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Er¥*-doped MgGa,O, nanoparticles with varying concentrations (0-9 mol%) were synthesized using the
self-combustion method and systematically analyzed for structural, optical, and dosimetry performance.
XRD confirmed a single-phase cubic spinel structure (JCPDS 10-0113), while SEM, EDX, and HRTEM
revealed uniformly distributed nanocrystals (~51 nm) with homogeneous composition. UV-vis diffuse
reflectance spectra showed a band gap decrease from 5.17 to 4.86 eV with increasing Er®*, attributed to
defect-induced band tailing. FTIR confirmed characteristic Mg-O and Ga-O vibrations, validating
(4|13/2
— “l35/5) emissions, with maximum intensity, extended lifetime (3.2 ns), and high quantum yield (58.29%)

structural integrity. Photoluminescence studies exhibited intense green (*Sz;» — “li5/2) and NIR

at 3 mol% Er**. CIE and CCT analyses placed the emission in the green-yellow region having CCT ~5291
K, suitable for WLEDs. Thermoluminescence (TL) glow curves displayed a single prominent peak at
~200 °C, with highest intensity for 5 mol% Er®* at 5 kGy dose, corresponding to medium-depth traps (E
= 0.9-1.0 eV). Deconvolution revealed two trap types: shallow (oxygen vacancies) and deep (Er¥*—Vo/
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1 Introduction

Inorganic oxide-based phosphor materials have become central
to recent advancements in photonics, optoelectronics, and
radiation sensing applications,"” owing to their excellent
chemical durability, thermal stability, and capacity to host rare-
earth ions within robust crystalline frameworks.®® Among
these, magnesium gallate (MgGa,0,), a normal spinel oxide,
has emerged as a particularly attractive host matrix due to its
wide bandgap (~4.5-5.0 eV), low phonon energy, and high
resistance to moisture and radiation-induced damage.*™ These
features render MgGa,0, a compelling platform for the incor-
poration of optically active dopants, particularly lanthanide
ions, to tailor emission properties for specific device-level
applications such as persistent luminescence, thermolumines-
cence dosimetry, and solid-state lighting."***
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a promising multifunctional phosphor for WLED and +y-ray dosimetry applications.

Rare-earth (RE*") ions, owing to their 4f electronic configu-
ration, exhibit sharp intra-4f transitions, high color purity, and
long-lived excited states, making them indispensable in the
design of next-generation phosphors.’**® Erbium (Er’") is of
particular interest due to its emission bands spanning visible
(green: ~550 nm) and near-infrared (~1.54 um) regions, which
are vital for applications in optical amplifiers, upconversion
devices, and bio-imaging.'>** However, the efficiency of Er*'-
activated emission is critically influenced by the host lattice,
dopant distribution, local symmetry, and phonon interactions.
Although Er*" has been widely studied in silicate, fluoride,**??
and garnet systems,* its incorporation into gallate-based
spinels remains relatively underexplored,” especially in the
context of phase-pure, nanocrystalline hosts synthesized via
combustion methods.

Furthermore, an essential challenge in designing high-
performance RE**-doped phosphors lies in achieving homoge-
nous dopant dispersion at the nanoscale while avoiding
concentration quenching, a phenomenon arising from energy
transfer between closely spaced dopant ions, leading to non-
radiative decay.”**° Optimal dopant concentration must be
carefully tuned to balance luminescent efficiency and structural
integrity. Yet, there exists a lack of systematic studies evaluating
the effect of progressive Er’* doping on the structural,
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morphological, and optical characteristics of MgGa,O,, partic-
ularly in the nanoscale regime.

Conventional ceramic routes for phosphor synthesis often
necessitate prolonged calcination at elevated temperatures
(>1200 °C), which can result in coarse grain formation, phase
impurities, and dopant clustering.*** To circumvent these
limitations, solution combustion synthesis (SCS),* has gained
attention as a rapid, energy-efficient method capable of
producing highly dispersed, nanocrystalline oxides with
controlled stoichiometry. SCS utilizes a self-sustaining
exothermic redox reaction between metal nitrates (oxidizers)
and organic fuels, such as urea, to yield voluminous, foamy
powders within minutes. The inherent rapidity and localized
heating in SCS foster phase-pure formation and homogeneous
doping, making it well-suited for synthesizing luminescent
nanophosphors with tailored functionalities.?***

While previous studies have reported Dy**, Eu**, and Mn*'-
doped MgGa,0O, phosphors with promising emission proper-
ties,* detailed insight into Er’* doping remains limited, espe-
cially with respect to synthesis via combustion methods and
subsequent evaluation of emission behavior across different
dopant concentrations. Understanding how Er** ions integrate
into the spinel lattice, modify crystallographic parameters, and
influence photoluminescence is crucial for developing phos-
phors tailored for specific spectral outputs and application
domains such as white light-emitting diodes (WLEDs) and
radiation dosimeters.*”**

In this context, the present study focuses on the systematic
synthesis and characterization of MgGa,0, nanoparticles
doped with varying concentrations of Er’* ions (1-9 mol%) via
solution combustion synthesis. The structural phase purity,
lattice distortion effects, particle morphology, and luminescent
behavior were thoroughly investigated as a function of Er’*
content. The influence of dopant-induced crystallographic
disorder and local field effects on the green emission intensity
and spectral features was explored to establish optimal doping
regimes for efficient optical output. These findings contribute
to a deeper understanding of the host-dopant interactions in
spinel gallates and expand the applicability of MgGa,O4:Er**
systems in emerging optoelectronic and dosimetry applications.

2 Experimental methods
2.1 Materials

99.99% pure magnesium nitrate hexahydrate (Mg(NO;), - 6H,0),
gallium nitrate hexahydrate (Ga (NO3);-6H,0), erbium
nitrate hexahydrate (Er(NOj);-6H,0) and urea (NH,CO,NH)
were procured from Sigma-Aldrich. The raw materials procured
are of analytical grade and were used directly for material
preparation without further purification.

2.2 Procedure for the experimentation

MgGa,0, nanopatrticles with different Er** concentrations (1, 3,
5, 7, and 9 mol%) were prepared using the SCS method. During
the synthesis, a stoichiometric oxidizer-to-fuel ratio of 1:1 was
maintained  using = Mg(NOj;),-6H,0, Ga(NO3);-6H,0,
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Er(NO3);-6H,0, and NH,CONH, as precursors. These materials
were completely dissolved in 20 mL of double-distilled water
under continuous stirring for 20 min to obtain a homogeneous
solution. The resulting solution was transferred to a silica
crucible and placed in a preheated muffle furnace at 500 °C,
where a rapid exothermic combustion reaction occurred within
5 min, producing a voluminous, foamy white powder. The ob-
tained product was finely ground using an agate mortar and
pestle to ensure uniform particle size. Subsequently, the powder
was calcined at 1000 °C for 4 hours to achieve highly crystalline
and phase-pure MgGa,O4:Er®" nanoparticles. This synthesis
process was repeated for each Er’* doping concentration. The
resulting nanoparticles were then analyzed for their structural,
morphological, and luminescent characteristics to evaluate
their potential applications in white light-emitting diodes
(WLEDs) and radiation dosimetry.

2.3 Characterization methods

The structural and phase composition of MgGa,0,:Er*" (0-
9 mol%) nanoparticles were characterized using a Rigaku Smart
Lab Powder X-ray diffractometer (PXRD) with Cu-Ka radiation (4
= 1.541 A). XRD data were collected over a 26 range of 20-80° at
a scanning rate of 2° min~" to verify phase purity and crystal-
linity. Fourier-transform infrared (FTIR) spectra were obtained
using a Bruker Alpha-II spectrophotometer operating in the
4000-400 cm ™' range with a resolution of 0.9 cm™'. Measure-
ments were performed in both transmission and attenuated
total reflectance (ATR) modes with a KBr beam splitter to
identify vibrational modes and bonding features. Surface
morphology and elemental composition were analyzed using
a VEGA3 TESCAN scanning electron microscope (SEM) oper-
ating at 0.2-30 kV, coupled with an energy-dispersive X-ray
(EDX) system to determine particle size, shape, and elemental
distribution. Optical absorption spectra were recorded using
a Thermo Scientific UV-visible spectrophotometer in the 200-
800 nm wavelength range to study bandgap energy and optical
transitions. Photoluminescence (PL) analyses, including life-
time decay, quantum yield, and thermal stability, were carried
out using an FLS1000 Edinburgh Instrument. Excitation sour-
ces included a 450 W Xenon arc lamp (250-900 nm) and a 200
mW He-Cd LASER (325 nm). Time-resolved PL measurements
employed microsecond flash lamps and pulsed lasers/LEDs at
various wavelengths to investigate decay kinetics. Emission
spectra were detected using visible PMT 900 and NIR PMT 1700
detectors to comprehensively evaluate the luminescent perfor-
mance for WLED applications. Thermoluminescence (TL)
studies were performed at room temperature using a Nucleonix
TL reader for y-ray-irradiated samples.

3 Results and discussions
3.1 Phase analysis

The crystalline structure and phase purity of the synthesized
MgGa,04:Er®" nanoparticles with varying Er** concentrations
(0-9 mol%) were investigated using PXRD, and the corre-
sponding diffraction patterns are presented in Fig. 1(a). The
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Fig. 1 (a) PXRD patterns of pure MgGa,O4 and MgGa,O4:Er¥*(1-9 mol%) nanoparticles. (b) Schematic representation of the MgGa,QO, spinel

structure before and after Er** substitution at Ga>* sites.

undoped MgGa,0, sample shows distinct and sharp peaks that
match well with the standard cubic spinel structure of MgGa,O,
(JcpDS Card no. 10-0113).>** The major diffraction peaks
observed at 26 values around 31.3°, 36.9°, 44.8°, 55.6°, 59.3°,
65.2°, and 74.5° correspond to the (220), (311), (400), (422),
(511), (440), and (533) crystal planes, respectively. The presence
of these peaks without any additional reflections confirms the
formation of a single-phase spinel structure with a high degree
of crystallinity and structural homogeneity. MgGa,O, is
a normal spinel material where Mg”* ions occupy the tetrahe-
dral (A) sites and Ga®" ions occupy the octahedral (B) sites in the
Fd3m space group. When Er’" ions are introduced into the
lattice, they are expected to replace Ga®" ions at the octahedral
sites due to the close match in charge and comparable ionic
radii (Ga®" = 0.62 A; Er*" = 0.89 A). This substitution slightly
distorts the local crystal field but does not cause a significant

1920 | RSC Adv, 2026, 16, 11918-11936

change in the overall structure, especially at low doping levels
(1-3 mol%).

To visually represent the effect of Er’* substitution, a sche-
matic diagram as shown in (Fig. 1(b)), it depicts the undoped
MgGa,0, spinel lattice and the structural modification after
Er** incorporation. In the pristine structure, Mg”>* ions occupy
tetrahedral (A) sites and Ga®" ions occupy octahedral (B) sites
within the Fd3'm cubic spinel framework. Upon Er** doping,
a fraction of Ga®" ions at the B sites are replaced by larger Er**
ions, inducing local lattice distortion and charge-compensating
oxygen vacancies. This visualization aids in understanding how
Er’** substitution alters the crystal field and influences struc-
tural and optical behavior.

For Er*" doping up to 3 mol%, the XRD patterns remain
consistent with the pure MgGa,0, phase, showing no extra
peaks, which indicates that Er’" ions are uniformly

© 2026 The Author(s). Published by the Royal Society of Chemistry
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incorporated into the host lattice without altering the spinel
symmetry. The absence of impurity peaks at these concentra-
tions confirms successful substitution and suggests that the
solubility limit of Er** in MgGa,O, is not exceeded at this stage.
Additionally, the peak intensity slightly decreases, and marginal
broadening is noticed, implying the introduction of lattice
strain and a minor reduction in crystallite size, which are
common effects associated with ionic substitution and lattice
distortion.

As the Er*" concentration increases beyond 5 mol%, new
weak peaks begin to appear in the diffraction pattern. These
additional peaks correspond to the -Ga,O; phase (marked with
#) and are indexed using the JCPDS card no. 41-1103.*" The
presence of B-Ga,0; indicates that excess Er*" doping leads to
partial segregation of Ga,0s3, arising from the inability of the
host lattice to accommodate a high concentration of Er** ions
due to size mismatch and charge compensation effects. The
substitution of larger Er’* ions generates internal lattice strain,
which eventually causes local phase separation as the dopant
concentration increases. At higher dopant levels (7 and
9 mol%), additional diffraction peaks are observed at 26 values
corresponding to Er,O; (marked with *), identified from the
JCPDS file No. 01-077-0459.*> The emergence of these peaks
confirms the formation of a secondary Er,O; phase, which
becomes more pronounced with increasing Er** content. This
secondary phase formation is attributed to the oversaturation of
Er** ions within the host lattice, exceeding its solubility limit,
leading to Er,O; precipitation on the particle surfaces or grain
boundaries during the high-temperature calcination process.

The gradual changes in the XRD peak intensity and width
also reflect the influence of dopant concentration on crystallite
size and lattice strain. According to the Debye-Scherrer equa-
tion,* peak broadening is inversely related to crystallite size,
suggesting that increased Er®* incorporation slightly reduces
the average crystallite size from 30 to 20 nm. Due to the
hindrance of grain growth caused by dopant segregation and
the creation of strain fields within the lattice. The average
crystallite size (D) was calculated using the Debye-Scherrer
formula***

Do K2
B cos d

1)

where K is the shape factor (taken as 0.9), A is the X-ray wave-
length of Cu-Ka radiation (1.541 A), 8 is the full width at half
maximum (FWHM) of the most intense (3 1 1) diffraction peak
(in radians), and @ is the corresponding Bragg's angle. The
calculated crystallite size therefore represents the coherent
diffraction domain, which is generally smaller than the actual
particle size observed in TEM images. This difference arises
because XRD determines the size of defect-free crystalline
regions, whereas TEM images show the overall particle, which
may consist of multiple crystallites aggregated together. The
consistency in nanoscale dimensions across all techniques
confirms successful synthesis of nanocrystalline MgGa,O4:Er’"*
powders.*® The estimated crystallite size and corresponding
optical bandgap values obtained for pure and Er’**-doped
MgGa,0, nanoparticles are summarized in Table 1.
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Table 1 Estimated crystallite size and band gap values of pure
MgGa,0, and MgGa,O4:Er®*(1-9 mol%) nanoparticles

Average crystallite Size(nm) Band gap
Sample Debye-Scherrer's method (d) (eV)
Pure 30 5.10
1 mol% 27 5.17
3 mol% 25 5.06
5 mol% 24 4.95
7 mol% 21 4.90
9 mol% 20 4.86

Moreover, the slight peak shift toward lower 26 angles at
higher doping levels suggests lattice expansion due to substi-
tution of larger Er’* ions for smaller Ga** ions. The observed
trends clearly indicate that Er** ions are successfully incorpo-
rated into the MgGa,O, matrix up to approximately 3 mol%,
beyond which phase segregation occurs, leading to the coexis-
tence of secondary $-Ga,0; and Er,O3; phases. These structural
modifications are crucial because they directly affect the lumi-
nescence efficiency and energy transfer processes in the mate-
rial. The presence of impurity phases at higher dopant
concentrations introduce non-radiative recombination centers,
which quench emission intensity.*’

The optical characteristics of pure and Er** doped MgGa,0,
nanoparticles were investigated using UV-visible diffuse reflec-
tance spectroscopy (DRS),* and the corresponding spectra are
presented in Fig. 2(a). The DRS profiles show strong reflectance
in the visible and near-UV regions (200-800 nm), characteristic
of wide-band-gap oxide semiconductors. The pure MgGa,O,
sample exhibits a steep absorption edge near 240-250 nm,
consistent with intrinsic band-to-band electronic transitions
within the MgGa,0, lattice. This behavior corresponds to the
charge transfer between O~ — Ga*"ions in the tetrahedral and
octahedral sites of the spinel structure. Upon Er** incorporation
(1-9 mol%), a noticeable change in reflectance intensity and the
position of the absorption edge is observed. At low doping levels
(1 mol%), a slight blue shift of the absorption edge occurs,
indicating a minor widening of the optical band gap. This is
attributed to the Burstein-Moss effect, which arises from the
filling of lower energy states in the conduction band by excess
electrons introduced by dopant ions. Consequently, optical
transitions require higher photon energy, resulting in an
apparent increase in the band gap energy.

This initial widening of the band gap observed at 1 mol%
Er*" is attributed to the Burstein-Moss effect, wherein the
incorporation of a small amount of Er** ions introduces addi-
tional charge carriers that occupy the lower energy states in the
conduction band. This upward shift of the Fermi level effec-
tively increases the optical transition threshold, resulting in
a slight apparent widening of the band gap. At such low dopant
levels, the number of charge carriers is insufficient to induce
significant lattice strain or defect formation, and hence the
Burstein-Moss effect dominates. However, with further
increase in Er*" concentration, lattice distortion, defect gener-
ation, and the formation of Er**-O-Ga defect complexes and

RSC Adv, 2026, 16, 11918-11936 | 11921
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Fig. 2 (a) UV-vis diffuse reflectance spectra and (b) Tauc plot for pure MgGa,0O,4 and MgGa,O4:Er** (1-9 mol%) nanoparticles.

oxygen vacancies become more pronounced. These defect states
create localized energy levels within the band gap, leading to
band tailing and the observed red shift (band-gap narrowing) at
higher doping levels. As the Er*" concentration increases
beyond 3 mol%, the absorption edge gradually shifts toward
longer wavelengths (red shift), accompanied by a decrease in
reflectance intensity. This behavior suggests a narrowing of the
band gap, likely caused by increased dopant-induced lattice
disorder, defect generation, and the formation of impurity
energy levels within the forbidden gap. These defects, such as
oxygen vacancies and Er-O-Ga coordination distortions, act as
shallow donor or acceptor levels, facilitating sub-band-gap
transitions and reducing the optical energy gap. It should be
noted that the apparent contradiction between the optical and
morphological analyses arises from the different nature of
defects probed by each technique. The optical band-gap
reduction at 3 mol% Er*" results from localized electronic
defect states (Er’" associated oxygen-vacancy and Er-O-Ga
complexes) that alter the electronic structure of the lattice. In
contrast, the SEM micrographs (Fig. 4) reveal smoother and
more uniform grains, indicating reduced surface and grain-
boundary defects. Therefore, although the crystallinity
improves at 3 mol% Er’", the slight band-gap narrowing is
governed by electronic defect formation rather than by an
increase in structural disorder.

Fig. 2(b) presents the Tauc plots representing (F(R)Av)” versus
photon energy (7v),* where the linear region of each curve was
extrapolated to the energy axis to determine the optical band
gap (Eg) for direct allowed transitions. The obtained E, values
are 5.10, 5.17, 5.06, 4.95, 4.90 and 4.86 eV for pure and 1, 3, 5, 7,
9 respectively. These results confirm the initial slight widening
of the band gap at lower doping, followed by a systematic nar-
rowing at higher Er’* concentrations. The observed band-gap
modulation is due to the combined effect of lattice strain,
local field variations, and dopant-induced defect states. The
initial increase at 1 mol% Er®* results from substitutional
incorporation of Er’* ions at Ga®" sites, which slightly reduces

1922 | RSC Adv, 2026, 16, T1918-11936

carrier-phonon scattering and stabilizes the crystal lattice.
However, further doping introduces structural distortions and
charge imbalance due to the larger ionic radius of Er’**
compared to Ga*', leading to lattice relaxation and defect
formation. These localized defect states near the conduction
and valence bands enhance electron-hole recombination
probability and reduce the effective band gap.

Additionally, the presence of Er’" ions introduces localized
4f electronic states, which can couple with the host lattice
electronic states, affecting optical absorption characteristics.
The gradual decrease in E, with higher doping suggests that the
energy levels associated with Er*" 4f-5d transitions overlap with
the conduction band edge, thus reducing the effective optical
threshold. The consistent decrease in reflectance with higher
Er*" doping also supports the increase in light absorption,
beneficial for enhancing the material's luminescence efficiency
under visible and near-UV excitation. The high reflectance in
the visible region further confirms the suitability of MgGa,-
0,:Er** nanoparticles for optical and phosphor-based applica-
tions, especially in white-light-emitting diodes (WLEDs).***

FTIR spectra of pure and Er**-doped MgGa,O, nanoparticles
with varying Er’* concentrations (3 & 7 mol%) are shown in
Fig. (3). The spectra were recorded in the range of 4000-
400 cm ™" to analyze the functional groups, bonding character-
istics, and structural integrity of the synthesized materials. The
overall spectral profile confirms the formation of the spinel
structure and the successful incorporation of Er** ions into the
MgGa,0, lattice without introducing new impurity phases. A
broad absorption band centered around 3340 cm ™" is observed
in all samples and is attributed to the O-H stretching vibrations
of adsorbed water molecules or surface hydroxyl groups. This
indicates the presence of physically adsorbed moisture due to
the high surface area of the nanosized powders. The weak
bands appearing near 2968 cm™ ' and 2874 cm ™" correspond to
C-H stretching vibrations, which are likely residual organic
traces from the urea fuel used in the combustion synthesis
process. Their reduced intensity in doped samples suggests

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 FTIR spectra of pure MgGa,O, and MgGaZO4:Er3+ (1 and 7
mol%) nanoparticles.

effective decomposition of organic species during calcination at
1000 °C.>>*

The absorption bands observed at 1467 cm ™" and 1417 cm ™
are assigned to asymmetric and symmetric stretching vibrations
of the carbonate (CO,*7) groups, which may form due to
atmospheric CO, adsorption on the sample surface. The slight
broadening and reduced intensity of these bands with higher
Er** content indicate better crystallinity and fewer surface
carbonates after doping and high-temperature treatment. The
most prominent features of the spectra lie in the lower wave-
number region (below 1000 cm™ '), which is characteristic of
metal-oxygen (M-O) lattice vibrations in spinel oxides. The
strong absorption bands at 8953 cm™' and 816 cm ™' corre-
spond to the stretching vibrations of Ga-O bonds in tetrahedral
and octahedral sites, respectively. These vibrations confirm the
spinel framework of MgGa,O,. The additional absorption peaks
located at 633 cm™ ' and 503 cm ™' are attributed to Mg-O
stretching and bending modes, respectively, within the spinel
lattice. The appearance and stability of these bands across all
samples confirm the structural integrity of the MgGa,O, phase,
even after Er’* substitution.

Notably, as the Er*" doping concentration increases, slight
shifts and intensity variations are observed in the M-O bands,
particularly around 816 cm™ ' and 503 cm™'. These shifts arise
from lattice distortions caused by substitution of Ga®* (0.62 A)
by larger Er** ions (0.89 A), which modifies the local bonding
environment and affects Ga-O-Mg vibrational coupling. The
minor changes also suggest successful partial substitution of
Er*' jons in the octahedral sites of the MgGa,0, lattice rather
than forming separate oxide phases, consistent with the XRD
results. At higher Er** concentrations (=7 mol%), no new bands
are detected, but slight broadening in the Ga-O and Mg-O
vibrational regions is noticed. This is attributed to increased
structural disorder and local strain arising from dopant-
induced distortion, oxygen vacancy formation, or defect clus-
tering at the lattice boundaries. These localized defects can
influence optical and luminescent behaviors by introducing
intermediate energy states, which are advantageous for
photonic applications.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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3.2 Morphology analysis

The pure MgGa,0, sample (Fig. 4) exhibits an agglomerated
morphology with irregularly shaped grains forming a porous
network. This porous nature results from the rapid gas evolu-
tion during the combustion synthesis process, which promotes
the formation of loosely connected crystallites. The individual
nanoparticles appear fused, suggesting localized sintering due
to the exothermic nature of the reaction. Upon doping with
1 mol% Er**, the microstructure shows a more compact and
uniform morphology with smaller and nearly spherical parti-
cles. The reduction in particle size is attributed to the substi-
tution of Er*" ions into the MgGa, 0, lattice, which introduces
lattice strain and inhibits grain coalescence during calcination.
This controlled particle growth leads to improved surface
uniformity and enhanced crystallinity, consistent with XRD
results. At 3 mol% doping, the surface becomes smoother, and
the particles exhibit moderate agglomeration with well-defined
grain boundaries. The nanoparticles are more interconnected,
suggesting enhanced densification and grain growth due to
increased thermal diffusion during calcination. This
morphology supports effective energy transfer in luminescence
applications, as it minimizes surface defects that often act as
quenching centers.

The 5 mol% Er**-doped sample maintains a similar struc-
ture, though the grains appear slightly larger and more closely
packed. This suggests the onset of particle coarsening caused by
higher dopant-induced lattice distortion and grain boundary
migration. However, the overall surface remains homogeneous,
confirming stable growth dynamics up to this concentration. A
distinct change is observed at 7 mol% Er** doping, where the
surface becomes rougher and displays irregularly shaped grains
with voids. The grain boundaries are less distinct, indicating
partial melting or local stress accumulation during synthesis.
This microstructural evolution implies that the solubility limit
of Er’" in the MgGa,0, lattice is being approached, resulting in
partial segregation and local non-uniformities. At the highest
doping level (9 mol%), the morphology significantly changes,
showing well-separated spherical nanoparticles and noticeable
phase segregation. The surface appears granular, and the
particle distribution becomes more discrete, consistent with the
XRD evidence of secondary phase formation (Er,O; and -
Ga,03). The reduced connectivity between grains and formation
of smaller spherical clusters suggest localized nucleation of Er-
rich regions, indicating dopant oversaturation within the host
matrix. Overall, the SEM analysis reveals a clear evolution of
morphology with increasing Er’* content: from irregular
agglomerates in the pure sample to fine spherical grains at
lower doping, and finally to segregated particles at higher
doping levels. This progression demonstrates that controlled
Er** incorporation up to 3-5 mol% promotes uniform nano-
structure formation, while excessive doping (=7 mol%) leads to
lattice strain, phase separation, and morphological
degradation.

The EDX spectra corresponding to pure and Er’**-doped
MgGa,0,4 nanoparticles (Fig. 4(a—f)) confirm the presence of Mg,
Ga, and O as the primary constituent elements, validating the
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Fig. 4 SEM images of pure MgGa,O4 and MgGa,O4:Er®* (1-9 mol%) nanoparticles, (a—f) shows the EDAX spectrum of pure and MgGa,O4:Er®*

(1-9 mol%) nanoparticles.

expected stoichiometry of the spinel matrix. For doped samples,
additional peaks corresponding to Er are distinctly observed,
confirming successful incorporation of Er*" ions into the host
lattice. In the pure sample (Fig. 4(a)), the elemental peaks of Mg
(around 1.25 keV), Ga (9.2-10.3 keV), and O (0.52 keV) are clearly
visible, confirming the formation of stoichiometric MgGa,O,.
Upon doping with 1 mol% Er*" (Fig. 4(b)), a weak Er signal
appears near 6.8 keV, indicating that trace levels of the dopant
are effectively altering the base
composition.

The Er peak intensity systematically increases with higher
doping concentrations (Fig. 4c-f), validating the progressive

incorporated without

1924 | RSC Adv,, 2026, 16, 11918-11936

inclusion of Er** ions within the material. The quantitative EDX
results, summarized in Table 2 in SI, show that the atomic
percentages of Mg, Ga, and O remain close to the stoichiometric
ratio, with a consistent increase in Er content proportional to
the nominal doping level. This consistency confirms homoge-
neous dispersion of Er’" jons across the surface without
significant compositional deviation up to 5 mol%. However, at
higher concentrations (=7 mol%), slight fluctuations in the Mg
and Ga peaks are observed, consistent with partial segregation
of Errich and Ga-deficient regions detected in XRD analysis.
Importantly, no impurity elements such as carbon or nitrogen
are detected in the EDX spectra, confirming the complete

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Elemental composition of pure MgGa,O4 and MgGaZO4:Er3*
(1-9 mol%)

Element Weight % Atomic %
MgGa,0, 0K 28.05 54.15
GalL 50.02 21.49
Mg K 21.93 21.49
MgGa,O4:Er 1% OK 27.68 47.65
Gal 50.70 28.08
Mg K 21.29 23.91
Er L 1.78 0.36
MgGa,O4:Er 3% OK 23.09 46.27
GaL 50.87 23.40
Mg K 22.49 29.66
Er L 3.55 0.68
MgGa,O4:Er 5% OK 23.19 48.25
GaL 48.93 23.36
Mg K 19.53 26.73
Er L 8.36 1.66
MgGa,0,:Er 7% OK 22.93 47.79
GaL 48.30 23.10
Mg K 19.94 27.35
Er L 8.84 1.76
MgGa,O04:Er 9% OK 16.72 43.35
Mg K 13.10 22.35
ErL 21.53 5.34
Ga K 48.66 28.96

removal of residual fuel components from the combustion
process. The elemental uniformity confirmed by EDAX spectra
(Fig. 4(a-f)), together with the single-phase XRD patterns,
provides sufficient evidence for homogeneous dopant incorpo-
ration, eliminating the need for separate elemental mapping in
the present study. This purity supports the successful synthesis
of high-quality Er** doped MgGa,0, nanoparticles.

3.3 HRTEM analysis

Fig. 5(a-e) illustrates the high-resolution transmission electron
microscopy (HRTEM) images, selected area electron diffraction
(SAED) pattern, and particle size distribution of the MgGa,-
0,:Er*" (3 mol%) nanoparticles. These analysis were carried out
to investigate the particle morphology, crystallinity, and struc-
tural order at the nanoscale. The low-magnification HRTEM
image (Fig. 5(a)) reveals with irregular boundaries, typical of
combustion-synthesized oxides. The particles exhibit nearly
spherical shapes with moderate clustering, which results from
rapid nucleation and limited growth during the exothermic
combustion reaction. The average particle size appears to be in
the nanometric range, corroborating SEM observations. A closer
inspection of the high-magnification image (Fig. 5(b)) shows
well-resolved lattice fringes, confirming the high crystallinity of
the sample. The uniform lattice arrangement suggests that the
Er*" ions are successfully incorporated into the MgGa,O, host
lattice without disrupting its structural periodicity. The clear
visibility of lattice planes indicates the absence of significant
amorphous regions or grain boundary dislocations.

Fig. 5(c) displays the lattice fringe spacing, where the
measured interplanar distance (d) is approximately 0.298 nm,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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corresponding to the (220) crystal plane of the cubic spinel
MgGa,0, structure (JCPDS No. 10-0113). This value aligns
closely with the XRD-derived data, confirming the preservation
of the spinel phase and validating that Er*" substitution does
not alter the fundamental crystallographic framework.

The SAED pattern shown in Fig. 5(d) exhibits distinct and
concentric diffraction rings indexed to the (220), (311), (222),
(400), (422), (511), and (440) planes of cubic MgGa,0,. The
presence of sharp, well-defined rings indicates a polycrystalline
nature with nanocrystalline domains uniformly oriented
throughout the sample. The absence of additional diffraction
spots or diffuse halos further confirms the single-phase crys-
talline nature of the Er**-doped MgGa,0,. Fig. 5(¢) presents the
particle size distribution histogram, which was obtained from
several HRTEM micrographs. The particle size distribution
follows a Gaussian trend with an average particle size of
approximately 51 nm. This size agrees well with the crystallite
size calculated using the Scherrer equation from XRD results,
confirming that the nanoparticles are predominantly single
crystalline. The relatively narrow distribution implies homoge-
neous growth and minimal particle agglomeration, validating
the effectiveness of the solution combustion synthesis (SCS)
process in producing uniform nanostructures.

3.4 Analysis of luminescence properties

Fig. 6(a) shows the excitation spectra of MgGa,04:Er’*" nano-
particles recorded at an emission wavelength of 551 nm, the
photoluminescence behavior of undoped MgGa,0, has been
previously reported by our group Jyothi et al,** showing only
weak intrinsic emission in the near-UV region. Hence, the
present discussion focuses on the enhancement and spectral
evolution induced by Er** doping. Corresponding to the green
emission band of Er**. All samples exhibit a strong excitation
peak centered around 381 nm, which originates from the *I;5,
— %Gy, electronic transition of Er** ions. This peak confirms
the efficient excitation of Er*" ions through direct f-f transitions
within the host lattice. The excitation intensity increases with
Er** concentration up to 3 mol%, beyond which it gradually
decreases. The enhancement up to this concentration indicates
improved energy transfer from the host lattice to Er’* ions due
to optimized dopant-host interaction and minimal non-
radiative losses.”> At higher concentrations (=5 mol%), the
reduction in intensity is attributed to concentration quenching,
a common phenomenon caused by nonradiative energy
migration between adjacent Er’* ions through cross-relaxation
or dipole-dipole interactions.>

This behavior confirms that the optimum doping concen-
tration for efficient excitation in MgGa,O,:Er*" is approximately
3 mol%, beyond which the probability of nonradiative transi-
tions increases due to excessive Er’" clustering and defect
formation.*>”*

The corresponding PL emission spectra under 381 nm exci-
tation are presented in Fig. 6(b). All samples display three
prominent emission bands centered around 523, 551, and
625 nm, corresponding to the *Hyy, — *Iiss, *S3/2 = *I15/2, and
*Fo, — Li5, transitions of Er** ions, respectively. The
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Fig.5 HRTEM images and SAED patterns of MgGa,O4:Er** 3 mol% nanoparticles: (a and b) HRTEM images of MgGa,O4:Er** 3 mol%, (c) lattice
fringes showing an interplanar distance (d) SAED pattern of MgGa,O4:Er** 3 mol%, (e) particle size distribution of MgGa,O4:Er®™ 3 mol%

nanoparticles.

dominant emission peak at 551 nm (green) arises from the *S;/,
— “I;5, transition, dominating the characteristic green lumi-
nescence. The intensity of these emission bands follows the
same trend as the excitation spectra, peaking at 3 mol% Er**
concentration. The enhancement up to this concentration is
due to efficient radiative recombination facilitated by the

1926 | RSC Adv, 2026, 16, 11918-11936

crystalline environment of the MgGa,O, host. Beyond 3 mol%,
the luminescence intensity decreases because of cross-
relaxation processes, where excited Er** ions transfer energy
to neighboring ions, leading to nonradiative relaxation. The
well-resolved emission peaks demonstrate that Er** ions are
successfully integrated into the lattice rather than forming

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a and b) Visible excitation MgGa,O4:Er®* (1-9 mol%) and emission spectra of MgGa,O4:Er** (1-9 mol%) nanoparticles. (c) NIR emission
spectra under 980 nm LD, (d) photoluminescence (PL) decay curves of pure MgGa,O,4 and MgGaZO4:Er3* (1-9 mol%) nanoparticles and (e)
variation in QE () of pure MgGa,O,4 and MgGa,O4:Er®™ (3 mol%) nanoparticles.

separate Er,O; clusters. The host matrix's wide band gap (~5
eV) minimizes thermal quenching, enabling stable emission
even at higher excitation powers. This makes MgGa,0,:Er*"
a promising phosphor for visible light-emitting diode (WLED)
applications.

Fig. 6(c) presents the NIR PL emission spectra of MgGa,-
04:Er** nanoparticles in NIR region under 980 nm laser diode
(LD) excitation. A strong emission peak centered at 1540 nm is

© 2026 The Author(s). Published by the Royal Society of Chemistry

observed, corresponding to the “I;5,, — *I;5/, transition of Er**
ions. This NIR emission is particularly important for telecom-
munication (1.5 pm window) and biomedical imaging applica-
tions. The intensity variation follows the same trend as in
visible PL spectra, with maximum emission at 3 mol% Er**. This
indicates optimal population of the *I5, excited state through
efficient ground-state absorption and energy transfer processes.
The decline in emission intensity beyond this concentration

RSC Adv, 2026, 16, 11918-11936 | 11927
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again results from concentration quenching and energy back-
transfer to the lattice. The well-defined NIR emission demon-
strates that the MgGa,O, matrix provides a low-phonon-energy
environment (~700 cm '), reducing nonradiative multiphonon
relaxation and enhancing radiative efficiency. Thus, MgGa,-
O4Er*" acts as a dual-emitting phosphor suitable for both
visible and NIR photonic applications.>**

Fig. 6(d) shows the PL decay curves of pure and MgGa,O,:-
Er*" (3 mol%) nanoparticles. To determine the decay lifetimes,**
we have applied an exponential decay model, where the lumi-
nescence intensity, I(¢), is plotted as a function of time ¢, typi-
cally follows an exponential decay function.®

I(H)=1Ie"" (2)

where I(¢) is the luminescence intensity at time ¢, I is the initial
luminescence intensity at, “¢ = 0, where 7 is the decay life-
time.**** This decay function characterizes the persistence of
luminescence in a material, with longer decay times indicating
a slower recombination process and a more persistent lumi-
nescent response. The average lifetime for pure MgGa,0, is 2.6
ns, whereas for the 3 mol% Er**-doped sample, it increases to
3.2 ns. The longer lifetime in the doped sample reflects reduced
nonradiative pathways and efficient energy confinement in the
Er®* 4f shell. The increase in 7 also indicates effective suppres-
sion of defect-related recombination due to the Er’* ions acting
as luminescent centers. At higher dopant levels, the lifetime
tends to shorten (not shown here) due to cross-relaxation
among Er’" ions and defect-assisted quenching, confirming
the critical doping threshold at 3 mol%.

Fig. 6(e) shows the variation of QE (7) in pure and MgGa,-
O4Er*" (3 mol%) nanoparticles. The quantum yield (QY)
calculations for each sample were performed using an inte-
grating sphere setup attached to a spectrophotometer, which
allowed for precise measurement of absorbed and emitted
photon intensities. The quantum yield (®, was calculated based
on the ratio of emitted to absorbed photons using the formula.*

(3)

_ Number of photons emitted
?= Number of photons absorbed

where ¢ represents the fraction of absorbed photons that are
converted into emitted photons.®® The pure sample exhibits
a QE of 15.21%, whereas the doped sample achieves a signifi-
cantly higher QE of 58.29%. This nearly fourfold enhancement
arises from the introduction of efficient Er*" luminescent
centers that convert absorbed photons into visible and NIR
emissions with minimal losses. The improvement in QE
correlates with optimized crystallinity, reduced defect density,
and the suitable electronic environment provided by the
MgGa,0, host. The cubic spinel structure offers strong crystal
field interactions, promoting f-f electronic transitions within
Er*" without significant phonon coupling, thereby enhancing
radiative recombination probability. The overall luminescence
process under UV (381 nm) or NIR (980 nm) excitation.
Although a reduction in structural defect density is expected for
the 1, 5,7, and 9 mol% Er*" sample, its comparatively weaker PL
intensity (Fig. 6(b)) indicates reduced host-dopant energy

1928 | RSC Adv, 2026, 16, 11918-11936
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transfer efficiency. As a result, the measured quantum yield for
the optimized 3 mol% composition was selected to represent
the most efficient luminescent performance, while the 1,5,7 and
9 mol% sample were not further evaluated due to its low
emission intensity. Electrons in Er*" ions are promoted from
the ground state (“I;5,,) to higher excited states (*Gyy/, or *Iy15).
Nonradiative relaxation to intermediate levels (*Hyi/, *Saa,
*Fop5, and *I;3,) leads to radiative transitions that produce
visible green (551 nm) and NIR (1540 nm) emissions. The
MgGa,0, host, with its low phonon energy and high band gap,
minimizes nonradiative decay, thus enhancing emission
intensity and stability. At optimal Er** concentration (3 mol%),
efficient energy transfer occurs between the host and dopant
ions. However, beyond this level, energy migration among Er**
ions increase, causing nonradiative losses through cross-
relaxation and back-transfer to lattice vibrations, reducing
both intensity and QE. These results confirm that MgGa,0,:Er**
nanoparticles, particularly at 3 mol% doping, exhibit strong
and efficient visible-NIR luminescence, making them excellent
candidates for WLEDs, photonic amplifiers, and optical sensor
applications.®”*

Fig. 7 illustrates the Commission Internationale de I’Eclair-
age (CIE 1931) chromaticity diagram and correlated color
temperature (CCT),”*”* distribution for MgGa,04Er** nano-
particles doped with different Er*" concentrations (1-9 mol%).
The diagram provides a graphical representation of the emis-
sion color coordinates (x, y), which define the visual color
output of the phosphor material, while the CCT values describe
the perceived “warmth” or “coolness” of the emitted light. The
CIE coordinates for all samples fall in the green-yellow region of
the visible spectrum, confirming that the luminescence is
primarily dominated by Er*" 4f transitions, particularly *S;, —
Mys52 and *Hyy, — “Lysp, which emit strong green light near
551 nm. The specific chromaticity coordinates (x, y) obtained
for various Er*" concentrations are tabulated in Table 3 and

CIE 1931
520 "
MgGa,0,:Er
0.8 A 1mol%
® 3 mol%
4 5mol%
* 7 mol%
0.6 - ® 9 mol%
500 580
T (K) 4000 3000 2500
>\ scnno‘ ‘%}L
0.4
620
0.2
0.0
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Fig.7 CIE & CCT diagram of MgGa,O4:Er**(1-9 mol%) nanoparticles.
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Table 3 Photometric values of MgGaZO4:Er3* (1-9 mol%)
nanoparticles

MgGa,O4:Er’" (concentration) — x y CCT (K) CRI
1 mol% 0.341 0.434 4268 73
3 mol% 0.368 0.365 5291 90
5 mol% 0.363 0.388 4554 88
7 mol% 0.365 0.366 4353 87
9 mol% 0.357 0.402 4770 83

show only minor shifts, indicating good color stability of the
MgGa,O4:Er’*" system.

At 1 mol% Er®*, the emission point lies slightly toward the
yellowish-green region, indicating a balance between green and
weak red emissions from the *Fo;, — “I;5,, transition. As the
Er*" concentration increases to 3 mol%, the chromaticity
coordinates move closer to the pure green region, correspond-
ing to enhanced S;, — “I,5, emission intensity. This shift
results from efficient energy transfer and reduced nonradiative
decay at the optimal dopant concentration. Consequently, the
sample exhibits a more saturated green emission suitable for
WLED phosphor applications. Beyond 5 mol%, the CIE points
slightly shift back toward the yellow-green boundary. This
change is due to concentration quenching effects, where
increased Er*'-Er’* interactions lead to partial suppression of
green emission intensity and enhancement of red emission
contributions from the *Fy, — 1,5, transition. Nonetheless,
all data points remain within the green-emission region, con-
firming the dominant luminescent behavior of Er** ions within
the MgGa,0, host.

The CCT values, derived from the CIE coordinates using
McCamy's empirical relation, are found in the range of
approximately 4000-6000 K for all samples. These values
correspond to neutral white to cool white light, which is highly
desirable for solid-state lighting applications. Specifically, the
3 mol% Er**-doped sample, located near the central region of
the CIE diagram (x = 0.368, y = 0.365), exhibits a correlated
color temperature of ~5291 K, corresponding to pure cool white
emission. This behavior reflects a balance between the green
and red emissions, indicating efficient color mixing. The stable
CCT values across varying dopant concentrations demonstrate
that the emission color of MgGa204:Er3+ is relatively insensitive
to minor compositional changes, highlighting its potential
reliability in optoelectronic devices.””*

The position of each CIE point on the 1931 diagram further
validates that the luminescence color purity remains high, as
the coordinates are located near the edge of the green region
rather than toward the central white-light zone. This implies
minimal spectral broadening and high chromatic stability, both
critical for high-performance phosphors in white LED (WLED)
and display technologies. The CIE and CCT analyses confirm
that MgGa,O4Er*" nanoparticles, particularly at 3 mol%
doping, produce stable, high-purity green emission with CCT
suitable for energy-efficient WLED and photonic device
applications.””®

© 2026 The Author(s). Published by the Royal Society of Chemistry
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3.5 Thermoluminescence (TL) analysis

Fig. 8 presents the thermoluminescence (TL),” glow curves of
pure and Er’’-doped MgGa,O, nanoparticles (1-9 mol%)
irradiated at a 5 kGy y-dose.” All the samples display a single
broad and prominent glow peak in the temperature range of
150-250 °C, confirming the presence of well-defined, thermally
stable traps suitable for medium-temperature dosimetric
applications. The position of the main glow peak exhibits
a slight shift with Er** concentration 199 °C for pure, 189 °C for
1 mol%, 212 °C for 3 mol%, 201 °C for 5 mol%, 198 °C for
7 mol%, and 201 °C for 9 mol% indicating minor variations in
trap depth due to dopant-induced lattice modifications. These
small shifts suggest that the nature of trapping centers,”®”
remains similar, while their population and activation energy,*
are influenced by the Er’" concentration.

The pure MgGa,O, sample shows a relatively weak TL
intensity with a peak at 199 °C, corresponding primarily to
intrinsic lattice defects such as oxygen vacancies (V),
magnesium/gallium antisite defects (Ga,,g, MgGa), or intersti-
tials formed during the combustion synthesis process. The
introduction of Er** ions significantly enhances the TL intensity
up to 5 mol%, after which it declines. This trend reflects the
classical concentration quenching behavior, where an increase
in activator content initially increases the number of trapping
and recombination centers, followed by nonradiative energy
transfer and defect aggregation at higher concentrations. The
increase in TL intensity with Er** doping up to 5 mol% is
attributed to the formation of Er**-V, complex traps and Er**-
Ga* defect clusters. The substitution of trivalent Er’* ions at
Mg>" or Ga’" lattice sites introduce local charge imbalance,
compensated by the creation of oxygen vacancies or antisite
defects. These defect complexes act as efficient electron or hole
traps, facilitating charge carrier storage during vy-irradiation
and their subsequent release upon thermal stimulation. The
shift of the main glow peak from 189 °C (1 mol%) to 212 °C
(3 mol%) indicates a transition from shallow to moderately

MgGa,0,:Er** (1-9 mol%) @ 5 kGy
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Fig. 8 Thermoluminescence (TL) glow curves of pure MgGa,O4 and
MgGa»O4:Er®* (1-9 mol%) nanoparticles irradiated at 5 kGy.
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deep traps as Er’*" concentration increases, which enhances
charge retention and TL efficiency. The 5 mol% Er’* sample
exhibits the highest TL intensity with a glow peak centered at
201 °C, confirming optimal trap depth (~1.0 eV) and balanced
trap-recombination dynamics. Beyond this concentration (7
and 9 mol%), the TL peak temperature stabilizes near 200 °C,
but the intensity decreases sharply, confirming the onset of
quenching.

The reduction in TL intensity beyond 5 mol% can be
attributed to nonradiative recombination and defect saturation,
where excess Er’” ions lead to clustering or the formation of
non-emissive Er,0; secondary phases, as evidenced by XRD.
These clusters distort the local crystal field, facilitating dipole-
dipole energy transfer and suppressing radiative recombina-
tion. The inset of Fig. 8 illustrates the variation in TL intensity
with Er’*" concentration at a fixed dose of 5 kGy. The nearly
Gaussian profile, peaking at 5 mol%, clearly identifies the
optimal dopant level for maximum TL sensitivity. The TL glow
peak position correlates with the thermal stability of traps,
which can be approximated from the activation energy using
empirical relations. The nearly constant peak temperature
(~200 °C) across samples indicates that all Er** concentrations
generate medium-depth traps, ideal for retaining charge
carriers at ambient conditions and releasing them only upon
heating. The presence of a single, well-resolved glow peak
further confirms the dominance of a specific class of traps likely
Er**-associated oxygen vacancies rather than multiple over-
lapping shallow traps. Upon vy-irradiation, high-energy photons
excite electrons from the valence band or Er®* 4f levels to the
conduction band, leaving behind holes. Some electrons are
captured at defect-associated traps (Vo, Er’'-V,, or Er’'-Ga"
complexes), while holes localize at adjacent oxygen sites or Er’*
levels. Upon heating, trapped electrons are thermally released
and recombine radiatively with holes at Er’* centers, resulting in
photon emission corresponding to the 1S3, — M5, transition.
The trap depth (~0.9-1.2 eV) inferred from the peak temperature
supports their classification as medium-deep traps, capable of
maintaining TL stability over time. Although no direct experi-
mental verification via XPS or EPR was performed, the role of
oxygen vacancies and Er**-defect complexes is strongly supported
by the observed TL characteristics, peak positions, and compara-
tive literature on rare-earth-doped spinel systems. In MgGa,Oy,
oxygen vacancies are thermodynamically favorable and act as
efficient electron traps. The incorporation of Er** enhances their
formation and stabilization, while the associated lattice strain
adjusts the local potential well depth, improving charge retention.
The consistency of glow peak temperature around 200 °C across
dopant concentrations confirms that Er*" primarily modulates
trap density rather than creating new trap species.

Fig. 9 displays the thermoluminescence (TL) glow curves of
the optimized MgGa,04:Er*" (5 mol%) nanoparticles recorded
under various y-irradiation doses 500 Gy, 1 kGy, 5 kGy, and 10
kGy. Each curve exhibits a single, well-defined glow peak in the
180-230 °C range, characteristic of medium-depth traps with
good thermal stability and dosimetric reliability. The main glow
peak positions were observed at 200 °C (500 Gy), 198 °C (1 kGy),
202 °C (5 kGy), and 221 °C (10 kGy). The minor peak shift
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Fig. 9 Thermoluminescence (TL) glow curves of the optimal
composition (5 mol% Er**) under different gamma irradiation doses
(500 Gy, 1 kGy, 5 kGy and 10 kGy).

toward higher temperatures at 10 kGy indicates the creation of
slightly deeper traps or trap stabilization at higher radiation
doses due to increased lattice distortion and defect accumula-
tion. The TL intensity increases proportionally with the y-dose
up to 5 kGy, where the sample exhibits the maximum lumi-
nescence output, followed by a decrease at 10 kGy. This
nonlinear dose response, illustrated in the inset, reflects
a typical behavior of dosimetric phosphors where trap filling
efficiency and recombination probability saturate beyond an
optimum dose. The initial enhancement in TL intensity with
dose is attributed to the increased number of charge carriers
and activation of defect-related traps such as Er**-V, and Er**-
Ga' complexes. These defect centers efficiently capture elec-
trons and holes generated during irradiation and release them
upon heating, resulting in photon emission.

At low doses (500 Gy-1 kGy), only a fraction of available traps
are filled, leading to relatively weak TL output. With increasing
dose (up to 5 kGy), more traps are populated, improving
recombination efficiency and yielding higher TL intensity.
Beyond 5 kGy, the TL signal decreases, primarily due to trap
saturation and recombination center depletion. At high radia-
tion doses, excessive defect generation can lead to the forma-
tion of non-radiative centers or charge compensation effects,
reducing the probability of radiative recombination. Addition-
ally, strong ionization at higher doses can cause the merging or
annihilation of existing traps, resulting in diminished TL
intensity despite the increased dose. The small increase in glow
peak temperature from 200 °C to 221 °C with increasing dose
suggests the presence of trap redistribution where deeper traps
dominate at higher irradiation levels. This indicates that pro-
longed exposure promotes the stabilization of Er**-associated
oxygen vacancy complexes with greater trap depth (~1.1 eV),
consistent with thermally stable TL behavior. The consistent,
symmetric glow curve shape across all doses implies that the
same type of trap center is responsible for luminescence, and
only the population density changes with dose.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(5 mol%) nanoparticles irradiated at 5 kGy, showing deconvolution into
two distinct peaks.

To gain detailed insight into the nature and distribution of
trapping centers in the MgGa,O4:Er’* (5 mol%) phosphor, the
TL glow curve corresponding to 5 kGy ry-irradiation was
deconvoluted using a general-order kinetic model, as shown in
Fig. 10. The experimental glow curve (black line) was accurately
resolved into two distinct overlapping peaks Peak 1 (green
curve) and Peak 2 (blue curve) with an excellent fit (red curve),
confirming the presence of multiple discrete trapping levels
contributing to the overall TL emission behavior. The decon-
voluted peaks were located at approximately 188 °C (Peak 1) and
242 °C (Peak 2), corresponding to traps of varying thermal
stability. Peak 1, centered near 188 °C, represents a shallow trap
with low activation energy, most likely associated with isolated
oxygen vacancies (V,), surface defects, or simple Er** substitu-
tional sites in the spinel matrix. These shallow traps are easily
emptied upon mild heating, resulting in early release of trapped
charge carriers during thermal stimulation.

Peak 2, positioned around 242 °C, corresponds to a deeper,
thermally stable trap and exhibits the highest intensity among
the two, indicating that it is the dominant recombination center
in the MgGa,O4:Er*" lattice. This peak is attributed to complex
defect clusters such as Er**-V, or Er*'~-Ga" antisite complexes,
which form stable charge-trapping sites due to local lattice
distortion and charge imbalance introduced by Er’* substitu-
tion. These traps possess sufficient depth to ensure prolonged
charge retention and stable luminescence upon heating,
making them ideal for thermoluminescent dosimetry (TLD)
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applications. To further understand the trap kinetics, the TL
glow peaks were analyzed using the peak shape method
proposed by Chen.** The kinetic parameters, glow peak
temperature (T,), activation energy (E), order of kinetics (b),
symmetry factor (u,), and frequency factor (s) were determined
using characteristic temperatures extracted from the TL glow
curves,® specifically the temperatures corresponding to the
half-maximum intensity on both the ascending (7;) and
descending (T,) sides of the peak. The symmetry factor

b= T 2

provides information about the order of kinetics values near
0.53 indicate second-order kinetics, and intermediate values are
considered general-order kinetics. The activation energy (trap
depth) was calculated using the following relation from Chen's
method.*

C‘L’ (kTmz)
8

where C; is a constant based on ug, the order of kinetics, T, is
the peak temperature in Kelvin, § is the linear heating rate
(2°Cs™"), and k is Boltzmann's constant (8.617 x 10> eV K *).%
The frequency factor S, which describes the probability per unit
time of a trapped carrier escaping, was derived from:

s_ PE (E
= k1,2 O P\kT,

E= 5)

(6)

The computed kinetic parameters for the deconvoluted
peaks are presented in Table 4. The results confirm that Peak 1
corresponds to a shallow trap with relatively low activation
energy (~0.83 eV), while Peak 2 is a deeper, more thermally
stable trap (~0.96 eV) showing near second-order kinetics. The
general-order behavior (u, =~ 0.48-0.54) indicates a mixed
trapping-detrapping process governed by multiple defect
interactions within the spinel matrix. The dominance of Peak 2
suggests that the luminescent output of MgGa,O,:Er*" (5 mol%)
arises primarily from deep Er**-associated traps, which release
electrons upon heating and recombine radiatively through Er**
4f transitions. This process is consistent with the persistent
luminescence characteristics and excellent thermal stability
observed in Er**-doped spinel oxides.

The coexistence of both shallow and deep traps ensures
a wide dynamic TL response range and enhances dosimetric
reliability by enabling charge retention over extended periods.
Hence, the kinetic analysis confirms that the dominant peak at

Table 4 TL kinetic parameters of deconvoluted peaks of MgGa,O4:Er** (5 mol%) @ 5 kGy

Peak T (°C) Order (b) Mg Activation energy (E, eV) Frequency factor (s, s™*) Remarks

1 188 1.3 0.48 0.83 1.2 x 107 Shallow trap - surface/oxygen
vacancy-related

2 242 1.9 0.52 0.96 5.7 x 10° Deep, stable trap - Er*'~Vy/Er’**-Ga*

© 2026 The Author(s). Published by the Royal Society of Chemistry
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242 °C, with a high activation energy and second-order kinetics,
is responsible for the strong and thermally stable TL emission
observed in MgGa,0,:Er*" (5 mol%). These characteristics make
this phosphor composition an excellent candidate for medium-
dose y-ray dosimetry and persistent luminescent applications
requiring high trap stability and reproducible TL response.®

4 Conclusion

Er*" doped MgGa,0, nanoparticles were successfully synthe-
sized and comprehensively characterized to elucidate their
luminescent and thermoluminescent behavior. The structural
analysis confirmed the retention of the cubic spinel phase upon
Er*" substitution, with improved crystallinity and uniform
nanoscale morphology. The optical studies revealed tunable
band gap and efficient visible and NIR emissions, with optimal
performance observed at 3 mol% Er**, demonstrating enhanced
photoluminescence lifetime and quantum yield. CIE and CCT
analysis verified chromatic stability with emission located in
the green-yellow region, making the material suitable for solid-
state lighting. The TL response, dominated by a single glow
peak near 200 °C, exhibited maximum sensitivity at 5 mol% Er**
and 5 kGy dose, corresponding to medium-depth trap levels
associated with Er**-induced defect complexes. TL deconvolu-
tion identified two distinct trapping centers shallow surface
traps and deep intrinsic Er**-V,/Ga* clusters providing stable
charge storage and efficient recombination. Overall, the
combination of strong photoluminescence, high color purity,
and excellent thermoluminescent performance positions
MgGa,O4:Er’" nanoparticles as a multifunctional material for
white light-emitting diodes (WLEDs) and gamma-ray dosimetry.
The study establishes an important correlation between struc-
tural defects, optical transitions, and trap dynamics in Er**-
doped spinel systems, offering a platform for advanced opto-
electronic and radiation-sensing applications.
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