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Low Switching Power Neuromorphic Perovskite Devices
with Quick Relearning Functionality

Dani S. Assi, Muhammed P.U. Haris, Vaithinathan Karthikeyan,* Samrana Kazim,

Shahzada Ahmad,* and Vellaisamy A. L. Roy*

In the quest to reduce energy consumption, there is a growing demand for
technology beyond silicon as electronic materials for neuromorphic artificial
intelligence devices. Equipped with the criteria of energy efficiency and

von Neumann architecture.’l Further-
more, the exponential demand for
post-silicon electronic devices in the
community, for cost—effective mate-

excellent adaptability, organohalide perovskites can emulate the
characteristics of synaptic functions in the human brain. In this aspect, this
study designs and develops CsFAPbI;-based memristive neuromorphic
devices that can switch at low power and show larger endurance by adopting
the powder engineering methodology. The neuromorphic characteristics of
the CsFAPbI;-based devices exhibit an ultra-high paired-pulse facilitation
index for an applied electric stimuli pulse. Moreover, the transition from
short-term to long-term memory requires ultra-low energy with long
relaxation times. The learning and training cycles illustrate that the
CsFAPDbI;-based devices exhibit faster learning and memorization process
owing to their larger carrier lifetime compared to other perovskites. The
results provide a pathway to attain low-power neuromorphic devices that are

synchronic to the human brain’s performance.

1. Introduction

Organohalide perovskites are a promising class of optoelectronic
materials with exceptional tunable charge transport behavior that
mimics the characteristics of neurons and synaptic functions.!*!
These properties make them an excellent choice for neurotrophic
and neuromorphic applications. With the potential of being an
energy-efficient, scalable, and adaptive neuroelectronic unit for
neuromorphic artificial intelligent systems. Organohalide per-
ovskites are the choice of materials to overcome the drawback of

rials with flexible conductance reg-
ulation and retention also urges the
development of effective materials for
artificial synaptic perovskite devices.]’]

Halide perovskites have ABX; struc-
ture, where A is a monovalent organic
cation such as methylammonium and
formamidinium, B is a divalent metal
cation such as Pb** or Sn?*, and X
is a halide such as Cl7, Br~ or I,
has emerged as a potential candidate
owing to their high defect tolerance,
low defect formation energies, compo-
sitional and optical bandgap flexibility,
and light/electric pulse induced stimula-
tion possibilities.[*1% The key processes,
such as hysteresis, defect formation,
and non-radiative recombination, which
are detrimental to photovoltaic application act as favorable char-
acteristics for the neuromorphic synaptic devices. Recently,
methylammonium lead triiodide (MAPDI;) based synaptic de-
vices exhibiting synaptic behaviors concerning photonic and elec-
tronic stimulations were reported.[>¢1%11] However, due to the
unfavorable intrinsic phase transition and poor thin film surface
morphology, very few attempts were made with formamidinium
cation-based perovskites for their neuromorphic properties.

To overcome these limitations a light-triggered MA-doped
FAPbI,-based neuromorphic device was reported to demon-
strate the possibilities in biomimicking synaptic functions
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including paired-pulse facilitation (PPF), excitatory post-synaptic
current (Igps) With potentiation/depression functions.['?) Their
light-triggered artificial synapse exhibited a dynamic response
against environmental changes suggesting its applicability in
perceiving environmental changes and tuning the information
processing. By hybridizing the organic and inorganic cations,
five significant synaptic functionalities in mixed lead halide
perovskite-based memristive devices were shown.!3] However,
the presence of higher trap charge states, low dielectric constant,
and limited optoelectronic properties and their poor endurance
reliability requires engineering in the perovskite structure to be
more effective for neuromorphic applications.

With these intentions, here we developed a powdered
Cs,1FA, ,Pbl, (CsFAPDI,) with a high dielectric constant to store
and transfer charges more efficiently, with low trap charge state
density for a larger charge carrier lifetime leading to a larger
ON/OFF ratio in memristor-based neuromorphic devices. Fur-
ther, CsFAPI possesses the ability to block water molecules five
times higher than FAPI;, which is way higher than MAPLI"3]
The enhanced optoelectronic properties in CsFAPDI; also pro-
vide advantages of photoconductive synaptic switching devices.
Following this, we report the design and development of an
electric-stimulated two-terminal artificial synaptic device using
pre-synthesized CsFAPbDI;, which emulates most significant bi-
ological synaptic functionalities such as spike rate-dependent
plasticity (SRDP), the transformation from short-term plasticity
(STP) to long-term plasticity (LTP) with energy efficient learning-
forgetting-relearning (L-F-R) process. Overall, our demonstra-
tion of neuromorphic properties in CsFAPDI; suggests that
perovskite-based structures are the material of choice for large-
scale and cost—effective neuromorphic devices.

2. Results and Discussion

2.1. CsFAPbDI, thin Film from Polycrystal-Based Precursor

The CsFAPbDI, thin films were deposited from pre-synthesized
perovskite through a spin-coating technique!**!> (detailed in the
experimental section). The spin-coated thin films were further
annealed at 80 ©C for 30 min to ensure the perovskite phase.
It is worth noting that this low-temperature processability could
be adapted to realize flexible artificial synaptic devices in the
future. We performed X-ray photoelectron spectroscopic stud-
ies of the perovskite thin film to identify the elemental com-
position. The characteristic peaks of Cs 3d;,, and Cs 3d,;, at
724.48 and 738.5 eV, respectively (Figure 1a), suggest the inclu-
sion of Cs. We investigated the optical properties of CsFAPbI;
thin film by ultraviolet-visible (UV-vis) absorbance and photo-
luminescence (PL) spectroscopy (Figure 1b). The absorption on-
set recorded with an optical bandgap of 1.51 eV displayed a sub-
bandgap edge indicating in-gap defect sites (Figure 1b and Figure
S1, Supporting Information). However, these non-radiative re-
combination sites can be useful for the synaptic application con-
trary to their detrimental effect in photovoltaic applications.[']
The steady-state PL emission was recorded at 810 nm with a
10 nm stoke shift (Figure 1b). The structural and phase purity
of the perovskite layers is critical in delivering reliable synap-
tic functionality and device stability. The diffractogram from the
powder X-ray diffraction technique (Figure 1c), depicts the in-
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tense peaks corresponding to the perovskite phase, and the ab-
sence of non-perovskite and Pbl, traces affirms the high crys-
tallinity and phase purity of fabricated thin film. Moreover, the
topological morphology is deduced from scanning electron mi-
croscopy (SEM) in Figure 1d. Altogether, structural-spectroscopic
microstructure investigation substantiates a phase pure, highly
crystalline, homogenous CsFAPbDI, thin film. We further fabri-
cated the neuromorphic devices and probed their synaptic func-
tionalities.

2.2. Synaptic Switching Mechanism

We investigated the synaptic switching characteristics of the
CsFAPbI; memristive device with an applied potential to the
presynaptic electrode to elucidate their switching mechanism
and electrical charge transport properties. Figure 2a demon-
strates the non-volatile memory characteristics with an ultralow
threshold voltage (Vggr) of 0.28 V. At room temperature, the
device displays consistent and reproducible bistable resistive
switching properties. Initially, the synaptic memory cells are in
a high resistance state (OFF state), under an applied threshold
potential the transition process from HRS to LRS involving dif-
ferent conduction mechanisms occurs. We noted four different
distinguished regions illustrating the transition (Figure 2b).
Region A demonstrates the phenomenon of the Thermionic
Emission Limited Conduction (TELC) mechanism at a low volt-
age range exhibiting a linear relationship between Ln(I) and V1/2,
following the relation in equation (1), where I, ¢, k, ¢, T, ¢, T, E,
represents respectively current, electronic charge, Boltzmann's
constant, dielectric permittivity, applied voltage, barrier height,
absolute temperature and activation energy of electrons.['7:18]

dexp |- 320 4 o (VY
Io:A*Texp[ kT+q<47re>} (1)

Through thermal activation by the TELC mechanism, charge
carriers from the presynaptic electrode get injected into the per-
ovskite thin film under the influence of applied electric potential.
Figure 2d illustrates the characteristic ohmic conduction mecha-
nism in Region B following equation (2).['8]

(-aE)

kT @

I o« Vexp

Following Child’s law (equation 3), the charge carriers injected
into the perovskite thin film induces the Space-Charge Limited-
Current (SCLC) as shown in Figure 2e.['8]

I « V¥ 3)

Finally, holding the charge carries in an active layer corre-
sponding to Trapped Charge Limited Current (TCLC) model. The
results derived from region C and D provide evidence that the pri-
mary mechanism of our developed synaptic device involving trap-
ping and de-trapping charges in the grain boundaries of the per-
ovskite thin film are induced."! The electrical charges gradually
fill the traps between the presynaptic and postsynaptic electrodes
acting as a capacitor model. As a result, the charge mobility also

© 2023 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH
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Figure 1. CsFAPblI; thin film characterization: a) XPS survey spectrum indicating the presence of composite elements, b) UV-vis absorption and steady-
state PL spectra, c) PXRD diffractogram indicating the phase purity and high crystallinity, and d) SEM surface morphology of the thin film.

progressively increases causing a transition to the LRS state. The
conduction mechanisms in our fabricated device are an exact im-
itation of biological synaptic behavior in the human brain which
vouches for them being exceptional for realizing neuromorphic
bioelectronic devices.

2.3. Neuromorphic Properties

Biologically, synapses are the basic unit of the human neural
system responsible for the transmission of chemical signals
between neurons. In a chemical synapse signal, the core ele-
ments are neurotransmitters, which are released between the
synaptic cleft. When an action potential arrives at the presy-
naptic terminal, the membrane potential is changed, resulting
in the flow of Ca’* messengers in the channels between the
presynaptic and postsynaptic neurons.['>?°! Similarly, emulat-
ing these synaptic behaviors, with Cs,FA,,Pbl, (CsFAPDIL;)

Adv. Electron. Mater. 2023, 9, 2300285 2300285 (3 of 9)

synaptic device the Ag top electrode acts as the presynaptic
neuron and FTO coated-glass bottom electrode as the postsy-
naptic neuron. The change in conductance for an applied po-
tential in the device’s active layer causes fluctuation in synap-
tic weight between the presynaptic and postsynaptic electrodes.
Therefore, via activating memory behavior and analog modula-
tion of synaptic plasticity through the applied potential we can
emulate the biological synaptic functions in our artificial synaptic
devices.

Following the Hebbian synaptic principle, we investigate the
training and learning operations of CsFAPDI; devices to deci-
pher, the characteristic biologically plausible emulation of synap-
tic behaviors. Learning functions play a crucial role in the
emulation process of synaptic behaviors based on spike-based
computations ?1-241 Spike time-dependent plasticity (STDP) and
SRDP are two major approaches for the generation of the Heb-
bian synaptic plasticity in the neocortex and mammalian hip-
pocampus. The SRDP is a more realistic approach to emulating

© 2023 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH
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Figure 2. Synaptic switching mechanism. a) Synaptic switching characteristics of our perovskite-based neuromorphic device b) Illustration of different
conduction mechanism regions in the switching process. c) Thermionic Emission Limited Conduction mechanism (TELC) d) Ohmic Conduction mech-
anism (OC) e) Space Charge Limited Current mechanism (SCLC) f) Trapped Charged Limited Current (TCLC) g) Energy diagram of our synaptic device
g) under non-biased operation. h) under SET operation i) under RESET operation.

the human neural network compared to STDP due to the ran-
dom nature of the input/output spike rate. In brain cognitive be-
haviors, the SRDP, also termed spike-driven rate-based plasticity,
is a crucial synaptic learning mechanism since the transfer of
information in biological neural networks is directly connected
to the average action potential firing rate.[2>2%] To deeply investi-
gate the SRDP learning rule and verify the effect of presynaptic
spiking rate, consecutive spike pulse trains with a fixed ampli-
tude (200 mV) and width (100 ms) were applied to the synaptic
device with the following intervals of 10, 50, 100, 200, 500, and
1000 ms. Initially, the devices are in an HRS state during the mea-
surement to minimize current and reduce power consumption.
Figure 3a demonstrates the excitatory postsynaptic current
(EPSC) response to 10 consecutive presynaptic stimuli with inter-
vals ranging from 10 ms to 1 s. The gradual change of the device
conductance is observed that corresponds to the modification of
synaptic weight between the devices. When a shorter pulse in-
terval is applied, the device conductance is noted to gradually in-
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crease due to the accumulation of charges in the active layer. After
the pulse intervals are increased to 500 and 1000 ms, the synaptic
weight of the presented synaptic device is almost negligible for
facilitation. The synaptic strength efficiency between presynap-
tic and postsynaptic electrodes for the different pulse intervals
is presented in Figure 3b. This behavior indicates the successful
emulation of the SRDP behavior of the biological synapse, sug-
gesting the dependency of the presynaptic spiking rate on the
strength of synaptic plasticity. The mechanism behind this emu-
lation process is due to the subsequent trapping of charges within
the grain boundaries of the active layer perovskite thin film. Usu-
ally, during the relaxation period, the device returns to its initial
state gradually due to the decreased carrier lifetimes in the active
layer. When the next spike pulse is applied to the device within a
short interval, the charges trapped in the active layer accumulate
between the presynaptic electrodes. Subsequently, these electri-
cal charges that are accumulated accelerate the overall conduc-
tance of the synaptic device.

© 2023 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH
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Figure 3. Artificial synaptic device characteristics a) Excitatory postsynaptic current response to a series of 10 consecutive electrical pulses with varying
interval times ranging from 10 ms to 1's, b) Synaptic plasticity efficiency for different pulse intervals (from 10 ms to 1), c) Emulation of Paired-Pulse
Facilitation (PPF) functions as a function of pulse interval, d) The representation of the Post tetanic Potentiation (PTP) function is based on pulse
interval, e) The transformation process from Short-Term Plasticity (STP) to long-term plasticity (LTP), f) The relaxation constant was determined for
various pulse cycles during the transition process from STP to LTP, g) Postsynaptic current response during the Learning-Relearning-Forgetting (L-R-F)
emulation, h) Postsynaptic current representation of learning and relearning cycles during memorization events, and i) Postsynaptic current response

level during forgetting stages every each pulse cycle.

The emulation of the Paired-Pulse Facilitation (PPF) function
(Figure 3c), also known as neural facilitation, is a short-term
activity-dependent form of synaptic plasticity. This process en-
hances the synaptic conduction instantly, amplifying the synap-
tic response for the second pulse.[’-3!] The PPF properties are
deeply analyzed by applying a pair of presynaptic pulse stimuli
having different pulse intervals. The PPF index (facilitation ratio)
provides a quantitative measure of short-term synaptic efficiency

Adv. Electron. Mater. 2023, 9, 2300285 2300285 (5 of 9)

following Equation (4), where A, and A, factors represent the first
and second EPSC responses.

A
PPF index = 100% x —2 (4)
Al

During the measurement, the fixed amplitude (200 mV) and
width (100 ms) were applied to the synaptic device with the
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following intervals 10, 50, 100, 200, 500, and 1000 ms. Expectedly,
when the paired pulse triggers the artificial synapse, the second
pulse in the postsynaptic electrode is much stronger compared
to the first pulse. It can be deduced that the significant change in
postsynaptic current is induced by pulses with shorter intervals.
Due to frequent intervals, the electrical charges are trapped in
the active layer resulting in the formation of a conduction path.
The PTP function (Figure 3d) illustrates an alternative manifesta-
tion of short-term dependent plasticity that is quantified to assess
short-term plasticity and learning functions.**! The PTP prop-
erties are investigated by applying ten consecutive presynaptic
pulses having different pulse intervals. The efficiency of the Post-
Tetanic Potentiation is expressed through the PTP index, which
represents the ratio between the response to the last pulse (A,)
and the initial one (A,), as defined by formula (5).

A10

1

PTP index = 100% X (5)

The postsynaptic current response also significantly increases
following the mechanism as in the PFF function.

In the human neural network, synaptic plasticity can be classi-
fied as STP or LTP based on retention time duration. The LTP is
mainly responsible for controlling neuronal plasticity, learning,
and memory operation, whereas STP focuses on data process-
ing, decoding information, and synaptic calculations. The STP
is a temporal process of strengthening the synaptic connection
between the presynaptic and postsynaptic neurons with a reten-
tion time of around a few seconds. Contrary, the LTP reflects the
long-lasting strengthening of the synaptic connection between
neurons, maintaining a relatively long retention time compared
to STP. 1337361 To evaluate these synaptic functions, the synaptic
weight has to be determined to classify the strength of the synap-
tic connection. The direct transformation from STP to LTP is pos-
sible throughout the rehearsal events, determined by the consec-
utive application of the different number of spike pulses into the
presynaptic neuron. During the measurement, the application of
the pulses follows 20, 40, 60, 80, and 100 cycles. The postsynap-
tic current response as a function of decay time is (Figure 3e)
which concludes that the decay rate is significantly faster in the
first section indicating the relaxation time of the STP process. To
fully investigate the memory transition from the STP to LTP in
our device, we used the exponential equation (6) as a forgetting
function in psychology to analyze the decay process and to extract
the relaxation time.l%]

I =1, +Aexp (—%) ()

Here, I is a weighted current at time t, A is a perfector of the
equation, 7 is the relaxation constant measuring the decay rate
and I, is a current constant. Figure 3f shows the relaxation con-
stant 7 versus the number of applied pulses to the synaptic de-
vice where we noted that with the increasing number of pulses
from 20-100, the relaxation constant also increases. The results
demonstrate a successful transformation from STP to LTP due to
the repeated training process and learning operations.

Learning, memorizing, and forgetting behaviors are the most
significant psychological functions of the human brain, which
are classified as a type of empirical behavior. These functions are
directly influenced by the adaptation of the biological neural net-
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work to the surrounding environment and day-to-day activities.
However, our memory and learned information as well as gained
skills are not eternal and tend to be forgotten. Thus, the relearn-
ing process is of significant benefit for memory enhancement.
It simplifies the process of regaining previously thought knowl-
edge, even if the information has been forgotten.***?! Figure 3g
represents the five cycles of consecutive training pulses applied
to the presynaptic electrode for the synaptic device. In the emu-
lation of the learning and relearning process in our synaptic de-
vice, an increment in conductance occurs with an applied pulse
stimulus. However, when the application of pulses is stopped,
the decay process begins, which is defined as a forgetting process.
Figure 3h demonstrates the learning and relearning cycles for de-
vices where the first cycle is defined as the learning period (red
color), which consists of the first set of training pulses applied
to the presynaptic electrode. The relearning cycle begins from
the second cycle and continues until the information gets fully
memorized, suggesting that the entire cycle will have a greater
postsynaptic current response as compared to the first cycle. The
efficiency of the learning-relearning behavior’s of the device is di-
rectly connected to the amount of relearning cycles necessary to
fully cross the postsynaptic current level established in the learn-
ing period. We observed that our perovskite synaptic device needs
only one relearning cycle to fully memorize the learning informa-
tion. This efficiency increment is associated with trapped-charge
limit-current («) mechanism developed by Ag ions trap states in
the perovskite layer. We uncover that the postsynaptic current re-
sponse is increasing with each cycle until its level is stabilized,
establishing that the information during the learning-relearning
operation gets fully memorized (Figure 3i). Table 1 represents the
neuromorphic performance of perovskite-based synaptic devices
and highlights the advantages of our proposed design over the
state of the art.

3. Conclusion

To conclude, we developed CsFAPDI, polycrystals to achieve con-
trol growth, low-temperature processability, and large-scale syn-
thesis, which also delivers exceptional electronic properties com-
pared to conventional perovskite from precursor routes. The
larger dielectric constant and high carrier lifetime behavior of the
developed perovskite demonstrate high capacitance for charge
trapping that assists in the synaptic switching characteristics at a
lower threshold voltage range. Moreover, we demonstrate neu-
romorphic synaptic behavior for applied electric stimuli pulse
trains where the paired-pulse facilitation and the transition be-
tween short-term to long-term plasticity depict extreme efficacies.
We corroborated their training and learning cycle efficacies and
validated that the CsFAPDI;-based device can learn with only one
training cycle, which is the best among currently available neu-
romorphic devices. Our demonstration of neuromorphic devices
based on CsFAPDI, provides a deep insight into developing cost—
effective, high-efficacy artificial synaptic devices for artificial in-
telligence applications.

4. Experimental Section

Materials:  All chemicals were purchased from Sigma Aldrich and were
used as received without further purification unless otherwise stated.
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Table 1. Neuromorphic performance comparison of perovskite-based artificial synaptic devices..

No Perovskite material Device Synaptic function Maximum At [ms] Reference
Three/Two simulation PPF index
terminals [%6]

1 CH3NH;PbBr; Two Electrical PPF, STP, LTP 91 80 [43]

2 (PEA),MA,_,Pb,Br3, ., Two Electrical PPF, STP, LTP 121 20 [44]

3 CsPbl,Br Two Photonic PPF, STP, LTP, L-F-R 142 1000 [45]

4 RbCsFAMA Two Electrical SRDP, PPF, LTP 45 0.1 [46]

5 Cs;3Bi, lg Two Electrical PPF, LTP 29 ~30 [47]

6 (PEA),Snl, Three Photonic PPF, STP, LTP 129.7 50 [48]

7 KI-MAPbI; Two Electrical SRDP, PPF, LTP, L-F-R 54 ~2 [49]

8 PEA,MA,_Pb, 15, ., Two Electrical PPF, STP, LTP 135 10 [50]

9 AgBil, Two Electrical PPF, LTP 30 ~0.05 57]

10 CsPbCl; Two Photonic PPF, STP, LTP 126 1000 [52]

1 Cs,AgBiBrg Two Electrical SRDP, PPF, LTP 130 0.2 [53]

12 CH3NH; Pbl, Two Photonic PPF, LTP 40 5 [54]

13 CsPbBr; Three Photonic SRDP, PPF, STP, LTP 130 1 [55]

14 CsPbBr;QD Three Photonic PPF, LTP 132 0.5 [56]

15 CsFAPbI, Two Electrical SRDP, PPF, PTP, STP, 155 10 This work

LTP, L-F-R

Perovskite Thin Film Fabrication: ~CsFAPbl; perovskite powder was syn-
thesized froml'3] and employed as the starting material for the perovskite
precursor solution. 1.25 m CsFAPbI; solution was prepared by dissolving
640 mg of pre-synthesized CsFAPbI; powder in a DMF: DMSO mix solvent
(4:1, v/v) through overnight stirring at 50 ©C on a magnetic hot plate. The
clear solution was further cooled down to room temperature and filtered
using a PTFE filter with 0.45 um pore size and spin-coated in two steps:
1000 rpm for 5 s and 5000 rpm for 20 s. 100 L chlorobenzene was dropped
on the top of the spinning substrate 5 s before the end of the program.
The substrates were immediately transferred to a hotplate and annealed
at 80 °C for 30 min. For ease of terminology, the deposited Csg 1FA, oPbls
will be abbreviated as CsFAPbI; throughout the text.

Synaptic Device Fabrication: Our synaptic device is based on
the point-to-point memristor architecture with two electrodes posi-
tioned between the CsFAPbI; thin film layer. The top electrode, which
plays the role of the presynaptic neuron was deposited by the ther-
mal evaporation technique through the shadow mask (100 nm Ag).
The FTO glass is a representation of the postsynaptic neuron
(bottom electrode).

Thin Film Characterization: ~X-ray powder diffraction pattern was col-
lected by using a Philips X'Pert PRO automatic diffractometer operating
at 40 kV and 40 mA, in a 6 — 0 configuration, with a secondary monochro-
mator with Cu Ka radiation (1 = 1.5418 A) and a PIXcel solid-state de-
tector (active length in 26 3.347°). Data were collected from 5-50° 20 at
ambient atmosphere. A 1° fixed Soller slit, and divergence slit giving a
constant volume of sample illumination was used. The absorption spec-
trum was collected with a Varian Cary 50 UV-vis spectrophotometer, and
the steady state PL measurement was made using a spectrophotome-
ter (PerkinElmer Instrument LS55). Morphological analysis was done by
a Hitachi S-4800 SEM machine. X-ray photoelectron spectroscopy (XPS)
data were collected using a SPECS system (Berlin, Germany) equipped
with a Phoibos 150 1D-DLD analyzer with monochromate Al Ka radiation
(1486.7 eV).

Device Characterization: The resistive switching performance of the
developed synaptic device was measured and analyzed with Agilent Tech-
nologies B1500A Semiconductor Device Analyzer. Moreover, the neuro-
morphic properties were measured for the time domain. A different pulse
interval and the number of pulse repetitions were applied to the presynap-
tic electrode of the artificial synapse. A digital storage oscilloscope was
used to record the data.

Adv. Electron. Mater. 2023, 9, 2300285 2300285 (7 of 9)

Synaptic Measurements: Spike Rate Dependent Plasticity (SRDP): To
determine the SRDP, 10 consecutive presynaptic pulse stimuli were ap-
plied to the presynaptic electrode. The pulse intervals were varied from
10 ms to s while keeping the pulse width at 100 ms and pulse amplitude
at 200 mV. The resulting excitatory postsynaptic current (EPSC) response
was measured and analyzed. Paired-Pulse Facilitation (PPF): To determine
the PPF function, we applied two sequential train stimuli to the presynaptic
electrode. The pulse intervals were varied from 10 ms to 1s while keeping
the pulse width at 100 ms and pulse amplitude at 200 mV. The PPF index
was calculated using the following formula: PPF;, 4., = A2/AT, where A1
and A2 represent the post-synaptic current (PSC) responses of the first
and second pulse. Post-Tetanic Potentiation (PTP): To determine the PTP
function, ten sequential train stimuli were applied to the presynaptic elec-
trode. The pulse intervals were varied from 10 ms to 1s while keeping the
pulse width at 100 ms and pulse amplitude at 200 mV. The PTP index was
calculated using the following formula: PTP;, 4., = A10/A1, where A1 and
A10 represent the post-synaptic current (PSC) responses of the first and
last pulse. Transition process from Short-Term Potentiation (STP) to Long-
Term Potentiation (LTP): To determine the transition process, a group of
sequential train stimuli (20, 40, 60, 80, and 100 pulses) was applied to
the presynaptic electrode. The pulse width was fixed at 100 ms and the
pulse amplitude at 200 mV. The results obtained were analyzed and fitted
using an exponential equation commonly used as a forgetting function in
psychology (I = Iy + A"e*(—t/z)). In this equation, |, represents a con-
stant current, A represents a constant amplitude, and T measures the re-
laxation constant, which reflects the rate of decay and is the value of inter-
est. Learning-Forgetting-Relearning process (L-F-R): To determine the L-F-R
process, a series of five cycles of train stimuli, each consisting of 20 pulses,
were administered to the presynaptic neuron. The pulse width was fixed at
100 ms and the pulse amplitude at 200 mV. The first cycle was assigned
as the memorization stage, while the subsequent cycles were regarded as
relearning stages. After each cycle, a natural relaxation decay known as “z”
occurred, which is commonly known as the forgetting stage.[>”]

Supporting Information

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