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Li Promoting Long Afterglow Organic Light-Emitting
Transistor for Memory Optocoupler Module

Yusheng Chen, Hanlin Wang, Hu Chen, Weimin Zhang, Michael Pétzel, Bin Han,
Kexin Wang, Shunqi Xu, Verdnica Montes-Garcia, lain McCulloch, Stefan Hecht,

and Paolo Samori*

The artificial brain is conceived as advanced intelligence technology, capable
to emulate in-memory processes occurring in the human brain by integrating
synaptic devices. Within this context, improving the functionality of synaptic
transistors to increase information processing density in neuromorphic chips
is a major challenge in this field. In this article, Li-ion migration promoting
long afterglow organic light-emitting transistors, which display exceptional
postsynaptic brightness of 7000 cd m~2 under low operational voltages of
10 V is presented. The postsynaptic current of 0.1 mA operating as a built-in
threshold switch is implemented as a firing point in these devices. The
setting-condition-triggered long afterglow is employed to drive the
photoisomerization process of photochromic molecules that mimic
neurotransmitter transfer in the human brain for realizing a key memory rule,
that is, the transition from long-term memory to permanent memory. The
combination of setting-condition-triggered long afterglow with photodiode
amplifiers is also processed to emulate the human responding action after the
setting-training process. Overall, the successful integration in neuromorphic
computing comprising stimulus judgment, photon emission, transition, and

1. Introduction

Artificial intelligence (AI) technology is im-
posing a paradigm shift in our society
in view of its potential to profoundly im-
prove the quality of life on our planet.
Von Neumann’s computing architectures,
which are at the basis of modern com-
puters, are characterized by a physical
separation between the units responsible
for information processing and those for
data storage, rendering interactive process-
ing of big data in AI technology severely
limited by the calculation speed and the
high-power consumption.['! Conversely, in-
memory calculation systems have more re-
cently emerged in view of their drasti-
cally enhanced computation performance
which has been achieved by eliminating
all slow data access steps, upon relying ex-
clusively on data stored in random-access

encoding, to emulate the complicated decision tree of the human brain is

demonstrated.

memory. Such a platform can be real-
ized upon the integration of crossbar ar-
rays of synaptic transistors, by mimicking
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biological nervous systems, as widely utilized for pattern recog-
nition tasks such as MNIST handwritten digit recognition.?] Al-
though the functionalities of synaptic transistors have been im-
proved significantly during the last few years via state-of-the-art
semiconductor technology,®! three major challenges still need to
be addressed. i) The synaptic connection network in the human
brain features a 3D configuration and displays high-density of
neuron signal transmission and processing. These features can-
not be sufficiently emulated by making use of the widely-adopted
crossbar array architecture.l*! ii) Synaptic transistors have so far
expressed two synaptic functions, namely spike time-dependent
plasticity (STDP) and short-term memory (STM) to long-term
memory (LTM) transition.’) However, the transition from the
LTM to the permanent memory (PM) still needs to be demon-
strated. In-depth research on this topic revealed that in mam-
malian nervous systems, the duration of Ca?*-dependent synap-
tic memory is on the timescale of hours in the neuron whereas
more persistent or solidified memory requires the aid of protein
synthesis.[®] The controlled synthesis of materials capable to store
information in a non-volatile manner by exploiting postsynap-
tic current (PSC) represents a promising pathway to mimic this
function. iii) The integrate-and-fire is a key function of spiking
neurons, with a threshold defining if the neurons fire or not.l”!
However, achieving this decision-making process (fire) in neu-
romorphic electronic circuits requires the integration of synap-
tic transistors and current comparators, leading the technical
complexity.l®] A potential strategy to achieve the same complex
function by mastering a simpler fabrication process, in a plat-
form exhibiting low power consumption, could rely on the design
of unprecedented synaptic devices comprising a built-in thresh-
old switch.

Compared with electrical signals which are nowadays well-
established for digital computations, multiple optical signals can
simultaneously function in the absence of mutual interference
to enable processing of complex information. Hence, optical sig-
nals combine specific advantages such as anti-jamming, lower
power consumption, and large bandwidth, paving the way toward
their successful exploitation in optocoupler, optical communica-
tion, and photonic integrated circuits.®! Upon inserting a float-
ing gate structure in a hybrid organic light-emitting transistors
(OLETS) architecture, it was possible to combine long afterglow
light emission with a synaptic function resulting in long after-
glow OLETs (LAOLETS), which featured simultaneously multiple
functions, that is, light generation characteristic of light-emitting
diodes, the signal amplification of field-effect transistors, and
the synaptic current modulation by charge storage units.l'% At
the same time, optically switchable organic field-effect transis-
tors (OSOFETs) are another type of multifunctional device that
can realize multi-level non-volatile current modulation by blend-
ing semiconducting polymers with photochemically switchable
molecules such as diarylethenes (DAEs)).['!] One can foresee the
use of synaptic light emission to trigger the photo-isomerization
of DAEs in electronic devices as a route to mimic the LTM-to-
PM transition. However, the high operational voltage and faint
brightness in afterglow emission of LAOLETs have represented
major bottlenecks for their application in memory optocouplers.

Increasing the capacitance of the dielectric layer by re-
placing SiO, to high-k materials is a conventional method
that is employed to solve the above problems. Both in-
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organic and organic high k materials, including zirconia
(ZrOx), neodymium-doped aluminum oxide (Al,0,:Nd), cross-
linked poly(vinyl alcohol) (C-PVA), poly(vinylidene fluoride-
trifluoroethylene-chlorofloroethylene) (P(VDF-TrFE-CFE)), have
been embedded into OLET for decreasing the operation voltage
to the amplitude of 20 V.[12l Moreover, the implementation of Li-
ion doping into the dielectric scaffold as an electrolyte has been
exploited to mimic versatile synaptic functions, including STDP
and paired-pulse facilitation (PPF).['¥] Herein, we propose a Li-
ion (Li*) doped high k dielectric material such as AL, O, as an
electrochemically active layer to fabricate highly efficient and low
operation voltage LAOLETS. Boosted by the LiAlO, ionic layer, the
LAOLET: displayed excellent field-effect mobility and maximum
brightness corresponding to 1.90 cm? V-1 s7! and 4000 c¢d m~2
respectively, when powered by a bias voltage of 10 V. Strong post-
synaptic brightness (PSB) surpassing 7000 cd m~* was observed,
upon applying Vs =10V and 1.0 Hz at V;g = 10 V. The device ar-
chitecture and material layers of the memory optocoupler are por-
trayed in Figure 1a. The platform comprises a LAOLET as synap-
tic light emission input, an OSOFET as a non-volatile current
storage element, and a photodiode amplifier (PDA) as responsive
power output. As illustrated in Figure 1D, the faint presynaptic
stimulus triggers a limited Li* migration thereby yielding PSC
that powers light emission in the LAOLETSs. Importantly, light
emission is only observed when the PSC of the LAOLETs exceeds
the decision-making point (DMP), being ~0.1 mA. Therefore, a
built-in threshold switch has been successfully integrated into
hardware for higher-dimensional data processing. Furthermore,
upon using PSC-driven long afterglow emission to photo-encode
the OSOFET, photo-isomerization of DAEs could be realized for
non-volatile memory, which emulates the biological LTM-to-PM
transition via memory protein synthesis occurring in the synap-
todendritic compartment (Figure 1c). Complicated decision-to-
action processing has been encoded by integrating the OSOFETs
with a PDA, where output voltage can be spiked by the setting-
PSC triggered long afterglow.

2. Results and Discussion

2.1. Deposition of High k Electrolyte Layer

The morphology of the Cr gate electrode before and after ther-
mal annealing at 360 °C for 2 h was assessed by atomic force
microscopy, as displayed in Figure S1a,b (Supporting Informa-
tion), respectively. The root mean square roughness (Ryys) of the
Cr gate slightly increased from 0.85 to 1.10 nm, indicating that
the Cr material does not undergo severe deterioration upon heat-
ing. A thin film bilayer of high-k materials LaAlO,/LiAlO, was
deposited on the Cr gate via spin-coating, as a dielectric layer and
electrolyte layer, respectively. This LaAlO, /LiAlO, thin film ex-
hibits an Ry, of 0.86 nm, allowing the use of facile, continuous
deposition of multilayers (Figure S1c, Supporting Information).
Notably, the blending ratio of metal ions in the electrolyte thin
film can be tuned by precursor solution mixing and further evalu-
ated by X-ray photoelectron spectroscopy (Figure S2, Supporting
Information). The chosen atom ratios of La: Al and Li: Al amount
to 50:50 and 17:83, respectively.

To systematically explore the function of Li-doping, synap-
tic transistors based on different electrolyte layers, AlO,, and
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Figure 1. Setting-PSC triggered permanent memory record and action via memory coupler. a) Schematic diagram of memory optocoupler, where the bot-
tom panel is LAOLET, the upper left panel is PDA and the upper right panel is OSOFET. b) lllustration diagram of the decision-making process of the mem-
ory coupler. c) Schematics of signal processing and storage in biological neurons. The long-term potentiation comprises an early and a late phase which
are independent and dependent to the protein synthesis, respectively. The protein synthesized in the synaptodendritic compartment maintains a longer
time than the Ca2* permeated from the presynaptic neuron.[8%14] d) Chemical structure of poly[9,9-bis (60-(N, N-diethylamino)hexyl)-fluorene-alt-9,9-
bis (3-ethyl (oxetane-3-ethyoxy)-hexyl)-fluorene] (PFNOX), green light-emitting spiro-copolymer (SpiroG), poly(9,9-bis(6-trimethyl-ammoniumiodide)-
hexylfluorene-2,7-diyl-alt-(benzo[2,1,3]thiadiazol-4,7-diyl)) (PFNBT), poly(indacenodithiophene-co-benzothiadiazole) (IDT-BT) and1,2-bis(5-(3,5-di-tert-
butylphenyl)—2-methylthiophen-3-yl)cyclopent-1-ene (DAEtBu).
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Figure 2. Reconfigurable synaptic behavior via Li* doping. a) Schematic diagram of synaptic transistor based on LiAlO, electrolyte, with the Li* migration
supporting synaptic function. Transfer curves of synaptic transistors based on b) AlO, and c) LiAlO,, under various sweep ratios. Time-dependent
measurement of AlO,-based synaptic transistors carried out by positive V5 spiked with the frequency of d) 0.25 Hz, e) 0.5 Hz, and f) 1.0 Hz, respectively.
Time-dependent measurement of LiAlO,-based synaptic transistors carried out by positive V5 spiked with the frequency of g) 0.25 Hz, h) 0.5 Hz, and

i) 1.0 Hz, respectively. The pulse width of V5 spikes is set at 0.4 s.

LiAlO,, were fabricated for comparison (Figure 2a). The trans-
fer curves of these devices were measured under different sweep
rates. As plotted in Figure 2b and Figure S3a (Supporting In-
formation), AlO,-based synaptic transistors exhibit lower mo-
bilities of 1.60 cm? V~! s7!, narrow memory window (quali-
fied by shifted threshold voltage, AVy,) of 1 V and scanned
gate-source current (Ic¢) hysteresis, which is ascribed to pro-
ton migration.’”! Upon doping the transistor with 17% Li*
(Figure 2c), a tenfold enhancement in the field-effect mobil-
ity was observed, reaching 14.2 cm? V~! s71, larger anticlock-
wise drain-source current (Ipg) hysteresis of 3 V and I¢ hys-
teresis of 1 V, which can be interpreted by an increase of the
moving ion concentration and Li* intercalation into the channel
layer.l1%]

Adv. Mater. 2024, 2402515 2402515 (4 of 9)

The synaptic behavior of these transistors was explored by
means of time-dependent characterizations, upon applying a Vg
of 5 Vand V4 of 3V as presynaptic and postsynaptic inputs, re-
spectively. Obviously, a stronger first PSC of LiAlO,-based synap-
tic transistors was reached at 1.45 mA, which should be com-
pared to the 0.14 mA first PSC of AlO,-based synaptic transis-
tors obtained when 0.25 Hz Vg pulse applied (Figure 2d,g).
Upon increasing the frequency of V¢ pulses, PPF in AlO,-based
synaptic transistors raises from 2.06% to 3.79%, 6.26%, 9.78%,
and 13.1%, when 0.33, 0.5, 0.75, and 1.0 Hz V4 pulses are
spiked, respectively (Figure 2e,f; Figure S4a,b, Supporting Infor-
mation). However, PPF in LiAlO,-based synaptic transistors in-
creases from 10.5% to 14.3%, 16.9%, 21.5%, and 28.5%, when
0.33, 0.5, 0.75, and 1.0 Hz Vg pulses are spiked, respectively

© 2024 The Authors. Advanced Materials published by Wiley-VCH GmbH
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(Figure 2h,i; Figure S4c,d, Supporting Information). The evolu-
tion of the PPF indexes of AlO,-based, 8%-LiAlO,-based, 17%-
LiAlO,-based synaptic transistors at different time intervals were
plotted in Figure S5a (Supporting Information). We found an
exponential decay with the increasing time interval of the Vg
pulse. The higher PPF values were observed in the devices with
higher Li doping content, indicating the reconfigurable synap-
tic behavior originated from the Li* migration. The k value of
LaAlO, /LiAlO, was quantified by impedance measurements in a
sandwiched capacitor of Cr/LaAlO, /LiAlO, /Al From k-frequency
(k--F) curves (Figure S5b, Supporting Information) the k value
of LaAlO, /LiAlO, was estimated as 12 at 1000 Hz, being drasti-
cally larger than the one of SiO, (3.9) which was used in previous
studies.

2.2. Synaptic Light Emission in Low Voltage LAOLETs

Supported on the LaAlO,/LiAlO, electrolyte layer, low voltage
LAOLETs were fabricated by orthogonal spin-coating the indium-
gallium-zinc oxide (IGZO), PFNOX, SpiroG, and PFNBT as
channel layer, electron transport layer, light-emitting layer, and
hole transport layer, respectively. The chemical structures of
these compounds are reported in Figure 1d. The multilayered
device architecture was visualized by cross-section scanning elec-
tron microscopy (SEM) imaging (Figure 3a). The performance of
low-voltage LAOLETs was characterized subsequently.

The combined electrical/optical hysteresis transfer curves of
low voltage LAOLETs were measured when a drain-source volt-
age (Vps) of 10 V was applied and gate-source voltage (V) was
swept from —5 to 10 V and then back to -5 V (Figure 3b), re-
vealing an anti-clockwise hysteresis of AVy, =5 V. The operation
mechanism of the LAOLETS is displayed in Figure 3c. When a
positive gate voltage is applied, the mobile Li* ions in the elec-
trolyte layer migrate toward the LiAlO, /IGZO interface forming
an electrical double layer (EDL),'”] and trigger the intercalation
of some Li* ions into the IGZO channel yielding electrochemical
doping which determine an increase of the free electron charges
concentration in the channel.['%*<18] Both the EDL forming and
electrochemical doping can enhance the conductance of IGZO.
Once the gate voltage is removed, these displaced Li* ions are ex-
tracted for dynamic recombination, thus providing a sustainable
enhancement of the mobility of the channel layer. During Li* mi-
gration, the electrons are injected from the source Al electrode
into the electron transport layer through IGZO at a high conduc-
tivity state. At the same time, the hole carriers are injected from
the drain Au electrode into the hole transport layer, leading to
electron/hole recombination in the SpiroG emitting layer, thus
yielding photon emission. This low-voltage LAOLET exhibits a
superior field-effect mobility of 1.90 cm? V= 571, an I /Iop ra-
tio of 10%, and maximum brightness with green color emission
of 4000 cd m~2. Notably, these devices can be operated when
higher both V4 and V¢ of 12 V applied, yielding to mobility
of 4.56 cm? V! s71, a maximum brightness of 12 000 cd m~2,
and AVy, of 8 V (Figure S6a, Supporting Information). More im-
portantly, the trigger current of these devices was estimated be-
ing 0.1 mA. Herein, I = 0.1 mA represents the DMP. In other
words, when PSC is below 0.1 mA, no light emission is observed
whereas when PSC exceeds 0.1 mA, light emission takes place as
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decision-making. The combined electrical/optical output curves
oflow voltage LAOLETs were also evaluated (Figure S6b, Support-
ing Information), which revealed a V¢ turning on the devices at
~9 V. Optical images of devices under various Vg were captured
and displayed in Figure 3d.

To elucidate the synaptic behavior of LAOLETs, time-
dependent measurements were carried out. First, a series of Vg
pulses of 2 V were applied as weak presynaptic stimulus and
Vps of 10 V was applied as postsynaptic terminals, as plotted in
Figure 3e. Although PSC exhibits synaptic behavior with a PPF
0f9.5%, the value of PSC after stimulus spiked is only 2#0.01 mA,
being too low to power the light emission. Subsequently, different
frequency Vg pulses of 10 V were applied as a strong presynap-
tic stimulus. As plotted in Figure 3f-h, strong presynaptic pulses
dramatically facilitate the PSC to 0.9, 1.3, and 3.0 mA in 24 s,
when 0.25, 0.5, and 1.0 Hz Vg is spiked. Under these conditions,
the PSC is strong enough to drive the light emission of devices,
resulting in postsynaptic brightness (PSB) as high as 3500, 4200,
and 7000 cd m~2. A higher frequency presynaptic input leads to
a higher PSC and PSB, which represents the important synap-
tic behavior of STDP. Moreover, the PSC and PSB after 0.25 Hz
and 0.5 Hz V¢ pulses decay rapidly, whereas an increased life-
time of PSC and PSB after 1 Hz V4 pulses has been observed
and it can be estimated from the fitting as 1.45 and 1.89 s (Figure
S7a,b, Supporting Information), respectively. These results nicely
demonstrate the STM-to-LTM transition as another important
synaptic behavior.

2.3. Light Switchable Memory of Low Voltage OSOFETs

To demonstrate the LTM-to-PM transition, a low voltage OS-
OFET was fabricated on an ultra-flat glass substrate with trans-
parency of 90% from 350 to 800 nm (Figure S8a, Supporting In-
formation), in a top-gate bottom-contact configuration, with high
k material, that is, poly(vinylidene fluoride-co-trifluoroethylene)
(PVDF-TYFE, kpyprrpe = 11.5), employed as a dielectric layer
(Figure S8b, Supporting Information). Photochromic molecules
DAEtBu were blended with z-conjugated polymer IDT-BT in a
10% weight ratio, operating as a photo-switchable channel layer.
DAEtBu exhibited excellent compatibility with IDT-BT, avoid-
ing the occurrence of phase separation within the blend film
(Figure S9, Supporting Information). The opto-electrical proper-
ties of OSOFETs based on the IDT-BT monocomponent films
and their blends with DAEtBu were investigated. The chem-
ical structures and energy levels of IDT-BT and DAEtBu are
portrayed in Figure 1d and Figure 4a respectively. The photo-
switchable current modulation of OSOFET is interpreted via the
photo-isomerization process of DAEtBu. When DAEtBu under-
goes photoswitching from the open-ring to the closed-ring iso-
mer, its highest occupied molecular orbital level rises from —5.60
to —4.80 eV, yielding a trap for the hole carriers transported
within IDT-BT, ultimately reducing the mobility of the device.
The transfer curves of IDT-BT-based devices are reported
in Figure S10 (Supporting Information). They show that the
control devices comprising IDT-BT neat films lacks a current
photomodulation upon irradiation with UV light (4 = 312 nm,
0.3 mW cm™2) and visible (Vis) light (A = 530 nm, 10 mW cm™2).
In contrast, 10% DAEtBu blend transistors displayed a
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Figure 3. Electrical and optical characterization of low voltage LAOLETs. a)

Cross-sectional SEM image of LAOLETs. b) Electrical and optical transfer

curves of LAOLETs. The black and green lines represent the electric and brightness curves, respectively. ¢) Energy-level diagrams of LAOLETs representing
the hole and electron recombination upon EDL formation. d) Optical images of LAOLETs when Vpg of 12 V and different Vg are applied. e) Time-
dependent measurement of LAOLETSs carried out by weak positive Vg spiked with the frequency of 1.0 Hz. Time-dependent measurement of LAOLETs
carried out by positive Vg spiked with the frequency of f) 0.25 Hz, g) 0.5 Hz, and h) 1.0 Hz, respectively.

well-defined photo-switching behavior. After the first 5 min
UV light irradiation, Ig of all devices decreased significantly,
which is attributed to the generation energy trap states upon
isomerization of DAEtBu ring-closure. Subsequent 10 min Vis
light irradiation triggered the close-to-open back-isomerization
thereby making it possible to restore the initial Ij,q. The photo-
modulation efficiency and photo-recovered efficiency of OSOFET
in the second UV/Vis irradiation cycle were 98.2% and 99.6%,
respectively. (Figure 4b).

For the sake of comparison, time-dependent investigations of
OSOFETs with and without DAEtBu were carried out. To reset

Adv. Mater. 2024, 2402515 2402515 (6 of 9)

the measurement, the devices were initially irradiated with UV
light for 5 min. Then, ten visible light pulses were applied as
a switch-on stimulus (Figure S11, Supporting Information). No-
tably, a bias-stress effect has been observed in these devices be-
cause of the dipole polarization in PVDF-TrFE.["] Because of this
reason, the photocurrent was corrected by a bias-stress fitting line
and then plotted in Figure 4c,d for analysis.[?! In the case of IDT-
BT bare devices, each pulse of laser light irradiation determines
a weak photocurrent of ~0.06 pA. Such photoresponsive current
originates from the photonic absorption of IDT-BT. In contrast,
DAEtBu-blend devices present a higher photocurrent of ~0.25 uA

© 2024 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 4. Characterization of OSOFETs and setting-PSC triggered neurotransmitter transfer memory optocoupler. a) Energy-level diagrams of OSOFETs
representing the optically triggered charge trapping and untrapping process. b) Reversible /s modulation of IDT-BT/DAEtBu based OSOFETs upon

cycling UV (312 nm, violet shaded areas) and Vis (530 nm, green shaded

areas) light irradiation when Vg of 10 V and Vg of 8 V applied. Ips—time

changing curves (corrected for bias stress) in c) neat IDT-BT-based transistor and d) IDT-BT: DAEtBu transistor with irradiation of 530 nm laser for
ten times through gate side. The width and interval of irradiation light are 2 and 3 s, respectively. e) Circuit diagram of PSC triggered neurotransmitter
transfer memory optocoupler, including one LAOLET and one OSOFET, where Vg, = 10V, Vp; = 8 V and Vp, = 12 V applied. f) Normalized spectra
of electroluminescence (EL) of LAOLETs and absorption of close-state DAEtBu. Real-time measurement of memory optocoupler when three times of

g) Vo, =2V and h) Vg, = 12V applied, respectively.

as a result of Vis light irradiation. Furthermore, once the Vis
light irradiation is removed, the photocurrent decays slightly
and maintains a photo-memory current, underlining multi-levels
photo-encoding capability. After ten pulses of Vis light irradia-
tion, a photo-memory current of ~2 pA was recorded (Figure 4d).

2.4. Realization of Memory Optocoupler

To implement the concept of neurotransmitter transfer in elec-
tronic devices via a light bridge, a pre-switch-off OSOFET was
stacked onto the LAOLET. The circuit diagram of the setting-PSC
triggered neurotransmitter transfer memory optocoupler is dis-
played in Figure 4e. Both normalized electroluminescence spec-
tra of LAOLETs and absorption spectra of active materials in the
OSOFET (ring-closure DAEtBu) were plotted in Figure 4f for
comparison. The light emitted by the LAOLETS, spanning from
480 to 700 nm, can undoubtedly be absorbed by the DAEtBu’s
closed isomer, resulting in a synaptic light emission triggering
the photo-isomerization process.

Real-time measurements of the memory optocoupler were car-
ried out when the Vi, of 10V, V5, of 8 V, and V|, of 12 V were
applied. Initially, three pulses of V;, of 2 V were performed as a
weak presynaptic stimulus (Figure 4g; Figure S12a, Supporting
Information). Drain-source current of LAOLET (I yopr) Was de-
tected as PSC, increased from 0.018 to 0.022 mA. Obviously, this
PSCis too weak to reach the DMP and it decays rapidly as volatile
memory. Therefore, the recorded drain-source current of the OS-
OFET (Isoppr) record is negligible because of the absence of light
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irradiation. Different current outputs have been recorded when
three enhanced V., of 12 V were applied (Figure 4h; Figure S12b,
Supporting Information). Enlarged PSC at *mA amplitude was
recorded, surpassing the DMP, indicating the successful activa-
tion of the long afterglow emission. Interestingly, a long-lasting
photo-responsive current of 0.40 pA was recorded in the OSOFET
from 40 to 65 s. Furthermore, after V, and V|, removal at 65 s,
the photomemory current of 0.30 pA was preserved, implying
that the successful isomerization of the DAEtBu from the closed
to the open state under the irradiation of PSB. In this way, the
PSC spiked photic flux encodes a non-volatile current level, real-
izing the neurotransmitter transfer and LTM-to-PM transition.
To verify the performance of synaptic light as DMP in the logic
decision tree, another memory optocoupler was investigated,
whose equivalent circuit diagram is depicted in Figure 5a. Two
pressure sensors (Sensor 1 in yellow and Sensor 2 in pink) were
integrated with LAOLET and PDA to mimic the biological train-
ing and reaction terminal, respectively. As shown in Figure 5b,
before training on Sensor 1, the pressure stimulus on Sensor 2
does not yield any response. In Figure 5c, a low V3 of 2 V and
three-times training pressure applied on Sensor 1 are operated
in weak training processing of tactile information. In this case,
the reaction terminal still does not respond to the pressure stim-
ulus on Sensor 2, because the PSC of 0.02 mA does not achieve
DMP. Intense training was realized by enhancing V; of 10 V
and applying three-times of pressure on Sensor 1. As a result, the
PSC of LAOLETs increased to 5 mA thereby triggering light emis-
sion. Furthermore, after this intense training, PSC maintains to
power the long afterglow emission, which can spike the PDA for

© 2024 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 5. Characterization of setting-PSC triggered action memory optocoupler. a) Circuit diagram of PSC triggered action memory optocoupler, where
Vg3 = Vp3 = 10 V applied. Real-time measurement of PSC triggered action optocoupler b) without training, c) with weak training, and d) with strong

training, respectively.

converting the photocurrent to photovoltage output. During
synaptic memory time, obviously current response to tactile on
Sensor 2 was recorded (Figure 5d).

3. Conclusion

In summary, we have demonstrated that the reconfigurable
synaptic behavior via Li* doping into electrolyte is a power-
ful approach to fabricate high-performance and low power-
consumption LAOLETs endowed with a built-in threshold for fir-
ing decision (PSC = 0.1 mA). In particular, we showed that the
long afterglow occurring in LAOLET can simultaneously realize

|

STM

Rehearsal
Decay
LTM
1 Built-in Threshold
No, it is noise. Yes, it is important.
v Photo Encoding

Figure 6. Decision tree of memory optocoupler based on multifunctional
devices presented in this work.

[ PM or Action ]
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the multifunctionality of in-memory calculation, light-emission,
and decision-making process. Importantly, two memory opto-
coupler modules were achieved to prove the concept of synaptic
electronic—photonic interaction in neuromorphic logic circuits.
Upon integrating LAOLET and OSOFET, the PSC-driven PSB
has been utilized to power photo-isomerization of DAEs, mim-
icking the LTM to PM transition in the human brain which can
otherwise only be achieved via the cumbersome protein synthe-
sis occurring in the synaptodendritic compartment. By combin-
ing LAOLET and PDA, the PSC-driven PSB has been utilized
to mimic the decision-making process as an electrical voltage
output.

In the future, memory optocouplers based on these multifunc-
tional devices can emulate the artificial intelligent decision-tree
(Figure 6). In an artificial brain, short-time stimulus or train-
ing spiked with a low PSC, that is, below DMP, yields a van-
ishing stimulus that corresponds to a volatile data storage. Con-
versely, rehearsal training can facilitate the PSC to exceed the
DMP, thereby powering light emission for photo-encoding. The
long afterglow can be capable not only to generate PM but also
to turn on an output voltage for driving artificial versatile tissues,
such as muscles.

Supporting Information

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