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Trap-controlled mechano-luminescence (ML) featuring photon emission under mechanical stimuli
provides promising applications such as dynamic imaging of force, integrated optical sensing,
information storage, and anti-counterfeiting encryption. However, the corresponding emission with
a single color still limits the application of ML materials. Here, a trap-controlled ML phosphor of
SrGa,O4: Tb>* (SGO:Tb®") with a green-emission is investigated with an adjustable ML color. The
relationship between ML and thermoluminescence (TL) is verified by co-doping with Dy*" and Eu®* ions

for the manipulation of the constructed traps. Accordingly, the as-explored ML phosphor with multicolor
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resolvable optical codes under the single-point dynamic pressure of a ballpoint pen. Hence, it provides
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1. Introduction

Mechano-luminescence (ML) is a light-emitting phenomenon
when the corresponding ML materials are stimulated by various
mechanics, such as compressing, stretching, bending and
rubbing, as well as in response to tides and wind."* The
explored ML composites are generally composed of organic
polymers and inorganic phosphors, which are potentially
employed for constructing optoelectrical devices that are free
from optical or electrical sources for operation.>® Herein,
structural damage diagnosis platforms, E-signature systems,
artificial skins, and smart wearable devices based on the fasci-
nating ML behavior have been developed.”*

Notably, ML material with green emission color has drawn
particularly attention because green is one of the most easily
captured colors for human eyes.”” At present, three kinds of
systems, ie., ZnS:Cu, CaZnOS:Tb*", and SrAl,O4:Eu®’, Dy*", has
been studied as green ML materials with high performance.’***
However, ZnS:Cu and CaZnOS:Tb*" contain the sulfur source,
resulting in environmental pollution during synthesis.*® For the

“College of Materials Science and Engineering, Key Laboratory of Advanced Materials
of Yunnan Province, Kunming University of Science and Technology, Kunming 650093,
P.R. China. E-mail: yuyu6593@126.com; liuzhichzo1028@126.com

PT.F. Gorbachev Kuzbass State Technical University, 28, Vesennyaya Street, Kemerovo,
650000, Russia

cSchool of Mechanical Engineering, Institute for Advanced Materials Deformation and
Damage from Multi-Scale, Chengdu University, Chengdu, 610106, P.R. China

(ESI) DOL:

T Electronic  supplementary  information available.  See

https://doi.org/10.1039/d3ra01985¢

© 2023 The Author(s). Published by the Royal Society of Chemistry

system of SrAl,O,:Eu**, Dy**, the poor stability in humidity
causes inevitable interference on the measurement and analysis
of ML signal due to a hydrolyze reaction with hydroxide ion
proceeds and an equilibrium reaction between Sr;Al,(OH),, and
[Sr3Al,(OH),4,]" occurred.?” In recent years, significant progress
has been made by the Xu group to render SrAl,0,:Eu*" nano-
particles water-resistant, for example by modifying the nano-
particle surface with pyrophosphoric acid.”® It is confirmed that
depositing a layer of aluminum phosphate layer on SrAl,O,:Eu**
nanoparticles could protect against the humidity for at least one
month. In addition, finding materials with relatively better
waterproof properties could simplify the synthesis process and
facilitates large-scale application."*® Thus, developing novel
ML materials with green emission color towards environmental
protection, steady and high ML efficiency is meaningful.*
Furthermore, the manipulation of the emission color of ML
with stable output and high brightness indicates a more fasci-
nating characteristic for practical application, which is an
urgent task as well.**?*>*

Herein, we preliminarily aimed at SrGa,O, (SGO), which
possesses a low-dimensional structure, as the ideal host for the
low synthesis temperature, high stability, and reasonable
conductivity.** In addition, SGO possessed an open structure
with tunnel-like cavities running throughout the crystal lattice.
The tunnel was generated through the link of Sr** sites, which
was located in the one-dimensional space structure surrounded
by a GaO, tetrahedral.* It was reasonable that the conduction
along the tunnel (a crystal direction) is much larger than that
along other directions (b and c¢ directions), which could be
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beneficial to the formation of the trap level and excited state
level and especially could provide an effective transmission path
in one direction between luminescent centers and trapping
centers.>® For the doped ions, Tb*" is a well-known activation
ion with green emission color.?”” The dopant of Tb** ions has the
advantages of large absorption coefficient, high luminescence
intensity, and stable luminescence.”® Therefore, it is feasible to
achieve green ML by doping Tb*" ions in the SGO host.

In this work, an efficient ML material SGO:Tb*" with green
emission has been successfully synthesized by a high-
temperature solid phase method. Moreover, the ML properties
of SGO:Tb** can be enhanced by co-doping Dy*" ions, while the
corresponding ML color could be regulated accordingly. Addi-
tionally, the relationship between the ML and traps is further
investigated by co-doping with Eu®" ions. Hereby, the multicolor
ML phosphors employed to create optically encoded graphics
for anticounterfeiting applications is confirmed.

2. Experimental

2.1. Synthesis of powders

A series of rare earths doped SrGa,0, powders (SGO:xTb** (x =
0, 0.001, 0.003, 0.005, 0.007, 0.009), SGO:Tb*", yDy**(y = 0.001,
0.002, 0.003, 0.004, 0.005) and S$SGO:0.005Tb*", 0.001Eu*",
$G0:0.001Eu**) were synthesized by a high-temperature solid-
state method. The raw materials of SrCO; (99.95%), Ga,03
(99.99%), Tb,0, (99.99%), Dy,0; (99.99%), and Eu,0; (99.99%)
were accurately weighed by stoichiometric ratios. Then, the
mixture was dispersed in a certain amount of alcohol and fully
ground in the agate mortar. After that, the mixture was trans-
ferred into a corundum crucible and placed in a muffle furnace.
The mixture was kept at 1200 °C for 6 h in a reducing atmo-
sphere composed of nitrogen and hydrogen (95% N, and 5% H,
in volume ratio). After cooling to room temperature, the sample
was taken out and SGO:Tb** was finally obtained.

2.2. Preparation of composites films

Polydimethylsiloxane (PDMS) was chosen as the flexible matrix
for the as-obtained powders to facilitate the ML measurement
and analysis. First, 2.0 g of PDMS precursor, 0.2 g of curing
agent, and 1.0 g of the as-obtained powders were mixed. The
phosphor slurry was poured onto a thin glass plate and flat-
tened to a smooth film using a scraper. The phosphor@PDMS
composite films were firmed in an oven at 60 °C for 3 h. The
thickness of the composite films was set to be 1-2 mm.

2.3. Characterizations

X-ray diffractometer (XRD) of Rigaku Model D/max-2200 was
used to analyze the crystalline structure of the phosphor. The
working voltage is maintained at 220 V, and the excitation
source is Cu Ko, (1.15418 A) with a scanning step of 0.02° and
a scanning speed of 10° min~" in a scanning range of 10°-65°.
Rietveld refinement of XRD data by using the General Structure
Analysis System (GSAS). Scanning Electron Microscope (SEM)
image, Energy Dispersive Spectroscopy (EDS), and the corre-
sponding element mapping of SGO0:0.005Tb*", 0.004Dy>*
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powders were characterized by a field emission scanning elec-
tron microscopy (Tescan China, Ltd). Photoluminescence (PL),
photoluminescence excitation (PLE), and long persistent lumi-
nescence (LPL) spectra were recorded using a time-resolved
fluorescence spectrometer (Hitachi F-7000) with a 150 W Xe
900 lamp as the excitation source. The LPL curves were
measured using PR 305 phosphorophotometer (Zhejiang
University Sensing Instruments Co., Ltd, Hangzhou, China).
The samples were UV (254 nm) irradiated for 20 min before
measurement, and the LPL duration after stopping excitation
15 s was recorded. The thermoluminescence (TL) curve was
detected by a FJ-427A TL measuring instrument from 300 to 523
K with a heating rate of 1 K s after the samples were exposed
to UV for 20 min, the weight of the measured samples was
constant (0.0020 g). The rubbing experiments of the rare earths
doped SrGa,0,/PDMS elastomer were operated on a rotary
friction testing machine (MS-T3001) using the stainless-steel
rod (radius: 0.2 mm) as the friction pair measured in the 1st
hour after UV irradiation for 20 min. The applied load and
rotational speed were set to 5 N and 200 rpm, respectively. The
produced ML signals during mechanic stimuli were collected
through a spectrometer (Ocean Optics USB2000 + XR1-ES). All
digital photographs were taken by a digital camera (Nikon
D7100).

3. Results and discussion

Fig. 1a shows the representative X-ray diffraction (XRD) patterns
of SGO, $G0:0.005Tb**, and SG0:0.005Tb**, 0.004Dy>", respec-
tively. It is observed that all diffraction peaks match well with
the standard PDF card (PDF#72-0222) of B-SrGa,0,, indicating
that the as-synthesized samples are single phase and the doped
of Tb*" and Dy** ions into SGO hardly bring any impurity peaks.
Besides, the Rietveld refinement results of SGO:0.005Tb*",
0.004Dy*", as illustrated in Fig. S1,7 have been calculated and
the reliability parameters of refinement are R, = 7.86%, R, =
5.63%, and x> = 2.941%. Fig. 1b presents the crystal structure of
SGO, which is monoclinic, space group P2,/C (14) and Z= 8. In
addition, SGO has three -crystallographically independent
cation sites, namely, two different sites of Sr** (marked as Sr1
and Sr2) and one of Ga*" with Sr*" sites surrounded by GaO,
tetrahedrons.?® The structure of the SGO phase possesses
a distinct open structure with tunnel-like cavities (a crystal
direction) running throughout the host lattice.** Compared the
ionic radius of Sr**, Tb** and Dy** and combining the Hume-
Rothery principle,®®*® it is determined that Tb** and Dy** ions
are inclined to occupy the lattice position of Sr** ions. SEM and
EDS mappings are further employed to investigate the
morphology and chemical composition of the SGO:Tb**, Dy**.
The EDS mappings in Fig. 1c and d confirm that the sample is
composed of Sr, Ga, O, Tb, and Dy, and the corresponding
elements are well distributed within the particle.

Fig. 2a shows the PLE and PL spectra of the SGO sample.
SGO shows an asymmetry band of the PLE spectrum, which is
attributed to the contribution of both host absorption and the
0® -Ga®" charge transfer band. A blue broad band centered at
398 nm under the excitation at 238 nm is termed from the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 (a) XRD patterns of SGO, SGO:Tb*" and SGO:Tb>*, Dy**, respectively; (b) the crystal structure of SGO; (c) the elemental mappings and (d)
the EDS of SGO:0.005Tb%*, 0.004Dy>" (the inset in (d) is the corresponding the elemental composition ratio).

4T,-*A, transition of electrons in d orbits of Ga*" ions.?***
Similar to Zn** ions, Ge*" ions and In*' ions, Ga®" ions have an
electronic configuration of 3d'°. 3d orbital is full. However, it
has been reported that one electron in 3d orbital will be excited
to 4s orbital when Ga®" ions are excited.*® Moreover, the XRD
patterns of Sr;_,Ga,0,:xTb*>" are presented in Fig. S2a,t indi-
cating the Sr;_,Ga,0,:xTb*>" are single phase. Fig. 2b illustrates
the PLE and PL spectra of SGO:0.005Tb®" phosphors. Under
248 nm excitation, the emission spectrum has two emission
band from blue to green emissions in the region of 380-460 and
490-630 nm, due to the °D; — "F; (J=6, 5, 4, 3) and °D, — "F,(J
= 6, 5, 4, 3) transitions of Tb*" ions. While monitoring the
emission of 549 nm originated from the characteristic transi-
tion of °D, — “F5 of Tb*" ions, it can be observed that the
excitation spectrum is made up of a broad peak in the region of
200-300 nm and a series of sharp peaks from 320 to 380 nm,
which belongs to the charge transfer band (CTB) of 0> -Tb*"
and the 4f-4f transitions of Th** ions, respectively.*>*” Besides,
the emission band of SGO spectral overlaps with the excitation
band of Tb** ions, which indicates the energy transfer from SGO
host to Tb** ions according to Dexter's theory.*® The inserted
decay curves of Sr;_,Ga,0,:xTb*" (Jex = 238 NM; A, = 398 nm)
in Fig. 2c provide a clear indication of energy transfer from the
host to the Tb*" ions. The decay curves of Sr;_,Ga,04:xTb*"

© 2023 The Author(s). Published by the Royal Society of Chemistry

samples can be fitted well by the single-exponential decay mode
as the following equation (eqn (1)):*

_Jo d(n)dr
e IO

where I(t) represents the luminescence intensity. The average
decay time 7 of SGO host is determined to be 1.825, 1.702, 1.611,
1.548,1.439 and 1.316 ps for Sr;_,Ga,0,:xTb*" with x = 0, 0.001,
0.003, 0.005, 0.007 and 0.009, respectively. The decrease in the
decay lifetime of Ga®* with increasing Tb** dopant content
provides compelling evidence for the energy transfer from the
SGO host to Tb*", as reported by Zuo et al.*® and Griine et al.,""
respectively. Furthermore, as shown in Fig. 2c, the emission
intensity of Tb*" ions at 549 nm increases initially, reaching the
maximum when the doped concentration of Tb** ions is up to
0.005, and then decreases due to concentration quenching.
Whereas, the PL intensity of the transition of Ga** ions drasti-
cally decreases when Tb*" ions are introduced, which also
confirms the energy transfer process from SGO host to Tb**
ions. TL curves of Sr;_,Ga,04:xTh*" (x =0, 0.001, 0.003, 0.005,
0.007, and 0.009) are used to investigate the influence of doped
rare earths on the traps, as presented in Fig. 2d, and the inset
exhibits the detailed TL curve of SGO host. The fact that all of
the TL curves are similar and primarily comprise two peaks

(1)
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Fig.2 PLE and PL spectra of (a) SGO, and (b) SGO:0.005Tb>", respectively; (c) PL spectra recorded under 248 nm excitation, the inset shows the
fluorescence decay curves (Aem = 395 Nm, and A, = 238 nm); (d) TL curves recorded immediately after UV pre-radiation 20 min; (e) ML spectra of
Sr1_Ga,O4xTh®* (x = 0, 0.001, 0.003, 0.005, 0.007, and 0.009) samples, respectively; (f) PL, LPL and ML spectra of SGO:0.005Tb>*; (g) ML
images of SGO:0.005Tb**/PDMS composites under the stimulation of bending and scratching; (h) visualization and pseudo-colour figure of

pressure distribution of handwritten signature.

centered at 326 and 383 K, corresponding to shallow traps and
deep traps, respectively, indicates that the incorporation of Tb**
ions hardly create new traps. After doping of Tb*' ions, the
intensity of the peak is greatly enhanced and the range is
broadened to some extent.

The peak position of the TL curve is roughly proportional to
the trap depth and the following function (eqn (2)) is used to
calculate the trap depth (E):*>*

T

E= 300 (2)

where Ty, refers to the temperature, in kelvin, of the peak.
Accordingly, the trap depths of Sry.g05Ga,0,4:0.005Tb*" are
calculated to be 0.652 eV and 0.766 eV, respectively. Among
them, the traps at 0.652 eV are more suitable for the generation
of LPL and the traps at 0.766 eV may be liable to engender ML.*

16408 | RSC Adv, 2023, 13, 16405-16412

A remarkable enhancement of the TL intensities is observed
when increasing concentrations of Tb®" ions and Srgg95Ga,-
0,:0.005Tb*" exhibits the strongest TL intensity, proving that
the number of the trapping centers can be created with the
introduction of Tb*" ions. It is distinctly observed that a green
ML is achieved after the Sty ¢95Ga,04:0.005Tb*" samples are UV
pre-irradiated, as depicted in Fig. 2e. The ML intensities of
Sr;_,Ga,0,:xTb*" (x = 0, 0.001, 0.003, 0.005, 0.007, and 0.009)
increase and the optimal ML intensity is observed in the
ST0.095G2,0,4:0.005Tb*" sample. Different from the LPL and PL,
the ML of Srg.905Ga,0,:0.005Tb*>" only presents characteristic
emission peaks of Tb*" ions with the absence emission band of
SGO host, as shown in Fig. 2f. It is suggested that Tb>" ions not
only act as the emission centers, but also increase trap
concentration and thus enhance ML performance. Fig. 2g
depicts a bright ML image of the ST0.695Ga,0,4:0.005Tb>" sample

© 2023 The Author(s). Published by the Royal Society of Chemistry
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under the stimulation of bending and scratching. Moreover,
a handwritten pattern image has been recorded, as shown in
Fig. 2h. The difference in the relative ML intensity among
different points on the handwritten ML trajectory is visually
shown by extracting the grey value to derive the corresponding
ML intensity, which can be used as an electronic signature
system. By analyzing the strength of the pressure distribution at
each point during the signing process, the signing habits of the
signer can be record. These results clearly show that SGO:Tb*"*
have an excellent memory luminescence property.

In the SGO host, some intrinsic defects, such as V and V”g;
exist. Considering that Tb** ions replace the Sr** site in the SGO
host matrix, three Sr** ions are replaced by two Tb>" ions to
balance the charge of the host matrix, creating two positive
defects and one negative defect (3Sr** LN 2Tby, + V's;).
Therefore, two extra electron traps Tbg, and Tbg, are formed.
The low-dimensional structure provides one-dimensional
tunnel-like cavities running throughout the crystal lattice,
which could be propitious to the interaction among these defect
states and further yield bright ML.

To enhance the ML output, Dy*" is co-doped into the
SGO:Tb*" host matrix. XRD patterns of the SG0:0.005Tb*",
yDy*" (x = 0, 0.001, 0.003, 0.005, 0.007, and 0.009) are shown in
Fig. S2b,t illustrating the synthesized phase without impurities.
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Compared with the PL spectrum of SGO:Tb*", the PL spectrum
of SG0:0.005Tb*", 0.004Dy** in Fig. 3a shows significant
difference in the range of 380-460 nm under the excitation of
248 nm for the observation of the emission originated from the
host. Besides, the typical °D; — 'F; (J = 6, 5, 4) transitions of
Th*" ions are clearly observed.*® Fig. 3b shows the PL spectra of
$G0:0.005Tb**, yDy** as the function of the concentration of
Dy*" ions, where SG0:0.005Tb*", 0.004Dy>" displays the stron-
gest emission intensity. Fig. S3at exhibits the TL curves of
$G0:0.005Tb**, yDy*". It's noted that shallow trap and deep trap
have different quenching concentration after UV irradiation for
20 min, indicating that outstanding LPL and ML performance is
observed with different co-doping concentration. The normal-
ized TL curves, plotted in Fig. 3c, present that the intensity of
deep traps is drastically increased relative to that of shallow
traps. Moreover, the TL range is gradually broadened with the
increase of Dy*" ions content, which suggests that the influence
of co-doped Dy*" on deep trap and shallow trap is distinct. In
addition, as shown in Fig. S3b,T the optimized LPL is observed
in the SG0:0.005Tb*", 0.001Dy** sample, while the strongest ML
is obtained from $GO:0.005Tb*", 0.004Dy*", as presented in
Fig. 3d, indicating that deep trap and shallow trap contribute to
ML and LPL, respectively. Furthermore, it is fascinating to
notice that the ML color of $G0:0.005Tb**, yDy** changes from
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Fig. 3 (a) PLE and PL spectra of SGO:0.005Tb**, and SGO:0.005Tb**, 0.004Dy>*, respectively; (b) PL spectra, (c) normalized TL curves, (d) ML
spectra of Sr0v995,yGa204:O.OOSTb3+,yDy3+ (y =0.001, 0.002, 0.003, 0.004, and 0.005); inset in (d) shows the ML images of SGO:0.005Tb>* and

SGO:0.005Tb>", 0.004Dy>", respectively.
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green (y = 0) to cyan (y = 0.004) owing to the appearance of *Dj
— "F; (J = 6, 5, 4) transition of Tb** ions after the introduction
of Dy** ions.

To further investigate the role of traps in the ML procedure,
Eu®" ions are introduced into the SGO:Tb*" sample. XRD
patterns in Fig. S2ct confirm the phase purity of the as-obtained
corresponding sample. PL spectra of SGO:Tb*", Eu®* in Fig. 4a
display the characteristic emission peaks of Tb** and Eu** ions,
proving the successful incorporation of Th*" and Eu®" ions in
the SGO host matrix. Compared with the TL curves of SGO:Tb**
recorded in Fig. 4b, the incorporation of Eu®" ions obviously
quenches the TL intensity of SGO:Tb**, which deteriorates LPL
performance, as depicted in Fig. 4c. It is obviously that
SGO:Tb*", Eu®" presents a weak LPL, which is closely related to
the decreased concentration of traps. ML spectra of SGO:Tb*"
before and after co-doping Eu*" ions are recorded in Fig. 4d,
which clearly presented a disappear in ML. Eu** ions in SGO
efficiently quenches the trap anomaly for using of Tb*" ions,
leading to the disappearance of ML.

Fig. 5a records the change of the ML intensity over time after
pre-radiation 20 min under UV excitation. It can be found that
the ML decreases gradually with the extension of time, which is
related to the gradual release of trap, as shown in Fig. S4.1 After
five days, the ML is still observed, indicating that the trap has
a strong storage capacity. Fig. 5b presents TL curves of
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~
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$G0:0.005Tb**, 0.004Dy>" recorded at different friction times
after UV irradiation 20 min. It can be found that carriers
captured by traps is gradually released with the extension of
friction time. All the evidence suggests that the release of
trapped carriers under the mechanical stimuli should be the
origination of ML in $G0:0.005Tb*", 0.004Dy*". Based on the
PL, ML, and TL analysis as well as the force-dependent behav-
iors, the luminescent mechanisms of SG0:0.005Tb>", 0.004Dy>"
are supposed in Fig. 5c. Electrons are excited to the Ly, level of
Th>" ions and then relaxed to the °D; and °D, levels to generate
PL (® and @). During UV irradiation, the electrons excited from
the ground level are captured by trapping centers (shallow and
deep traps).*” After the UV is switched off, carriers captured in
the shallow traps are easily released under thermal stimulation
at room temperature to generate LPL.*® Under stress stimuli, the
electrons in deep traps could be released to the conduction
band (CB) first and then to the °F5, *D; and Dy level of Tb** ions
(® and @). Finally, the electrons recombine with holes in “F; (J
= 3, 4, 5, 6) levels, producing the as-observed cyan ML.
Herein, we prepared an anti-counterfeiting mold of a pattern
of “Yin-Yang”, where SGO:Tb**, Dy**/PDMS is embedded at the
Yang half (left side) and SGO:Tb**/PDMS at the Yin half (right
side), while the circle in both Yin and Yang part are embedded
with SGO:Tb*", Eu*'/PDMS. The Yin-Yang pattern is not
observable in either dark or nature light (Fig. 5d) before UV
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Fig. 4 (a) PLE and PL spectra, (b) TL curves and (c) LPL spectra after UV

Wavelength (nm)
lamp pre-radiation for 20 min of SGO:0.005Tb**, SGO:0.002Eu**, and

SGO:0.005Tb*", 0.002Eu**, respectively; (d) ML spectra of SGO:0.005Tb>" and SGO:0.005Tb>*, 0.002Eu** samples, inset shows the corre-

sponding ML image.
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Fig. 5 (a) ML intensity of SGO:0.005Tb*", 0.004Dy>" recorded after deposited in air for 1, 2, 3, 4, and 5 days; (b) time-dependent TL curves of
SGO:0.005Tb>*, 0.004Dy>* under 5 N load after UV irradiation 20 min; (c) luminescence diagram of SGO:Tb>*, Dy**; (d) the photo of the anti-
counterfeiting based on the as-obtained SGO:Tb>*, SGO:Tb**, Dy** and SGO:Tb**, Eu®*.

irradiation. Due to the difference of the luminous center and
carrier concentration of the powder in the three area, the Yin-
Yang pattern present distinguishable PL, LPL, and ML over
time due to the clear contrast in brightness and color among the
pattern. This distinguishable optical conversion model provides
great convenience for anti-counterfeiting applications.

4. Conclusion

In summary, SGO:Tb** phosphors with ML properties are
successfully synthesized by the solid-state method. SGO:Tb**
exhibits °D, — "F, (J = 6, 5, 4, 3) green emissions of Tb*" ions
under force stimulation. The co-doped Dy*" and Eu** ions have
a significant influence on the manipulation of the concentra-
tion of traps, which confirms the ML of SGO:Tb’" is critically
related to the constructed traps. In addition, the ML color
changes from green to cyan by co-doping Dy*" ions. Herein, an
anti-counterfeiting application has been proposed, which
suggests that the as-explored material has a good application
prospect in advanced multiple anti-counterfeiting.
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