Published on 31 December 2024. Downloaded on 12/21/2025 11:10:20 AM.

Journal of

Materials Chemistry C

¥® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue

’ '.) Check for updates ‘

Cite this: J. Mater. Chem. C, 2025,
13, 4616

Received 13th November 2024,
Accepted 27th December 2024

DOI: 10.1039/d4tc04818k
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Multi-mode storage phosphors with photo/thermo/mechano-stimulated luminescence (PSL/TSL/ML)
hold great potential applications in many fields such as biological imaging, human—-machine interface,
robotic manipulation, and stress/temperature visualization sensing. However, the physical mechan-
isms underlying this ‘self-sustaining” luminescence are still debated, which in turn hinders the
development of materials. Here, we demonstrate that the intrinsic defects such as the oxygen atom
vacancies (V) and interstitial oxygen atoms (Of) in the matrix play an important role in the electronic
structure and various physical properties of the LiGasOg storage phosphor by combining first-
principles calculations and experimental methods. Particularly, the intrinsic defects lead to reduced
bulk (B) and shear (G) moduli, Young's moduli (E), Poisson’s ratio (v), B/G, and the bigger elastic
anisotropy index (AY) and hardness (H) in three LiGasOg defect models, which are extremely
advantageous for PSL/TSL/ML. We also demonstrate that the ML process, different from PSL/TSL
processes, is intimately linked to the activation threshold of charge carriers in traps. This threshold
can be lowered under axial stress by bandgap narrowing. This study provides not only direct evidence
for potential variations in the ML process but also guidance for designing storage phosphors via

rsc.li/materials-c defect engineering.

Introduction

Stimulated luminescence, including thermo/photo/mechano-
stimulated luminescence (TSL/PSL/ML), represents the intelligent
response of storage phosphors (i.e., optical batteries) to external
stimuli, lasting for seconds or even longer under various
conditions.™ Based on their unique stimulus-response, stimulated
luminescence phosphors hold great application potential in many
fields such as biological imaging, human-machine interface, robotic
manipulation, and stress/temperature visualization sensing. Stimu-
lated luminescence can be achieved in a single storage phosphor
when the phosphor is driven by light energy, mechanical energy, or
thermal energy. Among the stimulated luminescence, ML, in parti-
cular, is prevalent in nature and human activities, driven by
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ubiquitous mechanical energies such as wind, mechanical motion,
and human joint movement, leading to broad applications in stress
sensors, structural health diagnosis, various imaging technologies,
and energy-saving sources and displays.®** In addition, the visuali-
zation of stress sensing based on ML phosphors provides new
approaches for the development of emerging technologies like
artificial intelligence, human-computer interaction, and the internet
of things.”*™® Despite these advancements, a significant challenge
facing stimulated luminescence applications is the low lumines-
cence intensity and limited duration. The commonly accepted
mechanisms suggest that the three forms of stimulated lumines-
cence are closely related to traps. However, the precise mechanisms
of trap-mediated charge capture and release, particularly in ML,
remain unclear, directly hindering the development of stimulated
luminescence storage materials, especially those for ML applications.

Similar to the other stimulated luminescence, ML processes
also stem from the combination of fluorescent centers and
charge carriers de-trapped by traps in phosphors under
dynamic loading.'” To achieve a high ML efficiency and reveal
its mysterious mechanism, it is crucial to evaluate the role of
matrix symmetry, defects, mechanical properties, and external
mechanical load types in ML."® Typically, stimulated luminescence
phosphors are doped materials, but achieving uniform doping in
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low-dimensional particles is challenging. Additionally, most
dopants are rare earth ions with complex 4f electron levels, com-
plicating theoretical calculations of electronic band structures and
obscuring the ML mechanisms related to defect manipulation.”
Therefore, developing high-performance, undoped ML materials is
essential for elucidating the effects of defects and traps, and
ultimately, the physical mechanism of ML."

Throughout the literature, few undoped matrices exhibit
ML. It is reported that undoped CaZnOS prepared under an argon
atmosphere exhibits multiple oxygen vacancy-mediated green ML
emission.” ML has also been achieved in undoped CaLaAl;0,,
and a mechanism is proposed based on stress-induced oxygen-
and calcium-related defects.”® Although these studies have pro-
vided valuable insights into designing ML materials by defect
engineering, their performance lags behind conventional persis-
tent luminescence, particularly in terms of intensity that is even
inaccessible by naked eyes. Advances in ML mechanisms®*>* have
consistently linked ML to traps, highlighting the criticality of high
energy transfer rates between localized levels and traps.>>*® How-
ever, the precise role of stress in manipulating traps and carriers in
ML processes remains an open question, particularly the relation-
ship between ML and matrix electronic structures, which limits the
design and development of ML materials. Currently, the develop-
ment of ML materials still relies on a trial-and-error approach.

LiGasOg (LGO), with its inverse spinel structure belonging to
the space group Fd3m, is well-suited for forming rich traps and
localized levels due to the volatilization of the light element Li
and mutual substitution of Gal and Li (anti-site defects).>”>°
Consequently, this structure with rich defects offers the
potential for producing multi-field stimulated luminescence.

Motivated by the aforementioned consideration, herein, we
predicted self-activated LGO storage phosphors with stimulated
luminescence emission based on first principles calculations. We
combined experimental investigations (including photolumines-
cence excitation (PLE) spectra, emission spectra, afterglow spectra,
various stimulated spectra and thermoluminescence (TL) curves)
with theoretical studies (including stability, mechanical properties,
and electronic structural properties of LGO structures with defects
through first principles calculations) to reveal the relationship
between defects and multi-field stimulated luminescence. Our
findings indicate that defects introduce impurity energy levels in
the bandgap, providing the necessary conditions for luminescence
in wide bandgap semiconductors while also enhancing material
flexibility through potential traps such as Li atom vacancies (V/Li),
oxygen atom vacancies (Vg ), interstitial oxygen atoms (O;'), and
Li-Ga anti-site defects. Interestingly, under uniaxial stress loading,
the bandgap structure decreases, submerging the defect levels
within the valence/conduction band (VB/CB), thereby facilitating
the release of charge carriers and subsequent ML.

Experimental
Chemicals

Materials and reagents: carbonates including Li,CO3 (99.99%)
and Na,COj; (99.9%), and oxide Ga,0; (99.99%) were purchased
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from Aladdin. Anhydrous ethanol (C,HsOH, 99.8%), hydrochloric
acid (AR, 36.0-38.0%), and polyvinyl alcohol (PVA, GR) were all
obtained from China National Pharmaceutical Chemical Reagent
Co., Ltd. All chemicals were used as received without further
purification.

Sample synthesis

The LGO storage phosphor was synthesized via the traditional
high-temperature solid-state reaction method using Li,COj3,
Na,CO;, and Ga,0O; as precursors. Based on the chemical
formula of LGO, the raw materials were prepared and uniformly
mixed in an agate mortar. Then, the finely mixed powder is pre-
calcined in an air atmosphere for 2 h in an 800 °C chamber
resistance furnace. Finally, the pre-calcined LGO powder was
further annealed at 1350 °C for 5 h and then naturally cooled to
room temperature.

Computational details

The research on LGO was conducted using two density functional
theory (DFT)***! based software packages: Medea Vienna ab initio
simulation package (MedeA-VASP)**** and the Cambridge serial
total energy package (CASTEP) codes.>* The optimization of struc-
tural performance adopts the Broyden Fletcher Goldfarb Shanno
(BFGS) minimization method.*> The Perdew-Burke-Ernzerhof
(PBE) exchange-correlation functionals use the generalized gradi-
ent approximation (GGA).>® The cut-off energy is set to 800 eV, and
a high-precision grid spacing of less than 21 x 0.025 A™! is
chosen. For the study of elastic constants and phonon spectra,
the strain stress method and density functional perturbation
theory (DFPT) method®” were used, respectively. Structural opti-
mization and calculation of elastic constants were completed
using the CASTEP, while the electronic band structure, electronic
density of states, and phonon spectra at different strains were
completed using MedeA-VASP. The electronic properties of several
structures were predicted using the PBE functional. The elastic
constants and modulus were calculated using the strain-stress
method and Voigt-Reuss-Hill approximations, respectively.

Characterization

The phase structure of the LGO phosphor was recorded using
an X-ray diffractometer (XRD, D/Max2550GBt/PC) under Cu K,
(40 kv, 40 mA) irradiation of 1.5418 A. The morphology and size
of the sample were characterized using a scanning electron
microscope (SEM, ZEISS Gemini 300). The optical perfor-
mances were characterized using a Horiba spectrofluorometer
(PTI Quanta Master 8000) equipped with a xenon lamp of 75 W.
An adjustable 808 nm laser diode (power, 0-2 W) with a spot
size of 9 x 4.5 mm?® and an adjustable 980 nm laser diode
(power, 0-5 W) with a spot size of 6 x 6 mm? are used as light
sources. The TL curve of the persistent phosphor is obtained
using custom-made heating apparatus (temperature range,
25-300 °C; heating rate, 1 °C s ') integrated into the Horiba
PTI spectrofluorometer’s sample chamber. The stress flexible
thin films were produced by mixing the LGO phosphor and
PDMS. The patterned ultraviolet illuminated photo was obtained
using a Canon EOS 60D camera.
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Results and discussion
Theoretical prediction via calculation

To provide theoretical basis for the experiment, DFT can be
used to perform theoretical calculations on the material to gain
further understanding of the material.*®?*° As is well known, the
stimulated luminescence is closely related to traps that origi-
nate from various defects in the materials.*>*! In undoped LGO
oxide, V¢, O/, Vi, and anti-defects are considered as natural
42715 Based on the lowest energy
principle, we selected three types of defects: V¢, O/ and Vi,.
According to Table S1 (ESIt), the relative enthalpy values of
O! indicate that it has the smallest enthalpy value when
inserted into the GalO4 gap. Therefore, the model of LGO with
O in the gap of GalO, is used for the later calculation.
Similarly, the V§ is present in GalOg, leading to GalOs in the
model of LGO with Vg .

We first calculated the elastic constants of these four models
for checking their mechanical stability. Table 1 lists the elastic
constants Cj; of four models. C1; > 0, Cyq > 0, Cy; > |Cp,|, and
(C11 +2Cy,) > O are true in all four models of cubic phase LGO.
According to the Born-Huang stability criterion, we can assert
that these structure models are all mechanically stable.*® More-
over, in various defect models, the elastic tensor is clearly
smaller than that of perfect LGO crystals, suggesting that
defects can further increase deformation under the same stress.

To further evaluate the brittleness and flexibility of the
material, the Young’s modulus (E) is calculated using the equation
E = 9BG/(3B + G),*” where B represents the bulk modulus and G
represents the shear modulus. As listed in Table 1, the elastic
modulus of the defect models is much smaller than that of the
prefect LGO lattice, indicating that defects lead to greater flexibility
of LGO materials. The toughness and brittleness of the material
are evaluated using Pugh standards.”® In particular, with B/G of
1.75 and v of 0.26 as critical values, when B/G and v are less than
the critical values, the material is brittle; otherwise, it is classified
as tough.* In all four models, the B/G value is much greater than
1.75 and the v value is higher than 0.26, indicating that LGO with
various defects is a high-toughness material.

It is generally agreed that the compounds with anisotropy in
elasticity are advantageous for generating ML, since the inter-
nal electric field in certain preferred directions may be large
enough to drive carrier trap de-trapping and generate ML. The
three-dimensional (3D) and two-dimensional (2D) Young’s
moduli are employed to describe the mechanical anisotropy
characteristics in the four model structures by Young’s moduli

intrinsic defects of the oxide.
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deviating from the size of the sphere.”® In Fig. 1 and Fig. Sla-c
(ESIY), these 3D views of these physical quantities all show
different degrees of deformation, indicating anisotropy on the
Young’s modulus, shear moduli and Poisson ratio of the four
models. The degree of 3D Young’s modulus anisotropy can be
described by the deviation from sphericity via the ratio of its
maximum value to minimum value. The elastic anisotropy on
Young’s modulus is the largest in the O model (Emax/Emin =
267.60 GPa/129.12 GPa = 2.072) and is the opposite in the
perfect LGO lattice (Emax/Emin = 290.12 GPa/142.88 GPa = 2.031).
The universal elastic anisotropy index A" is as follows: A” = 5G/
Gr *+ By/Bx — 6, where the V, R, G and B are the Voigt
approximation, Reuss approximation, shear modulus and bulk
modulus, respectively.’" The universal elastic anisotropy index
AY is higher in the three defect structures (0.86, 0.84 and 1.00
for Vg, O and Vi, respectively) than in the perfect LGO lattice
(0.82). Besides the bigger A" in the three defect models, one can
observe in Table 1 the smaller B, G, E, B/G, and v and the bigger
H in the defective model relative to those in the perfect crystal.
These results suggest that there will be greater deformation
under the same stress, and a larger rupture stress threshold in
the three defective models, especially in the V& and O models.

Fig. 2 and Fig. S1d-f (ESIt) show the 2D view of the elastic
modulus of four structures on different surfaces. From Fig. 2
and Fig. S1d-f (ESIt), one can find that all closed curves of the
elastic modulus of four structures deviate from the shape of a
circle. The O! model structure has the greatest Poisson’s ratio
and shear moduli in the (100) plane and (011) plane, and the
distribution of other parameters of G and v for the four models
is listed in Table S2 (ESIt). These results indicate the excellent
mechanical anisotropy in the LGO matrix. Especially, the
presence of O defects in the LGO matrix further increases its
mechanical anisotropy.

Previous structural investigations have showed that approxi-
mately 80% of ML phosphors have a flexible framework, in
which elastic anisotropy exists or can be expected. Besides
anisotropy in the elastic modulus, factors such as crystal
structures, point defects and their aggregation, and microstruc-
tures such as domains or domain walls have been shown to be
closely related to the generation of ML. Point defects and their
aggregation serve as traps for capturing charge carriers. How-
ever, the strain enables the flexible and anisotropic geometric
configuration of trap change, leading to variations in the
binding energy of traps and then possibly facilitating the
escape of trap charges. Particularly, point defects and extended
defects can locally break the structure for reducing de-trapping

Table 1 The elastic constants C; (GPa) and bulk (B, GPa), shear (G, GPa), and Young's moduli (E, GPa), Poisson’s ratio (v), hardness (H), and anisotropy
index (A") for four models including LGO with a Vg (recorded as the V& model), LGO with a O! (recorded as the O model), and LGO with a V}; (recorded
as the Vi, model), with perfect LGO as the reference (recorded as the LGO model)

Name Ci1 Ciz Cis Cya Cs3 Caa Css Ceo B G E B/G v H AY

A% 212 111 114 202 203 105 107 104 144 76 193 1.89 0.28 9.5 0.86
O{’ 221 125 122 222 216 107 108 110 155 78 201 1.99 0.29 9.2 0.84
Vi 190 114 109 194 196 97 96 95 140 68 175 2.05 0.29 8.0 1.00
LGO 266 163 163 266 266 116 116 116 197 84 220 2.35 0.31 8.0 0.82
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Fig. 1 Direction-dependent 3D view of Young's moduli, shear moduli and Poisson ratio for the V& model (a)-(c), the Of model (d)-(f), and the V{;
model (g)-(i).
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Fig. 2 2D representation of Young's moduli, shear moduli and Poisson'’s ratio for the Vg model (a)-(c), Of model (d)-(f), and Vi; model (g)-(i). Note that
the solid and dashed lines are, respectively, the maximal and minimal shear moduli in (b), (e) and (h) and the maximal and minimal Poisson’s ratio
in (c), (f) and (i).
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barriers of traps.®> Combining the aforementioned analysis, we
reasonably believe that LGO with various defects (including O,
Vg and Vi;), which exhibits the highest anisotropy on the
elastic modulus, the highest elastic index, and the best ducti-
lity, is most expected to obtain objective ML.

Encouraged by the possibility of obtaining stimulated lumi-
nescence, we calculated the distribution of impurity energy
levels in LGO semiconductors with a wide bandgap, since the
impurity level in the bandgap plays a crucial role in various
luminescence-based processes. To further verify the attribution
of impurity energy levels, the part density of state (PDOS) for
four models is also conducted.

Fig. 3 presents the electronic band structures of the three
models, including V¢, O! and V{; models. The electronic band
structures and PDOS of LGO are shown in Fig. S2 (ESIt) as
reference. We can find that all four structures are quasi-direct
bandgap semiconductors. Note that the maximal valence band
(MVB) and minimal conduction band (MCB) are mainly
composed of O 2p and Ga 4s, 4p, respectively. Among the four
structure models, the largest and smallest values of bandgap
are found in the V{; model (3.09 eV) and O model (2.37 eV).
Compared to pure LGO, Vg, O/ and Vi, models did not show
any changes in the main composition at the top of the VB and
bottom of the CB, but obvious impurity bands appeared near
the top/bottom of the VB/CB. By comparing impurity energy
levels in the three defect models, it is found that the impurity
energy level in the O model has the two levels and is very close
to the top of VB, and the electrons in the VB can easily jump to
the defect level via thermal perturbation, leading to various
transitions. So they are more likely to act as the afterglow
centers during the PersL process. Fig. 3d-f depict the PDOS
of LGO with defects. PDOS showed that the impurity bands
were mainly composed of O 2p and Ga 4p, 3d orbital hybridiza-
tion. In particular, two strong O! defect states appeared near
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the VBM. Moreover, the O impurity energy level demonstrated
the maximum density of states. These results indicate that
strong O/ energy states are expected as luminescent levels,
while weak V¢ and Vi, defect states may serve as traps in the
afterglow and mechanical luminescence process. Considering
both the Young’s modulus and electronic bandgap structure
together, we can conclude that the O! defects have a more
significant effect on reducing the bandgap and enhancing the
mechanics anisotropy than V¢ and Vi ;. The electron-difference
densities show that the charge interactions in Ga-O are stron-
ger than those in Li-O in the O} models (Fig. S3, ESIY),
indicating the presence of a Gal0, group in possible photon
processes.

Considering that the interesting luminescence properties
that are closely related to stress-induced electronic transition,
the electronic structure under stress load is something that
must be calculated using a quantum mechanical approach.
Before calculating the stress-induced bandgap structure
changes, we first employed phonon spectra to check the
stability of the material structure (Fig. S4, ESIt). In particular,
based on the predicted results using the phonon spectrum (the
step sizes of strains: 2%), the O model can experience the
largest uniaxial strains up to 6% along the x, y and z direction.
Fig. 4b-d show the changes in the band structure. It can be
observed that the orange impurity level remains unchanged in
the energy level with increasing strain, locating at 0 eV. With
the increase of strain, the CBM moves downwards, while the
VBM moves upwards, leading to a decrease of the bandgap
(from 2.379 to 1.844 eV in the x direction, 2.379 to 1.838 eV in
the y direction and 2.379 to 1.821 eV in the z direction,
respectively) and the shallowing of traps. From a geometrical
point of view under single axial load, it causes the distortion of
GalOg and Li1Og octahedrons by increasing the bond length of
Ga-Li bonds and increasing the bond angles between Ga-O and
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Fig. 3 The electronic band structures and PDOS for the V& model (a) and (d), O model (b) and (e), and Vi, model (c) and (f).
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Fig. 4 Coordination structure diagram of the GaOg octahedron and electron bandgap structures of LGO with the O} model before and after applying
stress. (a) Coordination structure diagram of GaOg, and (b)—(d) the electron bandgap structures under uniaxial strain along the x, y and z directions. Note
that the pink and blue squares represent the CB and VB, respectively, while the orange and brown lines represent the two impurity bands.

Li-O bonds (Fig. 4a), leading to a weak interaction between
GalOg and LiOg octahedrons, thereby weakening the potential
field. As a result, single uniaxial stress causes changes in
electronic energy levels by lattice distortion. Carefully observed,
one can find that in the process of the VBM and CBM both
shifting towards the middle, besides the decrease in the
bandgap, the energy level gap between impurity energy levels
also changes (Fig. 4b-d). For example, as the strain on the x-
axis and z-axis increases, the impurity energy levels move
towards the VBM direction; as the y-axis strain increases, the
impurity energy level shifts towards the middle. At the same
time, we also calculated and studied the PDOS under uniaxial
strain (Fig. S5, ESIt) and the similar results are acquired. These
results on the mechanically induced changes in the band
structure suggest that mechanical stimulation may fine adjust
the trap distribution by shifting the MCB and MVB to a certain
extent.

Structure analysis

After the theoretical prediction on the defect structure and
physical characteristics of LGO, relative experiments were carried
out. The structural illustration of LGO with an anti-spinel struc-
ture in a space group of Fd3m is shown in Fig. 5a, where there
are three basic building units [Ga1Og), [LiO¢] octahedrons, and
[Ga20,] tetrahedrons. Both Li and Gal are coordinated with six O
atoms, forming [LiO¢] and [Ga1O¢] octahedrons, in which Li-O
and Gal-O give the same bond length of 2.05075 A.° Due to the
similar ionic radii of Li* (59 pm) and Ga** (62 pm), Li and Ga1l
can replace each other, leading to the formation of anti-site
defects.> In order to meet charge balance, Vg, O/ and Vi, are
generated simultaneously. Fig. 5b displays the XRD patterns of the
LGO. Carefully observing the cationic coordination units in the
following Fig. 5a, Ga** has four-coordination and six-coordination

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Structure and XRD patterns of LGO matrix phosphors. (a) The
structure scheme. (b) Typical XRD patterns. (c) Rietveld refinement of the
typical XRD pattern.

units. Therefore, due to lattice distortion by anti-site defects, inter-
stitial oxygen atoms are more likely to form four-coordination Ga**,
which explains the reason for the higher state density of O! in the
gap (Fig. 3e). All the diffraction peaks are consistent with the
standard data of a stable cubic phase of the inverse spinel structure
(PDF No. 76-0199), indicating a high yield of synthetic samples.
Rietveld structure refinement indicates the successful preparation of
cubic phase LGO (Fig. 5c).

Multi-modal spectral characteristics of LGO

As an experiment of conceptual evidence, Fig. 6a shows the
photoluminescence (PL) spectra of the LGO phosphor with a
strong broadband emission at 721 nm and a weak broadband
emission at 521 nm, leading to an orange PL photo in the inset.
The two broadband emission can be assigned to the transition
of the Vg and O/ defect states under excitation at 254 nm,
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which is consistent with the theoretical analysis.®*°

Monitoring
red emission at 721 nm, the PL excitation (PLE) spectra are
composed of four peaks at about 254 (4.88 €V), 297 (4.17 eV), 420
(2.95 eV), and 592 nm (2.09 eV), which can be assigned to matrix
absorption, V{5, [Ga20,] tetrahedron transition, and Vg defect
energy level transition, respectively.”* Combining the PLE spec-
tra monitored at 721 nm with the PL spectra, we can deduce that
energy transfer occurs from the V& to O! defect level. In
addition, the PLE spectrum shows that V¢ vacancies have more
energy levels than Of. DFT calculations indicate that O/ has a
high density of states, while the XRD crystal structure suggests
that Ga in [Ga20,] has active sites connecting interstitial oxygen
and is prone to charge transfer between Ga*" and O>". This may
explain why O/ is more likely to act as a fluorescent centre, while
Vg vacancies are more inclined to act as defect centres. After
the excitation light stopped, the measured afterglow spectrum
shows a strong broadened emission band peaking at 721 nm
and a weak narrowed band peaking at 521 nm, suggesting that it
originated from the same colour centre (Fig. 6¢). But the colour
of the afterglow and ML is dominated by red as shown in the
inset of Fig. 6¢ due to the weak and narrowed green lumines-
cence band with a significantly shorter lifespan than the red
afterglow (Fig. S6, ESIt). The stress flexible thin films composed
of PDMS and LGO phosphor are shown in Fig. S7 (ESIt). The ML
photo faintly shows the pressure distribution in the inset of
Fig. 6¢c. Compared to the afterglow, there is an urgent need to
increase the brightness of ML.
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Interestingly, during the natural decay of afterglow, the
decaying luminescence can be repeatedly enhanced by mechan-
ical, thermal, and optical stimuli on decay curves. Even after
the afterglow completely disappears, phosphor can be illumi-
nated again by a near-infrared laser, heat, and machinery
(Fig. 6d and e). The TL curve displays three types of depth
traps (Fig. 6f). These TL glow peaks appeared around 350 K
(peak I), 405 K (peak II) and 500 K (peak III). The average depths
of trap I, II and III in LGO are estimated via equation E =
(0.941n 8 + 30.09) X kTy,, in which E, 8, k and Ty, stand for the
trap depth, the heating rate, the Boltzmann constant and the
temperature of the TL peaks, respectively, and the results are
~0.907 eV, 1.05 eV and 1.43 eV, respectively.’>

The PL intensity increase at 721 nm (originating from O;'),
while the PL intensity decrease at 520 nm (originating from V¢
vacancies) with elevating temperature (Fig. 7a). The PersL
intensity at 721 nm increases first and then decreases with
increasing temperature, reaching its maximum value at 140 °C
(Fig. 7b). These results strongly support the conclusion of the
PLE spectrum where energy transfer occurs from Vg to O’
Monitoring the PL dynamic spectrum at 721 nm (originating
from O), the luminescence intensity after charging is signifi-
cantly enhanced due to the addition of the afterglow decay
curve to the steady-state PL (Fig. 7c), indicating O! serving as a
local colour centre rather than as traps. PLE spectra demon-
strate that both Ga1l0Os and Vg transfer energy to O! (Fig. 6b).
Combining the multi-peak transitions (reflecting a multi-level
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Fig. 6 Spectral characteristics of LGO series phosphors. (a) PL emission spectra excited at 254 nm and PL photos in the inset. (b) PLE spectra monitored
at 521 nm and 721 nm. (c) PersL emission spectra, and the PersL photo as well as the photo of stress distribution of the fluorescent film under steel wire
mesh compression in the inset. (d) and (e) PSL signal obtained in a pulsed mode (on/off intervals, 20/20 s) using an 808/980 nm laser (power density,
0.4 W cm™?) on intrinsic decay curves (monitoring wavelength Amen = 721 nm). (f) TL curves monitored at 721/521 nm. Before the measurement of PersL,
PersL decay curves and TL spectra, the sample is pre-charged with 254 nm UV light for 6 minutes.
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Fig. 7 Temperature-dependent luminescent performances of the LGO phosphor. (a) and (b) PL and PersL spectra. (c) PL dynamic spectrum monitored
at 721 nm. (d) TSL signal obtained on decay curves (monitoring wavelength: Zmon = 721 nm) under a heating mode with pulse fluctuations. (e) Schematic

of the proposed mechanisms of PersL, PSL/TSL, ML and ML afterglow.

structure) of V& on the PLE spectrum and weak PL intensity of
V& on the PL spectrum, we infer that V¢ mainly acts as a trap.
Fig. 7d shows that the PersL intensity at 721 nm can be finely
tuned through thermal stimulation during the natural decay
process. In addition to TSL and PSL, visual red ML can also be
clearly recognized by the naked eye.

Before measurements of the PersL emission spectra and the
TSL decay curves, the sample is pre-irradiated using a 254-nm
UV lamp for 6 min. Considering the experimental and theore-
tical results together, possible defects can be obtained by using
the defect equations as follows:

LGO: Ga*" +3Li" — Gaj$ +2Vi; + 3Li (1)
LGO: Ga*" + Li* — Gaj$ + 0! + Li (2)
LGO: Ga*" + Li* — Lij, + V& + Ga 3)

Based on the stability, ionization energy, trap distribution
represented by TL, DFT calculation, and spectral analysis of the
three types of traps, we can deduce the relative depth of the three
pairs of traps and mark them on the luminescent mechanism
diagram, as shown in Fig. 7e. Under 254 nm UV light irradiation,
VB electrons are elevated to the CB, and a portion of electrons
directly relax to the excited state of O}, Vg and/or Gal0, energy
levels, resulting in PL emission. The remaining electrons and
holes are captured by traps, including Ga;? + 2V}, Gaj; + O,
and Lig, + Vg . Under thermal/mechanical/optical stimulation,

This journal is © The Royal Society of Chemistry 2025

charge carriers are released and then combine with colour
centres such as O, resulting in multi-mode stimulated lumi-
nescence. Multi-mode luminescence mechanisms are proposed
(Fig. 7e). The carriers trapped by three pairs of defect clusters in
LGO first move from the deep trap level to shallow trap level,
and then to the fluorescence centre via the CB and/or VB,
resulting in ML, under mechanical stimulation.

Conclusions

In summary, the possible property of the target LGO material
was calculated and predicted via the first principles combined
with experimental analysis for exploring the relationship
between stimulated luminescence and electronic structure.
The results indicate that this flexible LGO material demon-
strates excellent ductility and large anisotropy on mechanical
properties. Under the application of an axial stress of 6%, the
bandgap structure decreases from 2.670 to 1.916 eV, leading to
the recombination of charge carriers and colour centres and
subsequent ML. Excellent TSL/ML/PSL performances are clo-
sely related to the anisotropic elasticity distribution in LGO,
which provides a preferred path for charge carriers. In addition,
the intrinsic defects such as O! further enhance the anisotropic
elasticity index and decrease the bandgap. Among the three
pairs of defects, O/’ prefers to be the colour centre, while Vg is
mainly trap in three pairs of defect clusters due to greater
stability in V& than Of. This work provides not only new ideas
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for prediction and development of PersL materials but also a
paradigm for the analysis of traps in persistent materials.
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