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Force-Triggered Non-Volatile Multilevel Mechano-Optical
Memory System for Logic Computation and Image

Recognition

Jiaxing Guo, Feng Guo, Hang Yang, Tianhong Zhou, Xiaona Du, Rui Gao, Haisheng Chen,
Minghao Hu, Weiwei Liu, Yang Zhang,* Dong Tu,* and Jianhua Hao*

In the big data era, sensing multi-modal information in memory is highly
demanded for the sake of artificial intelligence applications to overcome the
limitations of the von Neumann architecture. Different from traditional sens-
ing methodologies, mechanoluminescence (ML) materials, which emit light
in response to mechanical force without any external power supply, present
intriguing prospects for technological developments. However, most of the ML
materials only demonstrate instantaneous luminescence, severely hampering
the exploitation of ML in sophisticated applications where non-volatile control
is indispensable. Herein, a non-volatile, multilevel mechano-optical memory
system is proposed, based on a crafted combination of a self-recoverable

ML material, ZnS:Cu, and a photostimulated luminescence (PSL) phosphor
Ca, ,5Sr, 75S:Eu (CaSrS:Eu). By integrating ML with PSL effect, a robust six-level
non-volatile memory is achieved, in which the multilevel memory states allow
for computational capability without electrical interference. Specifically, the
reliable multilevel and non-volatile response enables Boolean logic operations.
Furthermore, neuromorphic visual pattern pre-processing is implemented,
resulting in a substantial increase in recognition accuracy from 20% to 80%.
These findings endow force-responsive phosphors with memory capability,
fully leveraging the capabilities of ML and offering a new strategy for developing
mechano-optical hardware and concepts for future intelligent applications.

1. Introduction

Inspired by the human nervous system,
sensing in memory represents a promising
and energy-efficient way to process exter-
nal information for artificial intelligence ap-
plications. Mechanical signal sensing and
processing are crucial for intelligent ap-
plications, such as human-machine inter-
faces and robots, which are based on tactile
information. To date, most measurements
rely on electrical sensors made of piezoelec-
tric, piezocapacitive, or piezoresistive ma-
terials, due to the requirement of precise
and instantaneous mechanical sensing.'”’!
However, the primary drawbacks of elec-
trical sensors are that they require circuit
access and an attendant power source. Be-
sides, the separation between sensors and
processing units in such conventional sens-
ing systems leads to signal latency and sig-
nificant energy consumption. Mechanolu-
minescence (ML) refers to the phenomenon
of non-thermal light emission triggered by
mechanical stimuli such as grinding, rub-
bing, knocking, crushing, or pressing. As
a direct mechano-optical conversion effect,
ML allows for the quantitative conversion of
mechanical stimuli into light emission in a
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real-time and in situ manner.®!!l In recent years, through un-
remitting efforts, the brightness value of state-of-the-art ML phos-
phors has reached 200-300 cd m~? under a moderate mechan-
ical force (such as finger touch), which is very close to the
brightness of ordinary liquid crystal displays (LCDs) and mo-
bile phone displays.l'>"'*] Therefore, ML has paved the way for
a wide range of promising applications, including self-powered
human-machine interfaces, structural health monitoring and di-
agnosis, anti-counterfeiting, bioimaging, and optogenetics.[1>~°]
Nevertheless, most of the currently available ML materials ex-
hibit instantaneous luminescence with a limited duration rang-
ing from nanoseconds to microseconds. This instantaneous char-
acteristic is beneficial for real-time force sensing and monitoring
technology. However, it is insufficient for the execution of more
intricate experiments in which non-volatile control over ML is
indispensable.[26-28]

Implementing non-volatile mechano-optical memories can
significantly enhance the performance in mechanical signal
sensing and processing. A series of ML materials characterized
by long lifetime or persistent ML have been proposed, which
possess the potential to overcome the limitations of transient
emitting behavior observed in conventional ML materials, ex-
tending the ML afterglow to tens of seconds.[?*3%] Nevertheless,
the persistent ML only provides a temporary and volatile mem-
ory functionality, with the non-volatility remaining a challeng-
ing aspect. The trap-controlled ML materials offer another po-
tent solution to break this bottleneck. Mechanical force facili-
tates the liberation of electrons from the shallow traps into the
conduction band. Some of the escaped electrons in the conduc-
tion band undergo recombination processes, resulting in instan-
taneous photon emission.?!! Thus, for ML phosphors with suit-
able a trap-depth distribution, some detrapped electrons would
experience a redistribution process. Among these electrons, a
fraction is recaptured by the relatively shallow traps, resulting
in persistent ML. A small portion of the electrons, however, are
almost irrevocably confined within the deep traps and cannot
be thermally activated at ambient temperatures.?>*] The elec-
trons stored within the deep traps can be excited by near-infrared
(NIR) irradiation, releasing photons as photostimulated lumines-
cence (PSL). The utilization of low-energy NIR excitation enables
a more controllable readout process and mitigates the measure-
ment interference. Thus, the mechanically triggered PSL is an
ideal candidate for mechano-optical memories in potential infor-
mation applications.[**] Recent reports have demonstrated that,
due to their broad trap-depth distribution, deep-trap ML materi-
als enable non-volatile storage of both the location and intensity
of a pressure event.[*>3¢ These works pave the way for mechan-
ical information storage and retrieval. Current developments
in deep-trap ML materials are addressing long-standing chal-
lenges, including self-powered visualization, non-volatile stor-
age, and optical readout of mechanical information. Due to the
intrinsic trap distribution of these single-phase deep-trap ma-
terials such as BaSi,0,N,:Eu?*3 and SrSi,O,N,:Eu?*/Dy?* %]
after mechanically-induced electron redistribution, only a small
portion of electrons are stably stored in deep traps. The ma-
jority of electrons are trapped in relatively shallow traps, yield-
ing immediate ML emission and short-lived persistent lumines-
cence. Moreover, all reported deep-trap ML materials lack self-
reproducibility in the absence of light irradiation, which signifi-
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cantly hinders their practical applications. In the context of con-
structing ML-based memory systems, a self-charging ML capa-
bility is highly desirable, where neither pre- nor post-irradiation
steps are required. For the sake of convenience and practicabil-
ity, optical readout is favored over the thermal excitation manner.
However, achieving these criteria within a single-phase ML com-
pound presents a formidable challenge.

The functionality of setting optical responses to mechanical
stimuli in a multistate, non-volatile manner has not been re-
ported yet. Herein, we demonstrate the feasibility of achieving
self-recoverable, force-triggered, non-volatile multilevel mem-
ory with optical accessibility through the meticulous integra-
tion of a self-recoverable ML material, ZnS:Cu, and a PSL
phosphor, Ca,,;Sr,,5S:Eu (CaSrS:Eu). PSL phosphors possess
deep traps that can store electrons stably at ambient tempera-
tures and release the stored electrons under light irradiation or
thermal stimulus.’38] We show that the force-triggered non-
volatile memory and multilevel operation can be achieved via
coupling ML and PSL in a composite system. Our prototype de-
vices can serve as non-volatile multilevel mechano-optical mem-
ories, programmable logic gates, and can perform neuromorphic
pre-processing for image recognition. These results provide a
promising route to unleash the full potential of ML. The mul-
tilevel non-volatile device sheds light on the implementation of
new platforms for mechano-optical signal processing.

2. Results and Discussion

2.1. Device Fabrication and Principles

The composite laminates are fabricated by integrating the ML
material ZnS:Cu with the PSL phosphor CaSrS:Eu. Figure 1a
shows the schematic diagram of the mechano-optical memory
made of ZnS:Cu/CaSrS:Eu composites. In the composite sys-
tem, the absorption spectrum of CaSrS:Eu (280-650 nm) over-
laps with the principal wavelength range of visible light. The
green emission centered at 525 nm from ZnS:Cu can be ab-
sorbed by the adjacent CaSrS:Eu layer, and this energy pumps
the electrons to the conduction band of Eu**. These excited
electrons will undergo redistribution to achieve the non-volatile
multilevel memory and optical readout under the illumination
of the 980 nm laser. Figures S1 and S2 (Supporting Informa-
tion) show the X-ray diffraction (XRD) patterns of ZnS:Cu and
CaSrS:Eu powders, confirming that they are single-phase mate-
rials with the dopants homogeneously distributed within the host
matrices. To fabricate the ML composite film, ZnS:Cu particles
and polydimethylsiloxane (PDMS) were mixed in a weight ratio
of 6:4. The CaSrS:Eu phosphor was thoroughly mixed into the
UV-curable adhesive matrix at a weight ratio of 3:7 and coated
onto the ZnS:Cu/PDMS laminate. Figure S3 (Supporting In-
formation) depicts the schematic structure of the UV-adhesive
layer embedded with CaSrS:Eu particles, which is adhered to the
ZnS:Cu/PDMS laminate (details in the Experimental Section).
The back-side of the ZnS:Cu/PDMS laminate was coated with
silver paste to mitigate the scattering of ML, enhancing the re-
flection of ML into the CaSrS:Eu layer. Figure S4 (Supporting
Information) shows the optical image of the resultant compos-
ite laminate. When the ZnS:Cu/PDMS composite was stretched
or rubbed, intense ML emission could be observed. Figure 1b
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Figure 1. Luminescent characteristics of ML material ZnS:Cu, PSL material CaSrS:Eu and the working scheme of stress storage device. a) The schematic
diagram of the mechano-optical memory made of ZnS:Cu/CaSrS:Eu composites. b) ML spectra of ZnS:Cu/PDMS composite under different strains.
The stretching-releasing rate is fixed at 100 cpm. c) UV-vis absorption spectra of CaSrS:Eu and ML spectra of ZnS:Cu. The overlapping area between
the two spectra is shaded. d) PL, persistent luminescence, and PSL spectra of CaSrS:Eu composite. €) TL glow curve of CaSrS:Eu at a heating rate of 1
K s~1 and the fitting curves. f) Schematic of physical mechanism of ZnS:Cu/CaSrS:Eu composites to realize storage and optical readout of mechanical
information. The left subfigure of Figure 1f delineates the mechanism of the green emission from the #T,-®A; transition of Cu?* ion, which is induced
by triboelectricity effect. The green luminescence generated by ZnS:Cu can be reabsorbed by the adjacent CaSrS:Eu layer, and pump the electrons at the
4f levels to the 5d levels that overlap with the conduction band of CaSrS:Eu. These excited electrons will undergo redistribution to fulfill the storage and

optical readout functions of the PSL layer, as illustrated in the right subfigure of Figure 1f.

shows the ML emission spectra of the ZnS:Cu/PDMS composite
obtained during stretching-releasing periodic motions with dif-
ferent tensile strains. The stretching-releasing rate was set at 100
cycles per minute (cpm). The green emission band centered at
525 nm arises from the impurity-induced shallow donor state
and the t, state of Cu.l* The variation of the ML intensity almost
maintains a linear relationship with the increasing strain (Figure
S5, Supporting Information), which allows for the quantitative
analysis of strain. Figure S6 (Supporting Information) confirms
the stability and self-reproducibility of ML from ZnS:Cu under
continuous mechanical actuation (x33.3% strain). CaSrS:Eu is
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regarded as a prominent PSL phosphor, characterized by its su-
perior electron-trapping capability. Figure 1c shows the absorp-
tion spectra of CaSrS:Eu as well as the ML emission spectra of
ZnS:Cu. The UV absorption spectrum observed below 300 nm
arises from the band-to-band transition of CaSrS host. The ab-
sorption band observed in the blue/green region originates from
the transition from the ground 4{” state to the upper 4{°5d* state
of Eu?* located at the octahedral site (O}) of the CaSrS lattice.[*’]
As designed, the overlapping area in Figure 1c enables the PSL
phosphor CaSrS:Eu to re-absorb the ML photons emitted from
the ZnS:Cu layer. Figure 1d shows the photoluminescence (PL)
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spectra under UV (365 nm) excitation, the persistent lumines-
cence spectra after termination of the UV excitation, and the PSL
spectra of the CaSrS:Eu composite. Notably, similar red emis-
sion bands centered at 649 nm unambiguously reveal that all of
these emissions originate from the 4{’-4°5d! transition of Eu**
ions. PSL spectra under 980 nm laser excitation from CaSrS:Eu
were measured after the persistent luminescence completely dis-
appears.

To delve deeper into the underlying mechanism of this phe-
nomenon, we conducted thermoluminescence (TL) testing to de-
termine the trap structure of CaSrS:Eu, which is essential for
persistent luminescence and PSL. Figure 1le shows the TL glow
curve of CaSrS:Eu at a heating rate () of 1 K s7!. The TL glow
curve of CaSrS:Eu at 1.0 K s™! heating rate can be decomposed
into two Gaussian components centered at 371 and 460 K, re-
spectively, suggesting that two trap depths exist. Utilizing Chen’s
equation,*!! the corresponding trap depths were calculated to be
0.39 and 0.97 eV, respectively, which may be ascribed to the S
interstitial (S;) and S vacancy (V,).[*>*3] The shallow traps with
a depth of 0.39 eV contribute to the persistent luminescence.
Additionally, the deep traps with a depth of 0.97 eV exhibit suf-
ficient stability to store the excitation energy at room tempera-
ture. Based on the aforementioned results and previous reports,
the operational mechanism of the stress-storage device can be
depicted as illustrated in Figure 1f. After the ZnS:Cu/PDMS
composite undergoes elongation and relaxation, the triboelec-
tric effect gives rise to an amount of charge accumulated at the
interface between the ZnS:Cu particle and the PDMS matrix.
The resultant electric field is higher than the threshold value
of the electric field (10°V ¢cm™) required to excite electrolu-
minescence of ZnS:Cu.[** Thus, the observed green emission
from the *T,;-°A, transition of Cu?* ion can be ascribed to the
triboelectricity-induced luminescence.*’] The underlying mech-
anism of this process is clearly delineated in the left sub-figure
of Figure 1f. Due to the close proximity between the ZnS:Cu and
CaSrS:Eu layer in the laminates, the green luminescence gen-
erated by ZnS:Cu can be effectively re-absorbed by the adjacent
CaSrS:Eu layer, as a result the electrons at the 4f levels of Eu?* are
pumped to the 5d levels, which overlap with the conduction band
of CaSrS:Eu. These excited electrons will undergo redistribution
to achieve the storage and computation functions of the PSLlayer,
as illustrated in the right subfigure of Figure 1f. Some electrons
in the conduction band subsequently diffuse to the electron traps
lying below the conduction-band minimum of CaSrS. Shallowly
trapped electrons easily escape back to the conduction band at
room temperature and then are re-captured by activators, result-
ing in a red afterglow emission. Deeply trapped electrons, how-
ever, are relatively stable and difficult to release at room tempera-
ture. Instead, they can be re-activated by near-infrared light irradi-
ation or high-temperature heating.**! Subsequently, the carriers
captured by deep traps can be triggered to give rise to red PSL
emission.

2.2. Device Performance Characterization
Figure 2 demonstrates the persistent luminescence characteris-

tics of ZnS:Cu/CaSrS:Eu composite laminate actuated by me-
chanical force. The transient emitting behavior of ML requires
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instantaneous measuring equipment, which is conspicuously in-
convenient in numerous application scenarios. Persistent lumi-
nescence can alleviate this stringent limitation, by introducing
an additional time delay between the measurement point and
the occurrence of the mechanical event.*’] Figure 2a shows the
persistent luminescent spectra of the composite laminate under
repeated stretching. When the tensile strain was held constant
at 33.3%, the red persistent luminescence intensifies progres-
sively as the number of stretching cycles increases. Figure 2b
unveils the relationship between the persistent luminescent in-
tensity, the tensile strain, and the number of stretching cycles.
As previously expounded, CaSrS:Eu, functioning as a persistent
luminescent phosphor is capable of storing ML energy in shal-
low traps (0.46 eV). A larger tensile strain and a greater number
of stretching cycles contribute to an increased quantity of elec-
trons being trapped in the shallow traps, thereby leading to an en-
hancement in persistent luminescence. Figure 2c shows that the
persistent luminescent intensities exhibit a linear increase with
respect to the applied stretching strain. As shown in Figure 2d,
the number of stretching times can also extend the decay curve
of persistent luminescence due to a greater number of electrons
being stored in the shallow traps. Figure S7 (Supporting Infor-
mation) depicts the graphs of sample obtained at different time
instants and their respective positions within the normalization
decay curve subsequent to subjecting the sample to 10 stretch-
ing cycles (with a tensile strain of ~#33.3%). The persistent lumi-
nescence during the decay curve period can be readily observed
by the naked eye or conventional photographic equipment. This
property facilitates the visualization and quantitative assessment
of mechanical activities without the need for immediate action.
Subsequently, our focus shifts to the PSL characteristics of the
ZnS:Cu/CaSrS:Eu composite laminate, as shown in Figure 3. For
PSL measurement protocol, the sample was initially subjected
to mechanical stretching for varying durations. Following the
termination of persistent luminescence, The PSL spectra were
recorded under continuous 980 nm laser irradiation. Figure S8
(Supporting Information) displays the PSL emission spectra of
the composite laminate under various stretching cycles. During
the measurement process, the stretching strain was maintained
at 33.3%, and the power density of the exciting 980 nm laser was
held constant at 3.33 W cm~2. Figure S9 (Supporting Informa-
tion) depicts that the PSL intensity exhibit an increase with the
stretching strain and the number of cycles. When subjected to
mechanical strain, the doped Eu?* activators are optically acti-
vated by ML emission. Electrons trapped in shallow levels are re-
leased as persistent luminescence. In contrast, electrons trapped
in deep levels are relatively stable and can be excited by NIR light
irradiation. Under conditions of larger strain and a greater num-
ber of stretching times, a larger quantity of electrons are trapped
in the deep traps, thereby leading to an enhancement in PSL
intensities. Figure S10 (Supporting Information) demonstrates
that, in the absence of mechanical strain, no PSL emission can be
observed from ZnS:Cu/CaSrS:Eu composite under 980 nm laser
excitation (x3.33 W cm~2). We further measured the PSL spectra
of pure CaSrS:Eu composite film under mechanical strain, as
presented in Figure S11 (Supporting Information). After 10 cy-
cles of mechanical stretching, no luminescence can be detectable
under 980 nm laser excitation. Consequently, the influence of
triboelectricity can be conclusively excluded. Figure 3a shows
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Figure 2. Persistent luminescence characteristics of ZnS:Cu/CaSrS:Eu composites under mechanical strain. a) The persistent luminescent spectra of
the composite laminate under varying strain cycles are presented. With the tensile strain maintained at 33.3%, and the strain rate set at 100 cycles per
minute (cpm). b) The persistent luminescent intensities exhibit a variation in relation to both the tensile strain and the number of stretching times.
) The persistent luminescent intensities are depicted as a function of the applied stretching strain. d) The persistent luminescence decay curves are

plotted against the number of stretching times.

the dependence of PSL intensity on the excitation power density.
Prior to the measurement, the sample was adequately charged
by undergoing 20 cycles of stretching at a 33.3% strain. The PSL
intensity exhibits a low-power density threshold of 0.60 W cm~2.
Subsequently, it increases along with the increase of the pump
laser power density and gradually reaches saturation at a power
density of 3.33 W cm 2. A higher excitation power density pumps
more trapped electrons into the conduction band of CaSrS:Eu.
These electrons are subsequently captured by Eu?* activators,
ultimately resulting in the enhancement of PSL. The saturated
PSL can be ascribed to the dynamic equilibrium between the
electron-releasing and electron-filling processes at traps under
a high pumping photon flux. Figure S12 (Supporting Informa-
tion) shows the PSL decay curves of the mechanically charged
composite laminate after different stretching-releasing cycles.
The stretching strain and excitation power density were set at
33.3% and 3.33 W cm 2, respectively. Under moderate excitation,
the PSL emission can persist for over tens of seconds until the
exhaustion of deeply trapped electrons. More importantly, a
PSL signal can be detected after only one stretching-releasing
cycle, indicating that the ZnS:Cu/CaSrS:Eu composite possesses
relatively high strain sensitivity and energy-harvesting efficiency.
We also estimate the PSL efficiency of the composite system. As
shown in Figure 3b, the area marked as S; represents the ML
emission from ZnS:Cu layer without CaSrS:Eu PSL layer during
one stretching-releasing cycle. The area marked as S, is the ML
emission from ZnS:Cu covered with CaSrS:Eu composite layer.
Since the back side of the ZnS:Cu/PDMS laminate was coated
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with silver paste, ML emission is reflected by the silver paste
and can only be observable from the front side. Ignoring the ML
scattering within the composite, the absorption fraction can be
deduced from the difference between S; and S,. The inset of
Figure 3b shows the persistent luminescence (area S,) and PSL
(area S;) emitted from the CaSrS:Eu composite layer during a
single stretching-releasing cycle. Thus, the PSL efficiency can
be calculated as S;/(S;-S,)"100% = 38%. The data retention
capability of the sample was verified by monitoring the PSL
intensities over time. Figure 3c presents the variation in PSL
intensity of the sample when subjected to alternating 980 nm
light irradiation and mechanical stimulus for 100 cycles. It
is observed that the fluctuations in PSL emission following cyclic
modulation remain stable, demonstrating the reversible PSL-
switching capability. As depicted in Figure 3d, the PSL intensities
of the mechanically-charged samples maintain relatively stable
over 72 h when the composite laminates are stored at room
temperature and shielded from light. The ZnS:Cu/CaSrS:Eu
composite demonstrates excellent non-volatile capability. In
addition to the non-volatility, the ZnS:Cu/CaSrS:Eu composite
demonstrates a well-behaved multilevel response. Figure 3e
shows the PSL response of the charged CaSrS:Eu composite
to periodic NIR light illumination. When the 980 nm light is
turned on, bright PSL emission is observed, which gradually
fades away. The decay time constant A is calculated to be 0.75
5.8 The PSL emission ceases instantaneously when the 980 nm
light is turned off. Upon re-activation of the light irradiation,
the PSL emission reappears immediately, with its intensity
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Figure 3. PSL characterizations of ZnS:Cu/CaSrS:Eu composites under mechanical strain. a) PSL spectra under different NIR 980 nm excitation power
densities. Prior to measurement, the sample was adequately charged by undergoing 20 stretching times at a 33.3% strain. b) PSL efficiency of the
composite system. The S; and S, areas represent the ML emissions from ZnS:Cu layer without and with CaSrS:Eu PSL layer during one stretching-
releasing cycle, respectively. The inset of this figure shows the persistent luminescence (area S;) and PSL (area S3) emitted from the CaSrS:Eu composite
layer under one stretching-releasing cycle. PSL efficiency can be calculated as S;/(S;-S,) *100% = 38%. c) PSL intensity variation upon alternating 980 nm
light irradiation (3.33 W cm~2) and mechanical stimuli (33.3% strain for 20 times). Purple circles represent the PSL intensity after 980 nm light irradiation
for 100 s, while the orange circles represent the PSL intensity after mechanical stimuli. d) Optical readout PSL intensities at different times after ceasing
the mechanical stimuli. The PSL intensities maintain stable over 72 h when the composite laminates are preserved at room temperature and shielded
from light. e) PSL response to periodical NIR light illumination. Insets show the photos of sample under 980 nm laser irradiation taken at corresponding
moments.

matching that at the previous turn-off moment. This suggests
that the composite offers a stress-triggered platform capable of
exhibiting non-volatile and multilevel optical responses.

2.3. Device Applications
The ZnS:Cu/CaSrS:Eu composite, serving as a pressure-sensitive

memory medium, can greatly enhance the capability for stress
recording across a broader timescale. As a proof of concept, we
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designed and constructed two devices for stress-recording appli-
cations. As presented in Figure S13 (Supporting Information),
we utilized the CaSrS:Eu composite to write the letters “NK”
onto a ZnS:Eu/PDMS plate. After stretching and releasing the
composite film for 10 cycles, a clear instantaneous green ML
emission was observed from the ZnS:Cu/PDMS plate, excluding
the areas covered by the letter “NK”. Following the cessation of
mechanical stimulation, the persistent luminescence emitted
by CaSrS:Eu enables the delayed measurement of the stored
information. After a waiting period of 300 s for the persistent
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Figure 4. Multilevel operation of the mechano-optical memory. a) Demonstration of six distinguishable non-volatile states written by a series of me-
chanical stress pulses. The read operation is realized by 980 nm laser pulse (2.0 W cm™2, 100 s duration). The erase steps are carried out using 980 nm
laser pulses with a power density of 3.33 W cm~2. b) Reproducibility of the multilevel memory states. The reproducibility of multilevel memory states

for cyclic write-read-erase operations shows a tendency to be stable.

luminescence to decay sufficiently, this combination leverages
the PSL effect to realize an optical readout of the mechanical in-
formation on demand, without the need for any pre-irradiation.
Thus, three measurement modes: real-time, delayed, and on-
demand measurements have been achieved in the fabricated
stress sensor. Our composite system is far more stable and
practical than the single-phase deep-trap materials that require
light pre-irradiation. We show that a rewritable non-volatile pho-
tomemory can be constructed to convert information-encrypted
mechanical signals into visible patterns via photonic readout.
For instance, a string of letters “Moving On” can be encoded
with standard eight-bit ASCII characters composed of differ-
ent combinations of zeros and ones. As shown in Figure S14
(Supporting Information), the input binary codes “1” and “0”
correspond to the presence or absence of mechanical knocking.
The conversion of mechanical signals “Moving On” into a visible
pattern was realized through NIR light irradiation. Another
noteworthy aspect is that the proposed photomemory possesses
a burn-after-reading feature. When the stored electrons are
exhausted, this feature holds promise for applications in in-
formation encryption and optical anti-counterfeiting. There is
still considerable potential for enhancing the storage density
of the prototype device by reducing the size of the memory
unit.

We have gone a step further by demonstrating that a single
device can realize multilevel storage operation. The device is ini-
tialized to state 1 when the composite is free from mechanical
stimuli. By applying sequential strain pulses to the composite, we
monitor each state by measuring the corresponding PSL intensi-
ties under 980 nm laser excitation. In order to keep the storage
state stable, we use a 980 nm laser pulse (with a pulse width of
100 us and a power density of 2.0 W cm™2) to optically read out
the storage state. As shown in Figure 4a, six distinct states can
be mechanically programmed and clearly distinguished. Besides
write and read operations, the storage information can be opti-
cally erased by illuminating the composite with a 980 nm laser
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at a higher power density of 3.33 W cm~2. Several intermediate
levels can be freely accessible through a designed erase opera-
tion. After exhausting the trapped electrons, the memory state
returns to the initialized state 1. To demonstrate the repeatable
setting of multiple states, we repeat the two-cycle write-read-erase
operations, as shown in Figure 4b. This demonstrates the reli-
able reproducibility of the multilevel memory states. Figure S15
(Supporting Information) further examines the stability of the de-
vice’s switching between different states during six cycles. These
results confirm the repeatability and stability of setting multiple
states in the mechano-optical memory. Force-triggered multilevel
mechano-optical memories allow for a greater storage density
and provide more computational capability, which has not been
achieved by any previous form of direct mechano-optical mem-
ory.

Boolean logic operations form the foundation of computer pro-
gramming, typically involving one or two inputs and a single out-
put. Here, we utilize the ZnS:Cu/CaSrS:Eu composite as an ex-
ample to demonstrate Boolean logic operations with mechanical
inputs. To visually display the operation results, a 2 X 2 array
device is employed for executing four-bit binary Boolean logic
operations. In our design, the application or non-application of
stress serves as the mechanical input. The logic out TRUE (1) and
FALSE (0) are defined according to whether the device produces
any PSL output. Figure 5a illustrates the fundamental configura-
tion of the 2 X 2 array device and the operational implementation
of the basic function NOT. The four distinct binary arithmetic
units are labeled as (a,b,c,d). The mask positioned at the top sig-
nifies the four-bit binary input A (0011), while the mask to the
left represents the four-bit binary input B (0101). The NOT op-
eration involves the displacement of the mask to the other two
operation units. Figure 5b presents a schematic diagram of the
basic logic operation OR. The device is subjected to two separate
inputs of mechanical information under the mask of binary input
A and input B, respectively. The four-bit binary output (0111) is
detected by a 980 nm light source. The photograph of the experi-
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Figure 5. Working principle and demonstrations of logic AND, OR, and XNOR operation on 2 X 2 array device. a) The fundamental configuration of
the 2 x 2 array device and the basic logic operation NOT. b), ) and d) are diagram and operating principle of logic OR, AND and XNOR operation,
respectively. The corresponding truth table and the photograph of the experimental results are illustrated in the two right-most images. The scale bar in

the photograph is 3 mm.

mental results and the truth table are shown in the two images on
the right-hand side of Figure 5b, and the scale in the photograph
is 3 mm. Regarding the basic logic operation AND, the device is
subjected to inputs of mechanical information under the super-
imposed mask of binary input A and input B. The output result
(0001) is read by means of a 980 nm light source. The schematic
diagram, experimental result photograph, and truth table are re-
spectively shown in Figure 5¢c. Through the appropriate combina-
tion of the three basic logic operations OR, AND, NOT, complex
Boolean logic operations can be derived. XNOR is used here as
a specific example to illustrate compound logic operations. The
XNOR logical operation can be achieved through the combina-
tion of basic logical operations, with the specific expression be-
ing: F =A - B+Ae«B. The implementation of XNOR is depicted in
Figure 5d. Initially, the device is subjected to inputs of mechan-
ical stimulation under the superimposed mask of binary input
A and input B. Subsequently, the device undergoes a second set
of mechanical stimulation inputs under the superimposed mask
of binary input A and input B. The experimental results (1001)
are visually presented in the right-most Figure 5d, and the cor-
responding truth table is displayed in the adjacent figure. Other
Boolean logic operations including NAND, NOR, and XOR have
been experimentally verified, and the experimental results are
shown in the Figure S16 (Supporting Information). According
to the above results, the device demonstrated its capability to ex-
ecute both force-triggered binary basic logic operations and com-
plex logical compositions, paving the way for addressing intricate
mechanical challenges.
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Sensing and computing within memory represents a promis-
ing approach to surmount the bottleneck of contemporary
machine vision grounded in the conventional von Neumann
architecture. Unlike the prevailing methods that rely on optoelec-
tronic devices to perceive mechanical patterns and process them
with electrical signal, a mechano-optical coupling approach is
proposed by us for the first time. Figure 6a depicts the working
principle of a graphics tablet incorporating our devices. In this
context, the MNIST handwritten digits are used as the images
to be sensed. Each device within the graphic tablet corresponds
to a pixel of the input image, due to the device’s force-sensing
capability. Consequently, a handwritten digit can be recorded by
our device matrix. Generally, the noise induced by the external
environment and internal signal interference is inevitable. For
improving the signal-to-noise ratio and sharpening the input
image, the function of reducing the noise in the image is demon-
strated, leveraging the effect of 980 nm light on the release of
carriers within the material. As shown in Figure 6b, when force
is applied to the graphics tablet, the digit “2” is recorded. Subse-
quently, a 980 nm laser pulse is imposed on the device matrix. In
comparison to the pixels that have been written, the traps of noisy
pixels capture a smaller quantity of carriers, leading to a faster
depletion process. Consequently, the signal-to-noise ratio can
be enhanced. Handwritten digits, consisting of 28x28 pixels ar-
ranged in accordance with the resolution of our device, are shown
in Figure 6¢. The maximum brightness of a pixel is 255 and the
minimum is 0. After writing a number on the graphics tablet
with a background noise level of 0.4 times the normal intensity,
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Figure 6. ZnS:Cu/CaSrS:Eu composites are utilized for sensing, processing, and recognizing handwritten digits. a) A device matrix is constructed to
function as a graphic tablet, enabling the recording of a digit input via force. b) The digit on the graphic tablet can be read, and noise reduction can be
achieved using 980 nm light, as shown in the real-life photos. c) As the number of applied light pulses increases, the noise gradually disappears. d) A
multilayer device matrix is used for image recognition by updating the synaptic weight through light modulation. e) The working principle of an artificial
neural network based on the characteristics of device. f) The simulation results show the capability of device matrix for enhancing the image recognition

accuracy.

the digit is visualized by a light pulse designated as “light pulse
1,” where heavy noise can be observed. As the number of applied
light pulses increases, the noise can be completely eliminated
upon the application of the 41stlight pulse. Another advantage of
our device lies in its capacity to perform in-memory computing
using light signals rather than electrical signals, which effec-
tively mitigates the signal delays and interferences. As shown
in Figure 6d, upon feeding the training database into the device
matrix, the synaptic weight is updated via modulating the light
brightness. Subsequently, the test database is used to validate the
image-recognition accuracy. According to the abovementioned
working principle, the workflow of sensing, processing, and rec-
ognizing the handwritten digits is depicted in Figure Ge. Initially,
the digits are inscribed on the graphic tablet by the application
of force. Then the noise is attenuated by repeated 980 nm light
pulses. At last, the sharpened images are recognized through the
device matrix through neuromorphic computing. Each device
matrix can be considered as a neural-network layer. In order to
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verify the capacity of our device for performing neuromorphic
computing, a three-layer artificial neural network is constructed
based on the characteristics of the device. The input layer con-
sists of 784 input neurons, while the hidden layer and the output
layer are composed of 300 and 10 neurons, respectively. The
synaptic weight is updated by light pulse in accordance with the
backpropagation algorithm. The results in Figure 6f show that
the handwritten digit recognition accuracy can be enhanced from
~20% to 80% subsequent to the attenuation of noise in images.
The mechano-optical coupling ability of the device provides a
new strategy for integrating sensing, processing, and in-memory
computing at the single-device level for biomimetic multi-
sensory perception and next-generation robotic intelligence.

3. Conclusion

ML materials inherently emit instantaneous luminescence,
which imposes limitations on their applications in optical storage
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and processing. In this study, we present a prototype of a force-
triggered, non-volatile mechano-optical memory. This memory is
founded upon a composite system that enables multi-level stor-
age and optical access. The system is constructed by integrat-
ing the ML phosphor ZnS:Cu with PSL phosphor CaSrS:Eu. Our
proposed approach features self-charging capability, distinguish-
ing it from previously reported deep-trap ML materials, such as
BaSi,O,N,:Eu?* and BaSi,0,N,:Eu’**/Dy**, where pre- and post-
irradiation are essential. Furthermore, the energy storage and re-
lease processes of the PSL phosphor CaSrS:Eu exhibit enhanced
stability, enabling repeatable NIR stimulated emission. The com-
posite system exhibits high PSL efficiency and can response
to a single mechanical stretching stimulation. Consequently, it
holds promise for implementation in smart sensors and artificial
intelligence platforms designed for human-machine interfaces.
Through precise control of the mechanical stimuli, non-volatile,
multilevel data can be inscribed into the memory with superior
repeatability. Moreover, we demonstrate a six-level long-term sta-
ble memory state featuring optical readout and the capability for
repeated write/erase cycling capabilities. This accomplishment
paves the way for the development of artificial strain-gated op-
tical memory. In addition, our device showcases well-behaved,
multilevel, and non-volatile response characteristics. As a result,
it effectively accomplishes both neuromorphic visual pattern pre-
processing and intricate logic operations.

Potentially, the utilization of force as an alternative trigger
presents a more straightforward, practical, and one-step solu-
tion for scenarios such as biomimetic devices, in comparison to
those relying on electricity or heat. As an information-processing
and storage strategy, unconventional mechanical computing can
augment traditional electronic computing by incorporating novel
mechanical systems. In our devices, ML or PSL (represented by
specific physical parameters) is abstracted into binary numbers to
sense, interact with, and process mechanical information in the
environment. This strategy exhibits the capacity to interact with
and adapt dynamically to environments that are beyond the reach
of conventional electronic computing methods. Specifically, the
self-reproducibility of ML from ZnS:Cu endows the device with
the autonomy to operate without reliance on an external power
source. Its operation is manifested through optical signal read-
out, thereby eliminating the need for traditional circuitry and
ensuring reliable performance under arduous conditions such
as underwater environments, intense electromagnetic fields, and
aerospace settings. These findings could contribute to the devel-
opment of multi-modal mechano-optical hardware and concepts
for information computing and artificial intelligence.

4. Experimental Section

Phosphor Synthesis and Device Fabrication: ML phosphor ZnS:Cu
was procured from Global Tungsten & Powders Co. PSL phosphor
Cag5Srg.75S:Eu (CaSrS:Eu) was synthesized by the traditional high-
temperature solid-state method. The raw materials CaS (99.99%), SrS
(99.99%), and EuCl;-6H,0 (99.9%) were acquired and utilized without
further treatment. Stoichiometric ratio of raw materials was weighed,
blended, and meticulously ground for 30 min in an agate mortar. Sub-
sequently, the homogeneous mixture was transferred into alumina cru-
cibles and sintered in a corundum tube furnace at 1000 °C for 4 h un-
der a N, atmosphere. The ML phosphor composite was fabricated by ho-
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mogeneously incorporating ZnS:Cu powders into the PDMS matrix at a
weight ratio of 6:4. PDMS was formulated from its base and crosslink
at a weight ratio of 10:1. The composite was then placed within a vac-
uum chamber for 30 min to eliminate the air bubbles. Subsequently, the
ZnS:Cu/PDMS composite was cured at 80 °C for 2 h, followed by natural
cooling. CaSrS:Eu phosphor was thoroughly mixed into the UV-curable ad-
hesive (Norland NOA 61) matrix at a weight ratio of 3:7 and spin-coated
on the ZnS:Cu/PDMS plate. Subsequently, the sample was irradiated with
a UV lamp (365 nm) for 10 min to ensure complete curing.

Material Characterizations and Photoresponse Measurements:  An X-ray
diffractometer (Bruker D8 Discover: A = 1.5406 A, Cu Ka1 radiation) was
employed to explore the crystal structure of the phosphors. Scanning elec-
tron microscopy (SEM) analysis was conducted using a Zeiss Sigma 500
field emission SEM system. The PL, ML, persistent luminescence, and PSL
spectra were measured by means of a PyLoN CCD camera coupled with
SpectraPro 300i spectrophotometer. The PL spectra were recorded un-
der 365 nm laser excitation. During the ML measurement, the stretching-
releasing and knocking operations were achieved using a custom-made
mechanical drive system, as shown in Figure S17 (Supporting Informa-
tion). A manipulator electric clamp MCE-3G-02-050 was utilized to supply
periodic strain. The PSL spectra were measured using 980 nm laser exci-
tation. The laser power was measured using laser power and an energy
meter (FieldMaxII-TOP, Coherent). TL was measured by a fluorescence
spectrometer (FLS1000, Edinburgh Instruments) with a versatile heating
system (Linkam THMS600). The samples were irradiated with UV light
(365 nm) for 1 min and then allowed to left for 3 min. Subsequently, the
TL spectra were recorded at the optimal emission peaks. Luminescent de-
cay curves were recorded by a photomultiplier (PMT) ((H11902-04, Hama-
matsu) coupled with Tektronix DPO3034 oscilloscope. The luminescence
photos were captured using a mirrorless camera (Sony NEX-5N) equipped
with a Sigma (56 mm 1.4) lens.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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