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otoluminescence studies of
orange-red emitting Y3GaO6:Sm

3+ nanophosphors
for lighting applications

Rinki Jangra,a Devender Singh, *a Reshu Kajal,a Pawan Kumar,a Sitender Singh,a

Sakshi Wadhwa,a Varun Kumar,b Harish Kumarc and Ramesh Kumard

Yttrium gallium oxide, Y3GaO6, (YGO) phosphors doped with varying concentrations of Sm3+ ions have

been synthesized using a solution combustion approach. Various spectroscopic and structural analyses

were performed on the prepared phosphors to investigate their structural and optical features. The

crystal structures and phase characteristics were calculated via X-ray diffraction (XRD). The orthorhombic

phases of the considered materials with the Cmc21 space group were confirmed with the help of

Rietveld refinement analysis. The morphological features and elemental composition were thoroughly

investigated using field emission-scanning electron microscopy (FE-SEM) and energy-dispersive X-ray

(EDX) spectroscopy, respectively. Under 406 nm excitation, all Sm3+-doped YGO samples exhibited

strong orange emission at 610 nm due to the 4G5/2 / 6H7/2 transition. The decay curves showed bi-

exponential behavior, indicating the presence of two types of crystallographic sites in the YGO host. A

doping concentration of 3 mol% Sm3+ ions was found to be optimal, which produced maximum orange

emission. Photoluminescence (PL) observations revealed that dipole–dipole interactions were

responsible for the concentration quenching phenomenon. The measured color coordinates for all

materials lie in the orange-red region of the CIE triangle, making them suitable for lighting applications.
1. Introduction

The world-wide energy crisis and complications triggered by
climate change have worsened signicantly in recent years.
Consequently, traditional uorescent and incandescent lamps
have been successfully replaced by white-light-emitting diodes
(WLEDs) on account of their prominent benets, such as longer
operational lifetime, high luminous efficiency, improved envi-
ronmental protection, enhanced optical performance, and
many other advantages.1–4 Currently, commercial WLEDs are
manufactured using blue chips coated with Ce3+:YAG (a yellow
phosphor) to generate white light. However, the light released
by this mixture has a high correlated color temperature (CCT)
and low color rendering index (CRI).5–7 To avoid these limita-
tions, tri-color (red, green, blue or RGB) phosphors are used to
generate white light, but this method also suffers from
numerous limitations, such as glow inefficiency, color ratio
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adjustment and re-absorption of light. Thus, commercial
WLEDs are inadequate due to the lack of a suitable red
component.8–10 Therefore, there is an urgent need for a stable
red-emissive phosphor synthesized using an eco-friendly and
low-cost approach for WLED applications.11,12

In most cases, phosphors doped with Eu3+ are ideal red
components for WLEDs, but new orange-red emitters are needed
due to the high cost of europium materials.13 There is an
increasing demand for innovative phosphors for applications in
the solid-state lighting (SSL) eld, particularly luminous mate-
rials, for instance rare-earth doped phosphors. The f/ f and f/
d transitions of rare-earth ions provide sharp and wide emis-
sions, respectively, making them vital in the lighting and display
elds.14,15 Rare-earth doped phosphor materials with red or
orange-red emission have been studied for WLEDs. Among the
various rare earth metal ions, the Sm3+ ion is considered one of
the most effective and popular activators for orangish-red emis-
sion due to its applications in plasma display panels, lasers, color
displays and SSL. The distinctive emission of Sm3+ originates
from the 4G5/2 /

6HJ (J = 5/2, 7/2, 9/2, and 11/2) transitions.16–18

Specically, the 4G5/2 /
6H5/2 transition, which produces yellow

light, is a magnetic dipole transition, whereas the 4G5/2 /
6H9/2

transition, which produces red light, is an electric dipole transi-
tion.19,20 Besides the activator, the choice of host matrix is
important because the PL characteristics of the dopant ion are
affected by the host. Of the various host lattices reported
© 2026 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
previously, the gallate host matrices are regarded as the best
choice for the considered work owing to their chemical stability
and tendency to incorporate many rare earth ions.21,22 Several
recent studies have focused on Sm3+-activated gallate-based oxide
phosphors, demonstrating their potential as efficient orange-red-
emitting materials. Peng et al. synthesized a novel BaLaGaO4:-
Sm3+ phosphor exhibiting strong orange-red emission at
∼600 nm under 405 nm excitation with excellent thermal
stability. The phosphor, when incorporated into a WLED, ach-
ieved a high color rendering index and a suitable correlated color
temperature. These results demonstrate that BaLaGaO4:Sm

3+ is
a promising orange-red emittingmaterial for indoor lighting and
anti-counterfeiting applications.23 Moreover, Govindan et al.
synthesized Sm3+-activated Ca3Ga4O9 (CGO:Sm

3+) phosphors via
a solid-state reaction, exhibiting intense orange-red emission.
The phosphor showed favorable optical and photometric prop-
erties, including CIE chromaticity coordinates in the orange-red
region, high color purity, and a suitable correlated color
temperature, making it highly suitable for LED applications.24

Additionally, there are several methods for synthesizing inor-
ganic phosphor materials, such as sol–gel, solution combustion,
solid-state, hydrothermal, co-precipitation, andmany others. The
solution combustion technique was chosen for the synthesis of
nanomaterials because of its ability to produce homogeneous
and high-purity nanoparticles, its low processing temperature,
and decreased synthesis time.25,26

In this work, a series of Y3GaO6 phosphors doped with Sm3+,
having good homogeneity, nanoparticle size dispersion, and
high purity, was synthesized using a gel combustion approach.
The obtained samples were analyzed in detail using several
Fig. 1 Schematic of the various steps involved in the solution combusti

© 2026 The Author(s). Published by the Royal Society of Chemistry
methods to get information about different properties. XRD,
EDX, Rietveld renement, and FE-SEM analyses were carried
out to investigate their structural and morphological charac-
teristics. The PL characteristics (excitation and emission
spectra, concentration quenching mechanism, and energy
transfer mechanism) were thoroughly investigated to evaluate
the luminescence performance of the synthesized samples. The
results obtained for the synthesized Y3GaO6:Sm

3+ phosphors
revealed their suitability for lighting applications.
2. Experimental procedure

A series of Sm3+-doped Y3GaO6 phosphors has been synthesized
using the combustion technique. The raw materials for this
synthesis include high-purity yttrium nitrate hexahydrate,
gallium nitrate hydrate, samarium nitrate hexahydrate, and
urea, obtained from Sigma-Aldrich. The amounts of these
materials were calculated and weighed accurately. Initially, the
weighed chemicals, viz. Y(NO3)3$6H2O, Sm(NO3)3$6H2O, and
Ga(NO3)3$xH2O were mixed in de-ionized water in a beaker to
attain a homogeneous solution. The beaker was placed on
a magnetic stirrer and the solution was stirred continuously at
80 °C for 25–30 minutes to form a viscous solution. Then, urea
was added with some double-distilled water and stirring was
continued until a gel-like substance was formed. The formed
substance was transferred into a crucible and positioned in
a muffle furnace pre-heated to 600 °C for about 15 minutes.
Within a few minutes, an exothermic combustion process
began, resulting in a white uffy powder and the evolution of
gaseous products (CO2, N2O, etc). The obtained material was
on synthesis.
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cooled and crushed in an agate mortar to get a ne powder. The
synthesized powder was transferred to an alumina crucible and
calcined at 1300 °C for 5 hours to obtain the desired phase.27–30

The calcination temperature of 1300 °C for 5 hours was selected
based on preliminary synthesis and XRD characterization of
prepared samples. The sample was synthesized at 600 °C and
further calcined at various temperatures, i.e., 800, 1000, 1100,
1200 and 1300 °C. At lower calcination temperatures, secondary
phases and incomplete crystallization were observed in the XRD
patterns.31,32 The overall representation of the solution
combustion synthetic procedure is depicted in Fig. 1.
3. Characterizations

The synthesized compounds were characterized using several
spectroscopic techniques to reveal their characteristics. Powder
XRD patterns of the as-prepared materials were obtained on
a Rigaku Ultima X-ray diffractometer using Cu-Ka radiations
with a 2q scanning step equal to 0.02°. The rened variables of
the crystal structures of the host and optimized samples were
determined using Rietveld analysis. The morphology of the
samples was investigated in detail via FE-SEM, on a Carl Zeiss
Sigma 360 instrument. EDX measurements and elemental
mapping were conducted using an Ametek energy-dispersive X-
ray spectrometer. PL spectra were obtained on a Horiba Jobin-
Yvon Fluorolog-3 spectrophotometer at room temperature
with a Xe lamp as the excitation source.
4. Results and interpretation
4.1 Phase and structural investigation

The XRD patterns of the host and all Sm3+-doped Y3GaO6

samples with varying concentrations were obtained to examine
the crystal framework and phase purity of the synthesized
Fig. 2 (a) XRD patterns of the host and Sm3+-doped YGO samples with
peaks.

30780 | RSC Adv., 2026, 16, 30778–30796
samples. The XRD patterns obtained for these samples in the 2q
= 10–65° range are specied in Fig. 2(a), and it was found that
all diffraction peaks matched closely with standard XRD data
corresponding to JCPDS Card No. 53-1225, which conrmed the
orthorhombic structure of the considered nanomaterials with
the Cmc21 space group.33 No impurity peaks were present in the
lattice, even aer the incorporation of Sm3+ ions, validating the
preparation of pure and single-phase samples using the solu-
tion combustion technique. This conrmed the efficient
replacement of Y3+ ions by Sm3+ ions in the host structure, and
that doping with Sm3+ ions did not induce any notable change
in the Y3GaO6 host assembly. The similarity in ionic radius
between Sm3+ (1.02 Å) and Y3+ (0.96 Å), as compared with the
smaller radius of Ga3+ (0.47 Å), facilitates the effective substi-
tution of Y3+ by Sm3+ within the host matrix. This substitution
resulted in a noticeable shi of diffraction peaks to lower 2q
values with increasing Sm3+ content, as depicted in Fig. 2(b).
The observed shi indicates the expansion of the crystal lattice
as a result of the replacement of smaller Y3+ ions with larger
Sm3+ ions. The interplanar d-spacing corresponding to the peak
with the highest intensity was calculated for each composition
using Bragg's law, given in eqn (1) (ref. 34) as follows:

2d sinq = nl (1)

Table 1 summarizes the calculated d-spacing values along
with their respective 2q positions. Based on earlier studies,
a radius percentage difference (Dd) of less than 30% between the
host and dopant ions is generally acceptable for effective
substitution. This difference is calculated using the expression
provided in eqn (2) (ref. 35) as follows:

Dd ¼
����RsðCNÞ � RdðCNÞ

RsðCNÞ
����� 100% (2)
standard JCPDS data. (b) Enlarged view of the most intense diffraction

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Interplanar d-spacing values for the host and Sm3+-doped
YGO phosphors

YGO:x mol% Sm3+ 2q (°)
d-spacing
(Å)

YGO host 30.2207 2.9550
YGO:1 mol% Sm3+ 30.1962 2.9573
YGO:2 mol% Sm3+ 30.1813 2.9587
YGO:3 mol% Sm3+ 30.1600 2.9608
YGO:4 mol% Sm3+ 30.1174 2.9649
YGO:5 mol% Sm3+ 30.1036 2.9663
YGO:6 mol% Sm3+ 30.0812 2.9684

Table 2 Crystallite sizes obtained from the Debye–Scherrer and W–H
methods, along with the microstrain values for the YGO host and
YGO:xSm3+ (x = 1–6 mol%) phosphors

YGO:x mol% Sm3+ 2q (°) FWHM (radians)

Crystallite
size, D (nm)

Microstrain,
3 × 10−3DSC DW–H

YGO host 30.2207 0.30713 27.98 45.64 4.96
YGO:1 mol% Sm3+ 30.1962 0.29683 28.95 46.38 4.80
YGO:2 mol% Sm3+ 30.1813 0.28321 30.34 48.92 4.58
YGO:3 mol% Sm3+ 30.1600 0.31572 27.22 45.71 5.11
YGO:4 mol% Sm3+ 30.1174 0.29543 29.08 47.86 4.79
YGO:5 mol% Sm3+ 30.1249 0.28125 30.55 48.24 4.56
YGO:6 mol% Sm3+ 30.0812 0.32493 26.44 44.15 5.28
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In the given relation, CN stands for coordination number, while
Rs and Rd correspond to the ionic radii of the host and dopant
ion, respectively. The calculated value of Dd being below 30%
conrmed the effective substitution of Sm3+ ions into the host
lattice. Additionally, the average crystallite size (D) of the
synthesized powder samples was estimated using the Debye–
Scherrer formula, expressed in eqn (3) (ref. 36) as follows:

D ¼ kl

b cos q
(3)

In this context, l denotes the incident X-ray wavelength (1.5406
Å), k refers to the shape factor or Scherrer constant (commonly
taken as 0.9), q is the angle of diffraction, and b signies peak
broadening expressed in radians. To analyze matrix strain (3)
and crystallite size (D), the Williamson–Hall (W–H) method was
used, based on the relation given in eqn (4), and the calculated
Fig. 3 W–H graphs of the host and all Sm3+-doped YGO nanophospho

© 2026 The Author(s). Published by the Royal Society of Chemistry
crystallite size was compared with the data obtained from the
W–H plots37 as follows:

b ¼ Kl

D cos q
þ 43 tan q (4)

This equation can be rearranged to obtain eqn (5) as
follows:38

b cos q ¼ Kl

D
þ 43 sin q (5)

The W–H equation represents a linear relation where plot-
ting 4 sinq versus b cosq yields a straight line with slope 3 and y-
intercept Kl/D. The slope represents microstrain (3), and the y-
rs.

RSC Adv., 2026, 16, 30778–30796 | 30781
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Fig. 4 Rietveld images of the (a) host and (b) optimized samples, representing the observed (×lines) and calculated data (solid lines).

Table 3 Refined parameters for the host and optimized samples ob-
tained from Rietveld analysis

Sample parameters Y3GaO6 Y2.97GaO6:3 mol% Sm3+

Molecular weight (M) 432.45 g mol−1 434.29 g mol−1

Crystal system/symmetry Orthorhombic Orthorhombic
Lattice symbol oC oC
Space group (H–M) Cmc21 Cmc21
Bravais lattice C C
Formula unit (Z) 4 4
Hall symbol C2c-2 C2c-2
Laue class mmm mmm
Point group mm2 mm2
Space group number 36 36
Centrosymmetric Acentric Acentric
a = b = g 90° 90°
a (Å) 8.88750 8.93895
b (Å) 11.15120 11.35714
c (Å) 5.42170 5.52586
Volume (Å3) 537.3245 560.9903
Rp (%) 4.3521 4.5982
Rwp (%) 5.1622 5.8643
c2 (%) 2.342 2.675
Density, r (g cm−3) 5.34 5.14
q range (°) 10°–65° 10°–65°

Table 4 Atomic parameters corresponding to different atoms present
in the lattice

Atom x y z Site Occupancy Symmetry

Y1 0.19307 0.10564 0.46692 8b 1.000 1
Y2 0.00000 0.39591 0.42384 4a 1.000 m
Ga1 0.00000 0.19261 0.00000 4a 1.000 m
O1 0.15850 0.26000 0.18600 8b 1.000 1
O2 0.33720 0.01390 0.20800 8b 1.000 1
O3 0.00000 0.05000 0.13300 4a 1.000 m
O4 0.00000 0.21380 0.67800 4a 1.000 m
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intercept (Kl/D) allows the calculation of the crystallite size (D).
Fig. 3 illustrates W–H plots for both undoped and Sm3+-doped
Y3GaO6 nanomaterials. The results revealed that the crystallite
sizes estimated via the W–H method are generally larger than
those obtained from the Scherrer equation, probably due to the
inclusion of strain effects in the W–Hmethod. A comparison of
results from both methods, along with microstrain values, is
given in Table 2.

4.2 Rietveld structural renement

Rietveld renement analysis was conducted using the FULLPROF
program to investigate the crystal structures of both the host and
the optimized samarium-doped sample. Fig. 4 displays the
30782 | RSC Adv., 2026, 16, 30778–30796
observed diffraction patterns together with the tted data for the
host and doped sample. In the gure, experimental points are
indicated by black crosses, the calculated prole for the host is
shown as a solid dark red line, and that for the optimized sample
is represented as a solid orange line. The difference between the
observed and calculated intensities is plotted as a blue curve at
the bottom of the gure with vertical lines marking Bragg
reection positions. The rened crystallographic parameters for
both the host and optimized samples are listed in Table 3, con-
rming that the synthesized materials crystallize in an ortho-
rhombic structure with space group Cmc21. Each unit cell of
Y3GaO6 contains four formula units comprising 12 yttrium, 4
gallium and 24 oxygen atoms. The atomic positions, symmetry
operations, Wyckoff sites and occupancy details are presented in
Table 4. In the YGO lattice, each Y3+ ion is coordinated by seven
O-atoms, creating a distorted YO7 dodecahedron, whereas each
Ga3+ ion is coordinated by four O-atoms, creating a GaO4 tetra-
hedron. Fig. 5 illustrates the structure of the host lattice and the
coordination environment of Y and Ga atoms with oxygen. The
renement variables Rp = 4.3521%, Rwp = 5.1622%, and c2 =

2.342 for the host, and Rp = 4.5982%, Rwp = 5.8643% and c2 =

2.675 for the 3 mol% Sm3+-doped sample demonstrate the
accuracy of renement and the successful synthesis of a high-
purity material. As shown in Table 3, the lattice parameters of
the samarium-doped sample are slightly larger than those of the
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Crystal structure of the YGO material showing the coordination of the Y and Ga atoms with their surrounding O atoms.
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undoped host, which can be attributed to the replacement of the
smaller Y3+ ions by the larger Sm3+ ions, thereby conrming the
effective incorporation of samarium ions into the crystal lattice.
4.3 EDX analysis

To conrm the successful synthesis and elemental composition
of the Sm3+-doped Y3GaO6 phosphor, EDX spectroscopy was
employed. This technique provided both qualitative and
quantitative data regarding the presence and distribution of
elements within the sample. The EDX spectrum recorded at
multiple regions of sample surface exhibited diverse peaks
corresponding to yttrium (Y), gallium (Ga), oxygen (O) and
Fig. 6 EDX spectra showing the peaks corresponding to all elements pr

© 2026 The Author(s). Published by the Royal Society of Chemistry
samarium (Sm), as demonstrated in Fig. 6. The detection of Sm
peaks conrmed the incorporation of dopant ions into the host
lattice and the presence of only Y, Ga, O and Sm elements
without any additional or unpredicted peaks specied the
single phase of the produced material. Furthermore, elemental
plots were performed for the optimized sample, and the
resulting elemental maps for Y, Ga, O, and Sm are presented in
Fig. 7. These images clearly demonstrate the homogeneous
distribution of the dopant and host elements, validating the
efficient synthesis of the phosphor material. The atomic and
weight percentages of fundamental elements in the synthesized
phosphor are listed in Table 5.
esent in the optimized sample.

RSC Adv., 2026, 16, 30778–30796 | 30783
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Fig. 7 Elemental mapping images of the optimized sample.

Table 5 Atomic and weight % of various atoms present in the opti-
mized sample

Element Series Weight (%) Atomic (%)

Y (yttrium) L-series 53.3 20.6
Sm (samarium) L-series 2.2 0.5
Ga (gallium) K-series 10.0 4.9
O (oxygen) K-series 34.5 74.0

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/9
/2

02
6 

4:
04

:5
4 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
4.4 Morphological characteristics

FE-SEM analysis was conducted on the optimized Y2.97GaO6:3-
mol% Sm3+ phosphor to investigate its surface morphology,
including particle shape, structure, and size distribution. The
obtained FE-SEM images are presented in Fig. 8(a), indicating
that the particles exhibit agglomeration and irregular shapes.
The average particle size falls within the 40–60 nm range. Due to
Fig. 8 (a) FE-SEM image of the optimized YGO:3 mol% Sm3+ phosphor

30784 | RSC Adv., 2026, 16, 30778–30796
their nanometer-scale dimensions, this Sm3+-doped phosphor
is suitable for various applications in lighting devices. The gases
released during the combustion process and high-temperature
heat treatment commonly result in particle agglomeration,
owing to small particles clustering via diffusion.39 A histogram
showing the particle size distribution in the optimized sample
is represented in Fig. 8(b).
4.5 Photoluminescence investigations

4.5.1 Excitation and emission spectra. The photo-
luminescence excitation (PLE) characteristics of the Y3−x-
GaO6:xSm

3+ (x = 3 mol%) phosphors were examined and the
resulting spectrum recorded in 200–550 nm range with an
emissive wavelength of 600 nm is shown in Fig. 9. The spectrum
displays seven excitation peaks located at 349 nm, 365 nm,
377 nm, 406 nm, 422 nm, 440 nm and 464 nm, which corre-
spond to transitions from the 6H5/2 ground state to the 4K17/2,
. (b) Histogram of the particle size distribution.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Excitation spectra of the YGO:Sm3+ phosphor with a 3 mol%
doping concentration of Sm3+ ions.

Table 6 Asymmetry ratio (R) for all Sm3+-doped YGO phosphors with
varying concentrations of Sm3+ ions

YGO:x mol%
Sm3+ x = 1 x = 2 x = 3 x = 4 x = 5 x = 6

R 1.35 1.25 1.60 1.41 1.03 1.15
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4H7/2,
6P7/2,

4F7/2,
6P5/2,

4G7/2 and 4F5/2 excited states of Sm3+,
respectively. In addition, a charge-transfer band also appeared
at 256 nm owing to the transition from O2− to the Sm3+ ion.40–42

The excitation peak at 406 nm exhibited the strongest intensity
and was consequently used to excite the prepared phosphors for
emission spectral analysis. Photoluminescence emission (PL)
spectra of trivalent samarium-doped YGO nanophosphors with
varying Sm3+ concentrations (1–6 mol%) were recorded at an
excitation wavelength of 406 nm, as displayed in Fig. 10. The
obtained PL spectra demonstrated three bands, with the least
intense band observed at 568 nm, the most intense band at
610 nm, and amoderately intense band at 653 nm, equivalent to
Fig. 10 Emission spectra of the YGO:Sm3+ phosphors with varying dop

© 2026 The Author(s). Published by the Royal Society of Chemistry
4G5/2 /
6H5/2,

6H7/2 and
6H9/2 transitions, respectively.43,44 The

orange-red color of Y3−xGaO6:xSm
3+ (x = 1–6 mol%) samples is

due to the most intense peak at 610 nm arising from the elec-
tronic transition 4G5/2 /

6H7/2. The transitions
4G5/2 /

6H9/2 at
653 nm and 4G5/2 / 6H5/2 at 568 nm are electric dipole and
magnetic dipole allowed, respectively. The magnetic dipole
transitions follow the DJ = 0, ±1 selection rule and are not
affected by the environment of the Sm3+ ions. On the other
hand, electric dipole transitions follow the DJ = 2, 4 and 6 (DJ#
6) selection rule and are affected by the environment of the Sm3+

ions.45,46

4.5.2 Asymmetry ratio. The asymmetry ratio (R) may be
dened as the ratio of the intensity of the electric dipole tran-
sition (IED) to the intensity of the magnetic dipole transition
(IMD) and is expressed in eqn (6) (ref. 47) as follows:

R ¼ IED

IMD

(6)

This ratio describes the asymmetric or symmetric nature of
the local environment of the Sm3+ ions in the lattice. The
asymmetry around the doped ion in the host lattice is validated
by a large value of R (R > 1).48 In the present work, IED is higher
than IMD, which gives an R-value greater than one (Table 6),
ing concentrations of Sm3+ ions.
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Fig. 11 Energy level diagram representing the radiative and non-radiative transitions of the Sm3+ ions in the YGO phosphors.
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suggesting that Sm3+ ions are located at asymmetric sites in the
lattice. Fig. 11 presents an energy level illustration of Sm3+-
doped YGO nanophosphors, demonstrating radiative and non-
Fig. 12 Decay lifetime curve of the YGO:3 mol% Sm3+ phosphor.

30786 | RSC Adv., 2026, 16, 30778–30796
radiative transitions. All excited states above 4G5/2 rapidly relax
non-radiatively to this state, attributed to minimal energy gaps
between these states. Radiative relaxation from the 4G5/2 level to
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 Variation of lifetime with the dopant ion concentration.

Table 7 Experimental lifetime and quantum efficiency values of the
synthesized Y3−xGaO6:xSm

3+ (x = 1–6 mol%) nanophosphors

Sample sexp (ms) h (%)

YGO:1 mol% Sm3+ 3.259 87.08
YGO:2 mol% Sm3+ 3.078 82.24
YGO:3 mol% Sm3+ 2.854 76.25
YGO:4 mol% Sm3+ 2.573 68.75
YGO:5 mol% Sm3+ 2.427 64.85
YGO:6 mol% Sm3+ 2.192 58.57
YGO:7 mol% Sm3+ 1.978 52.85
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the lower 6H5/2,
6H7/2 and 6H9/2 states occurs on account of

signicant energy differences between these states.
4.5.3 Lifetime measurements. The analysis of lumines-

cence decay lifetimes serves as an important parameter for
understanding emission properties, quenching mechanisms
and energy transfer behavior. The luminescence decay curve
recorded by monitoring excitation at 406 nm and emission at
610 nm for the Y2.97GaO6:3 mol% Sm3+ nanophosphor is shown
in Fig. 12. The decay prole exhibits bi-exponential behavior for
the optimized sample and the experimental lifetime value was
calculated using the expression presented in eqn (7) (ref. 49) as
follows:

It ¼ I0 þ A1exp

�
� t

s1

�
þ A2exp

�
� t

s2

�
; (7)

where It and I0 are the emission intensities at time t = t and at t
= 0, respectively. s1 and s2 are fast and slow decay components,
© 2026 The Author(s). Published by the Royal Society of Chemistry
respectively, while the coefficients A1 and A2 are residual tting
parameters. The experimental lifetime (sexp) values of the
phosphor demonstrating non-exponential behavior can be ob-
tained using eqn (8) (ref. 50) as follows:

sexp ¼ A1s12 þ A2s22

A1s1 þ A2s2
(8)

Fig. 13 displays the variation of the observed lifetime in the
Y3GaO6 lattice with the changes in concentration of Sm3+ ion
using Auzel's tting function. A linear decrease in the value of
the experimental lifetime (sexp) from 3.259 ms to 1.978 ms was
observed on increasing the concentration of Sm3+ ions from 1 to
6mol%, as shown in Table 7. As the concentration of the dopant
Sm3+ ion increased, the separation between ions decreased,
leading to a greater probability of non-radiative energy transfer,
and the lifetime decreased; this phenomenon is known as
luminescence quenching. Auzel's model, given in eqn (9), also
describes the dependence of lifetime values on the concentra-
tion of the dopant ion51 as follows:

sc ¼ s0

1þ C

C0

e�N=3

(9)

In this expression, sc and s0 denote the measured lifetime and
the intrinsic radiative lifetime, respectively. The parameter C
denotes the concentration of the Sm3+ ions, while C0 is
a constant and N signies the number of phonons generated
during the relaxation process. For the Y2.97GaO6:3 mol% Sm3+

nanophosphor, the tting of experimental data to Auzel's model
RSC Adv., 2026, 16, 30778–30796 | 30787
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Fig. 14 Effect of the concentration of Sm3+ ions on the emission intensity of the samples.
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gives a radiative lifetime (so) of 3.74264 ms, as displayed in
Fig. 13. The ratio of the experimental decay lifetime (sexp) to the
radiative lifetime (so) is dened as the luminous quantum
efficiency (h) of the rare-earth-doped materials and can be
calculated using eqn (10) (ref. 52) as follows:
Fig. 15 Relationship of log(1/x) vs. log(x) in the Y3−xGaO6:xSm
3+ (x = 1–

30788 | RSC Adv., 2026, 16, 30778–30796
h ¼ sexp
s0

� 100% (10)

The resulting quantum efficiency values of all the doped
samples are summarized in Table 7. The high quantum
6 mol%) phosphors.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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efficiency obtained from the synthesized nanomaterials makes
these materials suitable for incorporation into white light-
emitting diodes for lighting purposes.

4.5.4 Concentration quenching. The increasing content of
doped Sm3+ ions increases the luminous intensity, which is
maximum at the Sm3+ ion concentration of 3 mol%, and then
declines continuously owing to concentration quenching, as
shown in Fig. 14. The concentration quenching is generally
observed in rare-earth doped phosphors as the amount of
dopant increases. The increasing Sm3+ content shortens the
distance between doped samarium ions, which results in more
non-radiative energy transfer among activators, instead of
radiative energy transfer. The increase in the probability of non-
radiative energy transfer among luminescent centers is the
cause of luminescence quenching. Non-radiative energy trans-
fer generally occurs through exchange interactions, radiative
reabsorption, or multipole interactions.53,54 Radiative reab-
sorption takes place only if there is considerable overlap
between excitation and emission spectra, which is absent in the
prepared phosphors. The critical distance refers to the separa-
tion between Sm3+ ions at the critical concentration (xc), beyond
which the luminous intensity begins to decline and can be
determined by eqn (11) (ref. 55) as follows:

Rc ¼ 2

�
3V

4pxcZ

�1=3

(11)

where V and Z denote the volume of the unit cell and the
number of lattice sites per unit cell that can be occupied by an
Fig. 16 Temperature-dependent PL spectra of the YGO:3 mol% Sm3+ p

© 2026 The Author(s). Published by the Royal Society of Chemistry
activator ion. The critical distance for an effective exchange
interaction is approximately 5 Å, beyond which the strength of
the interaction weakens. Taking experimental values of xc, V,
and Z (xc = 0.03, V = 560.9903 Å3, and Z = 4), Rc was calculated
to be 20.7490 Å, which was greater than 5 Å, and specied that
the energy transfer mechanism is governed by multipolar
interactions. Multipolar interactions are classied into three
types: dipole–dipole (d–d), dipole–quadrupole (d–q) and quad-
rupole–quadrupole (q–q) interactions. The particular type of
multipolar interaction can be determined by analyzing the
variation of the emission intensity with activator ion concen-
tration beyond the critical concentration. Van Uitert's model
describes the relationship between emission intensity (I) and
activator concentration (x), as described in eqn (12) (ref. 56 and
57) as follows:

I

x
¼ K

1þ bðxÞM3
(12)

For simplication, it can be rewritten in the form given in
eqn (13) (ref. 58) as follows:

log

�
I

x

�
¼ �M

3
logðxÞ þ k

0
(13)

where k0 = log K− log b, whereas I signies radiative intensity, x
denotes the activator ion doping concentration, and M
symbolizes the multipolar interaction index, with values equal
to 6, 8, and 10, consistent with d–d, d–q, and q–q interactions,
hosphor.

RSC Adv., 2026, 16, 30778–30796 | 30789
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respectively.59 Hence, to obtain the value of M for Sm3+ ions in
the host, a plot of log(I/x) against log(x) was made, as displayed
in Fig. 15, which gives a linear graph with slope −M/3. In the
current study, the resulting slope is−1.575 and givesM= 4.725,
which is close to 6, suggesting that dipole–dipole interactions
are the ultimate reason for the quenching of Sm3+ ions in the
lattice.

4.5.5 Temperature-dependent photoluminescence.
Thermal stability is an important parameter for conrming the
suitability of the synthesized nanophosphor materials for high-
power WLED applications. In this study, the thermal stability of
the optimized YGO:3 mol% Sm3+ nanophosphor was analyzed
by taking its PL spectra at varying temperatures under 406 nm
excitation, as shown in Fig. 16. The emission pattern of Sm3+

ions remained same, but the emission intensity decreased
continuously with the rise in temperature from 298 K to 498 K
due to the thermal quenching phenomenon. The luminescence
intensity was found to retain 71.8% at 473 K compared to its
original intensity measured at 298 K (taken to be 100%), con-
rming that the Sm3+ ions in the YGO:3 mol% Sm3+ phosphor
possess good thermal stability required for high power WLEDs
as demonstrated in Fig. 17. Moreover, the activation energy (Ea)
serves as an important key factor for determining the thermal
stability of a phosphor material. The greater the value of the
activation energy, the harder it becomes for activated electrons
to overcome the energy barrier. This leads to reduced non-
radiative transitions and increased thermal stability of a phos-
phor. Thus, a higher Ea value means greater luminescence
Fig. 17 Bar graph showing the relative intensity of the YGO:3 mol% Sm3

30790 | RSC Adv., 2026, 16, 30778–30796
stability. To calculate the value of the activation energy, the
Arrhenius model given in eqn (14) may be used60,61 as follows:

IT ¼ I0

1þ A exp

�
� Ea

kBT

� (14)

This equation can be further modied to become eqn (15)
(ref. 62) as follows:

ln

�
I0

IT
� 1

�
¼ ln A� Ea

kBT
(15)

In this equation, I0 and IT describe luminescence intensities
measured at a particular temperature T and at room tempera-
ture, respectively. The factor kB indicates Boltzmann's constant
(8.617105 × 10−5 eV K−1), while A represents a constant. The

plot of ln
�
I0
IT

� 1
�

versus
1

kBT
is a straight-line graph and the

absolute value of the slope gives the activation energy, as di-
splayed in Fig. 18. For the considered nanophosphor, the acti-
vation energy was found to be 0.337 eV. The activation energy
value and good thermal stability of the optimized YGO:3 mol%
Sm3+ phosphor indicate that it is a suitable candidate for high-
power WLEDs.

4.5.6 Color parameters. Chromaticity coordinates are
crucial parameters when analyzing the color output of synthe-
sized phosphors. The CIE 1931 chromaticity triangle developed
by the Commission Internationale de l'Eclairage illustrates the
+ phosphor with temperature.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 18 Linear fitted graph of ln[(I0/IT) − 1] against 1/kBT.
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spectrum of colors visible to the human eye, using an x–y
coordinate framework. The emission color of the produced
Y3GaO6:Sm

3+ phosphor samples under 406 nm was evaluated
Fig. 19 (a) CIE coordinates (x, y) of the YGO:Sm3+ phosphors under 406

© 2026 The Author(s). Published by the Royal Society of Chemistry
using this color diagram. The obtained PL emission results were
analyzed and are depicted in Fig. 19. The determined chroma-
ticity coordinates lie in the orangish region of the spectrum,
nm excitation. (b) Enlarged image of all coordinates.

RSC Adv., 2026, 16, 30778–30796 | 30791
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Table 8 Various color parameters of the Y3−xGaO6:xSm
3+ (x = 1–6 mol%) phosphors

Sample

CIE coordinates

CCT (K) Color purity (%)(x, y) (u0, v0)

YGO:1 mol% Sm3+ (0.5547, 0.4393) (0.3098, 0.5520) 1968.83 76.89
YGO:2 mol% Sm3+ (0.5626, 0.4316) (0.3191, 0.5507) 1885.23 77.81
YGO:3 mol% Sm3+ (0.5627, 0.4317) (0.3190, 0.5507) 1885.23 78.06
YGO:4 mol% Sm3+ (0.5557, 0.4380) (0.3111, 0.5517) 1955.89 77.01
YGO:5 mol% Sm3+ (0.5508, 0.4421) (0.3059, 0.5524) 2008.61 76.27
YGO:6 mol% Sm3+ (0.5498, 0.4429) (0.3048, 0.5525) 2019.54 76.15

Fig. 20 (a) CIE coordinates (u0, v0) of the YGO:Sm3+ phosphors under 406 nm excitation. (b) Enlarged view of all coordinates.
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conrming that the synthesized phosphors emit orange-red
light on excitation at 406 nm. Using McCamy's relation given
in eqn (16), the color temperature (CCT) values for the produced
Y3GaO6:Sm

3+ phosphors were also calculated63 as follows:

CCT = −437n3 + 3601n2 − 6861n + 5514.31 (16)

where n ¼ ðx� xeÞ
ðy� yeÞ signies the inverse slope line, x and y

specify the CIE color parameters, and xe = 0.332 and ye = 0.186
designate chroma epicenters. The calculations were made by
converting the (x, y) coordinates to (u', v') coordinates (Fig. 20)
to analyze CCT values eqn (17) (ref. 64) as follows:

u
0 ¼ 4x

�2xþ 12yþ 3
; v

0 ¼ 9y

�2xþ 12yþ 3
(17)

The importance of white light can be evaluated by measuring
CCT values, which indicate the warmness and coolness of light.
For instance, a warm light source has CCT < 3000 K, while a cool
light source has CCT > 4000 K. Cool white light is utilized for
industrial lighting purposes, while warm white light is used for
30792 | RSC Adv., 2026, 16, 30778–30796
domestic purposes. The CCT values for all synthesized samples
lie in the range 1800–2100 K, demonstrating that the produced
light is a warm white light source. Eqn (18) can be used to dene
the color purity (CP%) of the Y3GaO6:Sm

3+ phosphor samples65

as follows:

CP ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðx� xiÞ2 þ ðy� yiÞ2
ðxd � xiÞ2 þ ðyd � yiÞ2

s
� 100 (18)

Here, (x, y), (xd, yd) and (xi, yi) denote chromaticity coordinates,
dominant and illuminant points, respectively. CIE color coor-
dinates and CCT values, along with the CP of the synthesized
phosphor, are briey listed in Table 8. The observed outcomes
of Y3GaO6:Sm

3+ nanophosphors conrm their potential for
lighting applications.

5. Conclusions

Sm3+-doped yttrium gallium oxide (Y3GaO6) phosphors with
different doping concentrations of samarium ions were
successfully synthesized using a solution combustion method.
To assess their optical behavior, the synthesized samples were
subjected to several structural and spectroscopic techniques.
© 2026 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra00790b


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/9
/2

02
6 

4:
04

:5
4 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
XRD patterns revealed information about the crystalline struc-
ture, and Rietveld renement conrmed the formation of an
orthorhombic lattice belonging to the Cmc21 space group. The
surface morphology and elemental composition were examined
in detail via FE-SEM and EDX studies, respectively. Upon exci-
tation at a wavelength of 406 nm, all Sm3+-incorporated YGO
phosphors demonstrated prominent orange photo-
luminescence at 610 nm, corresponding to the 4G5/2 / 6H7/2

transition of Sm3+ ions. The bi-exponential behavior of the
decay curves is due to the presence of Sm3+ ions in two
dissimilar crystallographic sites of Y3+ ions in the YGO host. The
optimal doping level was found to be 3 mol%, yielding the
highest emission intensity. Beyond this concentration, a reduc-
tion in luminescence was observed due to the concentration
quenching effect, attributed to dipole–dipole interactions
among Sm3+ ions. Chromaticity coordinates derived from
photoluminescence spectra positioned in the orange-red
portion of the CIE diagram indicate the suitability of these
materials for use in lighting applications.
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