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Electronic signatures play a crucial role in verifying signer identities, but their lack of personalized information increases
the risk of forgery. To address this issue, a stress luminescent material based on NaNbO3:Pr3* was developed and applied
in anti-counterfeiting devices. Experimental results demonstrate that compared to undoped NaNbQOs, the Pr3*-doped
material exhibits new absorption peaks within the 350 —500 nm range. The stress luminescence intensity of the material
increases initially and then decreases with rising annealing temperatures and Pr3" doping concentrations. The optimal
annealing temperature and doping concentration, yielding the highest stress luminescence intensity, were identified as
1075 °C and 0.7 %, respectively. Additionally, while the luminescence intensity of NaNbO3:Pr** diminishes with repeated
friction, its luminescent performance is restored after UV irradiation. In anti-counterfeiting device testing, the device
incorporating 1075 °C annealed NaNb03:0.7 %Pr3* was able to effectively capture variations in the writer’s force during
the writing process. This capability reflects the writer's unique writing habits, thereby enhancing the anti-counterfeiting
effectiveness of electronic signatures. These findings indicate that the proposed NaNbO3:Pr** stress luminescent material
can effectively encode personalized information in electronic signatures, significantly improving their anti-counterfeiting

performance.
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1. INTRODUCTION

As Internet technology continues to advance, network
activities are becoming increasingly frequent, and electronic
signatures are now widely adopted across various fields as
a standard anti-counterfeiting measure. An electronic
signature comprises data in electronic form, attached to a
data message to identify the signatory and indicate their
consent to the message’s content. Unlike a simple digital
representation of a handwritten signature, electronic
signatures typically record only the static characteristics of
signatures during their creation. This limitation makes
electronic  signatures  vulnerable to increasingly
sophisticated forgery techniques.

Stress-luminescent materials, which emit light when
subjected to mechanical stimulation, offer a promising
solution to enhance the personalization and security of
electronic signatures [1,2]. The intensity of their
luminescence corresponds to the degree of mechanical
stimulation, enabling them to capture dynamic information
during the signing process. However, traditional high-
temperature solid-phase synthesis methods for preparing
stress-luminescent materials often result in poor control
over the size and morphology of the materials, limiting their
practical applications. Additionally, the large specific
surface area of nanomaterials introduces defects that
weaken the performance of stress-luminescent materials
[3-4].

To address these challenges and clevate the anti-
counterfeiting capabilities of electronic signatures, this
study proposes the preparation of stress-luminescent
materials based on NaNbOs: Pr** using a hydrothermal-
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annealing method. This approach aims to enhance the
performance of stress-luminescent materials, promote their
practical application, and advance research in the field of
anti-counterfeiting.

The study comprises three main parts: the first focuses
on the preparation and testing methods of NaNbOs;: Pr?*; the
second analyzes the performance test results of the material;
and the third provides a comprehensive summary of the
findings.

2. MATERIALS AND METHODS
2.1. Experimental materials and equipment

The materials used in this study included niobium
oxide, praseodymium oxide, absolute ethanol, sodium
hydroxide, deionized water, silicone, and activated carbon.
Detailed specifications of these materials are presented in
Table 1.

Table 1. Purity and manufacturer of the materials

Name Purity Manufacturer
Columbium oxide | 99.99% Aladdin Reagents Ltd
Praseodymium 99.99% Aladdin Reagents Ltd
Absolute ethyl - { Analytical Tianjin Tianli Reagent Co., Ltd
alcohol reagent

Caustic soda 99.99% Aladdin Reagents Ltd
Deionized water - Aladdin Reagents Ltd

Silicone B Tianjin XinSpecial Chemical

Co., LTD
Acticarbon Analytical | Dow Corning Corporation,
reagent USA
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Niobium oxide, praseodymium oxide, and sodium
hydroxide were of 99.99 % purity, while absolute ethanol
and activated carbon met analytical grade purity
requirements. The models of the experimental equipment
are detailed in Table 2.

Table 2. Model type and manufacturer of the experimental

equipment
Device name Version Manufacturer
Panalytical Analytical
X-ray diffractometer X'PERT Instruments, the
Netherlands
X-ray photoelectron | 570 psoa | Autolnte (PHI)
spectrometer
UV-visible near-infrared .
spectrophotometer Cary-3000 Agilent
Steady-state / transient FLS-1000 Edinburgh
fluorescence spectrometer
Field emission scanning Supras5 Carl Zeiss
electron microscope
Optical fiber spectrometer| SR500i-A UK Andor Inc
Electronic balance 321LS Swiss Precisa Inc
Sichuan Shubo (Group)
Bunsen beaker 50 ml Co.. LTD
Shanghai Pengcheng
Corundum crucible 30 ml Special Ceramics Co.,
LTD
Henan Chengyi
Muffle furnace CHY-1500 | Laboratory Equipment
Co., LTD
Magnetic stirring IKA C- IKA Instruments,
apparatus MAG HS7 Germany
. Xiangyi Centrifuge
Centrifuge H1850 Instrument Co., Ltd
Electrothermal blowing DHG- Shagghal Yiheng
dry box 0075A Scientific Instrument
Y Co., LTD
. . . . Deli Group Company
Plastic packaging machine| Deli-3895 Limited

2.2. Experimental methods
2.1.1. Preparation of luminescent materials

The Iluminescent material, NaNbOsz:Pr**, was
synthesized using a two-step process involving
hydrothermal synthesis and high-temperature annealing.
The precursor material was first prepared via a
hydrothermal method, followed by annealing to produce the
desired luminescent material. The doping concentration of
Pr’* (denoted as x) was varied as 0.1 %, 0.3 %, 0.5 %, 0.7 %,
and 1 %. Materials annealed at different temperatures were
designated as y-NaNbOs:Pr3*, while materials with varying
doping concentrations were referred to as NaNbOs: xPr’*,

The preparation procedure involves accurately
weighing 1.6613 g of niobium oxide, 8.4 g of sodium
hydroxide, and the required amount of praseodymium oxide
using an electronic balance. These materials are then added
to 25 mL of deionized water in a beaker and stirred for
3 hours using a magnetic stirrer to ensure thorough mixing.
The resulting mixture is transferred into a PTFE-lined
reactor and subjected to a hydrothermal reaction at 200 °C
for 6 hours [5—7]. After the reaction, the products are
washed with deionized water until the pH becomes neutral,
followed by drying at 60 °C for 24 hours [8§ —10]. The dried
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precursor is placed into a corundum crucible and annealed
at different temperatures for 4 hours in a muffle furnace.
Finally, the material is allowed to cool to room temperature
within the furnace to yield the luminescent material.

2.1.1 Preparation of anti-counterfeiting devices

The anti-counterfeiting device was fabricated by
mixing NaNbO;:Pr** with polydimethylsiloxane (PDMS) at
a weight ratio of 1:3. The mixture is then transferred to an
oven and maintained at 80 °C for 2 hours. After cooling to
room temperature, the anti-counterfeiting pattern can be
peeled off. For more complex patterns, multiple casting
processes may be required to achieve the desired result.

2.3. Material characterization methods

The crystal structure of the synthesized materials was
determined using an XRD at room temperature. Cu-K,
radiation with an emission power of 2.2 kW was used as the
source. The scanning speed was set to 3°/min, and the scan
range was 20—80°. The diffraction patterns were analyzed
using Jade 6 software to identify the crystal structure.

The surface morphology of the materials was observed
using a field emission scanning electron microscope
(FESEM) [11-13].

The atomic valence states of the materials were
analyzed using an XPS with an Al-K, radiation source. The
scanning range was 0— 1350 eV.

The optical absorbance characteristics were measured
using a UV-Vis-NIR spectrophotometer over the range of
200—800 nm. The light source was a combination of a
deuterium lamp (180-350nm) and a tungsten lamp
(350—3300 nm), with a light source switching position at
350 nm. A photomultiplier tube was used as the detector.

The luminescence properties were evaluated using a
fluorescence spectrometer. The emission and excitation
spectra ranged from 550-750nm and 250-500 nm,
respectively. Fluorescence lifetimes were measured at
611 nm using a xenon lamp and microsecond lamp sources
[14-16].

The stress emission spectrum was recorded using a fiber
optic spectrometer. Before testing, the materials were
irradiated with a 365 nm UV lamp (6 W) for 1 minute.
Testing commenced 1 minute after irradiation.

Material ~ defects were analyzed using a
thermoluminescence meter. The sample was heated from
40 °C to 250 °C at a rate of 2 °C/s. Before testing, the
material was irradiated with a 365 nm UV lamp (6 W) for
1 minute.

3. RESULTS AND DISCUSSION

3.1. Analysis of stress-luminescence properties of
materials

The XRD diffraction patterns of NaNbO;:Pr’" at
varying annealing temperatures and Pr’* doping levels are
presented in Fig. 1. In Fig. 1 a, the diffraction peaks of the
prepared NaNbO3:0.5 % Pr3* stress-luminescent material
align closely with the standard pattern, indicating high
purity with no detectable impurities. The material was
confirmed as a pure orthorhombic phase of NaNbOs. After
annealing, preferential growth was observed in the (141)



crystal plane of NaNbO3:0.5% Pr*', suggesting that Pr’*
ions replaced Na* ions in the crystal lattice due to their
similar ionic radii. In Figure 1b, the diffraction peak near
32° gradually shifted towards higher angles with increasing
Pr** doping levels. This rightward shift indicates lattice
contraction caused by the substitution of Na* ions with Pr**
ions, further confirming successful doping.
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Fig. 1. XRD diffraction patterns of NaNbOs:Pr’": a—XRD
patterns at different annealing temperatures; b—XRD
patterns at varying Pr3* doping levels

SEM images of NaNbOs:Pr** synthesized under
different conditions are shown in Fig. 2. In Fig. 2 a, the
precursor of NaNb0;:0.5% Pr** exhibited a cubic
morphology. With increasing annealing temperatures from
1025 °C to 1075 °C, the surface smoothness improved
without significant changes in size. At 1100 °C, crystal
growth resumed, with observable crystal steps and a size
increase to approximately 1 pum. In Fig. 2 b, the doping
levels of Pr** had a minimal impact on the crystal shape and
size, indicating that the crystal morphology of NaNbOs;:Pr**
remains largely unaffected by doping concentration.

The UV-visible diffuse reflectance spectra of
NaNbOs:Pr’*  materials under varying annealing
temperatures and Pr*" doping levels are shown in Fig. 3. In
Fig. 3 a, anew absorption peak in the range of 350 — 500 nm
was observed for Pr3*-doped materials, attributed to the
electronic transition of Pr** ions from the ground to excited
states. As the annealing temperature increases, a redshift of
the absorption edge is observed for NaNbO3:0.5%Pr",
which can be attributed to crystal growth and the resulting
increase in crystal size caused by higher annealing
temperatures.

Fig. 2. SEM images of NaNbO3:Pr3": a— SEM images at different
annealing temperatures; b—SEM images at varying Pr3*
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Fig. 3. UV-visible diffuse reflectance spectra of NaNbOs3:Pr’*:
a—diffuse reflectance spectra at varying annealing
temperatures; b—optical bandgap changes with annealing
temperature; ¢ —diffuse reflectance spectra at varying Pr3*
doping levels; d—optical bandgap changes with Pr3*
doping levels

In Fig.3b, the optical bandgap of NaNbO;:Pr’*
decreased from 3.4 eV to 3.39 eV with rising annealing
temperatures, consistent with crystal size enlargement.
Similarly, in Fig. 3 c, the absorption edge red-shifted and
absorption intensity increased with higher Pr** doping
levels. The optical bandgap also decreased from 3.45 eV to
334¢eV (Fig.3d), which is attributed to the size
enhancement induced by doping.

The luminescence performance test results of
NaNbOs:Pr3*  synthesized under different annealing
temperatures and Pr** doping levels are illustrated in Fig. 4.
In Fig. 4 a, a strong excitation band appears in the range of
300—-350 nm, attributed to the lattice absorption of
NaNbOs. The excitation band within 350—375 nm is
associated with charge transfer, while the weaker excitation
band between 375—425 nm is linked to the absorption of
Pr** ions and transitions involving the *P,, 3P;, and *P
energy levels.
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Fig. 4. Luminescence performance test results of NaNbO3:Pr3*: a,
b, c—represent excitation spectra, emission spectra, and
emission intensities at different annealing temperatures,
respectively; d, e, f—depict excitation spectra, emission
spectra, and emission intensities at varying Pr** doping
levels

As shown in Fig.4b, the emission peaks for
NaNb0;:0.5%Pr*" across different annealing temperatures
consistently occur at 607 nm, arising from the electronic
transitions of Pr’* ions. In Fig. 4 c, it is evident that the
emission intensity of NaNbO3:0.5 %Pr** initially increases
and then decreases with rising annealing temperatures,
peaking at 1075 °C. Fig.4 d shows that the excitation



intensity of NaNbO;:Pr3 first increases and then decreases
as the Pr** doping concentration rises, reaching a maximum
at a doping level of 0.3 %. Similarly, Fig. 4 e and f reveal a
trend where the emission intensity increases and then
decreases as Pr3* doping levels rise, with the optimal Pr**
concentration for maximum emission being 0.3 %.

The stress-luminescence behavior of NaNbQO;:Pr’*
under varying annealing temperatures is presented in Fig. 5.
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Fig. 5. Stress-luminescence properties of NaNbOs3:Pr3*: a, b, c,
d—depict the luminescence spectrum at different annealing
temperatures, the luminescence intensity-temperature
relationship, irradiation recovery characteristics, and the
linear relationship between luminescence intensity and
applied pressure, respectively

Fig. 5a demonstrates that the stress-induced
luminescence color aligns with the photoluminescence
spectrum, confirming that both phenomena originate from
the electronic transitions of Pr** ions. As shown in Fig. 5 b,
the stress luminescence intensity initially increases and then
decreases with higher annealing temperatures, peaking at
1075°C. This pattern is consistent with the
photoluminescence results. In Fig. 5 ¢, the luminescence
intensity decreases progressively with increasing friction
cycles, dropping from 100 a.u. to 14 a.u.; however, the
intensity fully recovers after irradiation. This behavior
indicates that the stress luminescence of NaNbQ;:0.5 %Pr3*
is closely tied to its trap characteristics. Fig. 5 d shows a
linear relationship between stress and luminescence
intensity. As applied stress increases, the luminescence
intensity of NaNbO3:0.5 %Pr** steadily rises, reaching
48 a.u. under stress of 6 N. These results highlight that the
stress-luminescent material developed in this study exhibits
not only high luminescence intensity but also excellent
reproducibility, making it a promising candidate for
practical applications.

The stress luminescence performance of NaNbOs:Pr*
at varying Pr** doping levels is illustrated in Fig. 6. As
shown in Fig. 6 a, the photoluminescence and stress-
induced luminescence originate from the same mechanism
— electronic transitions of Pr’* ions. Fig. 6 b demonstrates
that the stress-induced luminescence intensity initially
increases and then decreases as the Pr" doping level rises.
The maximum luminescence intensity is observed at a
doping level of 0.7 %, differing from the trend observed in
photoluminescence. In Fig. 6 ¢, the luminescence intensity
diminishes progressively with increased friction cycles,
declining from 100au. to 14 au. Remarkably, UV
irradiation restores the luminescence intensity to its original
state.
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Fig. 6. Stress  luminescence performance of NaNbO3z:Pr?':

a—luminescence spectra; b—luminescence intensity vs.
Pr3* doping level, c—irradiation recovery;
d—luminescence intensity vs. applied stress

This phenomenon occurs because UV irradiation refills
the trap states with electrons, enabling them to be released
again under mechanical stimulation. In Fig. 6 d, the stress
luminescence intensity of all Pr**-doped materials increases
with applied stress. Among these, the material with a Pr’*
doping concentration of 0.7 % exhibits the most significant
response to increasing stress. These results demonstrate that
NaNbO;:Pr3* achieves optimal stress luminescence
performance at a Pr** doping concentration of 0.7 %.

The thermoluminescence (TL) spectra of NaNbOs:Pr3*
under different annealing temperatures and Pr** doping
concentrations are presented in Fig. 7. In Fig. 7 a, for
NaNb0;:0.5%Pr*" synthesized at the same annealing
temperature, the TL intensity initially increases and then
decreases with rising operational temperatures, reaching a
peak between 60 °C and 80 °C. At a fixed operational
temperature, the TL intensity also follows a similar trend
with an increasing annealing temperature, peaking at
1075 °C. For the sample annealed at 1075 °C, the maximum
TL intensity is observed at 68 °C. Fig. 7 b illustrates that at
a fixed Pr** doping concentration, the TL intensity of the
material also increases initially and then decreases as the
operational temperature rises. Similarly, at a fixed
operational temperature, the TL intensity exhibits a peak as
the Pr* doping concentration increases, reaching its
maximum at 0.7% Pr**. At this doping level, the TL
intensity peak occurs at 80 °C. These results indicate that
both annealing temperature and Pr** doping concentration

significantly influence the thermoluminescence properties
of NaNbO;:Pr**. Optimal TL performance is achieved at an
annealing temperature of 1075°C and a Pr’* doping
concentration of 0.7 %.
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Fig. 7. Thermoluminescence spectra of  NaNbO3:Pr*":
a—thermoluminescence spectra at different annealing
temperatures; b—thermoluminescence spectra at varying
Pr3* doping levels

The thermal release spectral peaks and activation
energies of NaNbOs:Pr3* at different annealing temperatures
and Pr** doping levels are summarized in Table 3.

Table 3. Thermal release spectral peaks and activation energies of
NaNbO;:Pr** under varying annealing temperatures and
Pr** doping levels

. Peak Activation
Annealing temperature
0.5 % Pr>* temperature, K energy, eV
Trap1 | Trap2 | Trap 1 | Trap 2
1025 °C 344.7 | 363.5 0.79 0.75
1050 °C 343.8 | 359.1 0.76 0.79
1075 °C 340.2 | 351.8 0.74 0.77
1100 °C 350.3 | 360.1 0.77 0.79
The Pr*" doping amount
0.1 % 345.8 | 363.5 0.76 0.75
0.3 % 352.3 | 375.6 0.74 0.79
0.5% 351.5 | 367.6 0.78 0.82
0.7 % 354.7 | 369.8 0.76 0.80
1 % 3514 | 376.7 0.78 0.83

The results reveal that as the annealing temperature
increases, the peak temperatures of traps 1 and 2 initially
rise and then decline. Correspondingly, the activation
energy first decreases and then increases. At an annealing
temperature of 1075 °C, the activation energies of traps 1
and 2 reach 0.74 eV and 0.77 eV, respectively. These deep
traps inhibit the release of captured electrons, contributing



to enhanced stress luminescence. This finding establishes
1075°C as the optimal annealing temperature for
NaNbOs;:Pr’* materials. While the Pr*" doping level
influences the peaks and activation energies of the
pyroelectric spectrum, the changes are irregular. However,
the activation energy of Pr**-doped NaNbQ;:Pr*" materials
consistently exceeds 0.75 eV, indicating that Pr’* ions
enhance the stress luminescence properties of NaNbOj.

The fluorescence lifetime of NaNbQ;:Pr*" at varying

* doping levels is illustrated in Fig. 8. As shown in
Fig. 8 a, the decay intensity increases with higher Pr**
doping levels, and the decay curves follow a three-
exponential fitting model. Fig. 8 b reveals a trend of
decreasing average fluorescence lifetime with increased Pr**
doping. For example, at a doping level of 0.1 %, the average
fluorescence lifetime is 1.93 ms, whereas it decreases to
1.26 ms at 0.7 % doping. This reduction is attributed to
closer ion spacing with higher Pr** doping, leading to
enhanced non-radiative transitions and ion interactions,
which ultimately shorten the fluorescence lifetime.
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Fig. 8. Fluorescence lifetime of NaNbOs: Pr’*: a—decay intensity
curves; b—average fluorescence lifetime for various Pr’*
doping levels
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Taking NaNbO;:0.7 %Pr’* as an example, its long
afterglow properties are shown in Fig. 9. In Fig. 9 a, the
long afterglow luminescence intensity initially decreases
rapidly, and then stabilizes over time. By fitting the decay
data, three decay time parameters — 0.24 s, 34.24 s, and
125.90 s — are obtained, indicating the presence of both
shallow and deep traps. Fig. 9 b shows a gradual reduction
in long afterglow luminescence intensity over time, with the
decay rate significantly slowing after 30 seconds. These
characteristics underscore the material's potential for
applications requiring prolonged luminescence.
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Fig. 9. Long afterglow properties of NaNbQ3:0.7 %Pr3*: a—decay
curve; b—luminescence spectrum over time

3.2. Analysis of anti-counterfeiting performance of
stress-emitting devices

A novel anti-counterfeiting device based on
NaNbO;:Pr’* stress luminescent material is proposed. This
device captures personalized dynamic information during
handwriting, significantly enhancing anti-counterfeiting
capabilities. Using a stress luminescence acquisition
system, the performance of the anti-counterfeiting device
incorporating 1075 °C annealed NaNbQO;:0.7 %Pr’* was
evaluated. The pressure distribution results are presented in
Fig. 10. In Fig. 10 a, the device emits red light under
pressure, vividly reflecting the writer's handwriting. By
grayscale processing the image, the two-dimensional
distribution of stress luminescence intensity is obtained.
Fig. 10 b highlights differences in luminescence intensity at
two selected locations (Location1 and Location 2),
attributed to variations in applied pressure. These results
demonstrate that the anti-counterfeiting device based on
1075 °C annealed NaNbO;:0.7 %Pr3* effectively captures
the force variations exerted during writing, providing
insights into the writer’s habits. Additionally, it records
writing speed, making signature forgery significantly more
challenging.

The comparison of writing effects among different
writers is illustrated in Fig. 11. As shown, the anti-
counterfeiting device accurately captures and reflects the
writers' unique writing habits and force application patterns
during the writing process.
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Fig. 10. Pressure distribution of the anti-counterfeiting device
using 1075 °C annealed NaNb03:0.7 %Pr3*:
a—luminescence intensity map of handwritten text;
b—selected pressure intensity distribution

For instance, Writer A demonstrates consistent force
application, resulting in tidy and uniform handwriting. In
contrast, Writer B exhibits uneven force application, leading
to variations in handwriting depth and stroke intensity. The
anti-counterfeiting device, utilizing 1075 °C annealed
NaNbO3:0.7 %Pr*, successfully highlights these individual
writing traits. This capability offers a novel approach to
electronic signature anti-counterfeiting by integrating
personalized dynamic data.

3.3. Discussion

This study introduces a novel anti-counterfeiting device
based on NaNbOs:Prs+ stress luminescent materials for
electronic signatures. To meet the requirements of
electronic signatures, NaNbOs;:Pr** with an annealing
temperature of 1075 °C and a Pr’* doping concentration of
0.7 % was selected. Experimental results demonstrate that
this material exhibits a high stress luminescence intensity,
exceeding 100 a.u., enabling precise recording of dynamic
signing parameters such as writing speed and pressure
patterns. The enhanced stress luminescence performance is
attributed to Pr** doping, which improves the material’s
ferroelectric and piezoelectric properties, voltage constant,
and transduction coefficient [18, 19]. These findings align
with prior studies by Xu et al. [17], validating the
effectiveness of this approach in bolstering the anti-
counterfeiting capabilities of electronic signatures.
Yawalkar et al. [5] investigated the mechanical
luminescence of LicY(BOs;);: Dy>*/Eu’" phosphors. The
author demonstrates that emission intensity and color can be
adjusted by changing the dopant concentration, indicating
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that doping plays a crucial role in optimizing stress-induced
luminescence performance.

1 mm

b

Fig. 11. Comparison of writing effects among different writers:
a— Writer A; b— Writer B

This discovery is consistent with the observation of
research results, that is, Pr** doping significantly improves
the stress luminescence intensity and stability of NaNbOs.

Traditional stress luminescent materials are often
constrained by limited luminescent properties and
preparation challenges, which restrict their practical
application in electronic signatures. In contrast, the
NaNb0;:0.7 %Pr**  material  prepared through a
hydrothermal annealing method demonstrates not only
improved luminescence intensity but also controllable size,
making it a promising candidate for real-world
implementation. However, a notable limitation is the
reduction in Iluminescence intensity under repeated
mechanical stimuli. While this can be restored through UV
irradiation, reliance on external restoration methods restricts
the material’s long-term applicability.

Future research should prioritize the development of
stress luminescent materials with stable and enduring



performance under prolonged use, eliminating the need for
external interventions. This advancement would further
broaden the practical scope of such materials in anti-
counterfeiting applications.

4. CONCLUSIONS

Current electronic signature systems often rely on static
visual representations, such as images of handwritten
signatures or stamps, which are susceptible to forgery due
to their inability to capture dynamic signature traits. To
address this limitation, NaNbO;:Pr*" stress luminescent
materials were introduced as the foundation for a novel anti-
counterfeiting device. Key findings from this study include:
1. Optical and Iluminescent properties: Pr** doping
introduces a new absorption peak in the 350500 nm
range due to electronic transitions. Both the annealing
temperature and Pr’* doping concentration significantly
affect the optical bandgap and emission intensity of the
material. Maximum emission intensity is observed at
1075 °C annealing and a doping level of 0.3 %, while
the highest stress luminescence intensity occurs at
0.7 % Pr** doping.

Reusability: although the luminescence intensity of
NaNbO;:Pr3* gradually decreased with repeated
mechanical stimulation, UV irradiation effectively
restored its luminescence performance. This highlights
the material’s potential for repeated use in anti-
counterfeiting applications.

Anti-counterfeiting device performance: the device
based on 1075°C annealed NaNbOs5:0.7 %Pr**
successfully records dynamic information, including
force and speed variations during writing, reflecting the
unique writing habits of individual users. This
significantly ~ improves the  anti-counterfeiting
capabilities of electronic signatures.

Challenges and future directions: despite its promising
performance, the material experiences reduced
luminescence intensity under repeated mechanical
stimuli, which, although recoverable via UV irradiation,
imposes limitations on its application range. Future
efforts should focus on developing stress-luminescent
materials that maintain stable performance under
prolonged use without requiring external restoration
methods.

In conclusion, the NaNbOs: Pr3" stress luminescent
material presents a significant advancement in personalized
electronic signature anti-counterfeiting. Its ability to
accurately capture and reflect dynamic signature traits offers
a robust solution for enhancing the security and authenticity
of electronic signatures.
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