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The polyol synthesis method was employed to prepare LalnO; perovskite phosphors doped with Bi** (x = 1, 3, 5 at.%) and co-doped with
Dy** (y = 1-5 at.%). The X-ray diffraction (XRD) confirmed the formation of a pure orthorhombic LaInO; phase in annealed samples.
Morphological analysis revealed spherical agglomerates with some irregularities, ranging in size from 60 to 90 nm. The reduction of energy

of Bi** and Dy** ions into the LalnOj lattice. The photoluminescence (PL) studies demonstrated that Bi**-doped LalnO; exhibited a broad
blue emission peak at 432 nm due to the *P,—'S, transition of Bi** ions. On the other hand, LalnO; doped with Dy** exhibited distinctive
emissions at 482 nm (blue) and 584 nm (yellow), which correspond to the “Fop—°H;s» and *Fo,—°Hi 3, transitions of Dy** ions, respectively.
The optimized sample composition is found to be LaInOs: 3 at.% Bi**, 3 at.% Dy** demonstrated enhanced emission intensities due to energy

INTRODUCTION

A significant volume of investigation has focused on the
development of single-phase white luminescent materials, due
to their crucial functions in white light emitting diodes (WLEDs)
and display technologies [1-5]. In this context, the oxide-based
materials have demonstrated remarkable luminescent prop-
erties, a significant threshold for optical damage, as well as
exceptional chemical and thermal stability [6-10]. The unique
structural features and fascinating luminous capabilities of the
narrow bandgap (2.2 eV) semiconducting compound LalnOs;
have attracted a lot of attention, especially for uses in solid-
state lighting [11]. Many researchers have made their investi-
gations by doping with rare earth dopants as activator ions,
which are fascinating since they glow brightly in the visible
and near-infrared ranges [12-15].

White light emitting diodes (WLEDs) can be produced by
utilizing Dy** activator ions, which are abundant in the yellow
and blue regions. Nevertheless, phosphors activated by Dy**

-
|
|
band gap on doping ions into lattice using DFT studies. The energy-dispersive spectroscopy (EDS) confirmed the successful incorporation I
transfer from Bi** to Dy** ions making it a promising candidate for advanced LED applications. :
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ions exhibit very low light efficiency due to their emissions.
The transfer of energy from sensitizers to activators enhances
the luminescence efficiency and intensity of the activator ion.
The luminous effectiveness of Dy** ions within inorganic host
materials is enhanced by co-doping Bi** ions, according to
numerous research [2-5]. The emission of Bi** ions exhibits a
broad spectral range covering blue and green regions, with the
peak intensity in the blue wavelength depending on the host
lattice. This behaviour is significantly influenced by environ-
mental factors, including covalence, coordination number and
site symmetry, which affect the outer 6s> electronic configura-
tions of Bi’* ions. Significant absorption is observed during
the transitions from 'S, to °P; and 'Py, suggesting that activator
ion emission intensity could be enhanced through efficient energy
transfer [16,17]. Furthermore, the overlap between emission
(sensitizer) and excitation (activator) constitutes a significant
prerequisite for effective energy transfer.

Based on our interest in the perovskite-based single-phase
materials for white light applications, in this study, phosphor

This is an open access journal, and articles are distributed under the terms of the Attribution 4.0 International (CC BY 4.0) License. This
license lets others distribute, remix, tweak, and build upon your work, even commercially, as long as they credit the author for the original
creation. You must give appropriate credit, provide a link to the license, and indicate if changes were made.



https://orcid.org/0000-0002-2936-9245
https://orcid.org/0000-0002-9779-0955
https://orcid.org/0000-0003-2562-244X
https://orcid.org/0000-0003-4700-5442

874 Ganesh et al.

Asian J. Chem.

powders of LaIlnO; co-doped with Bi** and Dy** were synthe-
sized and characterized using the polyol technique. The effects
of this co-doping on the powder properties are examined. In
regard to its use in white light luminescence, a thorough analysis
was carried out into the photoluminescence properties and energy
transfer processes of Bi** and Dy* co-doped LalnO; phosphor.
The examination of CIE coordinates demonstrates improvements
in colour quality which are suitable for UV-based WLED uses.

EXPERIMENTAL

Synthesis: A straightforward wet-chemical process called
the polyol approach was employed to synthesize pure LalnOs,
Bi-doped and Bi-Dy co-doped nanophosphors. the stoichio-
metric proportions of lanthanum nitrate, indium nitrate, bismuth
nitrate and dysprosium nitrate were mixed in 20 mL of ethylene
glycol, which plays a crucial role as both a reducing and capping
agent followed by the addition of urea (2 g) and stirred well.
The solution temperature must be maintained between 120-
140 °C for 2 h. The solutions were collected by washing, centri-
fugation and dust-free drying. The dried samples were calcined
in a furnace at 1000 °C and ground with an agate mortar and
pestle.

Characterization: The structural and morphological
features of the obtained samples were studied using powder
X-ray diffraction (XRD) and scanning electron microscopy
(SEM). The X-ray diffraction (XRD) studies were carried out
using a Philips powder X-ray diffractometer (model PW 1071)
with Ni filtered Cu-Ko radiation in a scanning range of 10° to
90°. A Carl Zeiss sigma VP SEM equipped with a field emission
gun operated at 5 kV was used to collect SEM images of the
samples. Photoluminescence (PL) emission, excitation and life-
time spectra were measured at room temperature using a 450
W Xe lamp from an Edinburgh Instrument (FLSP 920 system).

RESULTS AND DISCUSSION

Phase formation and microstructure: The XRD results
for undoped and LaInO;: 3 at.% Bi**, 3 at.% Dy** phosphors
are shown in Fig. 1. The XRD results showed that the diffra-
ction patterns are indexed to the pure orthorhombic phase
(JCPDS No. 08-0148) of LalnOs that falls under Pnma space
group (#62) [18,19], with no signs of additional or impurity
phases present. Table-1 shows the results of using POWDERX
software to determine the lattice characteristics of the produced
nanophosphors. Using Scherrer’s equation, the crystallite
diameters of all the samples were determined and found to be
between 70 and 90 nm. Fig. 2a shows the SEM image of the
optimized sample composition i.e., LaInOs: 3 at.% Bi** and 3
at.% Dy** phosphor and reveal that the particles, ranging in
size from 60 to 90 nm, exhibit a non-uniform spherical shape.
The calcination process may have caused the phosphor particles
to aggregate. The energy dispersive X-ray spectroscopy (EDS)
analysis provided a clear picture of the sample composition
and proved to be in excellent agreement with the sample comp-
osition (Fig. 2b).

Computational studies: The Vienna ab initio Simulation,
a method based on plane waves, was used to conduct periodic
density functional theory (DFT) simulations of LalnO; in order
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Fig. 1. XRD patterns corresponding to (a) LaInOs, (b) LaInOs: 3 at.% Bi**

and (c) LaInOs: 3 at.% Bi*, 3 at.% Dy** nanophosphors

TABLE-1
UNIT CELL PARAMETERS OF UNDOPED LalnO;,
LaInO;: 3 at.% Bi** AND LaInO;: 3 at.% Bi**, 3 at.% Dy**

3
Composition a(d) bA) ¢ (A) (X)3
LalnO, 5782 8336 5.999 289.14
LaInO;: 3 at.% Bi** 5775 8245 5928 282.26
LaInO;: 3 at.% Bi**, 3at.% Dy** 5770 8.015 5.815 268.92

to investigate the impact of Bi and Dy doping on its electronic
structure. Using the generalized gradient approximation (GGA)
of Perdew—Burke\Ernzerhof (PBE), the exchange-correlation
energy density functional was processed [20]. For determining
the band structure of pure LalnO;, a more precise method than
the PBE functional band gaps was employed. The GGA+U was
used to describe ‘La’ strongly linked 5d electrons with a U
value of 6.0 eV [21].

To optimize the LalnO; unit cell structure with 20 ortho-
rhombic (Pnma) atoms, a force cut-off of 0.005 eV/A was
utilized. Consistent with previous results [22], the optimized
unit cell structure is displayed in Fig. 3a with parameters a =
5.774 A, b = 6.006 A and c = 8.347 A. In the optimized unit
cell structure, InOg units have In-O distances of 2.19 A (a-b)
and 2.22 A (along c), with In-O-In angels of 143.065° (a-b)
and 140.225° (¢). The minimum and maximum Ln-O distance
in LaOs units are 2.380 A and 3.012 A. In Fig. 3b, the electronic
band structure of LalnO; calculated using PBE functional
yielded a band gap of 2.71 eV, which is consistent with previous
results using the same functional but significantly underesti-
mated compared to the experimental band gap of 4.8 eV. The
electronic band structure and density of states (DOS) of pure
system were estimated using the HSE06 functional and shown
in Fig. 3c-d. The measured band gap from HSE06 functional
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Element Weight (%) Atomic (%)

OK 19.11 59.19
InK 35.68 19.47
LaL 39.57 18.85
Dy 2.92 0.67
BiM 2.72 1.82
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Fig. 2. SEM image and EDS spectra of Bi** and Dy** co-doped LaInO; nanophosphors
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Fig. 3. (a) Optimized unit cell structure (InO: blue, LaOs: green), (b) electronic band structure from PBE and (c) electronic band structure
and density of stated from HSEO6 of LalnOs
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was 4.49 eV, which matches the experimental results. The pro-
jected density of states (PDOS) shows that O 2p states dominate
the valence band, with In 4d and 5p states contributing little.
The bottom of the conduction band is largely In 55 and O 2p
states. The effect of Bi, Dy and Bi-, Dy co-doping was studied
using a 160-atom 2 x 2 x 2 super cell. Fig. 4 shows the optimal
structures for Bi and Dy substitutional doping at Dy site, which
was energetically favourable. Bi-doped LalnOs has a band gap
of 2.599 eV, down from 2.715 eV in pure LalnOs;. Doping
with Dy did not significantly lower the band gap (2.710 eV
from 2.715 eV in pure).

Fig. 5 shows the total and projected density of state (DOS)
on Bi states in Bi-doped LalnO; to explain the band gap
reduction. The PDOS of Bi shows that Bi 6s, 5p and 5d states
contribute to the top of the valence band. The structure with
relative energies for co-doping Bi and Dy in three relative
positions were optimized as shown in Fig. 5. Structure with
Bi and Dy at longer distances is energetically minimal compared
to structure with them at nearer La sites. The electronic band
structure of Bi and Dy co-doped system is essentially identical
to Bi-doped system with band gap of 2.584 eV (Fig. 5).

Photoluminescence properties of bismuth single doped
LalInO; phosphors: Fig. 6a-b shows the emission and excita-
tion spectra of Bi-singly doped LalnO; samples. Monitoring
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Fig. 5. Electronic band structure of (a) Bi doped, (b) Dy doped and (c) Bi & Dy co-doped LalnOs calculated using PBE functional

excitation spectra at Aem =432 nm revealed a large peak maxi-
mum at 330 nm. The observed phenomenon was Bi** ion 'S,
to *P, transition. The observed pattern in the emission spectra
at432 nm is a result of the *P; - 'Sy transition of Bi** ions when
excited at 330 nm [23]. Fig. 6¢ shows the decay and steady
state graphs that match. As the concentration of Bi** ions incre-
ased, the intensity of emission band at 432 nm peaked at 3.0%
Bi** ions and then decreased as a result of the concentration
quenching effect. The two-exponential lifetime estimates for
LalnOs:x at.% Bi** samples were 297, 332 and 270 ns, respec-
tively for x =1, 3 and 5 at.%, confirming the results. The steps
to determine the decay lifetime values are outlined as follow.
When the emission and excitation bands of Bi** and Dy** ions
overlap, as demonstrated in the as-prepared samples (Fig. 7),
an effective energy transfer (ET) occurs. The emission bands
of Bi** encompass the excitation bands of Dy*, resulting in
the observed phenomena.

Photoluminescence properties of Bi**, Dy** co-doped
LalnO; phosphors: Fig. 8a shows LalnO; emission spectra
doped with 3 at.% Bi** and changing Dy** concentrations (y =
1,2, 3,5). Similar excitation spectra are shown in Fig. 8b. The
emission spectra for LaInO;: 3 at.% Bi*, (y=1,2,3,5 at.%),
Dy** show blue to yellow lines due to the presence of Bi** and
Dy?**ions at Aex = 330 nm. The intensity of Bi** emission signi-
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Fig. 6. Photoluminescence (a) emission, (b) excitation and (c) decay curves of LaInO;:Bi** (1, 3, 5 at.%) samples
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Fig. 7. Spectral overlap of excitation spectrum (Ae, monitored at 576 nm) of
LaInO;: Dy* (3 at.%) and emission spectrum of LalnO;: Bi** (3 at.%)
(Aex with 330 nm) samples

ficantly diminishes when the concentration of Dy** is altered,
while maintaining Bi*" at 3%. On the other hand, as the concen-

tration of Dy*" increases, the emission intensity peaks at 3%
Dy*" and subsequently drops. The energy transitions and cross
relaxation of Dy* ions are responsible for this concentration
quenching action. The photoluminescence intensity of these
kind of material decreases during cross relaxation due to the
exchange contact, radiation re-absorption or interactions
between several multipoles [24]. The distinctive *Fo,—H 35
emission levels of Dy* are shown in the excitation spectra at
Aem = 584 nm. Moreover, a broad band centered around 330-
335 nm is attributed to Bi** ions. Importantly, the co-doping
of Bi** affects the Dy** ion, which causes a small shoulder
absorption band to peak at 335 nm (Fig. 6b). This shows that
the excited Bi** ions efficiently transmit energy (ET) to the
Dy*" ions, sensitizing the Dy** ions. Fig. 9a clearly shows the
changes in Bi** emission intensity as a function of Dy** concen-
trations. Similalry, Fig. 9b shows the comparitive emission
spectra between single doped LalnO;: Dy** and LalnOs: Bi**/
Dy?* ions in order to determine the effect of Bi** doping on the
enhancement of PL intensity. As a result, the LalnO; phosphor
compound photoluminescence emission was enhanced.
Lifetime measurements of Bi**, Dy** co-doped LaInO;
phosphors: Fig. 10a shows samples of LaInOs (3 at.% Bi**, y
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Fig. 8. Photoluminescence (a) emission and (b) excitation spectra of LaInOs: 3 at.% Bi**; y at.% (y = 1, 2, 3, 5 at.%) Dy** samples
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Fig. 9. (a) Intensity variation of Bi** as a function of Dy**ions and (b) comparison of single doped Dy** LaInOs; emission spectra w.r.to Bi**/
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at.% (y=1,2,3,5) Dy** were used to study the life time decay
dynamics. The following equation was determined to effect-
ively correspond with the bi-exponential luminescence decay
curves generated for all samples:

I=A exp (_—tj +A, exp (_—tj
T1 TZ

In this equation, I represent the luminescence intensity with
respect to time (t), while the two decay components of decay
time are denoted by 7T, and T, respectively. The constants A,
and A, are also included in the formulation. The average decay
times of the respective samples were estimated based on the
specified parameters using the following formula:

ey

2 2
T AT +AT,

- AT +A,T, @)

The calculated luminescence decay times (1) of Bi** are
approximately 220, 201, 192 and 179 ns for LalnO;: 3 at.%
Bi*;yat.% (y =1, 2, 3, 5) Dy**samples. The decay times for
the corresponding Dy** are 226, 240, 283 and 239 s as shown
in Fig. 10b. The increase of Dy** concentration results in an
accelerated decline of Bi** emission, a phenomenon attributed
to energy transfer from Bi** to Dy**.

Using the following equation the energy transfer (ET)
efficiency (Mgr) of Bi**-Dy** can be estimated:

Nep =1

ET T 3)
where T, and Ty, are the lifetime values of sensitizer Bi** in the
presence and absence of activator, respectively. Table-2 details
the values of the energy-transfer efficiency ngr from Bi** to
Dy’* for LalnOs. In addition, the energy transfer efficiency as
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TABLE-2
ENERGY TRANSFER EFFICIENCY OF
THE PREPARED PHOSPHOR POWDER

Prepared phosphor Lifetime
’ pow%er ’ Y values (us) Ner (%)
1 2.20 34
LaInO;: 3 at.% 2 2.01 39
Bi*, y at.% Dy** 3 1.92 2
5 1.79 46

afunction of decay values is shown in Fig. 11. Resonant energy
transfer in phosphors occurs via two distinct types of inter-
actions: exchange and multi-polar interaction, which move
electrons from a sensitizer (Bi**) to an activator (Dy™). It is
essential to keep the critical distance between the sensitizer
and activator below 5 A in order for energy transfer to occur
through the exchange contact. An electric multi-polar inter-
action is anticipated to occur once the transfer distance reaches
the critical distance. An approximation of the critical distance
R, between Bi** and Dy** in the LaInO; matrix can be obtained
by applying the following equation:

3V 1/3
R =2
¢ (47%2} “)

where Z represents the number of activator ions within the
unit cell; X. is the total critical value of dopant ions and V is
the volume of unit cell.

2.3 50
d —m—Decay life time values (us) B 48
20 —B— Energy transfer efficiency (%) B <
% =46~
=2 1 o =
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Fig. 11. Decay values vs. efficiency w.r.to Dy** concentration

Utilizing the parameters V = 289.63 A’ and Z = 2 for the
LalInOs; host, along with the optimum dopant ion concentration
(X, = 0.06 for Bi**-Dy** system), the ‘R.’” between Bi and Dy
was estimated as 16.64 A. It is unlikely that an exchange inter-
action will result in energy transfer as the measured values are
much more than 5 A. As a result, the energy transfer in LaInO;
from Bi** to Dy is probably heavily influenced by the multi-
polar interaction. This relationship can be easily determined
by applying Reisfeld’s approximation and Dexter’s energy-
transfer description of multi-polar interaction.

I§0 g
¢ )

s

where I, stands for Bi** lifetime at a given concentration in
LalnOs and I; for the Bi** lifetime in the presence of Dy**. The
Dy concentration is represented by variable C, while the electric
dipole-dipole, electric quadrupole-quadrupole and electric
quadrupole-quadrupole interactions are indicated by the values
6, 8 and 10 of the variable o.. The optimal linear behaviour for
the Lo/I, ~ C** (C > 1%), as shown in Fig. 12, was attained at
o.= 6. This shows that electric dipole-dipole interaction transfers
energy from Bi** to Dy*. The CIE chromaticity coordinates
for pure 3 at.% Bi** and LalnOs:3 at.% Bi*, y at.% Dy** (where
y=1,2,3,5) doped LaInOs phosphors are shown in Fig. 13.
Furthermore, Table-3 outlines the photometric variables of the
LaInO; sample, determined using colour calculator software.
The CIE diagram illustrates a transition of the CIE colour coor-
dinates from a vibrant blue to a yellowish region, passing through
white, as the concentration of Dy* changes. This observation

R*=0.884 R®=0.816 R? =0.759
[ | | | [ |
7 - 7 - 7 -
© . - =
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Fig. 12. Dependence of I/I; (of Bi**) on C*?, C¥* and C'* for Dy**

0 . 02 03 04

X
Fig. 13. CIE chromaticity diagram of Bi** and Dy** doped LalnOs phosphors

05 06 07 0.8
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TABLE-3
PHOTOMETRIC PARAMETERS OF PREPARED PHOSPHOR POWDER
IE i
Prepared phosphor v Symbol CIE coordinates Colour
powder X Y
1 A 0.2792 0.2135 Bluish
LalnO;: 3 at.%Bi™*, 2 B 0.3415 0.3209 White
y at.% Dy** 3 C 0.3533 0.3498 White
5 D 0.3982 0.3992 Yellowish
LaInO;: x at.% Bi** x=3 E 0.1564 0.0891 Deep Blue

suggests that the synthesized phosphor holds promise as a single
phase phosphor for use in WLEDs and field display fields under
UV excitation.

Energy transfer (ET) mechanism: Fig. 14 depicts the
energy transfer system that has been suggested. The electrons
of Bi** ions undergo a transition from 'S, to *P, in response to
stimulation from ultraviolet light. Afterwards, these excited
electrons are lowered to the ground state by non-radiative pro-
cesses. The energy is transferred from the *P; level of Bi** to the
*G112 level of Dy™ through cross-relaxation. The intensity of
Dy?** emissions may be enhanced by co-doping with Bi** ions.
The blue light emitted by some Bi** ion electrons that return
to the ground state can absorb energy from °H, s, of Dy** ground
state levels. Higher energy levels are excited and energy is trans-
ferred throughout this process as a result of the observed spectra
overlapping. The accelerated electrons, through non-radiative
processes, attain the ‘G level of Dy** before returning to the
ground state, resulting in the emission of yellowish spectral
lines.

3
P
1 3+
Dy
4 4
ligo + Frp
4
4Gn/2
|15/2
4
F9/2
6
F
E E 12
c c
q < 6, 6,
« i) Hisp + Hgp
6
18 Hiyz
0 Higz
3 Hig

Fig. 14. Energy level diagram of LaInOs:Bi**:Dy** nanophosphors

Conclusion

The polyol technique was used to produce Bi** and Dy**-
doped LaInOs. The luminescence and energy transfer processes
of Bi** and Dy** were studied. The X-ray diffraction shows
that annealed samples have entirely crystallized into LalnOs;
orthorhombic. Morphological analysis shows that the particles
are spherical agglomerates between 60 and 90 nm in size and
shape. The EDS examination showed that Bi** and Dy** ions
were incorporated into LalnO; host material. Periodic density

functional theory (DFT) simulations utilizing plane wave-based
Vienna ab initio simulation program (VASP) were conducted
to elucidate the influence of Bi** and Dy** ions on the electronic
structure of LalnOs. The electronics of the co-doped system
with Bi** and Dy** have a band gap of 2.584 eV, similar to that
of the Bi**-doped system. The *P,—'S, transition of Bi** ions
causes the blue emission peak at 432 nm in Bi**-doped LaInO;.
The transitions from ‘Fy;, - *H;s» and °H,5, of Dy ions cause
blue and bright yellow emissions at 482 and 584 nm, respec-
tively. The optimal sample was LaInOs: 3 at.% Bi™; 3 at.%
Dy*. The considerable enhancement in Dy** emission achieved
by Bi** co-doping allows LED and display technologies to use
Dy** doped phosphors. Thus, electric dipole-dipole interactions
transfer resonance energy from Bi** to Dy**. The CIE chromatic
colour characteristics show that the colour of the sample goes
from deep blue to yellowish to white, suggesting that the gene-
rated phosphor could be a WLED single-phase phosphor.
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