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Mimicking memory processes, including encoding, storing, and retrieving
information, is critical for neuromorphic computing and artificial intelligence.
Synaptic behavior simulations through electronic, magnetic, or photonic
devices based on metal oxides, 2D materials, molecular complex and phase
change materials, represent important strategies for performing computa-
tional tasks with enhanced power efficiency. Here, a special class of mem-
ristive materials based on persistent luminescent memitters (termed as a
portmanteau of “memory” and “emitter”) with optical characteristics closely
resembling those of biological synapses is reported. The memory process and
synaptic plasticity can be successfully emulated using such memitters under
precisely controlled excitation frequency, wavelength, pulse number, and
power density. The experimental and theoretical data suggest that electron-
coupled trap nucleation and propagation through clustering in persistent
luminescent memitters can explain experience-dependent plasticity. The use
of persistent luminescent memitters for multichannel image memorization

1. Introduction

With an exponential increase in unstruc-
tured data connecting to the internet,
computing speed and energy efficiency
become challenging because of the
speed-mismatch-induced memory wall
between memory units and proces-
sors. Inspired by key features of human
memory, researchers have devoted con-
siderable effort to develop smart devices
or machines that imitate social memory
organization and information  pro-
cessing.® Indeed, memory behaviors
with synaptic plasticity and neural com-
putation have been demonstrated using
electronic and magnetic devices com-
prising memristive materials, including
inorganic semiconductors (e. g. TiO,

that allows direct visualization of subtle changes in luminescence intensity
and realization of short-term and long-term memory is also demonstrated.
These findings may promote the discovery of new functional materials as
artificial synapses and enhance the understanding of memory mechanisms.
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MoO,, MgO) and organic molecules.”!
Furthermore, optoelectronic memristors
based on photosensitive mediums have
also been realized through optical manip-
ulation with enhanced resistive properties
and recognition imaging contrast, closely
resembling how light manipulation increases learning and
memory through distinct retina—brain pathways and glutamate
production.*-23]

Compared with their electronic and magnetic counterparts,
all-photonic memristors allow ultrafast operation speed, low
power consumption, unlimited bandwidth, and precise spati-
otemporal control, thus holding potential as ideal platforms
for implementing on-chip, integrated photonic neuromorphic
systems.[26-2] Currently, information encoding and decoding
using all-photonic memristors are mainly achieved by varying
transmittance under light irradiation through phase-change
materials. Despite considerable efforts, synaptic plasticity
modeling based on conventional all-photonic memory devices
is generally limited to short-term plasticity and long-term
plasticity. Particularly, experience-dependent plasticity or
Ebbinghaus forgetting curve for memory consolidation has
not been demonstrated. In this study, we demonstrate infor-
mation encoding and decoding using a special class of per-
sistent luminescence memitter (termed as a portmanteau of
memory and emitter). We emulate different phases of post-
synaptic responses by modulating the optical parameters of
the memitter, including irradiation frequency, pulse number,
power density, duration, and wavelength. Based on direct
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Figure 1. Bioinspired all-photonic synapse enabled by persistent luminescent memitters. a) Basic operation mechanism of a biosynapse synapse, in
which electrical activity in the presynaptic neuron triggers the release of neurotransmitters that bind to receptors embedded in the plasma membrane
of postsynaptic cells. b) STP and LTP are realized in a biosynapse under stimulation of different action potentials. c) Schematics showing the basic
operation mechanism of a phosphor-based memitter synapse. d,e) Manipulation of persistent luminescence at varied pulse frequencies can be used
to emulate LTP and STP. Artificial STP can be realized by subjecting the phosphor to a low pulse frequency (0.1 Hz) (d), while LTP is possible under a

high pulse frequency of 100 Hz (e). The excitation and emission wavelengths are at 260 and 440 nm, respectively.

visualization of luminescence intensity changes, we also dem-
onstrate multichannel image processing for short-term and
long-term memory.

2. Result and Discussions

When an action potential reaches the presynaptic terminal,
neurotransmitters are released from the neuron into the syn-
aptic cleft with concomitant signal transmission. Frequent
stimulation causes long-term enhancement in the strength of
the synaptic connection (Figure 1a).3% Short-term potentiation
(STP) results from an increased probability of releasing neu-
rotransmitters in response to presynaptic action potentials
and lasts from milliseconds to several seconds. Meanwhile,
long-term potentiation (LTP) is an increased synaptic response
following an action potential and persists above the baseline
response for hours or longer (Figure 1b).13! We thus argued that
it is possible to produce similar effects on synaptic plasticity by
controlling the afterglow properties of PL phosphors through
pulsed light stimulation (Figure 1¢).3238] In principle, upon
excitation, the electron of an emitting center is promoted to the
excited state and then captured in defect-based traps, wherein
the number of trapped electrons can be tuned by varying the
excitation frequency. As demonstrated below, more trapped
electrons induce higher-intensity and longer persistent lumi-
nescence under high-frequency excitation, which works as LTP.
Meanwhile, it works as STP when there are fewer electrons
in the traps under low-frequency excitation. During optical
excitation and decay processes, electrons serve as neurotrans-
mitters and defect-based traps are considered receptors, thereby
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enabling the synaptic plasticity of a biosynapse to be emulated
in a luminescent memitters.

To validate this hypothesis, we prepared europium-doped
calcium aluminate (CaAl,040.5%Eu?!) phosphors by a solid-
state reaction and confirmed their crystallinity by X-ray powder
diffraction and scanning electron microscopy (Figure S1, Sup-
porting Information). Under 260 nm and 375 nm excitation,
CaAl,0,:0.5%Fu?" phosphors exhibited blue emission, corre-
sponding to the 4f°5d"' — 4f’ transitions of Eu?* (Figure S1, Sup-
porting Information). The quantum yield of CaAl,0,:0.5%FEu?*
phosphors is 54.24% under 375 nm excitation. We then meas-
ured the luminescence decay curves of CaAl,0,:0.5%FEu?* phos-
phors under 260 nm irradiation at various pulse frequencies.
Under bursts of pulses at 0.1 Hz and repeated for 21 times,
the persistent luminescence intensity increased to 10* with a
dwell time of 4.3 s above the 10%-threshold after stimulation
(Figure 1d). Conversely, upon 10-pulse irradiation at 100 Hz
(with an interval of 0.01 s), the luminescence intensity increased
over a 10° with a dwell time of 16.4 s above the 103-threshold
(Figure 1e). Based on these results, TP is defined as any state
in which the luminescence intensity is maintained above the
103-threshold for 10 s after pulsed stimulation, whereas STP is
defined as any other state in which the luminescence intensity
is below the 103-threshold at 10 s.

To further study the transformation from STP to LIP,
CaAl,0,:0.5%Fu?" phosphors were excited at 260 nm under dif-
ferent frequencies (0.1, 1, and 100 Hz) and numbers of pulses.
The PL intensity at 10 s was maintained at over 10° under
1 Hz frequency irradiation with 10 pulses (Figure 2a), whereas
that of 0.1 Hz irradiation decreased below 10* even after over
100 pulses. Furthermore, the afterglow intensity under 100 Hz
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Figure 2. All-photonic synaptic plasticity and memory enabled by CaAl,0,:0.5%Eu?* phosphors. a) Transformation from STP to LTP by controlling
the luminescence intensity under irradiation of different pulse frequencies and numbers. The relative luminescence intensity was recorded 10 s after
excitation. b) The EPSI triggered by a pair of presynaptic light pulses with a 0.1-s interval. A; and A, represent the amplitudes of the first and second
EPSI, respectively. c) PPF index defined as A,/A, plotted versus the pulse interval At. The fitting line indicates that the PPF index exponentially decreases
with increasing At. Excitation and emission wavelengths are 375 and 444 nm, respectively. d) Experience-dependent plasticity realized under different
excitation/emission cycles at 100 Hz. For cycle i (i 2 1), the number of pulses needed to reach the set photoluminescence intensity is n; and the time
of the luminescence intensity decay to 0.2% is At;. ) Memory recovery mimicked under 980 nm excitation. The normalized luminescence intensity at
440 nm upon 260 nm excitation was reactivated under pulsed 980 nm light stimulus (pulse width, 40 ms). Inserted is the schematic illustration of a

typical ion channel in response to light simulation.

irradiation reached 103 after 5 pulses. Importantly, subsequent
periodic irradiation resulted in a further increase in lumines-
cence intensity, suggesting a transition from STP to LTP in arti-
ficial synapses.

In a biological synapse, paired-pulse facilitation (PPF)
refers to a synaptic process where release of neurotransmit-
ters can be activated by two proximal stimuli. A pair of light
pulses (5-ms duration) with a time delay (At) of 100 ms was
applied to the memitter (Figure 2b). The excitatory postsyn-
aptic intensity (EPSI) triggered by the second pulse was larger
than that of the first one. To evaluate the PPF of memitter-
based artificial synapse, the PPF index was introduced and
defined as PPF = (A,/A;) x 100%, where A, and A; represent
the amplitude of EPSI for the second and the first pulse,
respectively. The PPF index was plotted as a function of At
(Figure 2c), with a maximum value of 175% (At = 100 ms).
We recorded an exponential decay of the PPF index with
increasing At. Such a decay reflects a learning pattern asso-
ciated with frequently repeated training spikes in biological
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synapses.% EPSI responses to a train of 10 light pulses (5-ms
duration) at 100 Hz (Figure S2, Supporting Information). The
resulting EPSI was significantly improved compared with
that induced by a single pulse, indicating that short-term
learning and memory can be enabled by repeated presyn-
aptic stimulations. The relation between EPSI and the pulse
number showed a nonlinear response (Figure S2, Supporting
Information). Furthermore, the EPSI gain, defined as A;y/A,
was used to characterize the consolidation of post-synaptic
response induced by a train of light pulses with different fre-
quencies, where A; and A, represent the peak values of EPSI
of the first and the tenth pulse, respectively. The EPSI gain
was plotted as a function of frequency in each spike train
(Figure S2, Supporting Information). With an increase in the
spike frequency increases, the EPSI gain enhanced from
1.4 (0.1 Hz) to 2.5 (100 Hz).

Extended retention of learned information is vital for
memory. Ebbinghaus proposed that long-term memory can be
achieved by repeating learned information after increasingly
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large time gaps.*) This experience-dependent effect is
referred to metaplasticity, which is critical for attaining long-
term memory (LTM)."*2l To examine the suitability of the PL
memitter for experience-dependent plasticity, we measured the
persistent luminescence intensity through repeated irradia-
tion (Figure 2d). We pumped photoluminescence intensity to
a set level (normalized as 1) using 30 pulses and monitored the
decay time required for afterglow intensity to reach 0.2%. In
excitation cycle i (i 2 1), the number of pulses needed is n; and
the time needed for afterglow intensity to reach 0.2% is At; [s].
For i =1, n; and At, were 30 and 15.2 s, respectively; for i = 2, n,
and At, were 23 and 22.3 s, respectively; for i = 3, n3 and At;
were 22 and 25.8 s, respectively. In memory, the pumping
and decay processes in persistent luminescence correspond
to learning and forgetting, respectively. The decay time ratios
of the second and third cycle to the first cycle at 0.2% inten-
sity were 1.47 and 1.70, respectively. With persistent lumines-
cence relaxing to the same state, the forgetting time gradually
increased with i. Moreover, the required stimulus energy (pulse
number) for memory recovery in the relearning episode (i=2, 3)
was considerably weaker than that in the first learning process
(i = 1). Experience-dependent plasticity is obtained through
repeated excitation in the persistent luminescent memitter.
Similar phenomena were observed in chromium-doped zinc
gallogermanate (ZnGaGeO,:0.5%Cr*") and europium-doped
strontium aluminate (SrAl,0,:1% Eu?*) phosphors (Figures S3
and S4, Supporting Information). We have performed different
experience-dependent plasticity plots under low-frequency
(0.1 Hz) stimulation (Figure S5, Supporting Information).
At 0.1-Hz excitation, the decay time ratios of the second and
third cycle to the first cycle at 1% intensity were 1.12 and 1.15,
respectively, whereas the decay time ratios increased to 1.18
and 1.27 at 1.7% intensity, respectively. This trend suggests that
the decay time ratios between the second and third cycle to
the first cycle at 0.2% intensity are likely to be much smaller
than 1.12 and 1.15, respectively. The memitter-enabled meta-
plasticity was evidenced by increased synaptic weight with
an increase in the stimulation cycle (Figures S6 and S7, Sup-
porting Information).

Moreover, persistent luminescent memitters can emulate
the behavior whereby some disappeared memory can be revi-
talized through optical stimulation.®** To demonstrate the
memory recall through light simulation, we applied a 980 nm
laser to CaAl,0,:0.5%Fu?" phosphors after 40 s luminescence
decay and observed enhanced photoluminescence intensity
(Figure 2e). This phenomenon was attributed to the 980 nm
light moving electrons from the traps to the excited state as well
as the radiative transition of Eu?*.1*’l Notably, the luminescence
intensity was stronger upon wider pulse excitation because
more photons were absorbed by the phosphors (Figures S8 and
S9, Supporting Information).

To probe the mechanistic transformation from STP to
LTP in all-photonic memory, we measured the thermolumi-
nescence of CaAl,0,:0.5%FEu?" phosphors under different
pulse frequencies (Figure 3a). High frequencies resulted in
high thermoluminescence intensities, which largely ascribed
to the traps capturing more electrons. Using more pulses
is an effective way to strengthen LTP, which is attributed
to more generated electrons in traps, especially in deeper
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ones (Figure S10, Supporting Information). Notably, such
excitation-associated dynamics has rarely been studied, and
previously experimental and theoretical investigations were
mainly focused on afterglow behavior under steady-state
conditions. (648

We reasoned that experience-dependent plasticity should
originate from the diversity of electron trapping because the
electrons are excited by different conditions. Further, we used
density functional theory calculations to evaluate the vertical
transition energy for the electron emission from the EuVg
center to Eu’s 5d orbital or the conduction band minimum of
the CaAl,O4 host (Supporting Information). Specifically, the
energy required to release an electron from 2Eu**V,, state to
2Eu**Vot! + ecpy state can be estimated from vertical absorp-
tion (Figure 3b). First, we consider re-excitation whereby one
defect center (2Eu*Vy) as a seed is already in its excited state
and another one (2Eu’*Vy) at a different location is non-
excited (Figure S11, Supporting Information). The calculated
transition energy from the 2Eu®"Vy to 2Eu*Vy + ecpy state
of the neighboring Eu?" ion is 0.82 eV lower than that of the
one at distance. In addition, both Bader charge analysis and
charge density difference further confirmed that the excited
electron in our simulation originates from the Eu’s f electrons
(Figure 3c). Next, we studied the release of an electron from an
oxygen-vacancy-based trap. Calculated vertical transition ener-
gies from the 2Eu*V to 2Eu**Vo!* + ecpy state are 2.6 and
3.3 eV, respectively, with the two 2Eu*V, traps are in close
proximity or distant (Figure S11, Supporting Information).
Considered together, a neighboring defect center can absorb
excitation energy and release trapped electrons more easily
than a distant one.

A mechanism, namely seed-centered electron-coupled trap
clustering, is proposed based on quantum calculations and
supported by experimentation. First, a seed is formed after
a valence electron of Eu?* is trapped within a defect. With
increasing irradiation time, trap clusters form with captured
electrons and grow in the center of the seed. Traps deepen
because the Eu®"s electrons proximal to the seed are trans-
ferred to the defect more quickly than those farther away.
Clusters stopped growing when the light was turned off, and
trapped electrons near the seed release first because of shallow
trap depths. Such phenomena are likely to occur because of the
seed-induced lattice strain that facilitates electron redistribu-
tion within a short lattice distance. Thus, tuning of clusters by
light in situ was realized, and traps can be tuned dynamically.
This mechanism may be similar to that of memory formation
and consolidation in neuroscience because a similar memory
phenomenon is obtained from afterglow curves. Based on the
clustering model, for experience-dependent plasticity, some
electrons remain captured in traps far from the seed pairs
after the first learning and forgetting. With the second exci-
tation, the clusters grow and the traps deepen, resulting in a
longer afterglow.

To further verify our clustering model, we tested the power-
density-dependent properties of the luminescent memitter
(Figure 3d and Figure S12, Supporting Information). Upon
increasing the power density, the luminescence intensity
decayed faster. Moreover, high intensity, short afterglow was
observed at high excitation densities, while low intensity, long
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Figure 3. Proposed mechanism of all-photonic memory based on a persistent luminescent memitter. a) Thermoluminescence profiles of CaAl,0,:0.5%
Eu?* phosphors upon 100-pulse UV excitation (260 nm) at different frequencies (0.1, 1, and 100 Hz). b) 1D configuration coordinate diagram for release
from oxygen vacancy-based trap to host conduction band minimum, which is related to the optical transition from 2Eu*V to 2Eu**Vo* + ecgy, where
ecgw denotes the electron released to the conduction band minimum of the host. c) Electron charge difference between 2Eu?*V and 2Eu*Vq + ecpy
states when the emitter center is close to (left) or far from (right) the seed during re-excitation. The yellow isosurface represents the electron loss.
d) Normalized and simulated luminescence curves of phosphors under excitation (Ae, =260 nm; A, =440 nm) with different power densities (2.75,1.73,
and 0.69 mW cm™ for 1, 1.6, and 4 s, respectively). Experimental data well match simulations with trap depths in the ranges of 0.425-0.625 eV,
0.425-0.825 eV, and 0.425-0.90 eV under low-, medium-, and high-power excitation, respectively. This suggests that the trap depth is inversely
proportional to the pumping power. The light irradiation power is the same for every excitation process. Inset: Seed-centered defect clustering modeling
of persistent luminescence memitters. The coordinate (0,0) denotes the position of the seed. Electrons are gradually trapped within non-seed defects
that propagate from the seed toward its periphery. Simulations indicate that the defect depth increases with increasing spacing between the seed and

the defect. The color bar represents the trap depth.

afterglow was observed at low excitation densities. In line
with the seed-centered clustering model, higher power den-
sity induces smaller clusters because of the limited distance
between different clusters. Thus, the traps do not deepen
considerably, resulting in stronger and shorter afterglow.
Meanwhile, the clusters are fewer and larger when the irra-
diation power density is lower, leading to longer and weaker
persistent luminescence. We modeled seed-centered clus-
tering under different excitation powers using Python (Figure
S13, Supporting Information). To further verify the clustering
model, we obtained luminescence decay curves under different
excitation powers and cycles using Mathematica (Figure 3d and
Figure S14, Supporting Information).

Based on the multi-store memory model, stimulus frequency
distribution can affect sensory register, short-term memory
(STM), and LTM.! For a proof of concept, we demonstrated
image memory of letters L and T using a 5 x 5 array com-
prising memitters. The image memory was achieved by irradi-
ating the array 100 times at frequencies of 100 and 1 Hz, respec-
tively (Figure 4a). The relative intensity profiles (A, = 444 nm)
of pixels E3 and A3 were recorded 1, 5, 10, and 20 s after the
termination of laser excitation, respectively (Figure 4b,c, and
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Figure S15, Supporting Information). Importantly, owing to
long-lasting persistent luminescence, the multi-store memory
was achieved by directly comparing the patterns after different
time intervals (1, 5, 10, 20 s). Letter T became invisible 20 s
after exposure (100x excitation, 1 Hz), corresponding to STM.
By comparison, letter L retained weak luminescence 20 s after
exposure (100x excitation, 100 Hz), corresponding to LTM
(Figure 4d).

3. Conclusion

We have achieved all-photonic memory on the basis of per-
sistent luminescent memitters, enabling the emulation of
STP, LTP, PPF, EPSI, STM, LTM, and experience-dependent
plasticity. The high sensitivity synaptic response of memit-
ters to frequency can be harnessed to manage information
flows.PO31 This study suggests that luminescence modulation
of phosphors is a viable strategy for mimicking memory and
programing neuromorphic computing. In addition, an elec-
tron trapped seed-centered clustering model was proposed to
explain the change in persistent luminescence. This work may
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Figure 4. Image memory enabled by CaAl,0,:0.5% Eu?* memitters. a) Design of multimodal memory in which a certain number of images are recorded,
memorized, and consolidated in a 5 x 5 memitter array. In our design, graphic letters L and T were drawn through photoexcitation 100x at 100 and
1 Hz, respectively. b,c) Relative persistent luminescence intensity profiles (A, = 444 nm) of pixels E3 and A3, recorded at 1, 5, 10, and 20 s after cessa-
tion of irradiation. d) The corresponding blue-emitting pixels of letters L and T, recorded at different time intervals (1-20 s), reveal dual-modal capacity

for LTM and STM.

provide insight into understanding memory mechanisms in
bioscience, while potentially enabling low-power-consumption
computing through luminescence.

4. Experimental Section

The experimental details are provided in the Supporting Information.
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Supporting Information is available from the Wiley Online Library or
from the author.
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