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Color tunable Laggo.Eu,TbSrAL,0; (x = 0.01-0.07 mol) luminous nanocrystalline materials were synthesized using an affordable, |
simple, streamlined and self-propagating, urea-assisted solution combustion synthesis route. The X-ray powder diffraction pattern of |
optimized LagosEu.04Tbo01SrAl;07 co-doped phosphor sintered at 900 °C revealed the formation of single phased phosphor having tetragonal |
crystalline structure with P42,m (113) space group. The field emission scanning electron microscopy (FESEM) and transmission electron
microscopy (TEM) micrographs revealed agglomerates featuring spherical-shaped porous nanoparticles with interconnect boundaries |
and smooth surface. The basic composition was determined via scrutiny of energy dispersive X-ray (EDAX) spectrum. Observations of |
diffuse reflectance spectroscopy were analyzed to determine the optical band gap values of synthesized Eu**/Tb** co-doped LaSrAl;O; |
nanocrystalline luminescent materials. To explore how dopant concentration affected the luminous intensity of phosphors, a thorough |
examination of the photoluminescence excitation and emission spectra of Lagg..Eu,Tbo o STAL;O7 (x = 0.01-0.07 mol) was executed. The
analysis of luminescence spectra demonstrated that Tb** efficiently sensitized the Eu** ion. The critical distance (R.) was calculated to be |
5.576 A and it emerged that non-radiant energy loss occurrence i.e. concentration quenching observed after x = 0.04 mol (Eu*) doping in |
Lag o9 Eu,Tby01SrAL;0; (x = 0.01-0.07 mol) co-doped phosphors was induced by the dipole-quadrupole (d-q) interactions. Moreover, |
colorimetric attributes including Commission International de I'Eclairage 1931 color coordinates (x, y), color purity and correlated color |
temperature were obtained by utilization their emission data. The derived nanophosphor materials photometric traits enable new design |
opportunities for upgraded luminous materials that can be utilized in field emission displays, diverse luminous sources, photonic appliances,
phosphor converted light emitting diodes, full-color displays and numerous lighting devices. I
|

Keywords: Solution combustion, Nanophosphors, Photoluminescence, Color coordinates, Tunable.

INTRODUCTION

In recent era, phosphor converted light emitting diodes
(pc-LEDs), which have remarkable luminance efficiency and
an assortment of emission shades, have garnered significant
attention as an accessible and environmentally sustainable source
of illumination [1,2]. Multicolor emissions through a single host
matrix phosphor and chip combo seem more feasible and can
address the reabsorption issue as compared to ultraviolet light
emitting diodes (UV-LED’s) that use diverse essential phos-
phor mixes [3-5]. Consequently, the need is imperative to produce
the color-tunable luminescent material with single host lattice.
The key benefit of single-phase color tunable emitting phos-
phors over multicomponent emitting devices is their ability to
simultaneously improve the rendering index of illumination and

produce multicolor emission at low color temperatures [6].
Owing to their superior chemical stability, prolonged emission
life span, acute bandwidth, tunable illumination hue and signifi-
cant luminescence efficacy, rare-earth ions doped nanophosphor
materials have achieved extensive use in various areas in the
recent few years, including illumination, displays, luminescence
materials for biological applications, white light emitting diodes
(WLEDs) as well as various kinds of sensors for analysis [7-10].
The photoluminescent materials exhibiting the required vibrant
color impact could potentially be produced by changing the
dopant, content of dopant and utilising rare-earth ions combos in
tandem with an appropriate host [11,12]. It has been suggested
that unique luminous patterns could potentially be achieved by
incorporating co-dopants in single hosts as multiple energy
transfer (ET) exhibits fascinating multicolor emission.
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As luminosity could potentially be regulated through the
energy conveyed by doped/co-doped lanthanides e.g. terbium
(IIT) and europium(III) ions draw significant emphasis because
of their extended luminescence endurance and confined emis-
sion lines inside the visible realm. The activator, Eu** is known
for its red color emission correspond to the transitions Dy —
'F; whereas the ions Tb* exhibit green emission lines that corres-
pond to the transitions *Ds — "F; [13]. The practical application
of luminescent materials that contain Eu®* is, however, limited
by the fact that their absorption peak percentage relatively modest
and slightly limited in the ultraviolet (UV) range. In phosphors,
the transfer of energy is a fundamental phenomenon that could
take place among doped ion pairs (sensitizer/activator) as well
as from the host system to the doped ions [14]. The co-doping
approach, which involves the simultaneous incorporation of various
lumine-scent ions into the host lattice, has garnered significant
attention in recent years. This strategy has the potential to improve
the material’s luminescence properties in a synergistic manner,
leading to increased color purity, increased emission intensity,
and an extended wavelength range. Exploring the consequences
of sensitization and the co-doping energy transfer mechanism
may assist to address this issue in the future. The energy trans-
ferred from Tb** — Eu’* is beneficial since Eu** absorption wave-
length and Tb* emission wavelength are quite in proximity to
one another.

Substantial study has been put towards investigating the
energy transfer process, luminescent properties and tailored full-
color illuminating luminous materials co-doped with Tb** and
Eu*, i.e. SrLaGa;O, [14], ZnLaBsO, [15], LisLusTe,O1, [16],
CayLae(S104)4(PO4),0; [17], NasCaSizOy [18], Zn,GeO, [19],
Gd,Zr,0; [13], SrsYNa(PO4);F [20], LaVO4 [21], etc. Within the
field of luminous materials, research and technological advance-
ment have been driven by search for new luminescent comp-
ounds exhibiting improved optical characteristics. So selecting
an adequate host material is extremely essential for the phos-
phors featuring the spectacular illuminating character traits. In
juxtaposed with silicates, fluorides, oxides, nitride, vanadates,
oxynitride, sulfides, efc. aluminates have been revealed to be a
more favourable host choice.

Rare earth elements have been incorporated into aluminate
matrices to significantly alter the characteristics enabling an
array of advanced applications. Due to their exceptional stability,
elevated brightness, enduring after-glow, superior efficiency,
and appropriate emission color, rare earth-doped aluminates
have been the subject of intense research in recent years as ideal
luminescent materials used in lighting and display technol-
ogies, as well as for usage in lasers, LEDs, and other photonic
devices. The synthesis and structural composition of rare-earth
enriched melilite families have been the subject of numerous
investigation. In present investigation, LaSrAl;0;, a type of
aluminates was chosen as the substrate matrix. This is one of
the convoluted oxides in the huge group of rare-earth strontium
aluminate with melilite structure. In literature, photolumine-
scence studies of LaSrAL;O;: Eu™, LaSrAl;0;: Tb** doped
phosphors synthesised via solution combustion method [22],
LaSrAl;0;: RE* (RE = Eu, Tb) phosphors prepared using sol
gel method [23] and LaSrAl;O;: 0.01Eu*, xM* (M =K, Na, Li)

[24] phosphors obtained by solution combustion method and
LaSrAl;O;: Eu™ synthesized via solid-state reaction method [25]
have been reported. However, the possible energy transfer process
and influences of Eu**, Tb* co-doping in LaSrAl;O; photolumi-
nescence properties have not been reported in the literature till
date.

In this Work, La()_ggElI()_()1SI'A1307, L&)_ggTb()_()1srA1307 and a
series of Lag.oo.Eu,Tby o STALO7 (x = 0.01-0.07 mol) co-doped
nanocrystalline phosphor were prepared via simple, single step,
self-propagating solution combustion method. The structural,
morphological, band gap, luminescence and color-tunable
characteristics were studied. Energy transfer from Tb** to Eu**
ions in the host matrix was found to be effective simply adjusting
the ratio of Eu**/ Tb** ions. Pursuant to the outcomes, the synthe-
sized Lag.g0..Eu, Tbo o1 STAL;O7 (x=0.01-0.07 mol) nanocrystalline
luminescent materials showed emissions that could be adjusted
from greenish to orange-red to a deep red. Consequently, it beco-
mes realistic that Eu**/Tb* co-doped LaSrAl;0; can potentially
be utilized as an effective illumination material in field emission
displays, various light sources, photonic devices, pc-LEDs, full-
color displays and other lighting fixtures.

EXPERIMENTAL

Synthesis of Eu*/Tb* co-doped LaSrAL;O; crystalline
nanophosphors: An affordable, simple and self-propagating,
urea-assisted solution combustion synthesis method was adopted
in order to synthesize LagoEu 0 SrAl;07, LageeThooSTAL;0,
and a series of Laggo.Eu, Tbg o STAI;O7, co-doped phosphors
where x = 0.01-0.07 mol. For combustion, the raw ingredients
(metal nitrates) of high-purity i.e. La(NO;);- 6H,O, Eu(NO;);-
6H,0, Sr(NO3),, AI(NO3)3-9H,0, Tb(NOs);3- SH,O as oxidants
and urea (NH,CONH,) as fuel were used. Despite the aid of
another heating origin, the process could be rapidly accelerated
to extremely elevated temperatures via the energy produced
by the exothermic process that occurs amid the metal nitrates
and urea (fuel). Indeed, the combustion process facilitates the
quick fabrication of plenty of inorganic materials sans the need
for the lengthy, high-temperature sintering step [11,26-28]. In
a stoichiometric ratio, the starting ingredients (metal nitrates
+ fuel) were dissolved with minimum quantity of deionized
water in a beaker. The resulting solution was subsequently heated
on a hot plate with dynamic stirring for a maximum of two to
three min to achieve a homogeneous mixture. The homogeneous
solution was then inserted in a muffle furnace maintained at
500 °C for heating for 4-6 min. A robust exothermic process
results in the emergence of combustible gasses and that yields
a fluffy voluminous solid material [22,24, 26,29].

The basic chemical route which prompted doped/co-doped
La;..,Eu,Tb,SrAl;0O; crystalline phosphor was delineated as
follows:

(1-x-y)La(NOs);:6H,0 + Sr(NO3), + xEu(NO;);-6H,O +
yTb(NO3);-5H,0 + AI(NOs);-9H,O + NH,CONH, —
Lal_x_yEubeySrAl3O7 + COz, Nz and HzO

(mixture of gaseous products)

Here (x=0, y=0.01 mol), (x=0.01 mol, y=0) and (x =
0.01-0.07 mol, y = 0.01 mol). After cooling the obtained volum-
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inous substances to room temperature, an agate mortar was used
for grinding them into powder. Following that, the uniform
powders were placed in a crucible and annealed at 900 °C for
3 h, yielding the required crystalline material and preserved
in a desiccator for further analysis [30].

Characterization of La,..,Eu.Tb,SrAl;O; co-doped
nanocrystalline phosphors: The crystallographic phase anal-
ysis of the synthesized Eu**/Tb* co-doped LaSrAl;O, nano-
materials were evaluated by engaging Rigaku Ultima IV X-ray
powder diffractometer with Ni-filtered CuK,, radiations with A
= (.154056 nm. The field emission scanning electron micro-
scopy (FE-SEM) imaging as well as transmission electron micro-
scopy (TEM) was employed for assessing the surface appearance
and particle size of the produced co-doped phosphors. The
precise elemental composition of the synthesized phosphors was
determined with energy dispersive X-ray analysis (EDAX).
Using BaSO; as a reference compound, Shimadzu UV-3600
plus UV-Vis-NIR spectrophotometer was used to analyze the
energy band gap of the synthesized co-doped nanophosphor.
A HORIBA fluorescence spectrophotometer with a xenon lamp
was used to perform the photoluminescence analysis. Commi-
ssion International de I'Eclairage 1931 (CIE) color coordi-
nates (x, y) and other important photometric properties of the
produced La,.,.,Eu,Tb,SrAl;0; nanocrystalline luminescent
samples were also determined from the exploration of their
photoluminescent data. All the above mentioned character-
izations were carried out at room temperature.

RESULTS AND DISCUSSION

XRD studies: The phase consistency and structural features
of co-doped crystalline LagosEug 04 Tbg 01 SrAl;0; nanophosphor
was studied by analyzing its diffraction pattern as shown in
Fig. 1. The frameworks of LaSrAl;O; compounds were comp-
osed of 5-membered rings constructed with AlO;" tetrahedral,
Sr** and La* ions appear sporadically dispersed in eight coordi-
nating positions with Cs symmetry between the layers [22].
Precise peaks in the XRD image (Fig. 1) effectively harmonized
with the standard JCPDS card no. 50-1815, which revealed the
formation of crystalline and pure single phase LagosEug 04 Tbo o1
SrAl;0; co-doped phosphor at 900 °C. In contrast to the solid-
state reaction synthesis approach, the sintering temperature
has been dropped to approximately 500 °C [25,29]. The
diffraction peaks of Eu**/Tb** co-doped LaSrAl;O; sintered at
900 °C (3 h) primarily belong to tetragonal crystalline structure
with space group of P42,m (113). It was evident that the nano-
phosphor had been successfully produced in a single phase at
this temperature as no spike patterns attributable to additional
phases could be spotted [23,24]. Furthermore, the lack of extra
peaks in the diffraction pattern within the 10-80° scanning
range demonstrated that the co-doping of Eu**/Tb** ions within
the lattice matrix did not influence LaSrAl;O; basic framework
[12,31].

The dopant ions (Eu** and Tb**) assumed to have substi-
tuted lanthanum (La’**) ions in the LaSrAL;O; host lattice in lieu
of other (aluminum and strontium) ions because of their nearly
comparable sizes and charges. The difference in percentage
(%) radius (D,) was derived in order to gain a better under-
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Fig. 1. XRD patterns of Lao.osEug.0sTbooiSrAl;07 phosphor sintered at
900 °C with standard data for LaSrAl;O; (JCPDS No. 50-1815)

standing of the substitution phenomenon in LaSrAl;O; matrix
by dopant ions (Eu** and Tb*"). For the formation of an adeq-
uate crystal lattice, D, should have a value of less than 30%
[32,33]. The equation used in this instance was as follows:

R,(CN)-R,(CN)
R,(CN)

The respective ionic radii of the host and doping ions,
designated by the initials R, and Rq as well as the coordination
number, represented by CN in eqn 1. Considering all of the
values, D; (%) for the combos of La**/Tb* and La**/Eu* was
determined to be 9.53% and 16% , respectively [34,35]. Privi-
leged substitution seems generally supported to require a radius
variation of less than 30% among the infused ions and host
ions. It culminates in the preferential substitution of Eu**/Tb**
ions for lanthanum ions in LaSrAl;O; host lattice as obtained
through utilizing eqn 1.

The nanocrystalline nature of Lag ¢sEug.04Tbo.01SrAl;O; co-
doped powder sintered at 900 °C for 3 h was assessed from the
average size of crystallite (D), which was obtained using
Scherrer’s formula (eqn. 2) [4,13,36].

0.941A
D=
BcosO )

D, (%)= 00 (1)
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where D = average grain size; A = X-rays wavelength of CuKo
radiation (0.154056 nm); © = Bragg’s angle of an observed X-
ray diffraction peak; B = Full width at half-maxima in radians
(FWHM).

From Scherrer’s formula, the average grain size was found
to be 37.55 nm. The Williamson-Hall (W-H) relation, which
validates Scherrer’s approach, was also used to determine the
average crystallite size of LagosEugosTbooiSrAl;07 co-doped
nanocrystalline phosphor sintered at 900 °C, along with other
crystallographic data including microstrain (€) and dislocation
density (8) [37-40] as follows:

0.89A1

BcosO=¢(4sin0)+ 3)

Dislocation density (8) = # 4)

The correlation inferred by eqn. 3 between B cos® and
4 sin@ has culminated in a straight line graph. The value of the
straight-line intercept corresponds to the average crystallite
size (D). The microstrain value was subsequently derived from
the slope of line. The strain value of 0.00208 and the crystalline
size value of 63.60 nm have been retrieved from the W-H plot
(Fig. 2) using the slope and Y-intercept of fit, respectively. The
grain size value derived by the W-H approach was found to be
marginally larger than the value derived from Scherrer’s equa-
tion because strain considered in the W-H approach not in
Scherrer’s approach [41,42]. Also, dislocation density (8 =
0.000247 nm™) has been determined using eqn. 4. A comprehe-
nsive investigation of both phase analysis and crystallographic
aspects disclosed the formation of single phase Eu**/Tb* co-
doped LaSrAl;0; crystalline nanophosphors.

Morphological studies: The tailored Eu**/Tb* co-doped
LaSrAl;O; sample surface morphology, nanostructure and Eu*/
Tb* ions distributions were studied through FE-SEM, TEM
and EDAX techniques. The Optimized Lao_gsElIQ_o4Tb0A01SI'A13O7
phosphor sample sintered at 900 °C revealed agglomerates feat-
uring spherical-shaped porous particles having discrete inter-

Fig. 3. (a) FE-SEM image and (b) TEM image of LagosEug.04Tbo.oiSrAl3O7 nanophosphor synthesized via solution combustion method

* Layg 9sEUg 04Thyg 01SrAI;O;
-------- Linear fit

Bcos 6
X
*

0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
4sin6
Fig. 2. W-H plot of Lag.osEu,04Tbo.01SrAlz07 nanophosphor sintered at 900 °C

connect boundaries and smooth surface as demonstrated in the
FE-SEM image (Fig. 3a). The FE-SEM image clearly exhibited
some small pores as a consequence of the release of volatile by-
products. Such physical features enable to recognize particles,
which have been produced as the consequence of solution com-
bustion synthesis method [43-45].

The large surface area was developed by the densely packed,
sharing margins of the particles safeguards it from aging. The
effectiveness of luminescence of nanophosphor is boosted owing
to its smooth surface influence, which minimizes non-radiation
and scattering [22,46,47]. Fi. 3b illustrated the TEM image of
annealed Lag osEu.04Tb01SrAl;O7 phosphor at 900 °C and indi-
cated the loosely organized bunches of spherical shaped nano-
scale particles [22]. Fig. 4 exhibits the EDAX mappings for
all relevant constituents. The resulting maps reflect substantial
loading of Eu**/Tb* within LaSrAl;O; substrate lattice, as well
as the fair deployment of the distinct ingredients. The EDAX
spectrum (Fig. 5) shows the spikes that correspond to the
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Fig. 4. EDAX spectra portraying elemental mapping of LagosEug04Tbo.01SrAl;0; nanophosphor sintered at 900 °C
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Fig. 5. EDAX spectra of co-doped LagosEugsTboo1SrAl;07 nanophosphor
sintered at 900 °C

constituent ingredients (Tb, Eu, La, Sr, Al and O). The atomic
percentage and weight percentages compositions of each comp-
onent were also included as an inset [25,48]. All investigations
indicated that the resulting strontium aluminum lanthanum
oxide samples doped efficiently with Eu** and Tb** ions.

Optical band gap studies: The optical properties of the
Lag99Bu0.01STAL;O7, LaoggTbooiSrAl;O; and Laggo.Eu,Tbo oSt
Al;0;, co-doped phosphors where (x = 0.01-0.07 mol) were
probed through diffuse reflectance (DR) spectroscopy. It serves
as a forefront way of assessing the spectroscopic traits of solid
materials, including powder or thin films. The diffuse reflec-
tance patterns and calculated band gap values for synthesized
co-doped luminescent materials are shown in Figs. 6 and 7,
respectively. The Laggo..Eu,Tbo o SrAl;0; (x = 0.01-0.07 mol)
luminescent nanomaterials demonstrated energy absorption in
<300 nm domain, which was analogous to photoluminescent
excitation spectrum. In region < 300 nm, Lag 0..Eu, Tby0:SrAL;O;
(x = 0.01-0.07 mol) luminescent materials showed energy
absorption at 255 nm corresponding to charge transfer from
O to Eu’*. The minor absorption bands in > 300 nm region
(Fig. 6) correlated with the 4fintra-configurational transitions
of Eu* and Tb* ions [13,49,50]. The Kubelka-Munk function
(eqn. 5) and Tauc’s relation (eqn. 6) were utilized to assess the
probe concurrent to the DR spectra, i.e. the determination of
Optical band gap of La()_ngU()_()1SI'A1307, La()_gg,xEUXTb()_mSI'A1307
(x = 0.01-0.07 mol) and Lags9Tboo:SrAlO; nanocrystalline
materials [51-56].
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1-R )} K ption coefficient; S = scattering coefficient; and n = electronic
FR_ )=—=t=— (5) transition nature (n = 1/2, direct allowed transitions, n =2, indirect
2R, S allowed transitions, n = 3, indirect forbidden transitions and n

[E(R_)hv]" =C(hy — E,) 6) =3/2, direct. forbidden transitions, respectively).
The optimal band gap (E,) of all the these phosphors were
where F(R..) = Kubelka-Munk function; hv = 1240/A R = sample calculated [36,57] and the values are tabulated in Table-1. With
reflection coefficient; C = proportionality constant; K = absor- regard to Eu** and Tb** mono-doped LaSrAl;O; phosphors, the

TABLE-1
ENERGY BAND GAP (eV), REFRACTIVE INDEX (n) AND METALLIZATION CRITERION (M) OF
Lag oty o, STALO,, Lag g0, E, Ty 0, STALO, (x = 0.01-0.07 mol) AND La 6o Tby 0, StALO, NANOMATERIALS

Symbolization Phosphor sample Energy band gap (eV) Refractive index (n) Metallization criterion (M)
a La, osEu, o, SrAL;O, 4.00 2.17 0.447
b Lag osBuy 9, Tby o STAlL O, 4.23 2.12 0.459
® Lay o;Eu, o, Tby o;STAL;0, 4.49 2.08 0.474
d Lay 6Eu,03Tbg,0,STALO; 4.65 2.05 0.482
€ Lay osEug o Thy o STALLO; 4.74 2.04 0.486
f Lay 0,Buy 0 Tby 0, STALO; 4.78 2.03 0.488
g Lay 03Eu,06 by, STALO; 5.25 1.96 0.512
h Lag o,Euy 47 Tbyg 0 STAL O, 4.89 2.01 0.494
i Lay 99 Thy ,SrAlLO, 3.92 2.19 0.443
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fluctuation in the E, value of Eu**/Tb* co-doped LaSrAl;O,
nanomaterial reveals the accumulation of a few additional levels
of energy of doped ions. As the concentration of Eu** ions incre-
ased, it was observed that the E, of Lag g..Eu, Tb0:SrAl;07 nano-
phosphors widens attributable to the Moss effect. However, if
Eu’ ions concentration rises further, the energy band gap shrinks,
this could be due to dopant ion sublevels emerging proximal
to the conduction band [49,58-62]. Also, the energy band gap
values of Lao,ggEUo.olsI‘Al307, Lao,gg.xEubeo,olsI‘Al307 (x =0.01
-0.07 mol) and Lag¢yTbooSrAl;0; phosphors materials were
used in eqns. 7 and 8 to determine the refractive index (n) and
metallization criterion (M) of these synthesized materials.

n2—1=1_ E, o
n’+2 20
n-1 |[E
M=1- - ==
n’+2 20 ®)

The theoretically calculated metallization criterion (M < 1)
by Dimitrov and Sakka’s expression (eqn. 8) validating the
non-metallic character of co-doped Lag.go-«Eu, Tbg 01SrALO (x
= 0.01-0.07 mol) nanosamples [58,63,64].

Luminescence studies: The photoluminescence excit-
ation (PLE) and photoluminescence emission (PL) spectra of
LaoeEug0SrAl;O; observed at 617 nm and 255 nm, respectively
are shown in Fig. 8. The PLE spectrum of doped Lag¢Eugo St
Al;0; nanophosphor monitored at Ae = 617 nm corresponding
to the Dy — "F, transition (Eu*) shown in Fig. 8. exhibited
five excitations bands due to the charge transfer band (CTB) of
O>-Eu** bond (255 nm), "Fo — °Hs (321 nm), 'Fo — °D, (360
nm), 'Fo = °Ls (392 nm) and "Fy — °D, (464 nm) transitions
[23,65,66]. The emission spectrum of LageEug 01 SrAl;O; phos-
phor monitoring at A = 255 nm exhibited emission bands
corresponding to *Dy — F; (589 nm), ’Dy — "F, (612, 617 nm)
and °Dy — "F; (655 nm) transitions (Table-2). The emission spectra
revealed non-centrosymmetric arrangement of Eu™ ions in
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Fig. 8. PLE and PL spectra of LageEuy ¢ SrAl;07nanocrystalline phosphor
sintered at 900 °C

TABLE-2
PL EXCITATION, EMISSION PEAKS AND
CORRELATIVE TRANSITION DELINEATE OF La, o,Ety 0, StALO,,
Lag 09 TbyoSTALO,, AND Lay s Eu, Tb, ¢, STALO, NANOPHOSPHORS

Transitions Aex (NM) Transitions Aem (NM)
La, oEu o, SrAl;0; nanophosphor
CTB 255 D, — 'F, 589
"Fy — °Hs 321 D, = F, 612, 617
F, =D, 360 D, —'F, 655
Ry, = L 392
F, =D, 464
Lay 4oTby o, SrAl;O; nanophosphor
4f% — 4f75d" 235 D, — 'Fs 415
Fs =D, 318 D, = F, 439
Fs —°G, 339 D, — 'Fy 485
F, — D, 366 D, = 'F; 544
Fs — L, 376 D, —F, 593
D, —F, 622
Lay g0..Eu, Tby o, SrAL;O; (x = 0.01-0.07 mol) nanophosphors
CTB 255 D, = 'F; 544
"F, — *H; 321 Dy — F, 589
Fy— D, 360 D, = F, 612, 617
Ry — L 392 D, —'F, 655
F, = °D, 464

Aex = Excitation wavelength, A, = Emission wavelength, CTB =
Charge transfer band

LaSrAl;O; host lattice as evident by much greater red-light emi-
ssion intensity corresponding to the electric dipole transition
(°Dy — 'F») than the orange-red emission corresponding to
the magnetic dipole transition "Dy — "F;) [22,67-69].

The PLE spectrum (Fig. 9) of LagoTbooSrAl;O; phos-
phor nanosample monitored at A, = 544 nm, exhibited a
prominent band 235 nm generated from spin-permitted 4/° —
4f75d" transition and some other bands at 318 ("Fs — °D)),
339 (7F6 —> 5C}z), 366 (7F(, —> 5D3) and 376 (7F6 — 5L1()) that
were attributed to 4f*-4f® intraconfigurational transitions of
Tb* ion in LaSrAl;O; host matrix. The emission spectrum

(Fig. 9, right) of Lag 99 Tbo 0 SrAl;07 nanophosphor monitored
at Aex = 235 exhibited by the six emission bands in 400-650 nm
region corresponding to °Ds; — 'Fs (415 nm), *D; — "F, (439
nm), °D; — "Fe (485 nm), °D; — 'Fs (544 nm), °D4 — 'F, (593
nm) and °D, — "F; (622 nm) transitions of Tb* ions [15,22,70].

Aem = 544 nm D, = 'F,| hex=235nm
VAl N\

- Lag ggEUg,01SrAl;0,
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Fig. 9. PLE and PL spectra of Lay.g9Tbo.01SrAl;0; nanocrystalline phosphor
sintered at 900 °C

Additionally, there are numerous potentials of tunable
light manifestations that may originate via the union of two or
more trivalent lanthanides ions as dopants in a host system,
comprising solid-state lighting, colored light emitting diodes,
display devices etc. Emission lines typically distinctive features
of specific rare earth ions. The mixing of different trivalent
rare earth ions into the phosphors material will culminate in
customizable luminous capabilities [54,71-73]. Pursuant to the
Dexter theory, there needs to be a coincidence between the PL
spectrum of Tb** ions and the PLE spectrum of Eu** ions for
effective energy transfer. The preliminary desire for energy
transfer has been fulfilled, as shown by Fig. 10, revealing that
the PLE spectrum of Eu™ ions and the PL spectrum of Tb**
ions in LaSrAl;0; matrix barely overlapped in 400-500 nm
region [74,75]. The phonons spectrum could assist transfer of
energy from Tb* — Eu**, according to the literature evidence
especially in scenarios if there is a slight spectral crossover.
Thus, it could be concluded that energy transfer from Tb** —
Eu** ions in selected lattice may occur in the context of co-
doping of Tb* and Eu** ions [67,76,77].

For additional insight regarding the intriguing luminance
aspects of Lago..Eu, Tboo1SrAl;07 (x = 0.01-0.07 mol) nano-
crystalline phosphor materials, the PLE and PL spectra of these
co-doped nanophosphors were examined. The PLE and PL
spectra of Laggo.Eu, Tb o1 STALO7 (x = 0.01-0.07 mol) phos-
phors, obtained at monitoring Aem = 617 and A, = 255 nm
depicted in Figs. 11 and 12, respectively. The combined PLE
spectra of Lag oo .Eu,Tbo 01 SrAl;0; (x = 0.01-0.07 mol) phosp-
hors showed a striking resemblance to PLE spectrum of
Lay.0oEu0.01SrAl;O; phosphor (Fig. 8). The excitation band attri-
buted to Tb* ions appeared significantly overlaid by Eu** ions
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Fig. 10. Extent of spectral overlap among Eu** excitation and Tb** emission
in LaSrAl;0; matrix
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Fig. 11. Combined excitaion spectra of Laggo..Eu, Tby 0 STAL,O; (x = 0.01-0.07
mol) co-doped nanocrystalline phosphors at A, = 617 nm
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Fig. 12. Combined emission spectra of Lag..Eu,Tby o StALO; (x = 0.01-0.07

mol) co-doped nanocrystalline phosphors at A, = 255 nm

excitation bands, presumably because the intensity associated
with the Tb** ions transitions was significantly lower than that
of the Eu* ions transitions [12,78,79].

Also, emission peak corresponding to Eu** ions along with
relatively low intensity Tb* ions emission peak (at 544 nm)
were clearly visible in the combined PL spectra (Fig. 12) of
Lag99-.Eu,Tbo.01STAl;07 (x = 0.01-0.07 mol) nanosamples [80].
It seems vital to investigate how concentration of Eu** ions
influences the co-doped phosphors emission intensity in order
to ascertain the optimum Eu** ion concentration as well as the
energy transfer mechanism [81,82]. As the concentration of
Eu?** ions (x) raised, lumen intensity of Tb* ions peak (°D; —
’Fs, 544 nm) gradually diminished while lumen intensity of Eu™*
(°Dy — "F,, 617 nm) ions peak in co-doped Laggo..Eu,Tho oSt
Al;0; (x = 0.01-0.07 mol) nanophosphor enhanced upto x =
0.04 mol (Eu™) then decreased with very minimal surplus
beyond the critical concentration as a result of concentration
quenching as displayed in Fig. 13. With elevated Eu* ion
concentration, the distance between doped ions diminishes
leads to the enhancement of non-radiative energy exchanges
between dopant ions which are responsible for this apparent
concentration quenching process [83,84]. It also may be feas-
ible to interpret the observed reduction in Tb* ion emission
intensity patterns in co-doped samples as evidence of prosp-
ective energy transfer from °D, (Tb**) — °D, (Eu**) energy
levels in LaSrAl;O; host matrix. Fig. 14 illustrated the possible
energy transfer between dopant ions (Eu** and Tb*) and energy
level outline to describe emission route in Eu**/Tb* co-doped
LaSrAl;O; luminescent material [17,75,85].

A * e EU*

L Fal i TH*
Bl K :". 5
oy & ; E
z E K z
E x ) S ~+% E
;,La e .. ;;_2

A A
“A....... A.
*: ..... ‘
0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
Eu® concentration (mol)

Fig. 13. Deviations in emission intensities of Eu** °Dy — "F») and Tb** ("D,

— 7 Fs) ions with change in Eu* concentration

Generally, the non-radiative energy transfer mechanism
genre possibly will be composed of the multipolar interactions
or exchange interactions. If the exchange interaction seems
prevailing, the critical distance (R.) value should be less than
5 A, otherwise, the multipolar interactions were significant
[15]. For the study of the non-radiative energy transfer mech-
anism i.e. concentration quenching, the critical distance (R.)
can be calculated using eqn. 9 as follows [86-88]:
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Fig. 14. Tllustration depicting possible energy transfer process from Tb* —
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3V 1/3
R =2
RS

where V = unit cell volume (325.48 A3); X, = critical concen-
tration of dopant Tb* and Eu** ions (0.05 mol); N = available
locations for dopants in unit cell N = 2.

The energy transfer between the dopant ions should be
regulated by the electric multipolar interaction in synthesized
co-doped nanocrystalline phosphor as R. was calculated to be
5.576 A [15,89]. The Dexter energy transfer equation of multi-
polar interaction (eqn. 10) was applied to grasp the possible
mechanism for multipolar interactions between dopant ions
in selected LaSrAl;0; matrix.

N, _ 3

n
where 1 = sensitizer (Tb*") quantum efficiency in absence of
activator; 1| = sensitizer (Tb**) quantum efficiency in presence
of activator (Eu™); C = content quantity of sensitizer (Tb*")
and activator (Eu*); n = 6, 8 and 10, which are correlate to the
dipole-dipole (d-d), dipole-quadrupole (d-q) and quadrupole-
quadrupole (q-q) interactions, respectively.

The ratio of photoluminescence intensity (I/I) can be utilized
to approximate the value of m¢/m ratio adopting Reisfeld’s
approximation. Here, I and I, signify luminescence intensities
of sensitizer (Tb**) with and devoid of activator (Eu™"), respec-
tively. The correlated graphical representation (Fig. 15) of Iy/1
versus C" demonstrated an optimal linear tandem at n = 8,

(10)

(Ceee s )™ x 10° (Cee )™ x 10° (Cegoram)* x 10°

Fig. 15. Dependence of I,/ of Tb** on (Cg3++m3)™ for Eu*/Tb* co-doped
LaSrAl;O; phosphors

corresponding to dipole-quadrupole (d-q) interactions between
Tb* and Eu* in LaSrAl;0 lattice [70,75,90,91].
Colorimetric probe: The channeling of energy from a
sensitizer to an activator (Tb** — Eu™) opens up an avenue for
achieving color-tunable emissions [ 15]. The CIE chromaticity
coordinates using MATLAB software, color-purity (CP) and
color correlated temperature (CCT) for Lag g9 Tbg o1 SrAl;0;7 and
Lagg9..Eu, Tbo o1 STALO7 (x = 0.01-0.07 mol) co-doped nano-
luminescent samples were assessed on the basis of their associ-
ated spectra and summarized in Table-3. The CIE color coordi-
nates of LaolggTbo.olsrAl307 and Lao.nguolmeQ.o]SI'A1307
phosphors were calculated to be (0.353, 0.554) and (0.643,
0.357) which were lying in greenish and deep red zone, respec-
tively. Itis also significant that color-tunable phosphor essences
ranging from greenish to orange-red to a deep red could be
achieved by merging Tb* and Eu** ions in LaSrAl;O; substrate
lattice as shown in Fig. 16. Consequently, it appears evident
that pig-ment emission can be tailored to a desired color range
merely only altering the concentration of co-dopants (Tb** and
Eu™). Further, the color purity (CP) of the produced nano-
samples was ascertained using eqn. 11 by utilizing their CIE
color coordinates to gauge their luminous attributes [12,92,93].

Jo—x ) +(y-y)’

Jor =)+, -3,
The resulting co-doped luminous materials revealed high
color purity (80-90% assortment), signifying potential utili-

Color purity (%) =

TABLE-3
DIVERSE CHROMATICITY CONSTRAINTS OF Lay o Tby 0, SrAl,O; AND
Lag g0..B, Ty 4, STALO, (x = 0.01-0.07 mol) NANOCRYSTALLINE SAMPLES

Samples CIE (x, y) CP (%) W, v) CCT (K)
Lay 9 Tby(,SrALLO, 0.353, 0.554 57.82 0.158, 0.558 -

La, 4sEu o, Tby o, SrAL, O, 0.600, 0.399 79.99 0.364, 0.545 1714.63
Lay¢;Eu, 2, Tby o, SrAlL, O, 0.644, 0.356 89.22 0.431, 0.535 2356.75
Lag 4Eu 43 Tby o, SrAL, O, 0.648, 0.350 90.13 0.438, 0.532 2500.96
Lay osEu, s Tby o, STAL,O; 0.647, 0.352 89.89 0.436, 0.534 2471.04
Lay 4Eu, s Tby o, STAL,O; 0.649, 0.351 90.39 0.439, 0.533 2531.99
Lag ¢;Eu, 46 Tby o, SrAL, O, 0.646, 0.354 89.68 0.434, 0.535 2410.40
La, ¢,Eu, ;Tby o, SrAL; O, 0.643, 0.357 88.99 0.428, 0.536 2312.3
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Fig. 16. CIE color coordinates of Tb* single and Eu**/Tb** co-doped

LaSrAl30; nanophosphors

zation of these materials in solid state lighting technologies.
Also, the CCT is a key criterion for figuring out the chromatic
aspects of the produced illumination in Kelvin (K). The Mc-
Camy formula (eqn. 12) was used to probe the CCT of radiance
stemming by LageoEu,Tby SrAL:0; (x = 0.01-0.07 mol) co-
doped nanocrystalline luminescent materials [94-96].

CCT =-437n’ +3601n’ —686In+5514.3  (12)
where n = (x — x.)/(y — y.) with chromaticity epicentre x. =
0.332 and y. = 0.186.

The following computations were engaged in the conver-

sion of chroma (x, y to v’, v') for calculating CCT values
[12,97]:

o= 4x . V= Oy
2x+12y+3’ 2x+12y+3

The insights observed for all Lagg9..Eu, Tbg0:STALO; (x =
0.01-0.07 mol) co-doped nanoluminescent sample pursuant
to investigation validate their potential as the platform for
sophisticated displays, diverse luminous sources, photonic
appliances and numerous lighting devices [11,27,98,99].

(13)

Conclusion

In present work, Lag g9 Eu, Tbo01SrAL;O; (x =0.01-0.07 mol)
color tunable luminous nanocrystalline materials were synthe-
sized using a simple, cost effective, less time consuming, self-
propagating solution combustion synthesis route. The XRD
pattern of synthesized LaoosEug 04 Tbg.01SrAl;0; co-doped phos-
phor revealed the formation of crystalline and pure single phase
at 900 °C. The synthesized co-doped phosphor sample illus-
trated the loosely organized bunches of spherical shaped nano-
scale particles. The EDAX spectrum shows that Tb, Eu, La,
Sr, Al and O elements were present in Eu**/Tb* co-doped

LaSrAL;O; nanophosphor. Moreover, the DR spectroscopy reve-
aled that the band gap energy of Eu**, Tb** co-doped LaSrAl;O,
nanophosphors lay within the range of inorganic semicon-
ductor substances, which strengthened their potency. With
altering the contrast ratio of Tb** and Eu**, specific emission
based on energy transfer (ET) from Tb* — Eu** was also feasi-
ble to be altered ranging from greenish to orange-red to a deep
red. Under 255 nm excitation it emerged that the energy transfer
was caused by a dipole-quadrupole (d-q) interaction. The obser-
ved color-tunable emission for Laggo Eu,TbgoSrAL;O; (x =
0.01-0.07 mol) co-doped nanoluminescent demonstrates their
future use as a foundation for sophisticated displays, diverse
luminous sources, photonic appliances, pc-LEDs, full-color
displays and numerous lighting devices.
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