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The undoped and Eu®" doped BalaGasO; ceramic phosphors have been prepared using solid state reaction
technique. The structural studies have been done using X-ray Diffraction (XRD) and Fourier transform infra-red
(FTIR) technique and the surface morphology analysis using Field emission scanning electron microscope
(FESEM). The elemental analysis has been carried out using Energy Dispersive X-ray spectroscopy (EDX) and
elemental mapping. XRD study reveals that all the prepared phosphors are single phase with tetragonal crystal
structure. The FESEM and EDX spectra confirm the single phase nature of the phosphors. FTIR technique
identifies the various vibrational modes present in the prepared phosphors. The UV-Visible analysis provides the
absorption region and band gap energies of undoped as well as doped BaLaGa3O; phosphors. The photo-
luminescence (PL) excitation spectra consist of sharp excitation peaks of Eu>* ions at 374 and 394 nm. The
emission spectra corresponding to excitation wavelengths of 374 and 394 nm have been carried out. Maximum
PL emission is obtained for excitation at 374 nm and it provides excellent orange red emission. The decay profile
of BaLaGazO:xEu>* phosphors have been carried out. The mechanoluminescence (ML) property of the doped
phosphors reveals good ML emission without any pre irradiation. The information about the trap depth pa-
rameters and charge carriers in the 1 kGy irradiated BaLaGa3O7 phosphor has been studied using the thermo-
luminescence (TL) glow curves. The BaLaGa30O; phosphor is having kinetics of first order with activation energy

1.107 eV.

1. Introduction

The compound of general formula ABC30; where A = Ca, Sr, Ba, B =
Y, La, Gd, C = Al, Ga are widely used in light emitting applications as
well as lasing possibilities [1,2]. They exist in two structural forms,
orthorhombic (Cyy) and tetragonal (C4y) [3,4]. In ABC307, A and B
atoms are eight fold coordinated and they occupy the same lattice site
whereas C atom is tetrahedrally coordinated and enter the crystal lattice
into two different positions. The crystal has C30y sheets in a - b plane
partitioned by A and B atoms [3,5]. Lanthanum gallate has unique
combination of thermal, electrochemical and optical properties which
makes it promising for optoelectronic applications. This type of crystals
doped with the trivalent rare earth ions are used to predict the orien-
tation and symmetry of the materials like BaLaGa3O7, SrLaGasO7, and
SrGdGaszOy [6]. Preparation of polycrystalline BaLaGazO7 has been first
reported by Ismatov and co-workers [7] and further work on this crystal
has been done by Piekarczyk et al. using Czocharalski method for
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evaluating its refractive indices, elastic, piezoelectric and dielectric
properties [7,8].

They found that material belong to space group P-42;m with
tetragonal melilite crystal structure [8,9]. BaLaGazO7 doped with neo-
dymium has been reported by W. Ryba- Romanowski et al. and focused
on the properties of high laser threshold as well as low laser efficiency of
this material [10]. The gallium oxide is one of the widest band gap
materials. GapO3 with suitable rare earth oxide mainly in the form of
RE;03 are very useful in the field of luminescent devices, optical
transmission, biochemical probes, field emission displays etc due its
excellent chemical, electronic and optical properties which is provided
by the presence of 4f electrons [11,12]. Rare earth (RE3+) doped phos-
phors exhibits intense emission of light, long life time, high quantum
yield and better optical properties because of their chemical and thermal
stability, high luminescence and color purity [13]. There are different
kinds of rare earth materials, in which phosphors doped with Eu®* acts
as a promising candidate for the illumination technology. This is due to
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the intra 4f - 4f transition between excited states to ground state. The
emission spectra of europium ion is ascribed due to transitions from
excited 5Do — 7Fj (G=0,1,2, 3, 4) levels of Eu®" ions. The intense bright
red emission is provided by the forced electric dipole transition from °Dg
- 7Fy of Eu®" [13-15].

Mechanoluminescence (ML) is a kind of luminescence exhibited by
some solid materials due to the impact of mechanical action induced in
it. ML can be excited by compressing, stretching, bending, loading,
shaking, cutting, cleaving, grinding, scratching, crushing or impulsive
deformation of solids [16-18]. Mechanoluminescence has emerged as
an important topic for the research due to its wide range of applications
in impact sensors, fracture sensor, damage sensor, sensor for stress in-
dicators, self-diagnosis systems, wireless fracture sensor systems, ML
paints in crack detecting devices etc [18-20]. A lot of works has been
reported on the mechanoluminescence of Eu>" doped aluminate based
compounds. Sajan et al. has been reported the mechanoluminescence
properties of europium doped zinc barium aluminate and (1-x) Mgo.
xBao-Al;03 phosphors [19,20]. B.P Chandra et al. has reported the
immense ML emission of rare earth ions doped strontium aluminate
phosphors [21]. The mechanoluminescence in silicates have been re-
ported by Ishwar Prasad Sahu et al. in europium ion doped strontium
metasilicates [22] and Ravi Shrivastava et al. has investigated in
SroMgSi07:Eu®t, Dy*t phosphors [23]. The mechanoluminescence
properties of Eu®>" ions doped in CaZrOs phosphors has been reported by
Ishwar Prasad Sahu et al. [24] and in CapGd2W3014 phosphors has been
investigated by S. Sailaja et al. [25]. But mechanoluminescence of
barium lanthanum gallate phosphor doped with Eu®" ions are not yet
reported.

Metallic oxide based thermoluminescent materials attracts the sci-
entific as well as medical field due to its enormous applications in
medical physics which includes radiotherapy, radio diagnostic, nuclear
medicine, radiation protection [26]. It also finds its applications in in-
dustry, age determination, geology or solid state defect structure anal-
ysis, dosimetry and archeological dating [27,28]. Thermoluminescence
is a type of luminescence in which thermally stimulated light is emitted
by the absorption of energy from ionizing radiations. The radiations
cause displacement of electrons within the crystal lattice of the sub-
stance. Upon heating, the trapped electrons return to their normal
lower-energy positions, releasing energy [18,22]. The thermolumine-
sence analysis is very informative for understanding the life time of an
electron which can stay in the trap created in the phosphors [28]. S.J
Dhoble and co-workers investigated the thermoluminescence properties
of Eud* doped SrYAl30; having the general chemical composition
ABC307 using combustion method and reported the excellent TL emis-
sion of this phosphor [29].

Lanthanum gallate and alkaline earth based lanthanum gallate
ceramic phosphors and its applications [30] had been copiously dis-
cussed in literature. A few attempts have been made to study the
properties of BalaGagO; prepared using Czocharalski method. The
barium lanthanum gallate phosphor is a promising host lattice for
trivalent lanthanide ion dopants for the preparation of lasing as well as
luminescent materials. Hence the present investigation reports the
preparation of europium doped barium lanthanum gallate phosphor
using solid state reaction technique and studies its photoluminescence
(PL), mechanoluminescence (ML) and thermoluminescence (TL)
properties.

2. Experimental techniques
2.1. Sample preparation

BalaGas0;: xEu®* (x = 0, 0.02, 0.05, 0.08 and 0.1 mol %) phosphors
were prepared using conventional solid state method. The stoichio-
metric amounts of BaCO3 (99.6%, Sigma Aldrich), LazO3 (99.9%, Alfa
Aesar), Gay03 (99.99%, Alfa Aesar), Euy03 (99.99%, Alfa Aesar), were
taken as raw materials and mixed for 2 h in an agate mortar and pestle
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with distilled water as medium. It is dried in an oven and then trans-
ferred into a platinum crucible and calcined at optimum temperature of
1200 °C for 5 h at a heating rate of 10 'C/min. The calcined powder is
then ground for characterization.

2.2. Powder characterization

The phase analysis of the phosphors was done with X-ray diffraction
technique on powder samples using a Bruker AXS D8 Advanced X-ray
diffractometer. The pattern was collected over 20 ranging 10-80° with a
step size of 0.01° and a scanning rate 4.0°/min using CuKa radiation (A
= 1.54 10\). Fourier transform infrared spectra were recorded using
PerkinElmer FTIR/FIR Spectrometer in the range 400-4000 cm ™. The
microstructure and surface morphology of the prepared phosphors were
analyzed using Nova NanoSEM 450 UoK Field Emission Scanning
Electron Microscope (FEL, USA). The prepared phosphors were coated
with thin layer of gold and then surface morphology of the phosphors
were investigated. The energy dispersive X-ray spectroscopic (EDX) and
its elemental mapping were carried out for the elemental analysis and its
distribution using Carl Zeiss EVO 18 Research. Absorption spectra were
recorded in the range of 200-800 nm and their band gap energy was
determined using PerkinElmer UV/VIS/NIR Spectrometer Lamda 950.
Photoluminescence excitation and emission characteristics were exam-
ined by a Fluorescence Spectrophotometer (Fluorolog Horiba) equipped
with a monochromator and a Xenon lamp. The decay profiles of the
phosphors were recoded using EDINBURGH FLS 1000 under the exci-
tation of 374 and emission wavelength of 616 nm. The ML emission from
the doped phosphors without any pre-irradiation of UV or gamma rays
were monitored by an indigenous set-up having photomultiplier tube
(PMT 931A) positioned below the Lucite plate and connected to a digital
storage oscilloscope. ML was excited by the hitting of a load of mass 100
g on to the doped phosphor from different heights using a guiding cyl-
inder. The impact velocity was calculated using the equation (2gh)'/%
The TL spectrum is recorded using Nucleonix make TLD reader with
heating performed up to 400 °C and heating rate under thermal stimu-
lation is varied up to 5 °C/s.

3. Results and discussion
3.1. X-ray diffraction (XRD)

Powder XRD patterns of BaLaGazOy: xEu®t (x = 0, 0.02, 0.05, 0.08,
0.1 mol %) phosphors are shown in Fig. 1. All the diffraction peaks of the
synthesized phosphors are in good agreement with standard ICDD card
1n0.01-083-0963. No other secondary phase is observed. It indicates that
as synthesized phosphor has a single phase with tetragonal structure and
space group of this phosphor is P-421m (113) [31]. No other charac-
teristic peaks of Eu®" ions are identified due to small doping concen-
tration and hence there is no significant change in the crystal structure of
host lattice after the incorporation of europium ions [31]. There is no
significant shift in the position of diffraction peaks for Eu* doped
phosphors. The typical diffraction peaks are obtained at 27.42°, 29.59°,
33.20°, 34.78°, 48.83°, 57.77° and 63.74° identified as (201), (211),
(002), (310), (312), (213) and (521) planes of the host lattice
respectively.

3.2. Microstructural analysis

Fig. 2(a)-(c) show the microstructure and morphological properties
of undoped, 0.05 and 0.1 mol % of Eu** doped barium lanthanum
gallate phosphors. From the FE-SEM images, the synthesized compounds
are made up of two different sized particles - small particles with size
around 1-3 pm and large particles with an average size of about 2-5 pm
respectively. Doping of Eu>* ions into the host lattice does not induce a
significant change in crystal morphology but the different sized particles
can be seen very clearly with increase in Eu®" ions concentrations [13,
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Fig. 1. XRD Patterns of undoped and Eu®>" ions doped BaLaGasO, phosphors.

22].

The chemical composition and homogeneity of the undoped and
0.05 mol % of Eu** doped barium lanthanum gallate phosphors has
been characterized using energy dispersive X-ray (EDX) analysis and
elemental mapping technique for overall area and spot mode analysis.
The EDX spectra corresponding to the spot mode analysis at smaller
grain as well as larger grain present in the undoped BaLaGazO7 phos-
phor are shown in Fig. 3(a-b). The EDX spectra at these two different
sized particles reveal the existence of same chemical composition and
the presence of Ba, La, Ga and O in the synthesized phosphor’s surface
[13]. Fig. 3(c—d) represent the EDX spectra of 0.05 mol % of Eu®t doped
BaLaGagO; phosphor. Here also the constituent elements Ba, La, Ga, O,
Eu with almost same composition are confirmed in smaller and larger
grain using spot mode analysis [28]. The EDX spectral analysis of
undoped and 0.05 mol % of Eu>" doped BaLaGas0; phosphors are given
in Table 1.

EDX elemental mapping corresponding to the overall area for
undoped BaLaGagOy phosphor is shown in Fig. 4(a-f) and 0.05 mol % of
Eu®t doped mapping are shown in Fig. 5(a—g). Elemental mapping
exhibit the presence and homogeneous distribution of all the constituent
elements such as Ba, La, Ga, and O in BaLaGa307 phosphor and similar
distributions of the constituent elements Ba, La, Ga, O and Eu are
observed in BaLaGasOy: 0.05Eu* phosphor [13]. The elemental map-
ping provides information about the presence of all constituent elements
associated with the preparation of these phosphors and the successful
incorporation of europium ions into the BaLaGagOy lattice. This result is
good agreement with the XRD result.

3.3. Fourier transform infrared spectra (FTIR)

The Fourier Transform Infra-Red spectroscopy provides the charac-
teristics of the elements and vibrational bands present in the phosphors
[32]. The FTIR spectra of undoped and Eu®** doped phosphors are shown
in Fig. 6. It is clear that the spectrum of BaLaGasOy is slightly different
from the doped one. The small shift in the band position is attributed due
to the incorporation of the europium ion. The bands slightly shifted to
the higher wavelength region with the concentration of Eu®" ions. The

band appeared at 567 cm™! in undoped BaLaGa3O; phosphor absent in
doped phosphors [see inset of Fig. 6]. The factors affecting the absorp-
tion bands are homogeneity of the chemical bonding, presence of dop-
ants and bond strain. In the case of doped phosphors, the presence of
Eut ion may cause some defects in the host lattice [32]. This defect can
affect the strength of the chemical bonds and small shift in positions may
occur. In some cases broadening of absorption bands take place. The
band at 567 cm ™! disappears due to the presence of Eu>* ions and that
band get broaden to a single absorption band in doped phosphors [32].
The band at ~420 cm™! is assigned to Ga-O bending vibration. The
region ~485 cm ™! assigned the O-Ga - O bending mode [33-35]. As-
signments of the absorption bands show that the bands for Ba-O are
located in the range of ~525 cm~! [36]. The region 567 cm! is the
Ba-O stretching mode [37-39]. The wave number in the range ~670
cm ! is the presence of Ga-O stretching vibrational mode in the barium
lanthanum gallate lattice [34,35]. Also stretching vibration bands of
La—O is observed in the range ~650 cm ~1[40]. The band at ~740 cm !
is assigned to the stretching and bending of GaO4 units [33-35]. The
band at ~870 cm™! is due to the La-O bonds as well as the presence of
Ba-O bonds presents in the system [41,42]. If any functional groups like
O-H, C-H, N-H present in the phosphor, it can decrease the intensity of
the luminescence emission of the phosphors. The presence of such
functional groups can form new defects on the phosphors surface which
can act as a source of quencher on luminescence intensity. But in the
present study, the starting reagents are completely oxides and carbon-
ates. Due to high temperature synthesis, the oxides and carbonates are
removed and also there are no other functional groups that exist in the
phosphors. The O-H bond is very weak in both undoped and doped
phosphors and it can be clearly seen in FTIR spectra. These phosphors
can exhibit good luminescence properties due to the presence of less
impurity [34]. The band assignments are tabulated in Table 2.

3.4. UV-visible studies

The optical absorption measurement is one of the important factors
for the determination of band structure as well as the band gap energy of
the prepared BaLaGazO7: xEu®" ceramic phosphors. Fig. 7 represents the
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Fig. 2. FESEM image of a) undoped BaLaGasO; phosphor b) 0.05 mol % c) 0.1 mol % of Eu*" ions doped BaLaGasO; phosphors.

UV-Visible absorption spectra of undoped as well as doped barium
lanthanum gallate phosphors. The absorption spectra reveal that the
maximum absorption occurs in the range 300-350 nm and absorption
peaks are recorded at 375 ("Fo — °L;), 386 ("Fo — °Gy4) and 394 nm ("F,
- 5L6) assigned to the Eu®t ions transition (inset of Fig. 7) [43]. The
variation recorded in the direct band gap values with different Eu®*
concentrations are shown in Fig. 7a. The band gap energy of phosphor
describes the energy required to excite an electron. The energy -
dependent absorption coefficient a can be expressed by the Tauc method
using the equation.

(a )" =c(hv — E,) (€]

where hv is the photon energy and « is the absorption edge, the value of
a is obtained from absorption spectra, Eg is the band gap energy and c is
a constant. The value of n depends on the nature of the electron tran-
sition and is equal to 1/2 or 2 for the direct and indirect allowed tran-
sition respectively [37,44]. The direct band gap energy of BaLaGasO;
phosphor is calculated to be 4.29 eV (inset of Fig. 7a). In BaLaGazO;
phosphor, gallium oxide acts as the luminescent centre [13]. Junling
Meng et al. (2016) have been reported the insulator nature and wide
band gap of BaLaGa3zO; phosphor. In single crystalline BaLaGasO;
phosphor, the valence band is ascribed due to 2p orbital of Ga—O bond
and the conduction band is emerged from the 5d orbitals of Barium (Ba)
and Lanthanum (La) ions [2]. The direct band gap energies of Eudt
doped phosphors are calculated to be 4.53, 4.60, 4.58 and 4.55 eV
respectively for 0.02, 0.05, 0.08 and 0.1 mol % of Eu®* doped BaLa-
GazO; phosphors. It is observed that with increasing Eu®"

concentrations, an increase in the optical band gap energies up to 0.05
mol % of Eu®" ion concentration and then value decreases. The increase
in the band gap values with Eu®" doping on BaLaGaz0; can be explained
on the basis of Burstein — Moss effect. The Fermi level of barium
lanthanum gallate lies between conduction and valence band. The
presence of europium ion increases the concentration of electron car-
riers within the conduction band and hence a positive shift occurs in the
fermi level present in the conduction band. This may cause more energy
to excite the electron from the valence band to conduction band. This
results in the increment of band gap energy due to filling of states near
the bottom of the conduction band [45-48].

3.5. Photoluminescence studies

Fig. 8 represents the emission spectrum of undoped barium
lanthanum gallate phosphor. The excitation spectrum of the prepared
ceramic exhibits strong excitation peak at 275 nm (inset of Fig. 8). The
emission spectrum of BaLaGa3z0O; phosphor shows a strongest emission
band centered at 413 nm and less intense peak in the 495 nm corre-
sponds to the blue region of the visible spectrum. In barium lanthanum
gallate phosphor, Ga>' ions present in the tetrahedral site acts as a self -
activated luminescent center. Lammers et al. (1986) and Junling Meng
et al. (2016) reported that the blue emission in pure barium lanthanum
gallate happens when an electron from an 0%~ vacancy or from the Ga>*
center recombines with trapped holes. Ga®* ions in the host lattice can
capture electrons that are knocked out from the 0>~ ion. Ga>" ions
combine with UV-generated free electrons that are produced in oxygen
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Fig. 3. EDX spectrum (a) at larger grain (b) at smaller grain present in BaLaGasO; phosphor (c) at smaller (d) larger grain of BaLaGasO: 0.05 Eu®>" phosphor.

Table: 1
EDX spectral analysis of BaLaGaz0; and 0.05 mol % Eu®" ions doped BaLaGaz0O,
phosphors.

Elements Weight % of elements in (moles)
BalLaGa30O; BaLaGazO; : 0.05 Eu
Large grain Small grain larger grain Smaller Grain
o 19.16 20.10 13.65 13.52
Ga 38.53 38.67 33.23 33.52
Ba 31.72 30.61 31.30 31.38
La 10.59 10.62 19.78 19.67
Eu 2.04 1.91

vacancies and it can act as a source for the luminescence in BaLaGaz07
phosphor [2,13,49].

Fig. 9 shows the excitation spectra of the BaLaGa3O,: xEu>* (x =
0.02, 0.05, 0.08, and 0.1) phosphors. The excitation spectra monitored
at 616 nm shows a broad band from 250 to 300 nm, which is ascribed to
the charge-transfer band (CTB) of Eu®* - 02~ together with absorption of
host lattice. The region beyond charge transfer band, the sharp

excitation peaks are ascribed due to 4f- 4f transitions of Eu®" ion laying
in the range 350-500 nm. The peaks recorded at ~310 and ~325 nm are
due to "Fy — °F3 and "Fy — °Hj transitions. The strongest absorption
peak recorded at 374 nm is attributed to the "Fy — °Lg transitions of
Eu®* ions. The excitation at 394 nm corresponds to 7F0 - 5L6 transition.
The other sharp excitation peaks of Eu>* ions are recorded at 356 ("Fo —
8Gy), 412 ("Fy > °Ds), 430 ("Fg — °D3) and 465 ("Fy — °Dy) nm
respectively [50-52].

Fig. 10 shows the emission spectra of BaLaGazOy: xEudt(x = 0.02,
0.05, 0.08, 0.1 mol %) phosphors excited at 374 nm. The discrete
emission lines lying between 550 and 750 nm are attributed to the
transitions from excited 5Do — 7Fj G =0, 1,2,3,4) levels of Eu®* jons.
Depending upon the value of j, there are electric dipole and magnetic
dipole transitions. The emission lines with even number j favors the
electric dipole transitions and is sensitive to the surrounding of Eu®*
ions and for the emission lines are with odd number j, the magnetic
dipole transitions are generated and it depends on the surroundings [13,
15,51]. Three prominent emission peaks are recorded at 537, 613 and
710 nm. The intense peak at 537 nm is attributed to 7F; - °D; transi-
tions of Eu®" ion. The weak emission in the region of 580 to 600 nm is
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Fig. 4. (a) Elemental mapping area of BaLaGazO; phosphor (b-f) Overall mapping and Elemental mapping of O, Ga, Ba and La present in BaLaGazO, phosphor.
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overall distribution

Fig. 5. (a) Elemental mapping area (b) Overall mapping (c-g) Elemental mapping of O, Ga, Ba, La and Eu present in BaLaGa30,:0.05Eu>* phosphor.
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Fig. 6. FTIR Spectra of undoped and Eu®" ions doped BaLaGasO; phosphors.

Table 2

Band assignments of undoped and Eu®** doped BaLaGa30; phosphors.
Wavenumber (cm ™) Band assigned References
~420 Ga-O bending vibration 33-35
~485 0O-Ga - O bending mode 33-35
~525 bands of Ba-O 36
567 Ba-O stretching mode 37-39
~660 La-O stretching vibration 40
~670 Ga-O stretching vibrational mode 34, 35
~740 Stretching and bending of GaO,4 units 33-35
~870 Vibrational bands of La-O bond 41, 42

Ba-O bonds

Absorbance (a.u)

Absorbance (a.u)

Eu: 0.05 mole %]

(a) Eu: 0 mole%
(b) Eu: 0.02 mole%
(¢) Eu: 0.05 mole%
(d) Eu: 0.08 mole%
() Eu: 0.1mole%

300 400
Wavelength (nm)

T
300

T T
400 500

T
600 700

Wavelength (nm)

emerged due to the magnetic dipole transition of D and F levels. The
peak observed at 587 nm is the typical transition Dy — “F; of Eu>* ions.
The intense emission peak assigned at 613 nm is due to the 5Dy = 7Fy
transition and it provides orange red emission. The weak emission at
663 nm is °Dy — “F3 transition of europium ion. The peak observed at
686 nm and intense emission peak at 710 nm is due to 5Dy — 7F4 tran-
sitions [48-50]. The emission color of host phosphor falls in the bluish
region and the doping of Eu®" ions leads to the prominent emission
peaks in the near red region of the visible spectrum.

Fig. 11 shows the PLE spectra at an excitation of 394 nm. The sharp
peak observed at 537 nm is attributed to 5D; — 7F; transition of Eu®*
ion. The most intense red emission peaks at 617 and 650 nm corresponds
to the hypersensitive transition between D and F levels due to forced
electric dipole 5Dy — 7F, and ®Dy—’Fs transition of Eu®" ions. The
emission peaks seen at 570 and 585 nm are attributed to the °Dy — "Fq

(a) Eu: 0.02 mole %
(b) Eu: 0.05 mole %
BalaGay0;
(©) Eu: 0.08 mole %
(d) Eu: 0.1 mole %
T £ 9
K=
g (b
1 2 3 4 5 6
hv (eV)
) ) )
3.0 3.5 4.0 4.5 5.0
hv (eV)

Fig. 7. Absorption spectra of undoped and Eu®" ions doped Bal.aGasO; phosphors (a) Direct band gap of undoped and Eu" ions doped BaLaGasO, phosphors.
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Fig. 8. Emission spectrum of BaLaGa30; phosphor (inset shows the excitation spectrum of BaLaGasO, phosphor).
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Fig. 9. Excitation spectra of BaLaGaz0,:xEu®" (x = 0.02, 0.05, 0.08, 0.1 mol %) phosphors.
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Fig. 10. Emission spectra of BaLaGa3O,:xEu®" (x = 0.02, 0.05, 0.08, 0.1 mol %) phosphors excited at 374 nm.
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Fig. 11. Emission spectrum of BaLaGa3O7:xEu3+ (x = 0.02, 0.05, 0.08, 0.1 mol %) phosphors excited at 394 nm.

and °Dg — 7F; transitions. The emission peaks at 702 and 713 nm are
due to 5D0—>7F4 transitions [49-51].

The luminescence spectra show that doping with Eu>* ions cause the
enhancement in the relative intensity of BaLaGasO; emission. The PLE
spectra show that the intensity of near red emission is stronger when the
BaLaGa307:Eu®" phosphors are excited at 374 nm. The intensity of all
the emission peaks excited at 374 nm are higher compared to that
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excited at 394 nm. The intensity of the excitation and emission peak
increases up to 0.05 mol % of Eu>* ions. With further increase in the
doping concentration of Eu3* ions quenching of luminescence occurs.
Maximum intensity is achieved by 0.05 mol % of Eu®* ion doped
BaLaGazO; phosphor.

The performance of a phosphor can be analyzed by studying the
chromaticity CIE color coordinates [53]. The chromaticity coordinates
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Fig. 12. CIE diagram of BaLaGasO: 0.05Eu>*

of BaLaGazOy: 0.05Eu®" phosphor excited by 394 and 374 nm are
calculated from the corresponding emission spectra and are shown in
Fig. 12 (a) and (b).The CIE coordinates are (0.606, 0.382) and (0.602,
0.389) for excitation corresponding to 374 and 394 nm. The chromatic
co-ordinates of the luminescence of all phosphors are analyzed and its
value reached near red emission [45-48].

From PL spectra and CIE diagram, Eu®>" doped barium lanthanum
gallate phosphor can be used to control luminescence spectra to get
excellent luminophores in visible spectral region of electromagnetic
spectrum. BalaGa3O7 acts as a promising host matrix and when it is
doped with rare earth ions, it can also serve as a component for the
phosphor converted WLED’s applications [49].

The lifetime measurement is used to study the further luminescence
characteristics of phosphors. The term life time indicates the time in
which the intensity of a single emission peak becomes 1/e of the original
intensity [45-47]. Fig. 13(a—d) show the decay curves of BalLaGasOy
phosphors doped with 0.02, 0.05, 0.08 and 0.1 mol % of Eu®" ions
excited by a wavelength of 374 nm which corresponds to the emission
wavelength of 616 nm. All these phosphors can be well fitted with a
single exponential function in decay curve.

(1) =Ag exp(~1/7) 2
where I is the luminescence intensity, Ay is a constants, t is the time and ©
is the lifetime [45-47]. The life time values corresponding to 0.02, 0.05,
0.08 and 0.1 mol % of Eu>* doped barium lanthanum gallate phosphors
are estimated to be 1.28, 1.16, 1.02 and 0.90 ms respectively. As the
concentration of Eu>" ions increases, the possibility of quenching cen-
tres increases. It enhances non radiative process and it results in the
decrease of life time values [24].

3.6. Mechanoluminescence study

The undoped barium lanthanum gallate does not show ML emission
even after pre irradiation of gamma rays. But the incorporation of Eu®*
dopant on the host matrix exhibits ML emission without the irradiation
of any UV or gamma rays. ML emission depends on the nature of the
materials, presence of impurities and defects in the lattice of the solids
[19]. When the load strikes on the phosphors, it generates the physical
and chemical stimulus within the phosphor within a short interval of
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time. The mechanical stimulus generated the emission of light from the
phosphor [17,21,22]. The ML emission of BaLaGa307:xEu3+ (x =0.02,
0.05, 0.08, 0.1 mol %) phosphors are shown in Fig. 14. A single peak is
observed in ML intensity versus time curve. This single peak is formed as
a result of charge transfer mechanism during the mechanical process.
The main reason for the mechanoluminescent activity arises by the
release of charge carriers present in the trapped centres at the surface of
the phosphor as well as the effect of charge transfer mechanism between
the conduction band and holes in the luminescent centre. When the load
was dropped on to the surface of the phosphor, some kinds of defects are
produced. Such deformation is created by the recombination of dis-
location-trapped electrons with the holes in defect centres [19,20,23,
24]. ML is excited impulsively, not excited with UV light or gamma rays.
So the ML emission may not be related to the trapping and de-trapping of
electrons (Chandra, 1998). In this case emission is due to deformation in
powder phosphor. It is observed from Fig. 14 that the intensity of glow
curve is found to increase with the increase of Eu* concentration up to
0.05 mol % of Eu®" ions and then decreases for higher concentration of
Eu®" ions due to concentration quenching [20,24]. From the measure-
ments of PL and ML, the maximum emission is achieved for 0.05 mol %
of Eu®* ions concentration [25]. But position of the ML glow curve re-
mains the same with different concentration of the Eu®* ions.

The experiment is carried out by dropping a 100 g weight from
different heights 10, 15 and 20 cm to study the effect of impact velocity
on light emission. ML glow curve for BaLaGasOy7: 0.05% Eu phosphor
from different heights shows a good ML peak with better intensity. The
intensity of ML peak increases with increase of dropping height and
reaches a maximum for a height of 20 cm is shown in Fig. 15. The impact
velocity is related to falling height ie, (2gh)!/? [19,24]. When impact
velocity increases, piezoelectricity is also increased. When the load is
dropped on to the phosphor, the crystallite gets deformed and new de-
fects are produced on the surfaces. These new surfaces cause the gen-
eration of piezoelectricity within the phosphor. Due to such
piezoelectrification, positive charge is developed in one of the fractured
surfaces and other surface becomes negative charge. It allows more
number of electrons to get ionized and reach the conduction band and
intensity increases [22,23]. The recombination centre will get large
number of electrons to be recombined with the holes present in the
luminescent centre. This is the major reason for the relation between
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Fig. 13. (a-d): Fitted decay profile of BalaGa;0,:xEu®t (x = 0.02, 0.05, 0.08, 0.1 mol %) phosphors.

h=20cm

(a) Eu: 0.02 mole %
(b) Eu: 0.05 mole %
(¢) Eu: 0.08 mole %
(d) Eu: 0.1 mole %

(b)

ML intensity (a.u)

L]
0.1
Time (ms)

Fig. 14. Variation in ML intensity versus time curve of BaLaGazOy: XEu>" (x =
0.02, 0.05, 0.08, 0.1 mol %) phosphors.
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increases in peak ML intensity with impact velocity [22-24,56].

3.7. Thermo luminescence (TL)

Thermoluminescence (TL) glow curve of 1 kGy irradiated BaLaGagOy
phosphor at a heating rate of 5° Cs™! is shown in Fig. 16. A single TL
glow curve is obtained at 350 °C. The single peak is formed by the
presence of only one type of luminescence centre produced during the
gamma irradiation.

3.7.1. Determination of kinetic parameters

The kinetic parameters associated with thermoluminescence depend
on the trap levels at different depths in the band gap between the con-
duction and the valence bands of a material. These levels depend on trap
depth, kinetic order of the prepared phosphor and frequency factor
[54-56]. The order of kinetics indicates the mechanism of recombina-
tion of detrapped charge carriers with their counter parts. The trapping
parameters are calculated from TL glow curve using the model devel-
oped by Chen. They are Total half intensity width, ® = (T - T;), High
temperature half width, § = (T - Ty,) and Low temperature half width, t
= (T - T1), where Ty, is the maximum peak temperature [28].

The shape factor usually helps to determine the order of kinetics. It
can be calculated using the equation pg = 5/w. ie, (T2 - Tr)/(T2- T1) [28,
55,56].
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ML intensity (a.u)

H, = 0.42 for first order kinetics

u, = 0.52 for second order kinetics
Eu: 0.05 mole % &

(2)h=10cm The calculated shape factor of the prepared BaLaGa3O; phosphor
(b)h=15cm from Chen’s method is found to be 0.444. It reveals that prepared
phosphor is first order of kinetics [22,24]. The value of shape parameters

(¢)h=20cm
are listed in Table 3.

3.7.2. Trap depth E

Trap depth calculation is used to determine the amount of an element
present in the phosphor. Some kinds of impurities, presence of vacant
lattice sites and lattice structural defects, provide unoccupied energy
levels called traps. If the traps are deep enough, the charge carriers will
be retained for a long period of time even after the irradiation is
removed.

Activation energy E corresponding to first order of kinetics can be
calculated using the equation [22,24,55,56].

E=2kT,, [1.76 (T, | w) — 1] 3)

v
0.0 0.1

Time (ms)

0.2 03 From equation (3) the activation energy is calculated to be 1.107 eV.
The trap depth E in terms of o, 8, T can also be calculated using the
equation

Fig. 15. Variation in ML intensity versus time curve for different dropping e (kTi > by (KT, ) 4)
r=cCr — Or m

heights (h = 10, 15, 20 cm) in BaLaGa307:0.05Eu3+ phosphor.

r

where Y is o, 8, 7. The constants ¢, cs, C, by, s, b; for first order kinetics
are calculated using the equations [28,57].

TL intensity(a.u)
=
;&

J

T 1
100 200 300 ™ 400 500

Temperature (OC)

Fig. 16. TL Glow curve of BalLaGa30; phosphor.

Table 3

Kinetic parameters of BaLaGaz0; phosphor.
T; (°C) Ty (°C) Tm (°C) o (T2-T1) 5 (To-Trm) T (T - T1) H (8/w) Ey (e E: (ev) Es (ev)
302 401 357 99 44 55 0.44 1.0496 1.156 0.872
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B, =158 +42(p—0.42) (5)
c;=1.51043(u—0.42) (6)
5=0.976 + 7.3 (u — 0.42) )
Co=2.52+10.2(j — 0.42) (8)

From (5) (6) (7) and (8), the values of the constants are calculated to
be ¢, = 2.724, ¢; = 1.57, ¢5 = 1.122, b, = 1.664, b, = 1, bs =
0 respectively. Using these values, trap depth energies from equation (4)
are found to be 1.049, 1.15, 0.87eV corresponding to E,, E; and Eg
respectively. Trap depth parameters are tabulated in Table 3.

4. Conclusions

BaLaGa307:XEu3+ (x = 0, 0.02, 0.05, 0.08, 0.1 mol %) ceramic
phosphors have been synthesized using solid state reaction method. XRD
patterns reveal that the prepared undoped and doped phosphors are
single phase and no characteristic peaks of EuyO3 are identified. FESEM
analysis shows that the synthesized compounds are made up of two
different sized particles - small particles with size around 1-3 pm and
large particles with an average size of about 2-5 pm respectively. The
EDX spectra confirmed that the two different shaped particles are of
same composition. The elemental mapping provides the presence all
constituent elements and homogeneous distribution of elements on the
surface of the phosphors. FTIR analysis confirms the vibrational modes
present in the phosphors. The direct band gap energies of Eu>* doped
barium lanthanum gallate phosphor lie in the range 4.5-4.6 eV. The
increment in the band gap energy with dopant concentration is due to
Burstein — Moss effect. The undoped phosphor exhibits strong excitation
peak at 275 nm. The emission spectrum shows strong emission peaks at
413 nm and 495 nm corresponding to the bluish region of the visible
spectrum. The emission is attributed to the presence of Ga®* ions in the
host matrix. The excitation spectra of the BaLaGa3O,: xEu>* phosphors
monitored with emission wavelength of 617 nm exhibit sharp excitation
peaks in the range 350-500 nm due to 4f- 4f transitions of Eu>" ions. The
prominent excitation peaks are recorded at 374 and 394 nm attributed
to the "Fg — °Lg and "F — °Lg transitions of Eu®* ions and other sharp
excitation peaks of Eu>" ions assigned at 362, 382, 412 and 465 nm. The
emission spectra corresponding to excitation of 374 nm gives three
sharp emission peaks at 537, 613 and 710 nm ascribed to Eu>" transi-
tions. The emission spectra corresponding to 394 nm exhibits intense red
emission peaks at 617 and 650 nm and are attributed to electric dipole
transition of Eu>* ions. The other emission peaks are recorded at 570,
585, 702 and 713 nm. The emission spectra corresponding to both the
excitations show maximum emission for 0.05 mol % of Eu>" dopant
concentration. Beyond that concentration, quenching of luminescence
occurs. The emission characteristics of this phosphor reveal that it can
be probably used as a candidate for the phosphor converted WLED’s
applications. The lifetime values of Eu>* ions at different concentrations
(x = 0.02, 0.05, 0.08 and 0.1) has been determined to be about 1.28,
1.16, 1.02 and 0.90 ms respectively. The Eu®" ions doped BaLaGazO;
exhibit excellent mechanoluminescence emission. The ML emission
enhances with impact velocity and with Eu®" ion concentration. For PL
and ML studies the maximum intensity is recorded for 0.05 mol % of
Eu®! ions. Beyond that concentration intensity decreases due to con-
centration quenching. From these luminescence studies 0.05 mol% of
Eu>" doped BaLaGa30; phosphor can be used for phosphor’s converted
WLED’s, solid state light emitting diodes, sensors and stress indicators
applications. The thermoluminescence spectrum of 1 kGy irradiated
undoped barium lanthanum gallate shows good thermoluminescence
emission without any dopants. A single low temperature peak is
observed from TL curve similar to that recorded in ML emission. This
single peak is due to the presence of one type of luminescence center
existing in the phosphor. The shape factor calculated using Chen’s
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method is found to be 0.44 and hence it is first order of kinetics with
activation energy 1.107 eV.
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