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ARTICLE INFO ABSTRACT

Keywords: A series of Bi®" sensitized SrGa;04:0.08Eu>" phosphors have been synthesized by high temperature solid-state
P hOSPh‘_"' ) reaction method. The structural and surface morphological studies have been characterized by X-ray diffrac-
X-ray diffraction tion, Field emission scanning electron microscopy and Energy dispersive X-ray analysis. The optical and lumi-
Photoluminescence . : . . .
. nescence properties of phosphors are done using UV-Visible absorption spectroscopy, photoluminescence

Temperature dependent photoluminescence L. L. h A . A N

. excitation and emission spectra and mechanoluminescence studies. X-ray diffraction analysis shows that the
Mechanoluminescence

phosphors are single phase with monoclinic structure. The intensity of prominent red emission enhanced with
the incorporation of Bi®* ions in SrGa;04:0.08Eu" phosphors due to the effective energy transfer between Bi®>"
and Eu>" ions. The optimized SrGay04:0.08Eu>",0.05Bi>* phosphor has excellent thermal stability about 96.7%
with an activation energy of 0.253 eV. These phosphors can exhibit better mechanoluminescence properties
without any irradiation. The synthesized phosphors can be used in solid state lighting, phosphor converted white
light emitting diodes and stress sensing applications etc.

1. Introduction

Spinel-structured phosphors are more attractive than other types of
phosphors due to their superior optical and luminescence qualities, good
radiation damage resistance, high temperature and chemical stability.
The spinel has general crystal formula AB;O4 (A = Zn, Mg, Ba, Ca, Sr,
B—Ga, Al) where A and B are divalent and trivalent metallic cations
respectively [1-3]. SrGayO4 is one of the phases of SrO-Ga;0O3 combi-
nations and other phases are SrGa;2019, StGas07, Sr3GasOg, Sr3GasOg,
Sr190GagO19 and SrsGazO; respectively [4-6]. It is well known that
introducing different rare earth ions into host materials can emit
different colors ascribed to 4f- 4f or 4f-5d transitions [7]. Eu®" ion is one
such dopant which provides excellent luminescence properties in host
matrix. Eu®" ion has been playing a significant role in modern red
lighting, fluorescent lamps, luminescent probe and other optoelectronic
devices owing to its characteristic emissions originating from the tran-
sitions of °Dg—’F; (J = 0, 1, 2, 3, 4) [8]. The photoluminescence
emission spectrum comprises narrow and intense lines in the red region,
the energies of which are practically independent of the host lattice [9].
The role of co-dopant ions in different host matrices has a wide attention
in the enhancement of luminescence emission. Hence Bi®" ions in Eu®*
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activated phosphors become key role in research field for the enhance-
ment of luminescence efficiency [10]. Bi" ions are non-rare earth
element and it can act as an activator and a sensitizer in many rare earth,
non-rare earth and transition metals activated host matrices [11]. Bi**
ions have grown to be a well-known sensitizer due to their special
characteristics like diverse oxidation states and ability to exhibit wide
range of luminescence emission colors etc due to their naked 6s elec-
trons that arise from an electronic configuration of [Xe]4f45d1%6s2
[12]. It can enhance the emission intensity by means of effective energy
transfer between Bi®" and activator ions in host phosphors. Bi®** ion
emerged as an important sensitizer especially in the case of Eu®" ions
and wide applications based on such combinations have been reported
[13]. It can enhance the luminescence emission of Eu' ions doped
phosphors due to the overlapping of emission band of Bi®" in the range
of 380-600 nm with the partial excitation region of Eu®" ions [10]. Such
phosphors exhibit excellent red luminescence attributed by this energy
transfer mechanism between Bi®* — Eu®* ions. Bismuth ions possess
different valence states and it can show luminescence emission colors
such as blue, green and yellow in the visible spectrum due to the
3p,-!Sy and 'P1—!Sy transitions respectively. It indicates the color
tunability behavior with different host materials [12].
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Mechanoluminescent (ML) materials attracts the research field due
to its immense applications in damage sensors, fracture sensors, stress
detectors, earth quake detectors, biomedicine etc. owing to its wireless,
non-destructive, reproducible and reliable stress sensing properties [7].
The sources which produce mechanoluminescence include rubbing,
cutting, friction, impact, deformation, stress, vibration etc. Depending
upon these parameters, there are different categories of ML [14,15]. In
this process mechanical energy is converted into light energy. The
mechanoluminescence from strontium aluminate based systems doped
with different activator ions have been widely discussed in literature
[16,17]. The ML studies of gallate based phosphors are rarely reported.

The Eu®* doped SrGapO4 phosphors exhibited red emission with
better color characteristics and thermal stability and hence it can be an
essential component in phosphor-converted white light emitting diodes
[18]. In this work an attempt has been made to investigate the role of
Bi®" ions as sensitizers for improving thermal stability and color char-
acteristics of red emission of Eu®" doped SrGa;O4 phosphors. The
structural, morphological, optical, and luminescence studies of
Bi3+c0-doped in Eu®" activated SrGayO,4 phosphors has been investi-
gated. The variations in the ML glow curve intensity with different Bi>*
concentrations and impact velocity have been studied. The synthesized
phosphors exhibit mechanoluminescence properties without any pre
irradiation is one of the credits of our work.

To the best of our knowledge, the photoluminescence and mecha-
noluminescence properties of Eu>*, Bi** co-doped SrGayO4 phosphors
has not been investigated. The structure and luminescence properties of
spinel gallate phosphors co-doped with Bi>* and Eu®* ions have rarely
been reported. Zhengwen Yang et al. (2013) discussed the photo-
luminescence characteristics and energy transfer of ZnGay04 phosphors
co-doped with Bi®* and Eu®" ions [19]. Rong Ying Liu et al. (2015)
reported the effect of Bi*" on luminescent properties of Srs.,GaO4F:
xEu®t phosphors [20]. Tsiumra et al. (2019) reported the crystal
structure and photoluminescence studies of the Bi®" and Bi*'- Eu®
co-doped Gd3Gas0;2 phosphors [21]. Liang Zhang et al. (2021) focused
on the site occupancy preference of Bi®* and Bi®*- Eu®* co-doped
Y3GaOg phosphors for white LEDs [22]. Zheng Lu et al. (2023) studied
the new color-tunable LaCaGaO4:Bi®", Eu®* phosphors for warm white
LEDs with better color rendering properties [23]. The synthesized
phosphors in the present study can provide insight into the Bi®* ion as a
sensitizer to improve the luminescence properties of the Eu* activated
strontium gallate phosphors. The present work suggests that the syn-
thesized SrGasO4:Eu®*, Bi®* phosphors can serve as a suitable red
emitter in phosphor converted WLEDs, solid state light emitting devices,
sensors and stress indicators.

2. Experimental techniques
2.1. Sample preparation

SrGay04:0.08 Eut, yBi®* (y = 0, 0.02, 0.05, 0.08, 0.1) phosphors
were synthesized by conventional high temperature solid-state reaction
method. The co-dopant concentration of the Bi>* ion is changed and the
molar concentration of the Eu®" ion is fixed at 8 mol % (x = 0.08). The
stoichiometric amounts of SrCOs (99.6%, Sigma Aldrich), GayOs
(99.99%, Alfa Aesar), EupO3 (99.99%, Alfa Aesar), and BiyO3 (Sigma
Aldrich, 99.9% purity) were used as starting materials. The required
stoichiometric amounts of these raw materials were weighed accurately
and then thoroughly mixed in an agate mortar and pestle with distilled
water as the medium for 2 h. It is then dried in an oven and then
transferred into a platinum crucible and calcined at optimum tempera-
ture of 1250° C for 5 h at a heating rate of 10 °C/min. The calcined
powder is then ground for characterization. The composition and sample
codes of the synthesized phosphors are tabulated in Table 1.
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Table 1
The composition and sample codes for the Bi*" co-doped
SrGa,04:0.08 Eu®* phosphors.

Phosphor Sample code
SrGay0,4 SGO
SrGas04:0.08 Eu®* SGEu:0.08
SrGa,04:0.08 Eu®*, 0.02 Bi** SGEBi:0.02
SrGay04:0.08 Eu®*, 0.04Bi* SGEBi:0.04
SrGay04:0.08 Eu®™, 0.05 Bi** SGEBi:0.05
SrGa04:0.08 Eu®*, 0.08 Bi®* SGEBi:0.08
SrGay04:0.08 Eu®', 0.1 Bi®’ SGEBi:0.1

2.2. Powder characterization

The phase identification of the synthesized phosphors was done with
X-ray diffraction (XRD) technique on powder samples using a Bruker
AXS D8 Advanced X-ray diffractometer. The pattern was collected over
2e ranging from 10 to 80° with a step size of 0.01° at scanning rate of
4.0°/min using CuKa radiation (A = 1.54 10\). The microstructure and
surface morphology of the prepared phosphors were analyzed using
Nova NanoSEM 450 UoK Field Emission Scanning Electron Microscope
(FESEM). Energy dispersive X-ray analysis (EDAX) is carried out using
Carl Zeiss EVO 18 Research instrument. The regions of absorption and
band gap energy of the prepared phosphors were determined from
UV-Visible studies using PerkinElmer UV/VIS/NIR Spectrometer Lamda
950 in the range 200-800 nm. Photoluminescence excitation (PL) and
emission characteristics were investigated by a Fluorescence spectro-
photometer (Fluorolog Horiba) equipped with a 150 W xenon lamp as
excitation source. The color coordinates of the phosphors were also
calculated using 1931 CIE chromaticity software. The decay profiles of
the phosphors were recorded using EDINBURGH FLS 1000 under the
excitation of 394 nm and emission wavelength of 616 nm. Using a home-
made heater setup, the temperature-dependent photoluminescence
(TDPL) response of the optimized phosphor was measured from 23 °C to
210 °C using a Hitachi 650-40 Fluorescence spectrophotometer. The
Mechanoluminescence (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 hitting a load of mass 100 g on to the doped phosphor
from different heights using a guiding cylinder. The impact velocity was
calculated using the equation (2gh)1/ 2,

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

. The XRD patterns of St(1.x.y)Ga204: 0.08Eu>", yBi** (y = 0.02, 0.05,
0.08, 0.10) phosphors are shown in Fig. 1. The XRD patterns of Bi®* co-
doped SrGay04:0.08 Eu®" phosphors are consistent with the standard
ICDD card no. (01-070-5915) of host. Bi®* co-doped phosphors are
single phase with monoclinic crystal structure. The lattice parameters of
host SrGay04 ceramic are a = 8.3770(3) A, b = 8.9940(2) Aandc =
10.6800(4) A. The effective ionic radii of Sr**, Ga®*, Eu®* and Bi®*" are
1.13,0.62,1.07 and 1.11 A respectively [18,24]. The comparison of the
ionic radii show that Eu®" and Bi*" ions can occupy the site of Sr?" ions
in the host lattice. The co-doping of Bi>* ions into the SrGay04:0.08 Eu>*
phosphors do not cause any remarkable changes in the peak positions as
well as crystal structure of the host matrix [25-27]. This result proves
the successful doping and co-doping of Eu>" and Bi*>" ions into the host
lattice [26]. Hence the phase purity of these series of phosphors is
verified [27]. The prominent peaks in the XRD patterns correspond to
(—112), (—113), (131), (—311), (410), (034) and (224) planes of the
host itself.
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Fig. 1. XRD patterns of Sr1.xy)Gaz04 xEu®", yBi*" (y = 0.02, 0.05, 0.08,
0.1) phosphors.

3.2. Morphology studies

3.2.1. Field emission scanning electron microscopy (FESEM)

Fig. 2(a-d) elucidates the FESEM micrographs of undoped and
SrGay04:0.08 Eu®", yBi®* (y = 0, 0.05, 0.1) phosphors. For undoped
SrGay04 phosphor, the particles are slightly aggregated with irregular
shapes and its sizes ranging from 1 to 3 pm. In the case of Eu>" doped
and Bi®" co-doped SrGay04 phosphors, the particles are exist in aggre-
gates form with different shapes and its sizes ranging from 1 to 5 pm. It is
noticed that the particles sizes are nearly same for different concentra-
tions of Bi®" ions. The results show that the incorporation of Eu®* and
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Bi®* ions does not make significant changes to the morphology and size
of the phosphors [16,18].

3.2.2. Energy dispersive X - ray spectroscopy (EDAX)

The EDAX analysis of undoped and Sr(j.x.y)Ga204: 0.08Eu®", yBi®*
(y = 0, 0.05) phosphors are shown in Fig. 3 (a-b). The peaks in the EDAX
spectrum shows that Sr, Ga, O, Eu and Bi ions are completely incorpo-
rated and homogeneously distributed throughout the synthesized
phosphors [18,28]. The weight percentage of Bi®* ion is less than Eu®*
ion and is evident from EDAX spectrum.

3.3. UV-visible absorption spectra

Fig. 4(a) represents the absorption spectra of Srg.xy)Ga204:
0.08Eu®", yBi®* (y = 0.02, 0.05, 0.08, 0.1) phosphors. The bands
recorded at 225 and 252 nm are ascribed to the charge transfer state of
host and charge transfer band of 0% =Eu®' ions respectively [29]. The
absorption bands between 285 and 310 nm are attributed to the tran-
sition of Bi®* ions from 150 - 1P1 transitions respectively. The band at
252 nm overlaps with those at 285 and 303 nm corresponds to the 1Sy —
1p, transition of Bi®* ion and it is marked in the circle given in the graph.
The absorption in the range 300-350 nm is attributed to 'Sy — °P;
transition of Bi®* ions [1 2,13]. After co-doping with Bi®+ ions, the
charge transfer band broadens but the band obtained between 200 and
300 nm are unaltered [29-31]. The inset of Fig. 4(a) displays the
characteristic absorption bands of Eu®" ions in the 350-550 nm range.
These bands are recorded at 365, 371, 384, 395, 413, and 465 nm
correspond to the following (7F0 —>5D4), (7F0 —>5L8), (7F0 - 5G2), (7F0 -
5L6), (7F0 —>5D3) and (7F0 —>5D2) transitions of Eu®" ions respectively
[27-31]. In the case of Eu>* doped phosphor an additional absorption
broad in the region of 350—400 nm centered at 374 nm is due to 7Fo »°Lg
transition of Eu®t ion. Ekta Rai et al. (2020) reported the presence of
such band at 376 nm in the case of Eu®" singly doped LaVO, phosphors

Fig. 2. FESEM micrographs of (a) undoped (b) SrGa;04:0.08 Eu* (c-d) SrGa,04:0.08Eu>", yBi** (y = 0.05, 0.1) phosphors.
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Fig. 3. EDAX spectrum of (a) SrGayO4: 0.08 Eu®t (b) SrGa,04:0.08Eu>", 0.05Bi>* phosphors.
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Fig. 4(a). Absorption spectra of Sr(j.xy)GazOa: xEu®t, yBi®t (x = 0.08, y =
0.02, 0.05, 0.08, 0.1) phosphors (Inset shows the absorption region between
350 and 500 nm).

and absence of that band in Bi®>* sensitized phosphors. The intensity of
broad band span from 340 to 420 nm with maximum at 374 nm de-
creases and transferred its absorbed energy to the peaks in the range of
340-420 nm [28]. The excitation region of bismuth ion lies in the range
of 300-400 nm. Except that band, the absorption spectrum of Eu®"
doped as well as Bi®" co-doped phosphors exhibit almost similar pat-
terns. As Bi®" concentration rises, the absorption changes towards the
higher-wavelength region [32]. This results from the change in impurity
level caused by the co-doping of Bi>** with the conduction band. Thus, it
is expected that the phosphors can be activated successfully in both the
UV and visible regions [28,29]. The absorption spectrum of Eu>* singly
doped as well as Bi®* co-doped phosphors exhibit almost similar pat-
terns [20,32].

The tauc’s plot of SrGayO4 and SrGay04:0.08 Eu®*, yBi®* (y = 0,
0.02, 0.05, 0.08, 0.1) phosphors are shown in Fig. 4(b). The energy band
gap of these phosphors are calculated from tauc’s plot using the equation
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Fig. 4(b). Direct Band gap of Sr(1.x.y)Gas04:xEu*", yBi®* (x = 0.08, y = 0.02,
0.05, 0.08, 0.1) phosphors.

where « is the absorption coefficient, hv is the photon energy. If the
value of n = 1/2, then it is allowed direct transition and n = 2 is for
allowed indirect transition. The optical band gap is calculated by
extrapolating the linear portion of the curve to (a¢hv)? = 0 of (ohv)?
versus hv graph [17,30]. SrGay04 is a wide band gap semi-conducting
material with band gap about 4.58 eV (inset of Fig. 4(b)). The Ga®*
ions combine with UV-generated free electrons to produce oxygen va-
cancies [18]. The luminescence in SrGapO4 phosphors is arising from the
presence of Ga>' ions, which act as the luminescence centre in the
material. Ga>" ions are situated in the center of Ga—O tetrahedrons [26].
This luminescence centre can receive excitation energy through direct
excitation or through energy transfer between adjacent ions. The elec-
tronic configuration of Ga®* is 3 d'° and it is completely filled. Ga®* ions
are excited, one electron in the 3d orbital will be excited to the 4s orbital
[25]. Electrons transition from the ground states to the excited state
takes place due to the energy transfer from nearby Ga®" ions to Ga—O
polyhedra. These Ga-O tetrahedrons are excited by the UV light, elec-
trons move from 2p orbital of 0%~ to 4s orbital of Ga®" ions. Following
this, radiation transitions from the 4s orbital return the electrons to the
3d orbital, resulting in the formation of light. The four 0%~ ions are
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situated on the outside of the Ga—O tetrahedrons [25,26]. This makes it
easier to excite the outer 02~ ions. Occurrences of oxygen vacancies are
always present on the surfaces of the -GayOs crystal planes and exert a
significant influence on its optical and luminescence properties. Oxygen
atoms have the ability to leave lattice positions and create vacancies at
high temperatures [26].

The band gap energy of SrGa,04:0.08 Eu®* phosphor is calculated to
be 4.52 eV [14,18]. When europium ion is introduced into SrGasO4
phosphor, charge transfer band from 2p orbit of 02~ to 4f orbit of Eu>*
ion take place. There is a formation of extra levels in the band gap be-
tween conduction and valence band. If the doping density is high, Eu®*
states generate a band. If this band is very nearer to conduction band
edge, the band-gap will decrease [18]. As the co-doping concentration of
Bi®* ions increases, the band gap energies decrease and its values are
4.47, 4.38, 4.25 and 3.98 eV respectively for SrGay0O4: 0.08Eu®", yBi®*
(y =0.02, 0.05, 0.08, 0.1) phosphors. This decrease in band gap could be
the result of co-doping of the Bi** ion changing the local environment of
the lattice. The Bi®* ion produces a certain number of energy levels by
forming a continuous band with the 6s® valance electrons. A significant
proportion of excited ions may be encouraged to reach higher energy
levels due to the decrease in the optical band gap. Therefore, in the
presence of Bi®' ions, high emission intensity can be achieved. Bi®' ion
concentrations have a significant impact on the optical properties of the
phosphors [30].

3.4. Photoluminescence (PL) properties of SrGa,04: Eu>*, Bi®*

phosphors

3.4.1. Photoluminescence excitation spectra of SrGazO4: Eu3+, Bi®+
phosphors

Fig. 5 represents the excitation and emission spectrum of SrGasO4
phosphor. The excitation band is due to the host absorption and the
charge transfer from 0% to Ga®** ions [1 3,14]. The SrGay04 exhibits self
-activated blue emission at 420 nm under the excitation of 225 nm. The
presence of Ga>* ions in the octahedral coordinated site serves as the
luminescence centre in the host phosphor. Ga®* ions shift from excited
energy levels of 4TzB, 4T1, 4T2A and 2Eg to the ground state of 4A2 pro-
duce the blue emission [18,19].

Fig. 6 represents the excitation spectra of SrGa;04:0.08 Eu®", yBi®*
(y = 0, 0.05) phosphors. A broad band spanning from 250 to 350 nm is
caused by the host absorption band overlapping with the CT band of 0%~
— Eu®" ions, as well as the 150 - 3P, transition of Bi" ions [5,22,23].
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Fig. 5. Emission spectrum of SrGa;O,4 phosphor (inset shows the excitation
spectrum of SrGa,O4 phosphor).

Solid State Sciences 151 (2024) 107526

1.0x10°
Aem: 616 nm — SGEu: 0.08
—SGEBi: 0.05
S L
8.0x10 B
~_~ 0 1
‘E " transition of Bi**
g 6.0x10
< &
Z 4.0x10° 1 T
2 &
= o
—
2.0x10° 1
0.0 =

™ T T T T
200 250 300 350 400 450 500 550
Wavelength (nm)

Fig. 6. Excitation spectra of SrGa,04: 0.08 Eu®", yBi®** (y = 0, 0.05) phosphors
with emission wavelength at 616 nm.

Bi®* ions typically have a ground state of 'Sy and an outer configuration
of 652. The excited states consist of 6s6p configuration that split into the
levels of ?’Po, 3p,, 3P, and 'P; respectively [20]. The transitions from 180
to °Pg and 3P, are completely spin forbidden and 3p; and 'P; are mixed
by spin—orbit coupling. So the emission is starting from 3P; instead of 3Py
[5-7]. Bi®* ions possess transitions from the ground state 1S, to 3P; and
1P, levels in the excitation spectra. The intensity of CT band significantly
increases and get broaden due to the co-doping of Bi®* ions. Its position
shifts from 275 to 328 nm from Eu>* doped to Bi>* co-doped phosphors.
The broad band centered at 328 nm is due to 1So - 3P, transition of Bi**
ions [21]. The excitation peaks assigned at 362, 375, 381, 393, 413, 465,
524 and 532 nm are the characteristic excitation peaks attributed to "Fo
- 5Dy, "Fy —5Lg, "Fg — 5Ly, "Fy — 5Ls, "Fg — °Ds, "Fo — °D and "F,
—°D; intra-configurational 4f - 4f transitions of Eu®" ions respectively
[28-31]. At 382 nm, the edge of the CT band overlaps with the excita-
tion peak of Eu®" ions. In the excitation spectrum, the profile remains
the same. It demonstrates that in the NUV region, the broad CT band has
higher absorption intensity than that of Eu®' ions in the range of
350-550 nm. Additionally, the significantly higher intensities of the
excitation peaks at 465 and 394 nm show that synthesized phosphors
can be efficiently excited by blue and near-UV light for the purpose of
red light emitting diode applications [33,34]. The energy of the °P; level
is close to the energy state of °Lg of Eu®" ion. Generally the emission
band of Bi** ions overlaps with the excitation bands of Eu®" ions. The
most favorable regions are mainly at 394 and 465 nm. The energy
overlap plays a significant role in energy transfer from sensitizer Bi>*
ions to activator Eu®" ions [28]. The energy transfer from the Bi%* to the
Eu®" ions can be originate by the electric multipolar and exchange in-
teractions related to the average distance between the Bi*t and Eu®*
ions [29].

Fig. 7(a) shows the excitation spectra of SrGa,04: 0.08 Eu®*, yBi®*
(y = 0, 0.02, 0.05, 0.08, 0.1) phosphors in the range of 200-550 nm
under the emission wavelength at 615 nm. The peak shape and excita-
tion peak positions are unaffected by the variations in the Bi®" ions
concentration [35-38]. The excitation spectra have similar profile for
the Bi>* co-doped and Eu®" doped SrGa,0, phosphors [39,40]. The
deconvoluted excitation spectrum of SrGasO4: 0.08 Eu®', 0.05Bi**
phosphor is shown in Fig. 7(b).
3.4.2. Photoluminescence emission spectra of SrGa,O4 Eu®*, Bi®*
phosphors

Fig. 8(a) represents the emission spectra of Eu>" doped SrGayO,
phosphors excited at 394 nm. The spectra consist of sharp characteristic
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Fig. 7(a). Excitation spectra of Bi>* co-doped SrGay04:0.08 Eu®" phosphors.
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Fig. 7(b). Deconvoluted excitation spectra of SrGayO4: 0.08 Eu3+,
0.05Bi®>" phosphor.

emission peaks of Eu®" ions in the 550-750 nm range ascribed to the >Dg
—7F; (J = 0, 1, 2, 3) transitions. The prominent peaks are assigned at
577 (°Dg — "Fo), 587 (*Dg — "F1), 598 (°Dg — "F1), 616 (°Dy — "Fa), 645
(SDO - 7F3) and 654 nm (5D0 — 7F3) respectively [31]. The most intense
emission is credited to the hypersensitive forced electric dipole °Dy —
7F, transition of Eu®t ions at 616 nm. The luminescence emission in-
tensity at 616 nm is stronger than that at 598 nm (magnetic dipole
transition), which points out that the Eu®" ion locate at the site without
inversion symmetry in the host lattice [32]. The electric dipole (ED)
transitions are strongly depends on the local environment of ligands and
hence such transitions are hypersensitive in nature [33]. The ED tran-
sitions favors when activator ions occupy the site without inversion
symmetry and provides red emission for the phosphors. The magnetic
dipole transition (MD) transitions are independent of environment of
ligand ions and such transitions favors when an activator ion occupies
the site with inversion centre. It gives orange red emission for the
phosphors [34]. The emission spectra show the same spectral arrange-
ment for different concentrations of Eu>* ions and differ only in their
emission intensities. In the present case, ED transition at 616 nm have
high emission intensity compared to MD reveals the prominent red
emission from the phosphors [35]. The emission at 616 nm increases
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Fig. 8(a). Emission spectra of Sr(;.xGax04: xEu’t(x = 0.02, 0.05, 0.06, 0.08,
0.09, 0.1) phosphors excited at 394 nm.

with Eu®* concentration and attains the maximum intensity at x = 0.08
(optimum concentration). Beyond this optimum concentration,
quenching of luminescence takes place due to cascade energy transfer
among the activator Eu®' ions. The resonant energy transfer becomes
stronger and which will enhances the non-radiative relaxation. Thus it
causes decrease in emission intensity [37]. Higher dopant concentra-
tions cause the Eu®" ions to move closer to one another by shortening
the distance between them and leads to non radiative energy transfer
among activator ions. Thus, luminescence intensity decreases for higher
doping concentrations. The f-f transitions of Eu>" ions are not signifi-
cantly affected by the ligands ions because of the shielding effect of the
valence electron of the Eu®" ions from 5s and 5p outer electrons [36].
Therefore the emission profile under different concentration of Eu®"
ions seems same.

The emission spectra of Sr(j.xy)Gaz04: XEu®T, yBi®" (x = 0.08, y =
0.02, 0.04, 0.05, 0.08, 0.1) phosphors excited at 394 nm is shown in
Fig. 8 (b). The emission spectra of Eu®* doped and Bi** co-doped
SrGay04:0.08 Eu®" phosphors have same profile. There is no change
in the peak positions of emission lines after the incorporation of Bi**
ions [32]. Emission spectra consists of characteristic emission peaks
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Fig. 8(b). Emission spectra of Srg.x.yGa204: 0.08Eu>", yBi** (y = 0.02, 0.04,
0.05, 0.08, 0.1) phosphors excited at 394 nm.
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located at 577 (°Dg —Fy), 587 (°Dg —’F1), 595 (°Dg — "F1), 614, 617
(SDO —>7F2), 652 (5D0 - 7F3) and 702 (SDO — 7F4) respectively. The
strong red emission ascribed to 5Dy — ’F, transitions through forced
electric dipole interaction suggests that Eu®* ions are located at the
non-inversion symmetry sites within the matrix [35-37]. The spectra
also consist of magnetic dipole (°Dy — “F;) interactions of Eu®>" ions. The
5Dy — "Fy transition indicates that the Eu®" ions are situated in a higher
asymmetrical environment [38]. The electric dipole transition is stron-
ger than the magnetic dipole transition indicates the highly asymmetric
nature of Eu®* ions and it occupies the site without inversion symmetry
in the host lattice [39]. Bi*" concentration enhances the emission in-
tensity of Eu>* jons up to y = 0.05. Emission intensity decreases beyond
this concentration level due to the sensitization effect of Bi>* on Eu®*
ions [40]. In the presence of Bi®* ions, the intensity of red emission
increases significantly compared to that of Eu®* doped SrGa,04 phos-
phor [41-43]. Because of the difference in ionic radius between Bi** and
Eu®t ions, co-doping of bismuth ions modifies the crystal field sur-
rounding the Eu®* ion. Bi** ions have a slightly larger ionic radius than
Eu®" ions. Here, the ionic radius of the dopant ion is smaller than that of
the sensitizer ion. It causes more lattice deformation and may intensify
the red emission [44]. The light absorbed by the sensitizer Bi®" ions
transferred to the activator Eu®' ions. Consequently, it enhances the
emission of Eu®* ions in the SrGa,0, host by efficiently transferring
energy from Bi®" to Eu®" ions [45]. Further increase in the concentra-
tions of Bi>* ions blocks the luminescence intensity. Therefore, the
extent to which the red emission of Eu®* ions is enhanced depends on
the most favorable energy transfer from sensitizer Bi ions to activator
Eu®* ions [41]. Higher concentrations of Bi* ions have the potential to
cause ion aggregation, which can function as trapping sites within the
host lattice. Bi®* ions non-radiatively transfer the received energy re-
sults in the reduction of luminescence intensity of Eu®t ions [42,43].
The asymmetric ratio is significant for predicting the local symmetry
of Eu®" ions and gives information about the asymmetric nature in the
neighborhood of Eu®* ions. It can be calculated by the ratio of the in-
tegral intensity of the electric dipole transition (°Dy — “F3) to magnetic
dipole transition (°Dg — 7F;) of Eu®" ions. In the present study, the red
emission attributed to electric dipole transition (ED) transition at 616
nm is more prominent than magnetic dipole transition (MD) transitions
[46]. This can be further confirmed from the asymmetric ratio values. If
the asymmetry ratio values are less than 1, which demonstrates the
predominance of the magnetic dipole °Dy — ’F; transition whereas the
value is greater than 1, then it shows the predominance of electric dipole
5D0 — 7F2 transitions of Fu®* ions in host lattice [38,47]. From the
emission spectra, the R values for various concentrations of Bi> " ions are
greater than 1 indicates that the electric dipole transition dominates

E vy (1 o™i

Fig. 9. The energy level diagram between sensitizer Bi>" ions to Eu®>" ions in
SrGayO4. Eu®*, Bi®>* phosphors.
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over other transitions [48]. Fig. 9 depicts the energy level diagram be-
tween the sensitizer Bi>* ions and the Eu®* ions.

Fig. 10 represents the emission spectra of Sr(;.x.y)Gaz04: 0.08Eu3+,
yBi®* (y = 0.02, 0.05, 0.08, 0.1) phosphors excited at 360 nm. The broad
bluish-green emission band ranges from 400 to 550 nm centered at 465
nm is originated by the transition of electrons from the excited states of
the Bi®* ions to ground state corresponds to 3P1 - 180 transitions [43].
The red emission lines of Eu®>" ions are recorded in the range of 570-720
nm confirms the incorporation of both Bi** and Eu®* ions into the host
SrGag04 phosphor. The characteristic emission of Eu®" ions assigned at
575, 589, 592, 615, 617, 653 and 686 nm ascribed to °Dg—’Fo.4 tran-
sitions respectively [48,49]. The transfer of electrons to higher excited
states of Eu®" ions radiatively comes back to ground state through
5D0—>7Fj transitions results in the red emissions [38]. The intensity of the
broad emission increases with concentration of Bi>" ions. In this lumi-
nescence process, energy will be transferred from host to Bi>* ions and
subsequently absorbed by the activator Eu®* ions [23-25]. No change is
observed in the broad emission band or the peak positions of Eu>* ions.

3.4.3. The excitation and emission spectra of SrGasO4: Bi>* phosphor

Fig. 11(a) shows the photoluminescence excitation spectra of the
Bi®! doped SrGa,04 phosphor monitored at emission wavelength of 495
nm respectively. The excitation peak recorded at 330 nm is attributed to
15, —3P; transitions of Bi®" ions [50].

The corresponding emission spectrum of SrGasOg4: 0.05Bi>* phos-
phor excited at 330 nm is shown in Fig. 11(b). The broad bluish green
emission band in the range 350-650 nm centered at 495 nm is attributed
to 3P1 — 1SO transition of Bi®' ions. Wang et al. (2017) reported the
broad emission band of CaGayO4 Bi*™ phosphor in the range of
400-700 nm [50]. The ground state of Bi** ion is 1So and the excited
states are SPO,LZ and 'P; respectively. The electrons in the ground state
15y of Bi** ions absorb energy and make transition to the P energy
state [51,52].

The energy overlap plays a significant role in energy transfer from
sensitizer Bi°" ions to activator Eu®" ions and it is shown in Fig. 11(c). It
is known that the emission band of Bi®* in the range of 300-600 nm
overlap with the partial excitation peaks of Eu®t ions [45-47]. The
ground state of Bi®* ion is 'Sy and its excited states gives 3po, 3Py, 3P,
triplet and 'p; singlet levels [11-15]. Bi>" ions excited with UV light,
there is an electronic transition from 'Sy to 3P; and 'P; levels. The
transition to °Py and P, are generally forbidden. Therefore 15y —°p;
and 'Sy —'P; transitions produce emission from the Bi®* ions. There is a
spectral overlap between excitation spectrum of Eu>* ions with emission
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Fig. 10. Emission spectra of Sr(xyGa,04: XEu>", yBi®" (x = 0.08, y = 0.02,
0.05, 0.08, 0.1) phosphors excited at 360 nm.
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band of Bi®* ions in the host SrGayO4 phosphor and it favors effective
energy transfer from Bi®>*— Eu>" ions. The broad luminescence emission
band is originate from the transitions of some of the electrons in the
excited states comes back to the ground state by radiative transitions.
The remaining electrons present in the bismuth ions transfer its energy
to the activator Eu®* ions and produce red emission lines [12]. Electrons
in the ground state of the Eu®" ions are stimulated to the SLe and °Ds
levels after receiving energy from the Bi** ions. After a specific duration,
electrons stay in that state and then radiatively relax to the °Dy state,
producing distinct emission lines of europium ions that are attributed to
the 5D0—>7Fj (j=0,1,2, 3, 4) transitions. It proves the significant energy
transfer from sensitizer Bi>* ions to activator Eu®* ions. The 3P; energy
state of Bi** ion is close to that of °Lg energy level of Eu®' ion. The
electrons present in the 5L state relax to the first excited °Dy state
without radiation, and then comes back to the ground F;(J=0,1,2,3,
4) state results in the enhanced red emission [15]. It favors the 5D0—>7F2
transitions of Eu®" ions. Such overlapping further confirmed the effec-
tive energy transfer between Bi3*SEu®' ions. Hekai Zhu et al. (2013)
reported the similar overlapping of emission band of Bi®* ions and
excitation bands of Eu* ions in Bi**/Eu®* co-doped Cajo(PO4)sF2
phosphors [53].

3.4.4. Color characteristics

The performance of synthesized phosphors can be analyzed from the
Commission Internationale de I’Eclairage (CIE) chromaticity diagram.
CIE coordinates are very helpful for the prediction of colors exhibited by
the phosphors. Purity of the observed color from a phosphor is decided
by the CIE coordinates, which can be calculated from the emission
spectrum [18]. The CIE chromaticity diagram of
Sr(1-xy)Ga204:0.08Ew>", yBi®" (y = 0.02, 0.04, 0.05, 0.08, 0.1) phos-
phors under the excitation at 394 nm is shown in Fig. 12. The chroma-
ticity coordinates are calculated to be (0.610, 0.381), (0.646, 0.346),
(0.650, 0.343), (0.658, 0.337), (0.640, 0.350) and (0.636, 0.352) for y
=0, 0.02, 0.04, 0.05, 0.08 and 0.1 respectively. These color coordinates
are closer to standard NTSC value of red emission (x = 0.67, y = 0.33)
[30]. The color coordinates enhances from (0.610, 0.381) of Eudt doped
phosphor to (0.658, 0.337) that of Bi>* co-doped phosphor. CIE diagram
demonstrates the effect of Bi** co-doping on the enhancement of red
emission in Eu®" ions due to the energy transfer from Bi>" ions to Eu®"
ions. The obtained CIE values are better than commercial Y203:Eu®* red
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Fig. 12. CIE diagram of Sr(;.x.y)Gaz04: xEu®t, yBi®* (x = 0.08, y = 0.02, 0.05,
0.08, 0.1) phosphors excited at 394 and 360 nm.
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phosphor (0.64, 0.36). It indicates the potential applications of these
phosphors in the field of UV or NUV- LEDs and WLEDs [54,55].

Color purity (CP) is very important factor for the suitability of a
phosphor in the display as well as light emitting device applications
[56]. The color purity can be calculated with the help of CIE coordinates
using the equation

V& =X + (5 -1

cP=
V&= X) + (V- 1)

* 100 (2

here (x5, ¥s), (Xi, i), (X4, Ya) denotes the coordinates of a sample point,
equal energy point (0.333, 0.333) of illuminant and coordinates of the
dominant wavelength respectively [41]. The color purity of SrGayOy.
0.08Eu" phosphor is obtained as 97.4 %. The color purity of the
phosphors increases with Bi>* co-doping. The maximum color purity is
calculated to be 98.6 % for SrGasQO4. 0.08Eu3+, 0.05 Bi®* phosphor. It
shows the high quality red-emitting property of Bi> co-doped SrGasO4.
0.08Eu* phosphors [57].

Correlated color temperature (CCT) is another important parameter
to verify theefficiency of phosphor and which specifies the color tem-
perature of light emitted from the phosphors in degrees Kelvin (K) [50].
CCT rating is a general indicator of the warmth or coolness of a source.
The CCT values can be determined using McCamy empirical equation

CCT =-449n> 4 3525n% — 6823.3n + 5520.33 3)

here n represents (x-x¢)/(y-ye) and the chromaticity epicenter is located
at xe = 0.332, y. = 0.186. It is well known that CCT values below 3200 K
are generally treated as warm light sources, while those with value
greater than 4000 K are normally cool in appearance. For domestic
lighting applications, the preferred CCT value is below 3200 K. In this
study, the CCT values below 2000K suggest that the prepared phosphors
can be effectively used in the fabrication of warm LEDs applications [41,
42]. The CIE coordinates, color purity and correlated color temperature
of Sr(1.xy)Ga204:x Ew*T, yBi*T(x = 0.08, y = 0.02, 0.04, 0.05, 0.08, 0.1)
phosphors are tabulated in Table 2.

The CIE coordinates of Sr(1.x.y)Gaz04: xEu®t, yBi®t (x = 0.08, y =
0.02, 0.05, 0.08, 0.1) phosphors excited at 360 nm is shown in Fig. 12.
The color co-ordinates lie in the yellow orange region of the chroma-
ticity diagram. It demonstrates that tunable emission is possible by
choosing the right excitation wavelength because Bi®" ions can exhibit a
wide range of emission colors [40,58]. These phosphors can be used in
phosphor-converted UV-LEDs due to their tunable emission properties.
The CIE and CCT for different concentration of Bi*' in SrGa,Oa.
0.08Eu>* phosphors are summarized in Table 3.

3.5. Life time analysis

Figs. 13 and 14(a-d) depict the kinetic decay curves for the emission
of SrGay04: 0.08 Eu®* and SrGay04:0.08 Eu®*, yBi®* (y =0, 0.02, 0.05,
0.08, 0.1) phosphors excited at 394 nm. The luminescence decay curve
can be fitted with the exponential function. The decay time

Table 2
The CIE coordinates, color purity and correlated color temperature of Sr(;.x.
yGax04: xEw®*, yBi®" (x = 0.08, y = 0.02, 0.05, 0.08, 0.1) phosphors excited at
394 nm.

Sample code Excitation 394 nm CCT (K) Color purity (%)
CIE coordinates (%, y)
SGEu: 0.08 (0.6101, 0.3810) 1324 97.40
SGEBi:0.02 (0.6462, 0.3462) 1030 97.70
SGEBi:0.04 (0.6501, 0.3431) 1004 98.02
SGEBIi:0.05 (0.6582, 0.3370) 1000 98.60
SGEBi:0.08 (0.6400, 0.3503) 1069 97.13
SGEBi:0.1 (0.6362, 0.3521) 1092 96.50
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Table 3
The CIE coordinates and correlated color temperature of Sr(l_x_y)Ga204:xEu3*,
yBi3+ (x = 0.08, y = 0.02, 0.05, 0.08, 0.1) phosphors excited at 360 nm.

Phosphor Excitation = 360 nm CCT (K)
CIE coordinates (X, y)

SGEBi:0.02 (0.401, 0.436) 2887

SGEBi: 0.04 (0407, 0.439) 2893

SGEBi:0.05 (0.420, 0.417) 2556

SGEBi:0.08 (0.416, 0.428) 2647

SGEBI:0.1 (0.408, 0.435) 2726

SGEu:0.08
Exp decay 2 fit

Model ExpDec2

Equation y = Al*exp(-x/t1) + A2*exp(-x/t2) + yO

-~
= Reduced Chi-S 30.65229
s
-’ Adj. R-Square 0.99135
b Value Standard Error
=1 M yo 104.87128 0.27529
@ M A1 196.37512 24.7156
g M t 1.06169 0.05756
N M A2 183.05536 23.34187
E M t2 0.4228 0.03755
M k1 0.94189 0.05106
M k2 2.36517 0.21007
M taut 0.73591 0.03989
M 0.29306 0.02603
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Fig. 13. Lifetime measurement of SrGa,O4. 0.08Eu>" phosphor.

corresponding to the particular excitation was calculated using the
principle of the exponential formula given in equation (4).

I=A; exp(-t/T1) + Ay exp(-t/ T2) (€)]

where, I is phosphorescence intensity, A;, Ay are constants, t is time, 71
and T2 are decay times for the exponential components. Initially in-
tensity undergo very fast decaying and further decaying takes place very
slowly [35,36]. From the graph the value of t; = 0.735 ms and 1y =
0.293 ms for Eu®* doped phosphor. After the co-doping of Bi ions, the
lifetime values decreases [31]. The life time values of SrGa;04:0.08
Eu®t, yBi®* (y = 0.02, 0.05, 0.08, 0.1) phosphors are found to be 7, =
0.325 ms, 15 = 0.046 ms, t; = 0.242 ms, 13 = 0.022 ms, 71 = 0.238 ms,
T3 = 0.0311 ms, 77 = 0.228 ms, 13 = 0.023 ms respectively. It further
confirms the effective energy transfer from Bi®* to Eu®" ions. The
incorporation of Bi®" ions can enhance luminescent intensity of Eu®"
ions by means of reducing the decay time of excited electrons in Dy
level of Eu®* ions [38].

3.6. Quantum efficiency (QE)
Quantum efficiency is one of the crucial criteria used to determine a
phosphor’s appropriateness for usage in white LED devices. The QE of

the SrGaj0y. 0.08Eu3+, 0.05Bi** phosphors excited at 394 nm is
calculated using the following equation

JLs
E:+
OE= 15 g ®)

where Lg is the emission spectrum of the phosphor, Eg and Eg represents
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Fig. 14. (a-d) Lifetime measurement of Sr(l_,(_y)Ga204:0.08Eu3 " yBis’ (y = 0.02, 0.05, 0.08, 0.1) phosphors excited at 394 nm.

the excitation spectra with and without the phosphor respectively [39].
Based on the recorded emission spectra, the QE of SrGasOy. 0.08Eu3+,
yBi3+ (y = 0.02, 0.05, 0.08, 0.1) phosphors are found to be 9.21, 12.42,
11.56 and 7.23 % respectively. The comparatively good quantum effi-
ciency reveals the UV- driven WLED application of these synthesized
phosphors.

3.7. Temperature dependent photoluminescence (TDPL)

Thermal stability is one of the most essential factors to take into
account when analyzing the effectiveness of phosphors in WLEDs.
Fig. 15 (a) displays the temperature dependent photoluminescence
spectra of SrGa,04: 0.08 Eu3", 0.05 Bi** phosphor excited at 394 nm,
which is obtained by recording temperature increases from ambient
temperature 298 K-483 K at intervals of 20 K. For different tempera-
tures, the spectra show the same emission profiles. The emission in-
tensity decreases as the temperature increases from ambient to 483 K
[32]. In general, the thermal quenching occurs when the photo-
luminescence intensity reduces to 50% of its initial value at 423 K [43,
44]. Even though the emission intensity gradually decreases with

10

increasing temperature, at 423 K it still retains 96.7% of the initial value
(298 K). In the present study, there is no such quenching observed, the
optimized phosphor exhibits excellent thermal stability at elevated
temperatures.

To evaluate the thermal stability of luminous materials, it is neces-
sary to calculate the activation energy (AE) of thermal quenching. As AE
increases, the phosphor gains thermal stability. The Arrhenius plot is
used to calculate the activation energy AE. The relationship between the
temperature and the intensity of phosphor emission is connected by the
Arrhenius activation model. Arrhenius equation is given below.

Iy

Iny=——""—<
1 + cexp <—%)

here I, is the emission intensity at initial temperature, I(r) denotes in-
tensity at temperature T, ¢ constant, k is the Boltzmann’s constant and
its value 8.62*107° eVK ! [45]. From the Arrhenius equation, the graph
of In [(Ip/I1) —1] versus 1/KT is shown in Fig. 15(b). The slope of the
straight line is —0.253 and it gives the value of activation energyAE to
be 0.253 eV. This relatively high activation energy confirms the better

(6)
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Fig. 15(a). The temperature dependent emission spectra of SrGa,O4: 0.08
Eu®*, 0.05 Bi®" phosphor excited by 394 nm recorded from 298 to 483 K.
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Fig. 15(b). The Arrhenius plot of temperature dependence on the PL emission
intensity of SrGa,Oy: 0.08 Eu®', 0.05 Bi*' phosphor.

thermal stability of the phosphor. It further supports the future appli-
cations of the synthesized phosphors as acceptable red emitters in solid
state lighting and WLEDs technologies [46,47].

3.8. Mechanoluminescence studies (ML)

The mechanoluminescence properties of synthesized phosphors are
measured by dropping a load of mass 100 g is dropped from different
heights. The ML glow curve of undoped and SrGa;O4. 0.08Eu®", yBi®*
(y = 0, 0.02, 0.04, 0.05, 0.08, 0.1) phosphors at a height of 25 cm is
shown in Fig. 16(a). The undoped and Eu®" doped SrGa,04 phosphors
show intense single emission peak as a function of ML intensity versus
time in the ML glow curve [14]. The narrow single peak in the ML glow
curve is attributed to some charge transfer process involved during the
process [59]. It quickly induces a number of physical and chemical re-
sponses inside the phosphor. The deformation that mechanical force
creates on the phosphor’s surface is the primary cause of ML emission
[16,18]. The phosphor emits light in response to a mechanical stimu-
lation as a result of the recombination of holes at the luminescence
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Fig. 16 (a). Mechanoluminescence signal intensity with time of Sr(;.x.yyGa204:
xEu®t, yBi®t (x = 0.08, y = 0.02, 0.04, 0.05, 0.08, 0.1) phosphors.

centre with electrons in the conduction band [60]. The intensity of the
ML peak is further increased by the co-dopant Bi*' ions without
changing the position or the shape of the glow curve. During testing, ML
materials have to be brought into contact with different kinds of mate-
rials such as glass or metals generate mechanical stimulations. Such
mechanical stimulation causes the internal fractures in the material and
produce newly formed surfaces. These fracture or deformation create
charge separation and a strong electric field about 107 - 108 Vm™!
develop on the newly formed surfaces. Thus, electrons in the conduction
band have two possible outcomes: they can either recombine immedi-
ately with the holes in the luminescence or recombination centres, or
they can spend some time in the trapped centres close to the conduction
band [7]. These charges subsequently combine to generate excitons
further initiate emission processes [61].

The variation of ML intensity with Bi>* concentration is depicted in
Fig. 16(b). The influence of dopant concentration on the intensity of the
ML glow curve is consistent with the outcome of PL emission [37]. The
ML intensity in the glow curve increases as the concentration of Bi®"
ions rises, reaching a maximum intensity at y = 0.05, after which the
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Fig. 16(b). Variation in ML intensity with different Bi®* concentrations in
SrGay04:0.08Eu®" phosphors.
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luminescence begins to quench. The decrease in the distance between
free charge carriers may be the cause of the decrease in ML intensity at
higher dopant concentrations. A reduction in luminescence intensity
results from the ease of energy transfer between free charge carriers
[62]. Maximum emission is obtained for SrGasOg4. 0.08Eu3+, 0.05Bi>+
phosphor.

Fig. 16(c) represents variation in the intensity of ML glow curve for
different dropping heights of the load [14]. ML intensity is proportional
to the impact height and square of the impact velocity. When the impact
height increases, more area is provided for fractured charged surfaces
and it further results in the enhancement of recombination luminescence
[14,15]. The maximum ML intensity is attained for a height 25 cm.

The change in ML intensity with impact velocity is depicts in Fig. 16
(d). The impact velocity can be determined using the equation (2gh)*/?
where g is acceleration due to gravity and h is the falling height [50]. As
the velocity of the piston increases with height, the impact velocity will
be more and hence more fractures are created in the sample which re-
sults in the creation of new surface [15-17]. ML intensity increases
linearly with impact velocity. The increase in impact velocity increases
the piezoelectricity and it provides the chance for more number of
electrons to get ionized and reach the conduction band [61,62]. More
electrons will therefore reach the centres for luminescence or recombi-
nation to recombine with the pre-existing holes [63,64]. These may be
the possible reasons behind the peak ML intensity increasing with
impact velocity [65]. These studies show that as synthesized phosphors
can serve as a component in stress sensor applications [65].

4. Conclusions

The Bi®* co-doped red emitting SrGay04:0.08FEu®" phosphors have
been successfully synthesized by solid state reaction method. The syn-
thesized phosphors exist in single phase with monoclinic structure. The
doping of Eu®" and co-doping of Bi*>* ions does not change the crystal
structure as well as phase of the host matrix. Eu>* doped and Bi®>* co-
doped SrGasO4 phosphors exhibit sharp intense red emission attrib-
uted to hypersensitive electric dipole (°Dg—’F5) transition at 615 nm
and it indicates the occupation of Eu®* ions in the site lack of inversion
symmetry in the lattice. The presence of Bi®* ions significantly enhances
the red emission of Eu®" ions due to the effective energy transfer be-
tween Bi®" and Eu®" ions. The emission band of Bi** ions partially
overlapped with excitation peaks of Eu®" ions especially in the region
380-500 nm. Such overlapping provides the better energy transfer
mechanism between the sensitizer and activator ions. The emission
spectra excited at 360 nm shows the bluish white emission. By varying
the excitation wavelength, tunability of colour emission can be achieved
from the synthesized phosphors. The color purity increases from 97.4 to
98.6 % after the co-doping of Bi®" ions. The optimized SrGa,Oy4: 0.08
Eu®", 0.05 Bi* phosphor exhibits high thermal stability of 96.7% with
activation energy of 0.253 eV. It indicates the possibility of this phos-
phor in LEDs operating in hot environments. A single peak is obtained in
the ML glow curve without any irradiation for undoped, Eu®* doped as
well as Bi®" co-doped phosphors. The intensity of ML glow curve
enhanced after the incorporation of Bi®* ions due to the formation of
newly developed defects produced in the phosphor surface. The ML
intensity increased from y = 1-5 mol % then decreases with the doping
concentration of Bi®* ions. This result is consistent with the PL emission.
The ML intensity increases with impact velocity. The luminescence
studies suggest that the synthesized phosphors can be used as suitable
red emitter in phosphor converted WLEDs, solid state light emitting
diodes, sensors and stress indicators etc.
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