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In this work, ultra-strong yellow and green mechanoluminescence was
presented for YAlsO;,:Ce®* and BagsSro.5Si-0-N,:Eu?Y, respectively. In
addition to the emitting color, the above materials showed distinct
trap dependence/independence and spontaneous radiation behaviors,
leading to instantaneous mechanoluminescence without any afterglow
for YzAlsO,,:Ce®* and persistent mechanoluminescence for Bag sSro s-
Si,O,N,:Eu?*, By ingeniously combining the above unique mechano-
luminescence behaviors, two types of intriguing and unprecedented
devices were achieved. The devices are a mechanics-induced triple-
mode anticounterfeiting device capable of displaying embedded
information in varied emitting colors and dynamic patterns and a
comprehensive tactile sensor that can simultaneously sense/record
the contact load, motion trail, and contact position for objects
moving on the surface. This work is the first to present application
designs by simultaneously utilizing transient and persistent
mechanoluminescence. The as-fabricated devices showed unique
superiority and advancement in their own fields. Particularly, the
mechanoluminescence-based tactile sensor realized comprehensive
sensing functionalities within a single unit and required no extra
circuit designs.

1. Introduction

Mechanoluminescence (ML) refers to the light-emitting behavior of
materials by applying mechanical stimuli.' As one of the oldest
forms of luminescence, the phenomenon of ML was recorded in
ancient times, e.g., light-emitting accompanied by an earthquake.
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New concepts

Over the past few years, mechanoluminescence (ML) has been applied in
various high-technology fields to mitigate the existing limitations. However, all
related reports are based on instantaneous ML, which basically impedes its
practical applications. In this work, we presented two kinds of ML materials,
namely, Y;Al;0:,:Ce*" (YAG:Ce®) and BaysStosSi,O,N,:Eu** (BSSON:Eu™'),
which exhibited ultra-strong instantaneous yellow ML and persistent green
ML, respectively. Based on the above developed ML materials, this work is the
first to simultaneously utilize transient and persistent ML. Two types of
intriguing and unprecedented devices were achieved, ie, a mechanics-
induced triple-mode anticounterfeiting device and a comprehensive tactile
sensor. In particular, the as-fabricated tactile sensor overcame the challenge
to simultaneously achieve the spatial sensing of contact load/press and the real-
time tracking of the contact position by a single sensor without any extra circuit
design. This work offers clear guidance for persistent ML materials for various
advanced applications. We believe that researchers in the related fields
including flexible electronics and sensors will significantly benefit from the
principles disclosed in this report.

However, most of the observed ML in the early stages was caused by
the fracture of materials or crystals. Together with the limitation of
detection methods, ML was considered to be useless for a long
time.® Due to the development of photomultipliers and the realiza-
tion of structural non-destructive ML, the research on ML has
regained attention during the past decades and shown enormous
potential applications in various frontier domains.*™*

At present, the research on ML mainly focuses on the
exploitation of high-performance materials with respect to high
brightness and excellent mechanical cycling stability.*>** The
most representative ML system is transition metal-doped zinc
sulfide (ZnS: Mn/Cu), which shows brightness of ca. 120 c¢d cm™>
with no degradation even after 10 000 cycles of mechanical tests."*
However, sulfur sources participate in the synthesis of ZnS-based
materials, which causes serious environmental pollution. In addi-
tion, the lack of abundant energy levels in the luminescent centers
in ZnS: Mn/Cu restricts the emitting color. Therefore, it is urgent
for researchers to develop novel and highly efficient ML systems,
which are environmentally friendly and have abundant radiative
transfer channels for various emitting colors.
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Because ML materials directly establish the relationship
between mechanics and luminescence, they have been further
applied in various high-technology fields with the expectation
to mitigate their limitations.>? For example, ZnS-based ML
materials have been used to fabricate advanced devices for the
applications of wind-driven lighting and display,”® personalized
handwriting,>* skin movement recognition,” energy/information
storage,”®*” etc. In our previous work,*® the dynamic stress respon-
siveness of ML was also utilized to achieve a comprehensive
stretching/strain sensor capable of sensing both strain level and
stretching states. It should be noted that the employed ML in
previous studies was actually instantaneous luminescence with a
short duration time in the range from nanoseconds (ns) to micro-
seconds (ms).*" This basically impeded the practical applications
of ML although further device designs may alleviate the problems
to a certain extent. For most inorganic compounds, ML is
generated by the intrinsic energy difference,** and it is impos-
sible for researchers to achieve steady ML by just controlling the
applied mechanical energy. However, it is reasonable to prolong
the ML to achieve persistent ML or ML afterglow in inorganic
materials by utilizing intrinsic energy saving and spontaneous
emission activities, which are similar to those in long-lasting
phosphors.** According to inorganic long persistence principles,
ML with afterglow should fulfill the following aspects:**>°
(i) there should be abundant traps with various depths in the
structure; (ii) the deep traps should transfer their energy directly
to the luminescent centers or to the shallow traps; (iii) the energy
in the shallow traps must spontaneously transfer to the radiative
energy levels to generate luminescence. One can conclude that
the simultaneous utilization of the transient ML and ML afterglow
can fill in the gaps in the present ML research, thus bringing
revolutionary applications.*®

Inspired by the above considerations, we presented two types
of materials, namely, Y;Al;0;,:Ce*" (YAG:Ce®") and Bag St s
Si,0,N,:Eu®" (BSSON:Eu®"), which exhibited ultra-strong ML
with yellow and green emissions, respectively. The employment
of YAG:Ce®" and BSSON:Eu”* was based on their sensitivity to the
applied stress as well as the intrinsic efficient radiative transfer
channels.?”*° In addition, BSSON:Eu>" has already been demon-
strated to possess deep and shallow traps in its structure with
the transfer of the trapped carriers fulfilling the aforementioned
conditions for ML afterglow.*”*® As a result, after applying
mechanical stimuli like rubbing, pressing, and stretching, the
green ML of BSSON:Eu>" could last for tens of seconds. Because
of the co-existence of Ba®>' and Ca®*, BSSON:Eu?" showed an
enhanced ML persistence performance compared to BaSi,O,N,:
Eu®".*” By ingeniously combining the transient ML of YAG:Ce®*
and the persistent ML of BSSON:Eu®" as well as their distinct ML
colors, a mechanics-induced triple-mode anticounterfeiting
device implanted with bar codes was developed. It could display
varied ML colors and dynamic ML patterns when mechanically
stimulated, greatly elevating the anticounterfeiting level. Further-
more, because of the introduction of the ML afterglow of BSSO-
N:Eu™, an intriguing tactile sensor for moving objects on the
surface was fabricated, which could simultaneously sense/record
the contact load, motion trail, and contact position in a single unit
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without any extra circuit designs. This comprehensive tactile
sensor shows potential applications for mechanics monitoring,
human-machine interfacing, and intelligent artificial skin.

2. Results and discussion

The crystal structure, morphology, and element distribution of
YAG:Ce** and BSSON:Eu”* powders were studied by X-ray
diffraction (XRD), scanning electron microscopy (SEM) and
high-resolution transmission electron microscopy (HR-TEM),
as shown in Fig. S1 and S2 (ESIt). The corresponding results
suggested that both YAG:Ce®" and BSSON:Eu”" were of a single
phase with the dopants (Ce**/Eu®") homogeneously distributed
in the matrices. To facilitate the characterization and analysis
of ML from the above powders, they were further composited
in a polydimethylsiloxane (PDMS) elastomer because of its
efficient stress transfer ability, softness/stretchability, and high
optical transparency.'® Fig. 1a-c show the schematic and cross-
section SEM images of the as-fabricated ML elastomers. It was
observed that the thickness of the composite elastomer was
ca. 582.8 pm with ML particles well-dispersed in the PDMS matrix.
When the elastomers were stimulated by mechanics such as
pressing, rubbing, stretching, tearing, and folding, intense
yellow and green ML could be observed for YAG:Ce**/PDMS
and BSSON:Eu®'/PDMS, respectively, as presented in Fig. 1d.
Based on the stretching-induced ML of a series of YAG:xCe**
(x = 0.01, 0.015, 0.02, 0.025, 0.03) and BSSON:yEu>" (y = 0.03,
0.04, 0.05, 0.06, 0.07), as shown in Fig. S3 (ESI{), the optimal
samples were determined to be YAG:2.5%Ce*" and BSSON:6%Eu*",
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Fig.1 (a) A general schematic of the ML composite. (b and c) Cross-
section SEM images of the as-fabricated YAG:Ce®**/PDMS composites in
low magnification (scale bar: 200 pm) and high magnification (scale bar:
10 pum). (d) Schematic and optical photographs of ML from YAG:Ce®*/
PDMS and BSSON:Eu?*/PDMS composites under the stimuli of pressing,
rubbing, stretching, tearing, and folding. (e) ML duration time of BSSON:
Eu?* after stopping the mechanical stimulus. (f) Comparison of the ML
spectra of BSSON:Eu?*, YAG:Ce®*, ZnS: Cu?*, ZnS:Mn?*, SrALO4:Eu®* and
Sr,MgSi>O7:Eu?* composited in the PDMS elastomers.
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respectively. The emitted ML showed a linear relationship between
the mechanical stimulus and emission intensity (Fig. S4, ESIt),
demonstrating their potential applications for mechanical sensors.
In addition to the emitting color, it was attractive to find that
YAG:Ce®* and BSSON:Eu®* exhibited distinct ML afterglow
behaviors: YAG:Ce*" displayed transient ML in PDMS (the ML
duration time after stopping the mechanical stimulus was
beyond the lower detection limit (10 ms) of our CCD camera),
while the ML of BSSON:Eu®" lasted for tens of seconds (Fig. 1e).
The real ML observations under various mechanical stimuli
from YAG:Ce®" and BSSON:Eu”" are presented in Movies $1-S5
(ESIt). By comparing the ML spectra of YAG:Ce®*" and BSSON:
Eu®" with those of the well-studied ML materials of ZnS:Cu®",
ZnS:Mn**, SrAl,0,:Eu*" and Sr,MgSi,0,:Eu®" measured at the
same tensile conditions (Fig. 1f; ML powder composition:
64.5 wt%; elastomer dimension: 44 mm (length) x 17 mm
(width) x 0.58 mm (thickness); stretching speed: 960 mm min;
tensile strain: 36%), it was confirmed that YAG:Ce®" showed the
most intense ML, which was even 64% higher than that of
ZnS:Cu**. The ML spectra of all samples were consistent with
their photoluminescence (PL) spectra (Fig. S5, ESIt), suggesting
that both the ML and PL of the samples possessed the same
emission processes for the electron-hole recombination within
the luminescent centers.

Since the ML emission processes of both BSSON:Eu** and
YAG:Ce®" originate from the radiative transfer within the lumi-
nescent centers, the differences between their PL and ML
should lie in the excitation/activation and energy transfer pathways.
The red curves in Fig. 2a and c¢ show the thermoluminescence
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Fig. 2 (a) ThL spectra of BSSON:Eu?* after the treatments of 365 nm UV
light irradiation for 5 min and 523 K for 10 min. (b) ML intensity of the
BSSON:EU?*/PDMS elastomer vs. the treated temperature. (c) ThL spectra of
YAG:Ce™" after the treatments of 365 nm UV light irradiation for 5 min and
680 K for 10 min. (d) ML intensity of the YAG:Ce®*/PDMS elastomer vs. the
treated temperature. (e) Cycle stability tests of the stretching-induced ML of
BSSON:Eu?* and YAG:Ce>* in PDMS with and without UV irradiation (elastomer
dimension: 44 mm (length) x 17 mm (width) x 0.58 mm (thickness); stretching
speed: 960 mm min~%; tensile strain: 36%). (f) ML intensity degradation of
the YAG:Ce**/PDMS elastomer along with the continuous increase in the
stretching cycles and its ML self-recovery property after placing the
elastomer in the dark under an ambient environment for 48 h (the ML
measurement conditions were the same as those in (e)). Schematic
diagrams for the ML processes of (g) BSSON:Eu?* and (h) YAG:Ce**.
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(ThL) spectra of BSSON:Eu®" and YAG:Ce®!, respectively, after
365 nm light irradiation for 5 min, confirming the existence of
trap levels in the structure with energy storage ability (the details
are presented in Fig. 6, ESIt).**™* The stored energy could be
further released after a thermal treatment, which could be totally
cleared at the temperatures of 523 K and 680 K for BSSON:Eu>* and
YAG:Ce", respectively (blue curves in Fig. 2a and c). To determine
whether there was a relationship between ML and the trapped
energy in the structure, the ML variations of the BSSON:Eu*"- and
YAG:Ce*"-based elastomers after various temperature treatments
were investigated. As shown in Fig. 2b, the ML intensity of
BSSON:Eu”* gradually decreases with the increase in temperature
and completely disappears at 523 K. This was consistent with the
varying trend for the trapped energy, supporting that the ML of
BSSON:Eu”* originated from the release of the trapped energy. The
ML degradation of BSSON:Eu”>* under cycle tests and the ML quick
recovery property under ultraviolet (UV) light irradiation, as shown
in Fig. 2e, further demonstrated the above viewpoint. Considering
the fact that the irradiation-stimulated persistent luminescence
of BSSON:Eu*" was fully eliminated before the ML tests, the
specific ML mechanisms of BSSON:Eu”" including the ML after-
glow were concluded, as shown in Fig. 2g. Under mechanical
stimulation, the energy stored in the deep traps of BSSON:Eu®>*
could be released and transferred to the luminescent centers to
produce ML, part of which was transferred to the shallow traps to
produce spontaneous emission, namely, ML afterglow.

For YAG:Ce™, the ML mechanism was totally different from that
of BSSON:Eu”". The ML of YAG:Ce*" exhibited a temperature-
independent behavior, as shown in Fig. 2d. Although it also showed
degradation under the cycle tests, the ML intensity could not be
quickly recovered by filling the energy in traps using UV light
irradiation (Fig. 2e). All the above phenomena suggested that
the ML of YAG:Ce®* did not originate from the trapped energy in
the structure. By combining the trap-independent behavior, ML
degradation under the cycle tests, and the phonon density variation
after mechanical stimulation revealed by Raman spectra
(Fig. S7, ESIY), a possible ML mechanism for YAG:Ce*" involving
the phonon-assisted mechanical energy transfer processes was
proposed. As shown in Fig. 2h, under the stimulation of stress,
the electrons at the ground level of Ce*" could be transferred to
the excited levels with the assistance of the energy from the
phonons in the matrix, which then recombined with the holes
to produce luminescence. The observed ML self-recovery char-
acteristic of YAG:Ce®" in the dark under an ambient environment
(Fig. 2f) further demonstrated the proposed phonon-assisted ML
mechanism.

Since BSSON:Eu®" and YAG:Ce®" displayed distinct ML
colors, trap-dependent/independent behaviors, and ML afterglow,
they were utilized to fabricate a mechanics-induced triple-mode
anticounterfeiting device. The fabrication processes were simple
and facile, as illustrated in Fig. 3a. First, the BSSON:Eu**/PDMS and
YAG:Ce*'/PDMS elastomers were cut into strips with the designated
widths. Then, the strips were placed into a Petri dish (diameter:
60 mm) filled with the PDMS precursor. After curing at 80 °C for
2 h, an anticounterfeiting device with ML bar codes was
obtained (Fig. 3b). Before the anticounterfeiting test, the device
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(a) Fabricating processes and
mechanics-induced triple-mode antlcounterfeltlng elastomer, scale bar:
1 cm. (c) Schematics and (d—g) optical photographs of the triple-mode
ML-based anticounterfeiting patterns in the dark under an ambient
environment, scale bar: 1 cm.

) optical photograph of the

was thermally treated to clean the traps in the structure. When
stimulated by folding under an ambient environment, the
device just displayed yellow ML for YAG:Ce** (mode I) because
of its trap-independent characteristic (Fig. 3c). However, after
the device was irradiated by a 365 nm light for 5 min to fill
energy in the traps, green ML of BSSON:Eu”" appeared and the
device exhibited instantaneous bar code patterns with both
green and yellow colors by folding (mode II). Because YAG:Ce™*
and BSSON:Eu** exhibited short and long ML duration times
after stopping the mechanical stimuli, respectively, the device
then showed only the green bar code patterns of BSSON:Eu**
(mode III). The real photos and video for the above-mentioned
triple-mode anticounterfeiting are presented in Fig. 3d-g and
Movie S6 (ESIf). As a result, we successfully achieved a
mechanics-induced triple-mode anticounterfeiting device by
combining the distinct ML properties of YAG:Ce*" and BSSON:
Eu®"; also, it was facile to prepare and operate. In addition to
overcoming the limitation of the anticounterfeiting modes by
the traditional PL methods,* ™’ the as-fabricated device could
further implant various anticounterfeiting information by
designing the patterns or the widths of the bar codes, elevating
the security level of the present anticounterfeiting technology.

In addition to the triple-mode anticounterfeiting based on
the folding-induced ML of YAG:Ce®" and BSSON:Eu**, their
rubbing-induced ML was also utilized to realize a comprehensive
tactile sensor for moving objects on a surface. Fig. 4a shows the
schematic and optical photograph of the as-fabricated device;
the YAG:Ce®" and BSSON:Eu** powders were mechanically mixed
together in a PDMS matrix. Because of the combination of the
instantaneous yellow ML of YAG:Ce®" and the persistent green
ML of BSSON:Eu*", it was expected that when a contact object
moved on the surface, the motion trail and contact position
would exhibit a distinct ML color, i.e., green ML afterglow for the
motion trail and greenish yellow ML (the combination of green
and yellow ML) for the contact position, respectively (Fig. 4b).
Fig. 4c and Fig. S8, Movie S7 (ESIt) show the real photos and
video of the tactile sensing by writing a letter “Z” on the surface
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Fig. 4 (a) Schematic and optical photograph of the as-fabricated tactile

sensor, scale bar: 1 cm. (b) Illustration of the contact tracking effects for
both motion trail and contact position by writing a letter “Z" on the device
surface. (c) Real contact tracking photos and luminescent mappings of the
device. (d) ML spectra of the contact position of the as-fabricated tactile
sensor under various contact loads; the inset shows the corresponding
green (500 nm) to yellow (578 nm) ML intensity ratio vs. applied normal
load. (e) Schematic and (f) optical photographs of the array-based tactile
sensor, scale bar: 5 mm. (g) Normalized ML spectra measured from the
motion trail and contact position on the array-based tactile sensor.

of the device, confirming the contact tracking effects of our
device. Moreover, the greenish yellow ML from the contact
position showed a linear relationship between the I540/I5,5 ratio
(the ML intensity ratio of green emission at 500 nm to yellow
emission at 578 nm) and the contact load in the range from
0.2 to 1.2 N, as shown in Fig. 4d. Therefore, the as-fabricated
YAG:Ce**/BSSON:Eu>*/PDMS-based device was demonstrated to
simultaneously sense/record the contact load, motion trail, and
contact position for the object moving on a surface. To further
improve the contact tracking accuracy, uniform YAG:Ce*'/BSSON:
Eu>'/PDMS arrays were designed on the surface of the device
(diameter: 2 mm, height: 5 mm, array spacing: 1 mm) by a
commercial desktop 3D printer (Raise3D N2), as presented in
Fig. 4e-g. The elastic array design facilitated the stress transfer
from PDMS to the ML powders, endowing the device with high
luminescence efficiency and controllable pixels.

For general tactile sensors, the basic functionality is to sense
the applied load/press in a reasonable range.*®*° In previous
reports, great efforts, such as the integration of electrical signal-
based tactile sensors on a circuit board, have been made to
allow the device to sense the spatial load/press distribution and
the real-time tracking of the contact position.’*>> The tactile
sensor developed in this work by simultaneously utilizing
instantaneous and persistent mechanoluminescence achieved
the above functionalities in a single unit without any extra
circuit design. Significantly, the spatial load/press distribution,
motion trail, and contact position could be simply distinguished
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by directly observing the exhibited visible ML. This tactile sensor
can be promisingly applied in mechanics monitoring, human-
machine interfacing, intelligent artificial skin, and other related
fields.

3. Conclusions

In summary, we demonstrated ultra-strong yellow instantaneous ML
in YAG:Ce®™ and green persistent ML in BSSON:Eu>*. By studying
trap dependence/independence, spontaneous radiation, and recov-
ery behaviors, different underlying ML mechanisms were proposed.
Based on the distinct properties of YAG:Ce®* and BSSON:Eu*" in
terms of ML color and ML afterglow, mechanics-induced triple-
mode anticounterfeiting was realized, which can greatly elevate the
security level of the present anticounterfeiting technology. Further-
more, a comprehensive tactile sensor was fabricated, which could
simultaneously sense the contact load, motion trail, and contact
position for the objects moving on a surface, thus showing promis-
ing applications in mechanics monitoring, human-machine interfa-
cing, intelligent artificial skin, and other related fields.
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