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Mechanoluminescence (ML) is a striking optical phenomenon that is achieved through
mechanical to optical energy conversion. Here, a series of Li;xNaxNbOs: Pr**(x=0, 0.2, 0.5, 0.8,
1.0) ML materials have been developed. In particular, the synthesized LiosNaosNbO3: Pr’*
relies on the formation of heterostructures, which is effectively coupling with the trap structures
and piezoelectric property and to realize the highly repeatable ML performance without

traditional pre-irradiation process. Furthermore, the ML performances measured under sunlight
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irradiation and pre-heating confirm that the ML properties of LigsNagsNbOs: Pr’* can be
ascribed to the dual modes of luminescence mechanism, including both trap-controllable and
self-recoverable modes. In addition, DFT calculations further confirm that the doping of Na*
ions in LiNbO3 leads to electronic modulations by the formation of the heterostructures, which
optimizes the trap distributions and concentrations. These modulations improve the electron
transfer efficiency to promote ML performances. This work has supplied significant references

for future design and synthesis of efficient ML materials for broad applications.

1. Introduction

Mechanoluminescence (ML) is the phenomenon of photon emission produced by certain
materials under mechanical stimulus that has attracted intense attention in widespread
applications including E-signature systems, artificial skins, light-emitting fabric, information
storage, anti-counterfeiting, and optical imaging.!'*) ML can be observed from materials during
exposures to friction, impact, compression, stretching, bending, twisting, grinding, etc.[”8 Thus,
increasing interest has been attracted to ML research by many groups around the world.
According to the recovery performance of ML, it is generally believed that ML materials can
be divided into trap-controllable and self-recoverable two modes.>!% The trap-controllable ML
is associated with the captured carriers in shallow and deep traps at around below the conduction
band or above the valence band. It is relied on the induced energy releasing for the captured
carriers from the traps, and it occurs for a certain level of mechanical stress (or strain) energy
which is sufficient to activate the captured carriers releasing from the traps to recombine with
emission centers, resulting in the ML phenomenon after removal the excitation source.!!!"!!
Self-recoverable ML materials are a special kind of luminescent materials, whose ML intensity
can be output stable optical signals under the consecutive compressing-releasing cycles, and do

not require light excitation to charge carriers.['>!'¥] Previous studies have shown that the self-

recoverable ML materials depend on the generation of local piezoelectric fields, which
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promotes the process of electron-hole recombination and realizes the self-recoverable ML
process.['> 18] However, either trap-controllable or self-recoverable ML still leads to some
shortcomings. Trap-controllable mode is the current mainstream way to achieve ML, but its
pre-irradiation process and relatively poor repeatability seriously affect the performance and
accuracy of stress sensing. Self-recoverable mode can be considered as a new type of ML,
which exhibits better repeatability and need no pre-irradiation process. However, there are only
a few kinds of self-recoverable materials (such as ZnS: Mn?*, ZnS: Cu) that have been
developed, and these materials mainly exhibit a kind of triboluminescence characteristics, !
which is different from the more practical elastico-ML luminescence, because they only realize
the stress sensing at the linear level, which is inadequate for 2D or even 3D stress sensing.[!-??]
Meanwhile, it is worth noting that due to the coexistence of multiple factors in an ML process,

the ML mechanism still has many disputes. Therefore, the ML mechanism analysis and the

development of excellent ML materials performance are still urgent tasks.

Recently, the ML properties of many piezoelectric materials have been widely reported. For

example, a series of Pr’* doped recoverable ML materials with piezoelectric hosts calcium

niobates composed of mCaO-Nb,Os: Pr** (m = 1, 2, and 3) have been investigated by Zhang et

al. 231 Tu et al. have reported that a sensitive red-emitting piezoluminescence material of
LiNbO;: Pr** by manipulated Li/Nb ratio.?*! Moreover, a ferroelectric material Sr3Sn2O7: Nd**
with ultrasensitive and sustainable near-infrared piezoluminescence has been explored by Tu et
al..!>] However, all the above-mentioned materials need to be pre-irradiated by UV light to
achieve excellent ML properties, indicating that they can be classified as trap-controllable ML
materials. In fact, the electrons stored in the traps after excitation are the key to the trap-
controllable ML, which is in close correspondence with long persistent luminescence (LPL). In

previous reports, some LPL materials can be effectively excited by sunlight,[*6-28] however, ML



materials that can be excited by sunlight are rarely reported. Meanwhile, the ML materials can
be activated by sunlight, indicating that the effective absorption and storage of the solar energy
in traps, which can further convert into light emission under the mechanical stimulus. It will
greatly reduce energy loss and facilitate the repeatable process of ML. This kind of material
can make sufficient use of solar energy as well as reduce energy consumption significantly. On
the other hand, ML materials by self-recoverable mode recently have received wide attention,
such as ZnS: Cu. Jeong et al. have explored the ML performance of ZnS: Cu film, which has
realized a reproducible intensity for over 100000 cycles under repeated stretching.?”) Wang et
al. have reported that the ZnS: Mn?*’ film showed stable ML intensity under repeated
compression tests. The above self-recoverable ML materials show good ML repeatability and
need no pre-irradiation process, but their mechanisms are still unclear.!'”! In particular, whether
the residual carriers captured lattice defects affect the ML repeatability is a key problem. As
widely known, the pre-heating method is an effective way to empty the residual carriers. Thus,
we have combined the pre-heating method with the ML analysis can eliminate the influence

factors of residual carriers, and realize the accurate analysis of the ML mechanism.

In this work, we have successfully constructed the heterostructures by doping Na™ ions in
LiNbO; and synthesized a series of ML materials. In particular, the ML material of
LiosNagsNbOs: Pr** relied on the coupling of the trap structures and piezoelectric property,
which can be activated by sunlight to achieve repeatable ML performance. The repeatable ML
performance is realized by sunlight excitation due to the capture of charge carriers are captured
in traps. These trapped carriers are released from traps to recombine with emission centers
under the mechanical stimulus. Furthermore, to confirm the true source of ML in Li;.xNaxNbOs:
Pr’*, we have adopted the pre-heating method to release the captured carriers from trap
structures before ML measurement. Meanwhile, DFT calculations have revealed that the

formation of heterostructures in Lig.sNaosNbO3 evidently affects the electronic structures. With
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the Na doping, the trap distribution and concentrations become broader and higher, supporting
the remarkable ML performances. This work has supplied novel and promising strategies to

improve ML performances in future works.

2. Results and discussion

Figure 1a shows the XRD patterns of LiosNagsNbOs: Pr** (LN0.5) sample. All the diffraction
peaks are exclusively well assigned to either trigonal phase R3¢c-LiNbO3 (JCPDS No. 20-0631)
or thombohedral phase R3c-NaNbO3 (ICSD No. 9013407), indicating the formation of LNO.5
composition. The Rietveld refinement result of the LNO.5 is shown in Figure 1b. The black
crosses and red solid lines are raw and calculated patterns, respectively. The green and violet
short vertical lines show the position of the Bragg reflections of the calculated pattern of R3c-
NaNbOs3 and R3c-LiNbOj3, respectively. The difference between the raw and calculated patterns
is plotted using the blue line at the bottom. The reliability parameters of refinement are
Ryp=11.21%, R,=8.19%, and y*=4.3, which demonstrates that the refined results are reliable
and the crystal structure is confirmed to R3c-LiNbO3 and R3c-NaNbOs. A series of XRD
patterns of LNx are shown in Figure S1, which shows that the rhombohedral phase structure of
NaNbOs3 gradually occupies a larger proportion with the increase of Na/Li ratio, and when x=1.0,
it is completely converted to the orthorhombic phase of NaNbOs. It shows that sodium niobate
has a rich phase transition process in the system of LNx. Figure 1c-e illustrates the crystal
structure of R3c-LiNbOs, R3¢c-NaNbOs, and Phma-NaNbOs, respectively.?”!) As shown in
Figure 1c, the crystal structure of LiNbO3, each Nb>* ion is surrounded by six O ions, forming
twisted oxygen octahedra, and these [NbOg] octahedra are linked by sharing common oxygen
atoms. Figure 1d exhibits the perovskite crystal structure of NaNbOs, crystallizing in a
rhombohedral phase. It has a much higher degree of distortion than the structure of NaNbOs in
the orthorhombic phase. Figure 1e illustrates the NaNbOj crystal structure of the orthorhombic

phase. The crystal structure consists of two types of Na sites and a [NbOs] octahedral. The
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sodium occupies interstitial sites located in the unit cell vertex, and niobium occupies the

octahedral site.
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Figure 1. The XRD patterns of LN0.5, the standard card of JCPDS No. 20-0631 and the ICSD
No. 9013407, respectively (a); XRD refinement results of LNO.5 (b); Crystal structure of
LiNbOs (¢) and NaNbOs (d, e), respectively.

To explore the delicate chemical microenvironment changes in the samples, XPS spectra of
LNx are employed, as shown in Figure 2 and Figure S2, respectively. Figure 2a depicts the
XPS spectrum of LNNOP, the peaks corresponding to Na(1s), Pr(3d), O(1s), C(1s), Nb(3d),
Nb(1s), and Li(1s) can be clearly detected. Figure S2 compares the XPS spectra change of LNx.
It can be seen that as the ratio of Na/Li increases, the corresponding position of the binding
energy spectrum shifts. Figure 2b illustrates the high resolution XPS spectrum of Pr(3d) consists
of 3d32 and 3ds)> peaks, confirming that the Pr’* ions are successfully doped in Lig sNagsNbOs

compound. It matches well with the formerly reported XPS features in the LaMnOs: Pr**sample

and LiNbO;: Pr**. 32331 Figure 2¢ and Figure S2(f-j) demonstrate the high resolution XPS



spectra changed of Li(1s)-Nb(4s) with different ratios of Na/Li. The Li(1s)-Nb(4s) peak
intensities are fitted after nonlinear background subtraction (Iterated Shirley), as depicted in
Figure S2(f-j). It can be obviously seen that the peak position of Li(1s)-Nb(4s) has changed
significantly with the ratio of Na/Li increases. Through Gaussian fitting, there are three peaks
in the high resolution XPS spectra of Li(1s)-Nb(4s), which are divided into peakl (Nb 4s 62.2
eV), peak2 (Nb 4s 59.6 eV) and peak3 (Li 1s 55 eV), respectively.l**l As the ratio of Na/Li ratio
increases, peakl gradually increases and then becomes stable, peak2 gradually decreases and
maintains stable, and peak3 gradually disappears. Notably, the chemical binding energy
difference is contributed by the Fermi level shift, which is the evidence that the doped Na* ions
make the crystal field environment change. The subsequent DFT calculation results will further

prove that the phenomenon is caused by the band offset with heterostructures.
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Figure 2. XPS spectrum of LNO0.5 (a) and (b) the high resolution XPS spectrum of Pr(3d); The
Li(1s)-Nb(4s) high resolution XPS spectra of LNx, respectively (c).



PL, PLE and absorption spectra of LNO.5 are recorded at room temperature, as displayed in
Figure 3a. The PL spectrum shows the characteristic emission bands of Pr’** ions with a
maximum intensity at 613 nm under the excitation of 302 nm. The dominant red emission is
attributed to the 'D,—>Hy4 transition of Pr’" ions. The absorption spectrum exhibits well
consistent with the PLE spectrum. When monitored at 613 nm, the excitation bands centered at
302 nm and a broad band at 440-500 nm are presented, respectively. The peak center at 302 nm
can be ascribed to the absorption of LiopsNaosNbO; host, and the band at 440-500 nm
corresponds to the f-f transitions (*Hs—>Pj, j=0, 1 and 2) of Pr*" ions. Figure 3b shows the
position of emission peaks changed between LNx. When x=0, the dominant red emission (619,
637 nm) is attributed to the 'D,—>Ha transition of Pr** ions. With the ratio changes, the position
of the emission peak changes from 619 to 611 nm, and the red emission of 637 nm gradually

524351 The normalized PLE and PL spectra of LNx are shown in Figure S3 and

disappeared. !
Figure 3c, respectively. With the change of the Na/Li ratio, the excitation peak position of
LNO.5 has changed significantly. It can be clearly seen that the PLE spectrum displayed a broad
band with a peak at 345 nm and a band at 450-550 nm when x=0, and with Na" ions doped
increasing the f-f transitions (*Hs—>Pj, j=0, 1 and 2) intensity of Pr** ions gradually decrease,
and the host absorption gradually dominates. Meanwhile, as the ratio of Na/Li changes, the
position of the excitation peak gradually moves to the ultraviolet region, as shown in Figure S3.
Moreover, the emission peak position shifted from 619 nm to 611 nm, as shown in Figure 3c.
These results further confirmed that the lattice environment of LN0.5 has undergone a greater
change, with the doped of Na” ions content increasing, the internal electron distribution is
disordered, thus the host absorption of LNO.5 increased and shifted, and the above content can
be proved again by the measurements of fluorescence decay curves (Figure S4). Figure 3d
shows the diffuse reflectance spectra of LNx, which displays the characteristic locations of the

ultraviolet (UV) absorption edges in the LNx systems, indicating their difference in the optical

bandgap. According to the Kubelka-Munk function and the Tauc relation,*®! the optical
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bandgap of the samples is evaluated to be 3.02, 3.06, 3.26, 3.34, 3.36 eV, respectively, as shown

in Figure 3e. Notably, it can be seen that the bandgap increases with rising the ratio of Na/Li.
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Figure 3. PL (Aex= 302 nm), PLE (Aem= 613 nm) and absorption spectra of LNO.5 (a); Emission
peak of LNx as a function of x value (b); Normalized PL spectra of LNNOxP (c); Diffuse
reflection spectrum of as-synthesized LNNOxP (d); The estimated optical band gap of LNx (e).
To investigate the effect of increasing Na" ions on the ML properties of piezoelectric materials,
the ML properties of LNx are recorded without any pre-irradiation conditions, as shown in
Figure S5(a-e), it is unambiguously proved that the ML performance increased with the increase
of Na" ions content, and reached the maximum when x=0.5. Figure S5f compares the ML
responses of LNx. It can be obviously observed that the optimal ML response is obtained when
x=0.5. Moreover, the PL and ML spectra of LN0.5 are shown in Figure S6. It can be seen that
the ML and PL spectra exhibit the same red emission characteristic, suggesting the same
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luminous center of Pr**ions ('D2—>Ha). The ML intensity increased with the increasing of Na*
ions concentrations and reached the maximum when x=0.5. It is consistent with the result of
recoverable ML performance shown in Figure S5. Figure 4a(i) shows the image of the LN0.5
pellet before and during load for 1000 N using a test machine. As shown in Figure 4a(ii), the
red ML is generated from the pellet during loading, it can be obviously observed that the red
emission in the stress concentration area of the pellet, exhibiting a good visualization effect of
stress. Figure 4b compares the experimental ML intensity with the simulated stress distribution
along with Y’OY direction of the LN0.5 pellet under the load of 1000 N. In this image, y is the
distance from the center O along with Y’OY direction, and R is the radius of the disc. The ML
intensity (red dots) plotted versus y/R is consistent with the simulated load stress along the
Y’OY direction (black line). These results demonstrate that the LNO.5 pellet can reflect well
the stress distribution on a 2D plane against the axial stress, further indicating that the ML of
LNO.5 can be ascribed to the elastico-ML characteristic which is different from the
triboluminescence only at the friction position. Figure 4c depicts the ML response of LNO0.5
under the compressive load. The peak intensity of ML has a significant decay under the
consecutive compressing-releasing cycles. Figure 4d shows a representative triangular wave
mode ML response of LNO.5 pellet under a compressing-releasing process, the ML intensity of
LNO.5 gradually increased with the increase of compressive load and decreased sharply after
releasing the load. Aiming at practical applications, the repeatability of the LN0.5 sample is
carefully investigated, and presented in Figure 4e by applying a load of 1000 N by the test
machine for more than 50 cycles. Although the ML intensity gradually decreased, the stable
ML signals still can be detected in even more than 50 cycles. The inset demonstrates the real-
time ML intensity during 90-135s (i) and 410-445s (ii). These results clearly indicated that the
excellent ML repeatability of LN0.5 samples after repeated operations, which are promising

candidates for making them reliable for practical applications.
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Figure 4. The image of the LN0.5 pellet before load (i) and loading (ii) (a); Comparison of
experimental and simulated stress distribution along Y’OY of the LNNOP pellet under a
compressive load of 1000 N, Inset: schematic of the sample (b); ML decay behavior of LNO.5
under the consecutive compressing-releasing for 10 cycles (¢); ML response of LNO0.5 pellet
under loading applied in a triangular wave mode (d); Stability and repeatability test of LNO0.5
pellet load more than 50 cycles: (i) the real-time ML intensity during 95-135 s; (ii) the real-time
ML intensity during 410-445 s (e).

All the above samples are not deliberately to avoid light before tests, thus, to explore the ML
mechanism in LNx, we use two methods of adjusting the sunlight irradiation time and pre-

heating treatment to analyze the ML performance. As shown in Figure Sa, TL curves of LNx
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samples are investigated under sunlight irradiation for 30 min. The maximum initial intensity
is recorded in LNO.5. Figure 5b depicts the TL curves of LNO0.5 under sunlight at 12 noon
irradiation for 5 min, 30 min, 1 h, 3 h, 5 h, respectively. It can be obviously seen that with the
irradiation time of sunlight increasing, the TL intensity of LN0.5 gradually increases, and the
maximum value is obtained when irradiated for 1 h, and the TL peak gradually moves to the
high temperature area. It can be attributed to the carriers in the shallow traps are gradually
released with the exposure time increases. It should be noted that although we try to keep the
samples exposed to the same weather, there will be some errors due to the large weather changes.
Therefore, the following tests are uniformly selected under the conditions of sunlight irradiation
for 30 min. Figure 5c compares the ML responses of LNO.5 under different sunlight irradiation
time. It is noted that the ML response gradually increases and eventually maintains stability
after irradiation 30 min. The result is almost consistent with the TL curves that we have recorded
in Figure 5b. In addition, we also used UV light and blue LED to irradiate LNO.5 phosphor for
the ML test, as exhibited in Figure S7. The results demonstrated that the phosphor has excellent
recoverable ML properties regardless of the UV light or blue LED excitation conditions. Figure
5d shows the ML peaks intensity of continuous compression for 10 cycles, the peak intensity
of ML has a significant decay under the consecutive compressing-releasing cycles. However,
the attenuated ML intensity can be fully recovered after the sunlight irradiation, and the
recoverable ML possesses a high reproducibility during the repeated loading sunlight

irradiation cycles.

Although ML under sunlight irradiation shows better practical application, it is still based on
the trap-controllable ML characteristics. In order to further explore the real physical effect of
stress on ML from LNO.5, we have made a pre-heating treatment to carry out the following
analysis. Through this method, the residual carriers captured by lattice defects can be emptied

effectively, thus, the TL curves and ML intensity of LN0.5 are recorded after the pre-heating
12



treatment process. Considering the proper removing temperature of carriers from traps and the

limited heat-resistance temperature of epoxy resin, we choose 100 °C for pre-heating. As

depicted in Figure Se, the TL curves of LNO.5 are recorded after sunlight irradiation for 30 min

and heated at 60°C, 100°C for 1 h. Initially, an obvious TL curve can be observed, after heating
at 60°C for 1 h, the TL intensity shows a sharp decline, indicating that the captured carriers
have not been completely empty from traps. After heated at 100°C for 1 h, the TL intensity

completely disappears, which reveals the captured carriers are almost entirely released from

traps. Subsequently, the ML intensity of LNO.5 heated at 100°C for 1 h is measured, as shown

in Figure 5f. It can be clearly seen that the ML signals are obviously detected even after the
captured carriers are completely emptied. Moreover, under the continuous compression of 10
cycles, the peak intensity of ML shows almost no attenuation and remains the initial intensity.
The results reflect that the ML from LNO.5 is not entirely attributed to the trap-controllable
mode. Even in the case after the pre-heating treatment and the captured carriers are almost
removed, an effective and repeatable ML still can be detected, which indicates that the ML
properties from LNO.5 can be ascribed to not only the trap-controllable mode but also self-
recoverable mode. Unlike the previously reported self-recoverable materials, the material of
LNO.5 uses pre-heating to remove the stored charge carriers in the traps, successfully achieving
a repeatable mechanical to optical energy conversion. In particular, previous studies
demonstrate that the phosphors of LNO0.5 possessed piezoelectric crystal structures.*”!
Therefore, combined with the piezoelectricity of the material, we believe that the applied stress
can lead to the piezoelectric field, which causes the phenomenon of light emission under
compressive load.?738] The possible trap-controllable and self-recoverable mode ML processes
of LNO.5: Pr** materials are schematically illustrated in Figure S8. As shown in Figure S8a,
under the excitation of sunlight at ambient temperature, the electrons act as carriers are
promoted to the conduction band (process (U in Figure S8a), and then captured by the traps
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below the conduction band (process 2)). Under the compressive load in the darkroom, the local
piezoelectric field is triggered, causing the carriers released to the conduction band from the
traps, then gradually back to the excited levels of Pr*" ions through conduction band during the

stimulus of mechanical stimulation (process (), and these electrons recombined with emitting
centers to generate bright red emission (process @). After heated at 100°C for 1 h, the self-

recoverable mode of the ML mechanism has been proposed in Figure S8b. In the compressive
loading process, a local piezoelectric field is generated, resulting in the piezoelectric
polarization charges and the separation of the electron-hole pair. Subsequently, the partial
electrons and holes can break free from the restraint, that is, the electrons are promoted to the
conduction band, and the holes enter the valence band (process (O in Figure S8b). Finally, the
de-trapped electrons and holes recombine by transferring energy to the Pr’* ion, resulting in

red-emitted ML. (process @ and ).
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Figure 5. TL curves of LNx under sunlight irradiation for 30 min (a); TL curves of LN0.5 under
sunlight irradiation for 5 min, 30 min, 1 h, 3 h, 5 h, respectively (b); Comparison of ML
intensities for LNO0.5 with different irradiation time (c); ML recovery behavior and
reproducibility of LNO.5 after sunlight irradiation 30 min (d); TL curves of LNO.5 under
sunlight irradiation for 30 min and heated at 60 “C, 100 °C for 1 h, respectively (e); ML decay
behavior of LNO.5 under the consecutive compressing-releasing for 10 cycles after heated

100°C for 1 h (f).

To further investigate the remarkable ML performances in LN0.5, we have carried out the DFT
calculations. The electronic distributions near the Fermi level (Er) have been demonstrated to
indicate the influences induced by the Na* ions doping. As depicted in Figure 6a, it can be
noted that LiNbO3 has shown highly ordered electronic distributions, in which the O sites and

Nb sites dominate the bonding and anti-bonding orbitals, respectively. With the high
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concentration of Na* ions doping, we expect the formation of heterostructures to facilitate ML
performance. Figure 6b and 6¢ exhibit the heterostructures in the xy axis (Heterol) and z-axis
(Hetero2). For Heterol, although the dominant contributions of Nb sites remain, the orbital
distributions near O sites are evidently disturbed. Meanwhile, for Hetero2, the bonding orbitals
are mainly concentrated on the NaNbO; side while the LiNbO; side mostly shows the anti-
bonding orbitals. When the Li* ions are completely replaced by the Na* ions, the electronic
distributions become highly ordered again, which is similar to LiNbOs3, as shown in Figure 6d.
These results support that the intrinsic electronic structures are affected by the Na" ions doping.
Then, the detailed projected partial density (PDOS) of states is plotted, as exhibited in Figure
6e. For LiINbO;: 0.01Pr**, the O-s, p, and Nb-4d orbitals dominate the valence band maximum
(VBM) and conduction band minimum (CBM). In comparison, the contributions of Li-2s
orbitals are not evident. The dominant peak of Pr-4f orbitals locates in the mid-bandgap of the
host material to activate the ML from the electron-hole recombination. Since the PDOS of
Heterol and Hetero2 are similar, we only display Heterol as the representative. Although the
overall PDOS does not significantly change, we still notice the upshifting of Nb-4d orbitals in
CBM from Ev+2.0 eV in LiNbO3 to Ev+2.6 eV in Heterol, as demonstrated in Figure 6f. In
comparison, the NaNbOs: Pr’* exhibits a distinct electronic structure. It can be clearly observed
in Figure 6g, the contribution of Pr-4f in VBM is absent, which dominantly locate within the
mid-gap. As a result of electronic modulation, the absorption spectra are also different. Notably,
the absorption spectra of Heterol and Hetero2 are highly similar, which show the absorption
peak at 230 and 270 nm, respectively. The absorption peaks of LiNbO3 and NaNbOs3 have
shifted towards the longer wavelength at 260 and 244 nm. However, the absorption intensity of
both LiNbO3; and NaNbOs are weaker than the heterostructures, supporting their superior ML
performance of LNNOP, as shown in Figure 6h. To further understand the improved ML
performances in the heterostructures interfaces, we demonstrated the band offset for different

elements. For Li-2s, we observe the 0.35 and 0.18 eV upshifting of the gap states, which leads
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to the increased concentration of deep traps, as shown in Figure 6i. For Na-3s orbitals, there are
two gap states locate within the bandgap. For the interface of the heterostructure, such gap states
merge into one brad peak and upshift around 0.37 and 0.62 eV. These results indicate that some
shallow traps become deep traps due to the Na* ions doping, resulting in the broaden trap
distributions to guarantee high ML performances, as depicted in Figure 6j. For the Nb-4d
orbitals, the electronic modulations are revealed in the CBM. For Nb-4d at the interface of the
heterostructures, the CBM has been upshifted most in Heterol, which is even larger than the
NaNbOs. Figure 6k demonstrates that the upshifting of CBM is able to increases the shallow
trap concentrations below CBM to enhance the ML performances. In LiNbO3, O-s, p orbitals
display one gap state within the bandgap. As shown in Figure 61, with the concentration of Na*
ions doping increases, such gap states not only shift but also split into two gap states in NaNbOs.
Such an evolution supports an efficient electron transfer from LiNbO3 to NaNbO3 via the
interface of the heterostructure. Within in the heterostructure, the Li, Na and O states are
significant contributions to the trap levels, which significantly promotes the deep and shallow
trap distributions and concentrations. Therefore, the remarkable self-recoverable ML
performances of LNNOP are attributed to the formation of local heterostructures, which not
only increases the trap distributions but also promotes electron transfer efficiency. With the

optimized electronic structures, the improved ML is realized in LNO.5.
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Figure 6. The 3D contour plot of electronic distributions of LiNbO3 (a); LNO.5-Heterol (b);
LNO.5-Hetero2 (c); and NaNbOs (d); Purple balls = Li, Orange balls = Na, Cyan balls = Nb and
Red balls = O; the PDOS of LiNbO;: Pr** (e); LN0.5-Heterol (f) and NaNbOs: Pr** (g); the
simulated absorption spectra of LiNbO3, Lio.sNagsNbOs-Heterol, Lio.sNaosNbOsz-Hetero2 and
NaNbO; (h); the band offset of different elements: (i) Li-2s, (j) Na-3s and (k) Nb-4d and (1) O-

S, p-
3. Conclusion

In summary, a series of LNx ML materials have been developed, which modulated electronic
structures and improved the ML performances by constructing heterostructures of the LNx
system. XPS results confirm that the increases of Na* doping lead to the increased valence states
of Nb. Especially, TL curves under sunlight irradiation for different times and ML peaks
intensity under continuous compression for 10 cycles of LN0.5 confirm that the LNO0.5 can be
activated by sunlight to achieve high repeatable ML performance. The ML performance of
LNO.5 is analyzed by exploring different sunlight irradiation times and pre-heating treatments.
The result is unambiguously confirmed that the mechanical to the optical energy conversion

process in LNO0.5. Meanwhile, we proposed the appropriate mechanism model to explain the
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ML mechanism of LNO.5, which proves that the LNO.5 relies on the trap structures and
piezoelectricity coupling interaction to achieve its excellent ML performance. In addition, the
DFT calculations have further confirmed that the Na* ions dopings enable more shallow and
deep traps by modulating the electronic structures of LiNbQOs, especially the interface of the
heterostructure. With broad trap distributions, the ML is further improved due to the promoted
electron-hole recombination process. The investigation supplies a new strategy and method for
the development of excellent ML materials with high repeatability and high brightness, which

are also expected to promote the rapid application of ML materials for stress visualization.

4. Experimental section

Synthesis of Li;«NaxNbOs: Pr**. A series of LijxNaxNbO3: Pr’*(x=0, 0.2, 0.5, 0.8, 1.0) (LNx)
samples were synthesized by high temperature solid-state method. Stoichiometry amounts of
Li2CO3, Na,CO3, Nb2Os, PrsO11 were mixed in an agate mortar with ethanol. The doping
concentration of Pr** was confirmed at 1%. After fully grinding, the mixtures were put into
crucibles and calcined at 1150 °C for 6 h with a heating rate of 3 °C/min. After cooling to room
temperature naturally, the as-obtained samples were grounded into powder for the following
measurements.

Characterizations. The phase structure of the as-prepared powders was identified by X-ray
diffraction (XRD) (XPert Pro X-ray diffractometer), using Cu Ka radiation. The data for phase
identification were collected from 10° to 80° in a step size of 0.02°. The XRD data were refined
by the Rietveld method using the general structure analysis system (GSAS) refinement program.
The room temperature photoluminescence (PL) and photoluminescence excitation (PLE) were
recorded by using a JASCO FP-8600 fluorescence spectrophotometer. To evaluate the ML
properties, pellets with a diameter of 25 mm and a thickness of 15 mm were prepared by mixing
LNx powder and optical epoxy resin. The pellets were exposed to sunlight at room temperature

for 5 min, 30 min, 1 h, 3 h, 5 h, or exposed to UV light and blue LED for 5 min, respectively.
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The ML intensity under a load (0-1000 N) was measured with a universal testing machine and
a photon-counting system. ML photographs were recorded using a Nikon D5200 camera. ML
spectra were recorded with a QE Pro photon multichannel analyzer system (Ocean Optics). The
thermoluminescence (TL) curves were measured with a FJ-427A1 TL meter (Beijing Nuclear
Instrument Factory, Beijing, China). The weight of the measured samples was constant (0.0020
g). Prior to the TL measurement, the samples were first exposed to the irradiation from sunlight
(sunny day) for 5 min, 30 min, 1 h, 3 h, 5 h, respectively, then heated from 300 to 600 K with
arate of 1 K/s.

Calculation Setup. The DFT calculations within CASTEP packages are selected to investigate

(391 The generalized gradient

the electronics modulation induced by Na" ions doped in LiNbOs.
approximation (GGA) and Perdew-Burke-Ernzerhof (PBE) have been selected for the
description of the exchange-correlation energy.!**-*?1 Meanwhile, we have set the 380 eV as the
cutoff energy of the plane-wave basis with ultrafine quality. Based on the ultrasoft
pseudopotentials, the Broyden-Fletcher-Goldfarb-Shannon (BFGS) algorithm and the coarse
quality of k-points have been applied for the energy minimization.[**] The spin-polarizations
have been applied for all the calculations, where the value of the total moment is determined
by the sum of formal spins in the system. To accomplish the geometry optimizations, the
convergence criteria are set as below: the Hellmann-Feynman forces on the atom should not
exceed 0.001 eV/A, the total energy difference should be less than 5x107 eV/atom, and the
inter-ionic displacement should not exceed 0.005 A.
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