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A green light emissive LaSr,AlOg:Er®*
nanocrystalline material for solid state lighting:

crystal phase refinement and down-conversion
photoluminescence with high thermal stabilityf

Pawan Kumar,® Devender Singh & *? and Harish Kumar®

The present study reveals the structural and optoelectronic characteristics of a down-converted (DC) green

luminous Er®* doped LaSr,AlOs phosphor that was produced by employing an efficient and reliable gel-

combustion process assisted with urea as a fuel. Using Rietveld refinement of diffraction data, the crystal

structure and phase formation were examined. The surface morphology and elemental configuration of

the phosphor were analyzed via TEM and EDX spectroscopy, respectively. The band gap of LaSr,AlOs
(5.97 eV) and optimized LagosSr2AlO0s:4 mol% Er®* (5.51 eV) classify the optimized sample as a direct
band-gap material. The PL peaks located in the visible range corresponding to transitions 2Hojp — *l15/2
(406 nM), 2Hiyp — sy (520 nm), #Szo — 21152 (550 nm), and *Fe; » — “lis/2 (665 Nm) were revealed
by photoluminescence spectroscopy under 377 nm excitation. Above 4 mol% Er®* doping, concentration

quenching was observed, which was controlled by the quadrupole—quadrupole interaction. Based on the

findings of the double exponential fitting of lifetime curves acquired from the emission spectra at Aex =

377 nm and Aem = 550 nm, the average lifetime of the excited levels of considered nanomaterials was

estimated. The temperature-dependent emission spectra of the Lag 9gSroAlOs:4 mol% Ers* sample were

collected in the range 298-498 K. The considered phosphor was found to have a high thermal stability
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as evidenced by the luminous intensity being sustained at 74.29% at 498 K compared to the intensity at

ambient temperature (298 K) with an activation energy of 0.1453 eV. The calculated color purity and
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1 Introduction

People are becoming more conscious about environmental
preservation and energy conservation in the modern world as
energy resources become more limited."” The scientific
community is now looking for effective energy-saving gadgets
owing to the rising demand for energy in the twenty-first
century. In simple terms, phosphors makes LED light usable.
LED chips are intrinsically blue, red, or green, with blue LEDs
being the most commonly used in solid-state lighting. However,
the blue light that they produce is unusable for everyday
lighting and must be covered with a phosphor. The phosphor
material converts the high-energy light from the LED to a lower-
energy (longer wavelength) light. Phosphors can absorb all or
a part of the light emitted by the LED. As a result, phosphors
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superb chromaticity coordinates indicates that the phosphors have a high degree of color purity, which
further supports its applicability as a green component in solid-state lighting.

produce color wavelengths longer than the absorbed light.*™* In
light of this, a great deal of work has gone into creating new
lighting sources, leading to the introduction of light-emitting
diodes (LEDs) and white light-emitting diodes (w-LEDs) as
solid-state lighting (SSL) sources.”® Compared to traditional
incandescent and halogen lights, LEDs and w-LEDs have the
benefits of low energy consumption, durability, extended life,
the absence of mercury, and environmental friendliness.'***
Due to their benefits, LEDs and w-LEDs have a wide variety of
potential applications in the fields of display technology and
lighting.

Solid-state lighting was the earliest use of light-emitting
diodes after blue light-emitting diodes were developed in the
1990s. In 1997, this innovation led to the creation of white-
emitting LEDs by merging a blue-emitting GaN-chip with
a yellow phosphor (YAG:Ce)."*'* Nevertheless, the resultant w-
LED has certain shortcomings, including low color tempera-
ture stability and a poor color rendering index (CRI).**'® The
focus of w-LED manufacturing changed from a YAG:Ce phos-
phor blue LED-based plan to a tri-color (red, green, and blue)
phosphor ultraviolet LED-based approach in order to reduce
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these problems.'”*® In addition to saving a significant amount
of energy and lowering environmental pollution, using
phosphor-converted w-LEDs instead of conventional lighting
equipment is a potent technology with a high color rendering
index and adequate color reproduction for efficient lighting.**>°
The selection of a suitable luminescent host material is
considered to be essential in enabling the spectacular uses of
RE ions and ensuring their remarkable illuminated properties.
Compared to other inorganic materials, aluminates are
considered a superior luminous host material for RE ions and
have been extensively studied for solid-state lighting
purposes.®"** LaSr,AlO; is an inorganic host substance with 74/
mcm space symmetry with a tetragonal crystal structure.*
LaSr,AlOs has excellent properties, such as a high optical band
gap and excellent optical, thermal, and chemical stability.**
Trivalent erbium (Er**), one of the lanthanide (Ln*") ion family,
is an efficient down-converting luminescent centre that may be
used to create green emissive phosphors by converting NUV
light to visible spectrum.**?¢ Moreover, the illuminating char-
acteristics that Er*" ions achieve are highly dependent on the
environment of the encompassing host into which these ions
are assimilated. For this reason, authors conducted extensive
research to find a sustainable host for trivalent erbium ions
exhibiting viable properties like superior chemical and thermal

Solution

Stirring with
hot plate

View Article Online

Paper

durability, reduced toxicity, rigid framework, and high lumen
output.’”?* To modify the optical characteristics of Er’* doped
LaSr,AlO5 luminous nanoparticles and investigate their poten-
tial applications in many domains, it is imperative to establish
simple synthetic procedures that provide controlled and
uniform crystalline phase, shape, and size. This resulted in the
development of a number of chemical techniques, such as the
microwave-aided method, chemical vapour decomposition, gel-
combustion, and sol-gel.**** The gel-combustion technique has
been the focus of this study because of its special qualities,
which include its simplicity of synthesis, ability to produce
high-purity nano-sized crystalline powders at low temperatures,
improved homogeneity, and ability to produce high-purity
powder.>*¢ In the present study, we discuss the combustion
synthesis of LaSr,AlO;:xEr*" (x = 1-7 mol%) phosphors. XRD
and SEM/TEM investigations provide structural and morpho-
logical information about the synthesized materials. Diffuse
reflectance spectra (DRS) and luminescence (PL/PLE) spectra
were used to analyze the optical characteristics of the developed
nanophosphors. Furthermore, temperature-dependent PL
emission spectra of the developed phosphor demonstrated its
high thermal stability. The photometric outcomes show that the
produced phosphor has good color purity, which suggests that
it could be potentially utilized to produce cool green light.

Finely mixed powder

Phosphor is Obtained

Placed in muffle furnace
for combustion

Fig. 1 Schematic diagram of the gel-combustion process used for the synthesis of LaSr,AlOs:Er** nanophosphors.
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2 Experimental
2.1 Materials and synthesis

A series of green light emissive La(; _Sr,AlO5:x mol% Er’' (x=1-
7 mol% Er’") nanophosphors were produced using a gel-
combustion method aided by urea as fuel (Fig. 1). In a beaker,
high purity metal nitrates such as Sr(NOs),, La(NOs);-6H,0,
Er(NOs);-6H,0, and Al(NO;),-9H,0 were mixed in the correct
stoichiometric ratio with the calculated amount of urea. The
mixture was constantly stirred to achieve a homogeneous solu-
tion. The overall oxidizing and reducing valencies in the
balanced reaction determine the molar ratio of urea to the metal
nitrates. To produce highly uniform oxides with stoichiometric
accuracy, urea as fuel is an essential component. Urea serves as
a fuel for the redox process after being oxidized by nitrate ions.
Energy is delivered by urea in the exothermic method.*” The
beaker was then placed into the preheated furnace and kept at
600 °C for a short time. Dehydration, foaming, and decomposi-
tion are the first problems the solution encounters. The required
solid appears as a result of the combustible gases generated by
this method of igniting and burning with flame.*® The end
product was then removed from the furnace, permitted to cool at
normal temperature, and thoroughly crushed into powder. The
obtained powder materials underwent further calcination to
achieve the desired phase.

2.2 Instrumentations

The X-ray diffraction patterns of produced samples were
recorded on a Rigaku Ultima-IV diffractometer, which scans at
a rate of 2° min . This allowed for the examination of phase
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purity and crystallinity of the samples. Cu-Ko was utilized as the
radiation. Also, 40 kV and 40 mA were maintained as the
constant tube voltage and current, respectively. Match! 3.0
Rietveld refinement software was used for the refining process
to analyze materials in both qualitative and quantitative
aspects. TECNAI transmission electron microscope (200 kV) was
used to analyze the morphology and particle size. Ametek
energy dispersive X-ray spectrometer was used for elemental
analysis to determine the chemical composition of the synthe-
sized phosphors. A Horiba Jobin YVON Fluorolog spectropho-
tometer aided by xenon light was used to analyze the excitation
and emission spectra of the materials at room temperature.

3 Results and discussion
3.1 XRD evaluation

The phase purity, crystal structure, and crystallinity of the
undoped LaSr,AlO; and Er’* (1-7 mol%) doped LaSr,AlO;
nanomaterials were assessed via X-ray diffraction. The XRD
patterns of undoped and different (1-7 mol%) Er** doped
LaSr,AlO5 nanophosphors are displayed in Fig. 2(a), which were
captured at room temperature within a 26 scanning range of
10°-80°. The standard reference used in this case was the
diffraction data of EuSr,AlOs nanomaterial shown in Fig. 2(a),
representing JCPDS No. 70-2197.%° The experimental diffraction
data and reference data are in good accordance with each other
with respect to their location and relative intensity of diffraction
lines, which further affirm the phase excellence and mono-
phasic nature of the synthesized nanomaterials. The tetragonal
class (reference material) with I4/mcm space (140) group
symmetry was perceived in undoped LaSr,AlOs5 and all samples
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Fig. 2 (a) Diffraction patterns of LaSr,AlOs and La;_,SrAlOs:XEr* (x = 1-7 mol%) phosphors: (b) an enlarged pattern view of all considered

samples.
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Table 1 The interplanar d-spacing values of the host and Ertt
(1-7 mol%) doped phosphors

Sample 20 angle d-Spacing (A)
LaSr,AlO5 (LSA) 30.82 2.8989
LSA:1 mol% Er** 30.85 2.8961
LSA:2 mol% Er** 30.87 2.8943
LSA:3 mol% Er** 30.90 2.8915
LSA:4 mol% Er** 30.94 2.8879
LSA:5 mol% Er** 30.96 2.8861
LSA:6 mol% Er** 30.99 2.8834
LSA:7 mol% Er** 31.03 2.8797

of LaSr,AlO; doped with Er** (1-7 mol%) phosphors. The crystal
structure of the synthesized material remains the same at
different doping levels of Er’* ions. Nonetheless, peaks in the
doped samples were found to vary in position, indicating that
the dopant Er’* ion was properly incorporated into the LaSr,-
AlO; lattice. Fig. 2(b) demonstrates the enlarged view of the
diffraction patterns of the host as well as all doped samples. It is
clear from Fig. 2(b) that the diffraction peaks of doped samples
moved towards the greater 26 angle due to the incorporation of
the smaller Er*" ions. Additionally, the interplanar spacing (d)
values associated with the sharpest peak (202) were calculated
and found to decrease in a predictable manner with increasing
Er*" jon doping levels (Table 1). These outcomes were caused by
the smaller activated cation replacing the larger host cation.
Hence, these results were further validated by the Bragg's
hypothesis (2d sin § = n1).* The effective ionic radii for La*" and
Er’* ions in the LaSr,AlO; matrix are 1.16 A (CN = 8) and 1.004 A
(CN = 8), respectively. It is believed that Er*" ions occupied the
positions of La** ions in the crystal structure. The difference in
ionic radius between the activator and host ions is allowed to be
up to 30%. The radii% variance (D,) between active (Er’*) ions
and likely substituted La** in the LaSr,AlO5; matrix was delib-
erated using the following formula (1).*

_ Ry(CN) — Ry(CN)
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computed difference between the activator and host cations is
13.44%. The Debye-Scherrer approach uses the peak broad-
ening analysis to assess the crystallite size. This method uses
eqn (2) to calculate the average crystallite size.*

kA

Diwa = B(26)cos 6

(2)
Here, 4 denotes the used X-ray wavelength, § defines the FWHM
value of the peak, 26 is the scattering Bragg angle, and £ is
a constant (0.89). The average particle size data can potentially
be exploited to calculate the dislocation density of the host and
different doped samples. The number of dislocation lines per
unit volume of the crystal is represented by the dislocation
density value, which serves as a metric for the size of crystal
defects. Additionally, the dislocation density will indicate the
degree of crystallinity present in the nanoparticle. Eqn (3) may
be used to compute the dislocation density.*

Dislocation density =

" ©)

Table 2 provides the dislocation density and crystallite size as
a function of dopant ion concentration. The calculation demon-
strates that the nanoparticles produced in this work have a rather
low dislocation density. A low dislocation density indicates a high
degree of crystallinity in the synthesized nanoparticles.

3.1.1 Williamson-Hall (W-H) analysis. For the W-H plot,
strain broadening and size widening must be combined. The
W-H technique is the most convenient integral breadth method
for distinguishing between the strain-dependent line broad-
ening and crystallite size by analyzing peak width as a function
of 2-theta. To show how the lattice strain causes peak broad-
ening, one can utilize the Stokes-Wilson formula (4).

6strz\in =4etand

(4)

Consequently, the overall broadening caused by the size and
strain in a specific peak with Akl-value may be given as;

D x 100% 1
r Rh(CN) ’ ( ) 6/11([ = ;Bsize + ﬂslrain (5)
Here, (i is used for the FWHM of the various XRD lines.
Thus, it can be shown that the activator ions successfully K
replaced the host ions in the present investigation since the B = D—0+ 4¢ tan 0 (6)
cos
Table 2 Computed diffraction values of LaSr,AlOs and Lag_SrAlOs:xEr* (x = 1-7 mol%) nanophosphors
Crystallite size (nm)
2 theta Dislocation Microstrain
Sample (LSA) (26) FWHM Scherrer's W-H density (1074 (e x 107%)
LaSr,AlOs (LSA) 30.82 0.2173 39.61 45.17 6.37 4.7425
LSA:1 mol% Er** 30.85 0.2204 39.05 43.12 6.56 5.2127
LSA:2 mol% Er** 30.87 0.2221 38.76 42.54 6.66 5.8204
LSA:3 mol% Er** 30.90 0.2241 38.41 41.10 6.78 6.2487
LSA:4 mol% Er** 30.94 0.2298 37.46 39.78 7.12 6.3687
LSA:5 mol% Er** 30.96 0.2331 36.94 38.11 7.33 7.2671
LSA:6 mol% Er** 30.99 0.2403 35.83 36.81 7.79 8.0457
LSA:7 mol% Er** 31.03 0.2538 33.93 35.72 8.69 9.2486
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On modifying the above eqn (6), we obtained****

)

KA .
B €OS Opry = 53 + 4e sin Oy

Eqn (7) takes into account the isotropic nature of the crystal,
i.e., all parameters are independent of the direction along which
they are evaluated. Hence, the microstrain was taken to be the
same in all crystallographic orientations. Plotting the term g
cos fvs. 4 sin 4 for the tetragonal phase favored the alignment of
peaks in the samples under consideration (Fig. 3). In the linear
fitted plot, the slope and intersect indicate strain and particle
size, respectively. All the obtained values corresponding to the
microstrain and crystallite size for focused materials are
summarized in Table 2.

3.1.2 Rietveld refinement and crystal structure. Employing
the Rietveld refinement technique, a typical crystal shape of the
synthesized material was developed in order to identify the
occupancy of rare earth (Er’*) ions in the LaSr,AlO; lattice.
Refinement results corresponding to the host (LSA) material
and the optimized (LSA:4 mol% Er’") sample are displayed in
Fig. 4(a) and (b), and it is very clear from the fitting profiles that
the calculated results are in good agreement with the experi-
mental values. The refinement outcomes show the synthesized
samples having a tetragonal system with the I4/mcm space

*  LSA:3 mol % Er®* —«i*
Linear fit
** " x
*
*

LSA:2 mol % Er®*
Linear fit

LSA:1 mol % Er®*
Linear fit
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" 1 " 1 " 1 L 1 L 1 " 1 " 1 "
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4 Sin6
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group. The superiority of the Rietveld refinement is demon-
strated through the residuals R, Ry, and simplified x*. These
goodness factors are defined by various eqn (S1)-(S4).1*¢ In
these equations, Iy, I. and w stand for measured and calculated
peak intensities and weighting factor, respectively. Also, Nops
and Ny,, define the data points and fitting characteristics,
respectively. From the refinement outcomes, R, and R,,;, factors
were 5.10%, 5.52% and 7.59%, 9.58% and the reduced chi-
square value (x*) = 2.17 and 2.31 for the host and optimized
sample, respectively, showing good convergence of fit. All the
refinement data corresponding to the host and optimized
sample are summarized in Table 3. According to the results
summarized in Table 3, the doped optimized sample's values
for unit cell parameters (a, b, and c) were found to be lower than
those of the host sample. This was likely caused by the smaller
dopant ions replacing the larger host ions. Additionally, the
doped sample's unit cell volume seems to have reduced. These
results collectively demonstrate that the host material was
successfully doped with Er*" ions.

Fig. 5 illustrates the LaSr,AlOj5 crystal structure and provides
information about the luminous centre of the host and the
doping of activator ions. [La/SrOg], [SrOy0], and [AlO,] units
comprise the three kinds of polyhedra that together make up
the LaSr,AlO; crystalline structure.” Host La*" ions are located
at half of 8h crystallographic sites in this structure, forming an

LSA:7 mol % Er**
Linear fit

*  LSA:6 mol % Er®*

%
- Linear fit ~ %
*
3 x
(&)
- LSA:5 mol % Er**
@ Linear fit
*

*  LSA:4 mol % Er**
Linear fit

" 1 " 1 " 1 " 1 " 1 " 1 " 1 "
025 050 0.75 1.00 125 150 1.75 2.00 225
4 Sin0

Fig. 3 W-H plot for the host and different doped Lag_SrAlOs:XxEr* (x = 1-7 mol%) samples.
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Fig. 4 Rietveld profiles of (a) undoped LaSr,AlOs and (b) Lag oeSro-
AlOs:4 mol% Er®* samples.

Table 3 Rietveld refinement parameters of LaSr,AlOs and optimal
Lag 06Sr2AlO0s:4 mol% Er* nanophosphors

Sample LaSr,AlO5 LSA:4 mol% Er**
Formula weight 421.09 422.21
System Tetragonal Tetragonal
26 range; step (deg.) 10-80; 0.02 10-80; 0.02
Wavelength (A) 1.54056 1.54056
Space group I4/mem I4/mem
Space group number 140 140
Pearson symbol tI tI

Formula unit 4 4
Lattice-symbol I I

a(A) 6.7884 6.7135

b (A) 6.7684 6.7135
c(A) 10.9341 10.8209
Volume (A%) 503.869 487.70
a=8=y 90.00 90.00

x* 2.17 2.31

R, (%) 5.10 5.52

Ryp (%) 7.59 9.58
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eight-fold coordination polyhedral unit called [La(1)Og]. Also,
Sr** has two distinct sites, i.e., Sr(2) occupies the other half of
the 8h atomic locations and forms the [Sr(2)Og] polyhedral,
whereas Sr(3) occupies the 4a positions and forms [Sr(3)O;,]
coordinated polyhedra. Al(4)O, unit is a coordination of four
oxygen atoms with Al in the 4b crystal locations. The remaining
4c and 16l sites are occupied by O(5) and O(6), respectively.
Table S11 provides a summary of the occupancy factors, atomic
coordinates, sites, and isotropic displacement parameters ob-
tained for the LaSr,AlO5 sample.

3.2 TEM analysis

Utilizing TEM images of the LaSr,AlOs:Er** phosphor, the
structure, framework, and crystal size of samples were analyzed.
Fig. 6 displays the TEM micrograph of the optimized sample.
The homogeneously dispersed particles on the surface are
approximately spherical in shape and vary in size from 32 to
45 nm. The uneven distribution of heat and mass flow during
combustion caused small discrepancies in crystallite size.*®*
The crystal size obtained from the TEM examination correlates
well with the XRD measurements.

3.3 EDX investigation

EDX is a frequently used technique to determine the elemental
composition in a small region of the sample. Higher energy
electrons from the outer shell inhabit the holes left by the
expelled electrons from an electron bombardment in the inner
shell of the atom. Identical X-rays with specific energy emanate
as electrons migrate from the outer to the inner shell. The
measurement of the amount and wavelength of X-rays gener-
ated allows for the confirmation of the identification of specific
components in the material under examination. Fig. 7(a) and
(b) reveal the EDX profiles of undoped LaSr,AlO; and Er**
(4 mol%) doped LaSr,AlOs, respectively. In addition to small
peaks from dopant Er*" ions in the doped LaSr,AlO5 phosphor,
the profile shows large peaks for the La, Sr, Al, and O elements.
It shows how well the Er*" ions are incorporated into the host
matrix. Inset of Fig. 7(a) and (b) shows data in the form of
a table compiling the findings of the quantitative EDX study
performed on the undoped and Er** doped samples.

3.4 Photoluminescence study

3.4.1 Excitation and emission spectra. In order to examine
the luminous characteristics of nanomaterials, the PLE spec-
trum at a fixed characteristic PL wavelength of ~548 nm of Er**
has been recorded within the wavelength region of 200-540 nm.
The PLE profile of LSA:4 mol% Er*" is illustrated in Fig. 8. The
charge transfer band for 0>~ — Er®' is signified by a broad
band from 220 to 280 nm with numerous excitation peaks at
~351 nm, ~363 nm, ~377 nm, ~407 nm, ~448 nm, ~488 nm,
and ~521 nm.** The most significant signal detected at
~377 nm is associated with the *I;5;, — *Gyy,, transition of Er**
ions, revealing that the present phosphor may be advantageous
in developing NUV-based LEDs. In addition, peaks are observed
at 351 nm (*I;5, = *Gy2), 363 nm (*Lis — *Goyn), 407 nm (*5),
— Hyy,), 448 nm (*Iy5, — *Fsp), 488 nm (*Iy5, — *F,p), and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Crystal structure of LaSr,AlOs along with the coordinative environment of various cations.

the Erst

6 TEM micrograph of
nanophosphor.

Fig. Lag.9eSroAlOs:4  mol%

521 nm (*I;5, — 2Hyq),).%* Photoluminescence emission spectra
have been obtained at an excitation wavelength of 377 nm, as
displayed in Fig. 9. The PL profile demonstrates various emis-
sive peaks centered at ~406 nm with blue emission having *Ho/,
— “I,5,, transition, ~520 nm with green emission having
transition *Hyq,, — *Iy5/2, ~550 nm with strong green emission

© 2024 The Author(s). Published by the Royal Society of Chemistry

from “S;, — “I5, transition, and red emissive peak at
~665 nm with *Fo;, — 115/, transition. The prominent peak at
~550 nm is caused by the *S;;, — “I;5/, transition, which has
a value AJ = 6, indicating that it is an electric dipole (ED)
transition and responsible for the green emission observed in
synthesized nanophosphors. Various transition states corre-
sponding to the Er** ion in focused nanophosphors are repre-
sented in Fig. 10.

3.4.2 Concentration quenching. The peak intensities
increased as the Er’" content increased to 4 mol% of Er** ions,
as shown in Fig. 11. After that point, the emission peak inten-
sities were observed to decline. Concentration quenching (CQ)
is the main cause of the emission intensities reducing after the
optimal Er’* concentration. Non-radiative energy transfer is
primarily responsible for the luminance quenching in the
phosphor material within the same rare earth ions. It is
commonly known that the spacing between the doping ions is
reduced when the amount of doping is consistently raised. In
order to calculate the critical distance (R.) between the rare
earth ions, eqn (8) was proposed by Blasse, which is given
below.>
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nanophosphors.

R. =

3
3V
2 (41‘th N ) (8)

Here, x., V, and N denote the critical amount of activator ion,
volume of unit cell, and number of existing locations per unit
cell, respectively. For LSA phosphors doped with Er**, these
values are x. = 4 mol%, V = 487.70.107 A, and N = 4. The R,
value was therefore determined to be 17.88 A. The Blasse theory
states that reabsorption, exchange interaction, and multipolar
interaction are the three possible non-radiative energy trans-
mission mechanisms between rare earth ions. Radiative reab-
sorption takes precedence when there is a significant overlap
between excitation and emission. CQ occurs due to the
exchange interaction when R, is smaller than 5 A. Concentra-
tion quenching occurs due to the multipolar interaction when
the critical distance exceeds 5 A. Since the observed R. value in
this work is more than 5 A, concentration quenching is

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

primarily driven by the multipole-multipole interaction. Three
types of interactions are included in the multipole-multipole
interaction: dipole-dipole (d-d), dipole-quadrupole (d-q), and
quadrupole-quadrupole (q-q). The following formula (9)
provides the PL emission intensity () for each activator amount
(x) in accordance with the Dexter theory.*

log (é) k- %og(x) 9)

The plot of log(Z/x) vs. log(x) is fitted linearly using the lumi-
nescence intensity of Er** concentration in the LSA host matrix,
as shown in Fig. 12. Fitting eqn (9) yielded a slope of —3.28. The
value of Q is calculated as 9.84, which is close to 10. This result
validates that the quadrupole-quadrupole interaction was
responsible for concentration quenching in Er’" activated
LaSr,AlO5 nanophosphors.

3.5 Luminescence lifetime

When a phosphor radiatively decays from an excited level to the
ground state, light is released. The dynamics of illumination,
quenching, and energy transfer mechanism are all explained by
the decay lifetime. For the purpose of recording the lumines-
cence lifetime data, the excitation and emission wavelengths
were fixed at 377 nm and 550 nm, respectively. The recorded
decay curve for the optimum (4 mol%) concentration of
LSA:Er** phosphor is depicted in Fig. 13. Numerous exponential
functions were employed to precisely match the acquired data.
The double exponential function listed below yields the best
outcome.>®

I, = Iy + Ay exp(—tit)) + Ay exp(—t/ty) (10)
Here, I is the luminous intensity, ¢ is the time, A; and 4, are
fitting parameters, and 7, and 7, are the slow and fast compo-
nents. The average lifetime may also be estimated by putting the
values of 44, A,, 7; and 7, into the following eqn (11).

Tave = (1117 + A7) ( Aty + Asto) (11)

According to the fitting results, when x =1, 2, 3, 4, 5, 6, and
7 mol% of Er®*, the average decay times of La(;_xEr,Sr;AlO;
nanophosphors are 1.431, 1.344, 1.227, 1.134, 1.059, 0.978, and
0.703, respectively. As a result of the non-radiative energy
transfer, the average lifespan rapidly declines as the concen-
tration of Er’* rises. Additionally, the radiative lifetime was
assessed using Auzel's model to analyze the variance in lumi-
nescence lifespan with increasing dopant concentration.

.= 1o/1+ Cge‘N/3 (12)
0

In the above relation, 1., ¢,, 7, and N represent the lifetime at
concentration ¢, concentration constant, intrinsic radiative
lifetime, and number of phonons, respectively. Quantum effi-
ciency () describes the converting ability of the system between

RSC Adv, 2024, 14, 755-770 | 763


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra07175h

Open Access Article. Published on 02 January 2024. Downloaded on 1/21/2026 4:16:18 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

550

CB of Er3*
Energy Transfer
4G "
‘Gun
2Ho2
254 nm 4F72
4S3n
Excitation
VB of O*

Fig. 10 Pictorial representation of different energy states of Er®* ion in the considered nanophosphors.

input and output. Quantum efficiency of a 4f emitting level
depends on the radiative (4g) and non-radiative (Ayyg) rates due
to deactivation processes of the emitting level. The computed
value of S/, emitting states 7, = 1.681 ms, obtained from the
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fitting procedure (inset of Fig. 13), was valuable for deriving the
quantum efficiency employing the subsequent eqn (13).%

n

Ar

_ Tavg

- AR+ Ak To

(13)
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Fig. 11 Concentration quenching profiles of the considered nanophosphors.
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Employing the radiative lifetime (z,), observed lifetime (tayy),
and the following relationship, the total non-radiative relaxa-
tion rates (Ang) are also computed.

1 1

= —+ ANR (14)
Tavg To

Table 4 lists the non-radiative transition rate and quantum
efficiency values of the synthesized nanophosphors. It was
feasible to effectively integrate the nanomaterials into white
light-emitting diodes for illumination because their synthesis
produced incredibly high quantum efficiency values.

3.6 Optical absorption analysis

In the realm of optoelectronic applications, the optical band
gap of materials is indispensable. Diffuse reflectance spectra

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Decay time and quantum efficiency of Las_,SrAlO0s:XErsT (x
= 1-7 mol%) phosphors

Sample Tavg (MS) Anr (87 (%)
LSA:1 mol% Er®* 1.431 104.01 85.06
LSA:2 mol% Er** 1.344 149.24 79.95
LSA:3 mol% Er** 1.227 220.19 72.99
LSA:4 mol% Er** 1.134 287.03 67.40
LSA:5 mol% Er** 1.059 349.48 62.99
LSA:6 mol% Er** 0.978 427.69 58.17
LSA:7 mol% Er** 0.703 827.64 41.82

(DRS) obtained through UV-Vis spectroscopy were employed to
calculate the band gap for the prepared nanophosphors. This
spectroscopic method assesses the incident light decline
following matrix surface absorption or reflection. When refer-
ring to powder samples, dispersion occurs more often and it is
harder to assess the scattered intensity. Then, for this kind of
measurement, the reflection mode is appropriate. Fig. 14(a)
exhibits the DRS of LSA and LSA: 4 mol% Er*" in 200-800 nm
spectral regions. For the doped optimized sample, different
absorption peaks were obtained at 254 nm, 377 nm, 448 nm,
488 nm, and 521 nm due to the charge transfer between oxygen
and erbium ion, 4115/2 - 4G11/2, 4115/2 - 4F5/2, 4115/2 - 41:‘7/2 and
1452 — *Hyq, transitions, respectively. The optical band gap
(E,) is computed using the Kubelka Munk formula provided by*’
K (1-R)?

F(R) = S~ R (15)

In this relationship, R and F(R) represent diffuse reflectance and
Kubelka-Munk absorption function, respectively. The scat-
tering and absorption coefficients are also defined separately by
S and K. Tauc's relation is associated with the optical energy gap
(E,) and linear absorption coefficient, which is given below.

ahy = Alhy — E,]" (16)

In this, A is a constant, s represents the photon's energy, and n
stands for the type of transition. Depending on the direct
transition, indirect transition, forbidden direct, and forbidden
indirect transitions, the value of n may be 1/2, 2, 3, and 3/2,
respectively. Eqn (15) and (16) may be used to write the
following expression®®

[F(R)W]* = Clhy — Ep)" (17)

The plot of [F(R)v]” vs. hv spectra displayed in Fig. 14(b) indi-
cates the E, values for the host (E; = 5.97 eV) and optimized (Eq
= 5.51 eV) sample, respectively. The energy gap value reduces on
Er’** ion incorporation in the host material.

3.7 Thermal stability

To assess the luminous features of phosphors for practical use
in light-emitting devices, the temperature stability of lumines-
cence is an essential parameter. The temperature-dependent
emission spectra of tetragonal LagosST,AlOs5:4 mol% Er’*
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Fig. 14 (a) Diffusion reflectance spectra and the (b) optical band gap of

the host and optimized samples.

phosphors from 298 to 498 K are depicted in Fig. 15(a). Spectral
variations become nearly nonexistent as the temperature rises,
but the thermal quenching from the nonradiative transition
causes their PL intensities to go downward. Additionally, it can
be noted that the emission intensity maintains 74.29% of its
initial intensity up to 498 K as that of the starting temperature,
as displayed in Fig. 15(b), demonstrating the outstanding
thermal durability of the developed phosphor. The Arrhenius
eqn (18) may be used to describe the thermal activation process
that causes the PL emission intensity to drop as the temperature

increases.>®
IO Ea
Inf[——-1)=In4d- —
t (IT > AT kT

Here, E,, k, Ir and I, are the activation energy, Boltzmann
constant, intensity at temperature T, and original intensity,
respectively. The relationship of 1/kT vs. In(Iy/I7) is shown in
Fig. 16. The defined data is linearly fitted with a slope of
—0.1453, corresponding to E, = 0.1453 eV. In general,

(18)
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a phosphor with a higher E, value would be less likely to
undergo the non-radiative transition. Consequently, the
produced phosphor has a high activation energy value, indi-
cating that it is more resistant to thermal quenching.

3.8 Photometric investigation

Photometric characterization is another method to confirm the
color and quality of light generated by the synthesized phos-
phor material. It covers a wide range of factors, including CIE
coordinates, correlated color temperature, and color purity. Eqn
(S5) was employed to analyze chromaticity points (x, y) in
accordance with CIE-1931.%° The tristimulus values for the
fundamental red, green, and blue colors are shown as X, Y, and
Z, correspondingly. The CIE chromaticity diagram for the
phosphor under investigation is shown in Fig. S1-S7.1 The ratio
of the spacing between the pure white coordinates (x;, y;) and
computed CIE coordinates (x, y) to the separation dominant
wavelength (x4, y4) and pure white coordinates (x;, y;) is known
as color purity.**

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Chromaticity parameters of Lal,XSr’zAlOg,:xEr3+ x = 1-
7 mol%) nanophosphors
Sample (%, ) CP (%) (/,V) CCT (K)
LSA:1 mol% Er** 0.3129, 0.6636 94.6 0.1211, 0.5777 4238
LSA:2 mol% Er**  0.3135, 0.6601 93.6 0.1218, 0.5771 4632
LSA:3 mol% Er** 0.3132, 0.6491 89.5 0.1233, 0.5748 4388
LSA:4 mol% Er** 0.3139, 0.6364 92.4 0.1255, 0.5722 4127
LSA:5 mol% Er** 0.3132, 0.6491 90.1 0.1233, 0.5748 4237
LSA:6 mol% Er** 0.3101, 0.6564 91.2 0.1209, 0.5760 4362
LSA:7 mol% Er** 0.3124, 0.6510 90.4 0.1227, 0.5751 4491
2 2
X—=Xi) + (=)
Cp = [ X=X FO =R g (19)
(xa = xi)" + (ya — )

The temperature at which a phosphor emits the same color
as an ideal blackbody is known as its CCT value. The McCamy
relation (20) is mathematically used to get the CCT values of
each produced phosphor.®

CCT = —437n° + 3601 — 6861n + 5514.31 (20)
Here, n is (x — x¢)/(y — ye) is the inverse slope line with x, and y.
known as convergence epicenters having values of 0.332 and
0.186, respectively. The computation includes changing the CIE
point (x, y to «/, v') to evaluate the color temperature data using
eqn (S6).t Fig. S8-S147 display the CIE 1976 color profile of Er**
(1-7 mol%) doped LSA nanophosphors associated with their
CCT values. In general, cold light suitable for commercial usage
corresponds to CCT values of more than 3000 K. On the other
hand, warm light has a CCT value of less than 3000 K and is
a potential candidate for indoor lighting in the SSL area. The
computed values of (x, y), color purity, CCT, and («/, V') are
summarized in Table 5.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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4 Conclusions

This article demonstrates the simple and faster gel-combustion
approach that is employed to produce LaSr,AlOs:Er’" phos-
phors. The XRD method was utilized to investigate the phase
purity and structure of the synthesized materials. The XRD
peaks indicate increased phase purity and higher crystallinity,
which improves the optical characteristics of phosphor mate-
rials. Rietveld refinement of the XRD data provides an accurate
depiction of the crystal structure, including the dimension of
the unit cell, atomic position coordinates, and the structure
generated by every atom with neighboring atoms. The produced
samples are in space group I4/mcm of the tetragonal crystal
structure. TEM images display almost spherical particles,
agglomerated with uneven-sized particles in the synthesized
material. EDX profiles show the presence of all atoms and
define the composition of the prepared materials. Following
Er** doping, the energy band gap has been observed to reduce,
demonstrating the Burstein-Moss effect. On 377 nm UV exci-
tation, the phenomena of down conversion photoluminescence
were investigated in detail. At 550 nm, the strongest peak was
observed, producing a vivid green color corresponding to the
M52 — *Gyy), transition of Er’* ions. Concentration quenching
resulted in a decline in PL intensity beyond 4 mol% when the
doping concentration of Er’** was increased. Multipolar (quad-
rupole-quadrupole) interaction was the predominant interac-
tion during concentration quenching. Thermal quenching is
shown to have an activation energy of 0.1453 eV. All of the
aforementioned findings imply that the suggested LaSr,AlOs:-
Er** phosphor, which emits green light and has exceptional
luminescent properties, would be a potential material for solid-
state lighting.
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