbs are safe and highly recommended for interior residential
applications because of their low CCT values, which are advantageous to human eyes. By observing Table 5, the present phosphor is
having low GCT values and it is highly suitable for production of warm white LEDs [24]. Color purity of Eu®* ions of different con-
centrations are calculated using the formula given below [73]:

13
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Fig. 12. Quantum efficiency measurement of BaBPOs:0.1Eu®*phosphor made using integrating sphere.
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Fig. 13. Partial energy level diagram of Eu®>" doped BaBPOs phosphor showing excitation and emission.

X — Xj 2 +¥y—-Yy; 2
color purity = ( o x100 (19

Voo =% + g~ 1)

The phosphor’s color purity at a given concentration is denoted in the equation above by (x, y). The white source’s color coordinate
has a value of (0.33, 0.33) and is represented by (xi, yi). (x4, y4) is the predominant wavelength of color coordinate. The color purities
of BaBPOs: xEu®t phosphor for x = 0.04, 0.06, 0.08, 0.1, 0.12 and 0.14 mol% are obtained as 20, 48, 73, 84, 83 and 76 % respectively.
By looking at the above data, BaBPOs:0.1Eu®* phosphor exhibits a sharper color purity compared to the other concentrations of Eu®*
ions. This makes this phosphor a great choice for warm White-LED applications [40,74,75].

4. Conclusions

The BaBPOs: Eu®* phosphors were synthesized via solid state reaction technique. Properties such as structural, morphological,
elemental, thermal and photoluminescence were studied. The crystallinity nature of BaBPOs: Eu>* phosphor was examined using XRD
examinations, and its structure was found to be trigonal (hexagonal axis) crystal structure with COD Entry no: 96-151-1443. From the
crystal size calculation, it was observed that the crystal size is smaller in Debye-Scherrer’s method as compared to William-Hall method

14
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Fig. 14. Life time decay curves of °Dq level of Eu>* doped BaBPOs phosphor.

Table 4

Mean lifetime values (Tmean) Of °Dg level of BaBPOs: Eu®* for different concentrations of Eu®" ions.
S.No Concentration(x) mol% Lifetime (Tmean) ms x2
1 0.04 0.685 0.98
2 0.06 1.245 0.99
3 0.08 1.093 0.99
4 0.10 0.728 0.99
5 0.12 1.395 0.99
6 0.14 1.469 0.99

due to lattice strain consideration. According to the FTIR spectral analysis, the BaBPOs:Eu>t phosphor’s highest phonon energy was
measured at 1196 cm L. The FE-SEM image analysis showed irregular particles for the prepared BaBPOs: 0.1 %Eu>* phosphor, which
is a suitable host in phosphate family. TGA analysis indicated that the phosphor is highly stable at higher temperatures and from DSC
curve three endothermic peaks were identified. The highest band gap was observed for BaBPOs: 0.04 %Eu>" and values are slightly
decreasing with increase in Eu®" concentration. The higher band gap values indicated that it is suitable for optoelectronic applications.
The PL excitation spectra exhibited the strongest absorption peak centred at 394 nm, suggested that this phosphor can be efficaciously
excited by the n-UV light. Phonon energies, electron-phonon coupling strengths and multiphonon relaxation rates were calculated
from phonon side band spectrum of the BaBPOs: Eu®". The two phonon energies associated with the ZPL are found to be 673 cm™?,
972 cm™! which are in agreement with vibrational modes. Multiphonon relaxation rates were calculated for PSB1 and PSB2. The PL
spectra show multiple peaks due the transitions, >Dg—’Fy (J = 0, 1, 2, 3, 4) of Eu>" ions. Concentration quenching was happened in the
BaBPOs: Eu®* phosphors when the doping concentration of Eu** exceeds 0.1 mol%. The mean critical distance (Rc) of Eu®>* in BaBPOs:
Eu>" phosphors was found to be approximately 10.67 A°, and neighbouring ions accounted for majority of the energy transfer between
Eu* ions. So, the optimum concentration for efficient luminescence is BaBPOs: 0.1Eu®". The quantum efficiency of BaBPOs:0.1Eu*
phosphor was 23.86 %. The CIE chromaticity coordinates of BaBPOs:0.1 Eu®t phosphor was obtained as (0.553, 0.371) position in the
reddish-orange region. Thus Eu>* doped BaBPOs reddish-orange emitting phosphor is promising to be a potential candidate for widely
used n-UV pumped w-LEDs.
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Fig. 15. The CIE 1931 chromaticity co-ordinate diagram for BaBPOs:Eu®>" phosphor under 394 nm excitation.

Table 5
CIE color coordinates and CCT values of BaBPOs: Eu>* phosphor for different concentrations of Eu®* ions.
S. No Concentration (x) mol% CIE color coordinates CCT (K)
X Y
1 0.04 0.343 0.364 5095
2 0.06 0.443 0.368 2573
3 0.08 0.520 0.368 1792
4 0.10 0.553 0.371 1812
5 0.12 0.523 0.376 1714
6 0.14 0.531 0.370 1755
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