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In the human brain, attention plays a crucial role in encoding information into memory. Therefore, focused
attention during encoding enhances the likelihood of information being effectively encoded and stored in
memory. This phenomenon is creatively replicated in our proposed synaptic devices, which regulate the
forgetting curves by manipulating the gate voltage. Thus, the proposed transistor devices separate long-term
memory from long-lasting memory. TiOg-based synaptic transistors are used to replicate brain functions, from
vision processing to memory retention. The photosensitive nature of TiO3 enables the utilization of both photo-
and electric stimuli. The electrical properties of the synaptic devices induced by photostimulation replicate the
human-vision process, while those elicited by electric stimulation simulate memory-retention capabilities. By
applying a shallow trap with a short lifetime, light stimulation can be utilized to mimic the effects of short-term
memory. A deep trap with a long lifetime is employed in electrical memory to replicate the phenomena asso-
ciated with persisting memory. A simulation of the MNIST recognition of an artificial neural network constructed
with the measured synaptic characteristics exhibit an accuracy rate of 92.96%, which indicates that the proposed

device can be successfully incorporated into neuromorphic devices.

1. Introduction

The fourth industrial revolution has placed heightened emphasis on
the pivotal role of information technology. Efficient tools that facilitate
machine learning in the field of artificial intelligence (AI) have become a
pressing need for information transfer. Research on energy-efficient
devices is actively underway to focus on the human brain’s ability to
simultaneously process large amounts of information with low power
consumption of ~20 W [1]. Therefore, neuromorphic devices such as
synaptic transistors have been intensively examined owing to their high
efficiency, that is, high speed and low power consumption while pro-
cessing a large amount of information [2-4]. To understand and
implement the information-processing mechanisms of the brain via en-
gineering approaches, the use of diverse materials and structures is
being actively explored [5-8]. This ongoing research endeavor seeks to
emulate and implement the information-processing techniques of the
brain in a tangible manner. Among the five senses used by humans to

gather information, vision is the most significant because of the ability of
the visual system to accurately discern the position and shape of an
object [9-11]. Information from all five senses is stored in the brain, and
the timespan in which memories are maintained can be converted from a
few seconds (short-term memory; STM) to a few hours (long-term
memory; LTM) or to years or a lifetime (long-lasting memory; LLM)
(Fig. 1a) [12].

The memory-transition process from STM to LLM is typically referred
to as consolidation [7,13,14]. This crucial mechanism can be triggered
through the repetition of specific information to enhance its retention or
through the influence of attention and emotional arousal, which can
modulate the retention time of memories [13,15-18]. Various types of
devices, such as memristors and memtransistors, can implement these
consolidation processes via the application of a repetitive stimulus
[19-23]. Memtransistors are three-terminal devices based on program-
mable device conductance. Recently, phase-change, ferroelectric, and
charge-trap devices have been proposed for synaptic transistors, which

* Corresponding author. Next-Generation Semiconductor Device Research Section, Electronics and Telecommunications Research Institute (ETRI), Daejeon, 34129,

Republic of Korea.
** Corresponding author.

E-mail addresses: limjw@etri.re.kr (J.W. Lim), hanseul.kim@chungbuk.ac.kr (H.S. Kim).

https://doi.org/10.1016/j.mtadv.2023.100421

Received 26 June 2023; Received in revised form 28 August 2023; Accepted 6 September 2023
2590-0498/© 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).


mailto:limjw@etri.re.kr
mailto:hanseul.kim@chungbuk.ac.kr
www.sciencedirect.com/science/journal/25900498
https://www.journals.elsevier.com/materials-today-advances/
https://doi.org/10.1016/j.mtadv.2023.100421
https://doi.org/10.1016/j.mtadv.2023.100421
https://doi.org/10.1016/j.mtadv.2023.100421
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mtadv.2023.100421&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

J. Kim et al.

are categorized based on the control methods of the channel conduc-
tance [23-27]. Among these, synaptic devices that use charge traps are
particularly attractive owing to their remarkable advantages of gradual
strengthening and weakening of the resistance [20,28-34].

The conversion of memory from short-to long-term storage depends
on the transition of memory through distinct levels of attentional in-
tensity [1,16]. This transition is governed by the central executive,
which is a key cognitive control system that regulates the consolidation
of memories [35-37]. Moreover, in this study, a sophisticated
memory-classification mechanism is utilized to categorize persistent
memories into two subtypes: LTM and LLM.

A systematic analysis of the sequential stages of visual-stimulation
recognition and memory consolidation within the brain has provided
valuable insights to facilitate the development of more realistic brain-
inspired synaptic devices. Fig. 1b shows an anatomical picture of the
eye and brain, wherein the route through which visual information
travels and the location where it is stored in the brain is highlighted.
Visual information is conveyed to the occipital lobe, which is the rear-
most region of the brain, via visual cells. This culminates in the acti-
vation of the visual cortex [38-40]. The information transmitted to the
visual cortex remains active for 100-300 ms; this serves as a variant of
visual STM, which is typically referred to as iconic memory [41,42].
However, depending on the intensity of attention, information can be
transmitted to the hippocampus, thereby resulting in the encoding of
input data as persisting memory, which can be classified as either LTM
or LLM. Data characterized by a low attention intensity (low attention
force, LAF) are retained as LTM, and data associated with a high
attention intensity (high attention force, HAF) are consolidated as LLM.
The latter is subsequently transported to the neocortex and persists for at
least 24 h [7,12,43,44].

In this study, the creation of a synthetic visual nerve-brain system is
proposed by configuring a photoelectric synaptic device. This concept is
founded on the premise that visual stimuli can be associated with optical
stimulation, while attention intensity can be correlated with electrical
stimulation. This assertion is substantiated by the inherent nature of
visual perception, which encompasses the intricate procedure of com-
prehending the information derived from the interaction of light with
objects, encompassing phenomena such as transmission, reflection, and
emission. Furthermore, considering that neural communication relies on
the propagation of electrical signals, it is reasonable to assume that
attention modulation may similarly be influenced by electrical signaling
in a real human brain. More specifically, current devices implement the
processes of human visual recognition and memory consolidation by
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utilizing combinatorial waveforms that encompass both electrical and
optical stimuli. A channel layer with excellent photoreactivity in terms
of photostimulus reception and a charge-trap layer with exceptional
analog-like conductance modulation in terms of electric-stimulus
reception are introduced as basic building blocks for device configura-
tion. In this study, the photoreactive channel layer is composed of
anatase-TiO; films, while oxygen-excessive SiOy films are used for both
the charge-supplying and dielectric layers between the channel and gate
layers. Charge-trap sites were formed at the interfaces between the
channel and charge-supplying layers [45-48]. The implementation of
our innovative structural idea, the charge-supplying layer, facilitates the
manifestation of electrical synaptic characteristics. Moreover, Al;O3
films are employed to improve device stability.

Depending on the type of stimulus (electrical or light) used during
the learning process, the device induces changes in memory retention by
utilizing both deep and shallow trap sites located at the interface be-
tween TiOy and the dielectric stack. Synaptic devices exhibit STM
behavior when exposed solely to photonic pulses. The lifetime of the
trapped charge and its corresponding conductivity level were modulated
via electrical stimulation, which indicates the consolidation character-
istics induced by electrical signals. Furthermore, the categorization of
long-term visual memory into LTM and LLM, which are subject to
modulation by the brain’s attention level, was executed by correlating
the fluctuations in the reading-gate voltage with variations in the
attention level. Consequently, we developed devices with controllable
lifetimes that can convert memory from an ultrashort-to an ultralong-
term state, as depicted in Fig. 1c. To predict the device performance
when configuring Al semiconductors based on these characteristics, an
artificial neural network (ANN) reflecting the long-term potentiation
(LTP) and long-term depression (LTD) characteristics of the proposed
device was constructed. Consequently, the Modified National Institute
of Standards and Technology (MNIST) handwriting-recognition simu-
lation was performed and a high recognition rate was achieved. These
findings represent a significant milestone in the field of neuromorphic
systems, demonstrating substantial progress and opening up new op-
portunities for further investigation and development.

2. Materials and methods
2.1. Fabrication of the synaptic devices

The overall fabrication process was compatible with commercial
complementary metal-oxide-semiconductor foundry processes and was

Occipital Lobe
(Visual cortex)

Electricity
-

Fig. 1. (a) Human-memory strength of short-term memory (STM), long-term memory (LTM), and long-lasting memory (LLM) over time in the logarithmic scale. (b)
Schematics of the anatomical human brain for visual process and memorization for STM (top) and persisting memory (bottom). (c) Schematics of photoelectric

synaptic devices corresponding to Fig. 1b.
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performed in a Class 10-1000 clean room. First, 5 and 20 nm thick gate
dielectric stacks of AlO5 and SiOy and 30-nm thick TiO, films were
deposited in situ on the heavily doped n-type silicon wafer via plasma-
enhanced atomic layer deposition (PEALD) at 300 °C using trimethyla-
luminium, diisoprophylamino silane, and titanium isopropoxide pre-
cursors, respectively. A highly uniform thickness was obtained from
PEALD [49]. Subsequently, the TiO, channel layer was patterned via
complementary photolithography using the contact aligner exposure at
the i-line. The channel length and width were 30 and 40 pm, respec-
tively. Thereafter, a 300-nm thick Al source and drain electrodes were
deposited via e-beam evaporation at a low pressure of 10~ Torr.

2.2. Analysis of the characteristics of the device

The electrical characteristics of the TVL devices were measured using
a parameter analyzer (4200, Keithley, USA). Cross-sectional analysis
and elemental mapping were performed using field-emission trans-
mission electron microscopy (Tecnai G2 F30 Super-Twin, FEI, USA) at
an accelerating voltage of 300 kV.

2.3. Neural network simulations

A crossbar array of artificial neurons was simulated using CrossSim
code [50,51]. An ANN comprising three layers and one hidden layer was
constructed with dimensions of 784 x 300 x 10. Consequently, super-
vised learning was performed using 60,000 MNIST images. The learning
accuracy was evaluated after 10,000 training images and monitored
throughout the simulations.

3. Results and discussions

The cross-sectional structure of the proposed synaptic device with
dielectric stacks is shown in Fig. 2a. The n™" Si wafers were used as the
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bottom gate. Additionally, the 5 nm Al,O3 and 20 nm SiOy films were
sequentially fabricated as stacks of dielectric layers. X-ray photoelectron
spectroscopy (XPS) analysis revealed that the SiOx films were non-
stoichiometric (Si-deficient) layers with extra holes (Table S1) [52].
They were chosen as the dielectric layer adjacent to the channel that
formed deep traps at the interface between the 30 nm thick TiO2 channel
and dielectric layers. These deep traps enhanced the lifetime of the trap
charges in response to electrical signals. The dimensions of the channel
layer were 30 pm in length and 40 pm in width. Al was used as the
patterned source and drain electrodes on the upper part of the device
structure. The Al,O3 dielectric layers were employed as the bottom
dielectric to enhance the electrical stability and mobility of the tran-
sistors (Fig. S1). The device performance was confirmed to improve with
a decrease in the subthreshold swing (SS). The thresholed voltage is
defined by the following equation:

\/qNHZSSZQB

V= V}b +20p + C.. 5

€8]

where Vj, denotes the flat band voltage, @ signifies the Schottky barrier
height, N, indicates the density of the carrier in the channel layers, g
indicates the electron charge, and &; symbolizes the permittivity of
channel layers. As evident from the equation, factors influencing the
threshold voltage involve oxide capacitance values and the flat band
voltage. By employing the Al,O3 thin film, an additional capacitance is
introduced in series with the gate dielectric, thereby affecting the overall
capacitance. Furthermore, it also impacts the voltage required to flatten
the band structure. Consequently, these effects contribute to the
enhancement of threshold characteristics and lead to a shift in the
threshold voltage of the devices.

As shown in Fig. 2b, the transfer curves were obtained under three
different conditions: without any external stimuli, with a 10 V electrical
pulse for 1 s (E (1 s)), and with a 365 nm optical pulse for 1 s (P (1s)).
This was achieved by sweeping the back-gate voltage (V) in both the
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Fig. 2. (a) Schematic of the device structure. (b) Variation in transfer curves with and without photonic and electrical signals with a 365 nm wavelength (P3g5,m) and
10 V bias voltage (E;ov), respectively. Both stimulations were applied as a single pulse of 1 s. (c) Time-dependent decay of stimuli-induced changes in threshold
voltage (AVty) at intervals of 30 s; each P(1 s) and E(1 s) signal (red and blue lines, respectively), sequential signals of E and P (E—P, black), and simultaneous signal
(E + P, green). AVyy = Vry (t) — Vg (0). (Fitting duration time: t(P) = 24.0 s, ©(E) = 77.3 s, ©(E—P) = 71.5 s, ©(E + P) = 56.3 s). Schematic energy-band diagrams of
synaptic devices with trap sites between the semiconductor channel layer/dielectric stacks (d) after positive electrical pulses and (e) after photonic pulses. Schematic
structures depicting charge trap and detrap mechanisms of synaptic devices; (f) after positive electric pulses and (g) after photonic pulses.
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forward and reverse directions. A forward sweep was conducted from —
6 to 4 V, followed by a reverse sweep from 4 to — 6 V. The experiment
was performed to measure the effect of external stimuli on the transfer
curves and observe any changes in the device behavior in response to
these stimuli. Prior to the introduction of any external stimuli, the
transfer curve exhibited a slight counterclockwise hysteresis, which
indicated the presence of interfacial traps with small amounts of charge
induced by the charge-supplying layer (SiOy). In more intricate detail,
when a positive Vg is applied, free holes migrate toward interface trap
sites located between the insulator and the channel layers, influencing
the transfer curve. This influence is further amplified due to the prox-
imity of the charge to the interface. During a reverse Vg sweep, the
transfer curves undergo a negative shift due to the charge trapped near
the interface, ultimately leading to the manifestation of counterclock-
wise hysteresis.

The on/off ratio and SS of the device were approximately 10° and
0.3 V/decade, respectively, which indicates its superior performance
[53-56]. The initial threshold voltage (Vry) of the devices without any
stimulus was 0.65 V. Moreover, the devices exhibit high uniformity;
thus, they may be driven with consistently low power: Vg, SS, on/off
ratio, and mobility measured at a total of 20 points dispersed on a 6-inch
Si wafer have average values of 0.68 V, 0.32 V/degree, 3.8 x 10°, and
2.16 cm?V-'S71, respectively (Supporting Information, Fig. 52), and the
standard deviations of Vy and SS were only 0.20 V and 0.07, respec-
tively. The films employed in this device were also utilized in our earlier
publications [48], where it was elucidated that the SiOyx possesses a
structural deficiency in metal and incorporates impurity H-atoms. These
impurities lead to the creation of unbound positive charges within the
oxide layer, ensuring charge neutrality. Consequently, these unbound
positive charges, or free holes, become trapped when a positive gate
voltage pulse is administered.

Moreover, the findings presented in Fig. 2b indicate that the synaptic
device under investigation responds to both electrical and optical
stimuli. Notably, the hysteresis loops for the 1 s electrical and optical
pulses exhibit opposing directions. The application of an electrical signal
elicits a counterclockwise hysteresis response in the device owing to the
influence of the trapped charges of holes induced by the charge-
supplying layer. Conversely, under optical irradiation, the photo-
generated holes from the TiO5 channel layer become trapped, which
induces a clockwise hysteresis [45,57]. The result is consistent with the
fact that holes are preferentially trapped at the interface between the
channel and insulator as an effect of the stimulus; however, the layer
supplying the trapped charge is different depending on whether the
applied stimulus is electrical or optical.

Consequently, the synaptic device exhibited switchable STM and
persisting-memory characteristics. The device selectively utilized light
and electrical stimulation to achieve these functions. The retention time
of the trapped charges was extracted to evaluate the memory span of the
device under various conditions (Fig. 2c). The time required for the
transfer curve to gradually recover its original state varied depending on
the lifetime of the trapped charges. The retention time is defined as the
change in Vg (Fig. S3) for a given stimulation with respect to Vg (0)
over time (AVry = Vg (t) — Vg (0)). Here, four different stimulation
conditions were considered: single photonic signal (P), single electric
signal (E), photonic signal after electric signal (E —P), and simultaneous
photonic and electrical signal (E + P). Each signal was applied with a
pulse width of 1 s and AVyy was measured with a 30 s timestep. For the P
signal, the lifetime of AVyy was approximately 24 s, and in the case of
the E, E—P, and E + P signals, the lifetime of AVy was more than twice
as long, at 56 s, or longer. The former corresponds to STM, and the latter
to persisting memory, which comprises LTM and LLM. The results
indicate that the overall lifetime of the synaptic devices is longer under
electrical stimulation than under light stimulation.

Fig. 2d and e illustrate the mechanism of the synaptic device with
schematic energy-band diagrams of the cases with electrical and optical
signals, respectively. The conduction bands of TiO, and the n**-Si
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substrates were at 4.20 and 4.05 eV, respectively (Fig. S4a). In the
context of the optical synaptic effect, the application of light-pulse
irradiation onto the TiO, thin film generated electron-hole pairs,
which acted as carriers and contributed to an increase in the current. As
described previously, charge traps occurred at the interface between
SiOx and TiOj. As shown in Fig. 2f and g, the nature of the signal (i.e.,
electrical or optical), the layer involved in the charge supply to the trap
sites (i.e., channel or dielectric), and the depth of the trap were inter-
dependent factors. These observations further suggest that the lifetime
of the trapped charges differed depending on the nature of the signal.
Specifically, electrical signals were associated with deep traps, while
optical signals were associated with relatively shallow traps. Note that
the TiO, material is photoreactive; thus, optically induced electron-hole
pairs were generated within the TiOy channel layer, and holes were
preferentially captured by relatively shallow traps. However, when an
electrical pulse (positive) was applied, holes in the charge-supplying
layer moved toward the channel layer and were captured by relatively
deep traps. This suggests that the proposed synaptic devices exhibited
distinct lifetimes under light and electrical stimulation, which resulted
in the manifestation of STM and LTM modes, respectively. In particular,
the electrical signal turned on the LTM mode to considerably extend the
memory lifetime compared to that of the STM mode, which utilized only
optical signals.

We further investigated the effect of the read gate voltage (Vyeaq) on
the forgetting curve following electrical stimulation. Here, no other
stimuli were applied other than an external stimulus of 10 V, and it was
observed that the current variation influenced Vie,q representing the
attention intensity. Fig. 3a shows the transfer curve after applying an
electrical signal for 1 s (E (1 s)). The Vry of the device after E(1 s) was —
2.32 V. Fig. 3b illustrates the temporal evolution of the drain current
with respect to Vieaq following the application of a gate bias pulse. When
Viead became larger than Vyy in the negative direction after E(1 s), the
drain current decreased substantially in response to the LTM behavior.
However, when the absolute value of V;e,q was lower than Vg after E(1
s), that is, — 2.32 V, the drain current experienced a gradual decrease.
Based on this phenomenon, it can be concluded that the transition from
LTM to LLM occurred in the vicinity of Vry after E;gy. Henceforth, Vry
following a voltage pulse of Eqgy(1 s) is defined as the boundary voltage
(Vp) of the reference voltage that distinguishes LTM and LLM. Attention-
based segmentation of the LTM-to-LLM transition has critical implica-
tions for the association between attention and memory as well as the
potential to regulate and modify cognitive processes. This approach
revealed significant memory-related characteristics of the current state
and demonstrated that the transition from LTM to LLM can be deliber-
ately induced in the proposed device via the appropriate selection of the
Viead Value. Moreover, the timescale of memory retention in the LLM
was effectively regulated by utilizing a relatively low read voltage
within the range of — 0.5 V to — 2.0 V, which was at a more positive
potential than V. Therefore, we propose that the magnitude of Vieyq is
analogous to the force of attention in the brain, as demonstrated in
Fig. 1b, where HAF and LAF represent high and low levels of brain ac-
tivity, respectively. In the case of LLM, we observed the current varia-
tions over time for a period of one day. As shown in Fig. S4b, the current
trends based on the read voltage remain consistent even after 24 h,
indicating that the degree of memory persistence remains proportional
to the magnitude of attention as time elapses. On the other hand, for the
read voltage of — 2 V, which holds the highest absolute value among the
LLMs, it is evident that the current experiences a rapid decrease after 24
h. The gate current of the device is also presented in Fig. S4c, displaying
a value of approximately 50 pA, which is sufficiently low to be ignored.
This emphasizes that our innovative device can regulate STM and per-
sisting memory while precisely modulating the transition from LTM to
LLM by closely mimicking brain functionality.

The operating mechanisms of the LTM and LLM modes are illustrated
with schematic energy-band diagrams in Fig. 3c—g. The initial OFF state
without stimulation is shown in Fig. 3c. When E;gy(1 s) was applied,
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Fig. 3. (a) Transfer curve of the device after an E;qy pulse of 1 s. The downward triangles represent the read voltages of the gate (V,eaq). (b) The variation of the drain
current over time at different read voltages. Schematic of the energy levels and trap sites of the back gate/dielectric stack/channel structure; (c) without any pulses,
(d) during the gate bias pulse (E1oy), and after the gate bias pulse read at (e) Vieaa = — 0.5V, (f) Vyeaa = -2V, and (8) Vieaa = - 3 V.

holes from SiOx were preferentially captured in the deep trap sites at the
interface between the SiOy and TiO, layers, as shown in Fig. 3d.
Consequently, the accumulation of trapped holes induced an increase in
the number of electrons within the channel layer, and a transient
elevation occurred in the drain current. For the cases wherein V;e,q was
more positive than Vg, a substantial quantity of electrons accumulated
within the channel, as shown in Fig. 3e and f. Electrons present in the
channel were captured at the interface trap sites between the channel
and dielectric layers in competition with holes supplied from the
dielectric layer, which reduced the channel current. This contradicts the
trapping of only holes, which tended to increase the channel current.
Shallow traps predominantly captured electrons, which subsequently
underwent rapid detrapping. This process increased the current over
time, which reached a steady state. This trend was different from that of
the negative Vg, in which the drain current steadily decreased over time.
Following a significant duration of time, captured holes with longer
lifetimes began to detrap, which decreased the drain current. Upon the
application of Vyeaq beyond Vy in the positive direction, the number of
accumulated electrons increased, and the drain current exhibited a
strong tendency to increase over time. This phenomenon is relevant in
the emulation of the semi-permanent lengthening of visual memory.
Conversely, for a Vie,q that was more negative than Vg, the population of
electrons in the channel layers was significantly lower, resulting in the
failure to form channels immediately after the stimulation ceased. As
illustrated in Fig. 3g, this led to a steady decline in the drain current,

which conformed to the behavior of the LTM and was attributable to the
continuous detrapping of holes over time.

The LTP and LTD behaviors representing multiple states were also
confirmed, and the results are shown in Fig. 4a. The current behavior
when a 10 V electrical stimulation with a pulse width of 50 ms and
period of 1 s was continuously applied was confirmed from the time-
versus-current curve. An electrical signal of —5 V with a time span of
50 ms was applied periodically at 1 s intervals under light illumination
to confirm the LTD behavior. After the first 256 pulses, a tendency to-
ward saturation was observed at 512 pulses. To achieve a gradual
decrease, we only applied an electrical signal after stopping light irra-
diation to induce LTD. The Gpax/Gmin ratio of the LTP and LTD behav-
iors exceeds 60. To examine the impact of nonlinearity, the correlation
between LTP and LTD current values and the pulse count (P) is expressed
using the subsequent equation [58]:

I=I* (1—e™) + Ly, 2

where I, and P representing the minimum current and number of
pulses, respectively, are directly extracted from the experimental data.
The nonlinear behavior of synaptic weigth updates is determined by the
parameter y, with better linearity achieved as it approaches zero. Upon
fitting the obtained graphs, the linearity factor of both LTP and LTD
were calculated to have average values of 1.63 x 10~ and - 0.04,
respectively. In particular, 1000 analog states were obtained during the
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weights after the 40th epoch (right).

potential process, which exhibits excellent linear learning curves, as
shown in Fig. 4a.

As depicted in Fig. 4b, a pulse amplitude of 10 V, and a duration of
80 ms, consecutive sets of 20, 40, 60, 80, and 100 pulses were applied
and monitored over time to investigate the persistence of current states
in +synaptic transistors based on the number of pulses. The results
reveal that the distinctiveness of each state remains well-preserved even
after 3200 s. Note that the current does not maintain its value directly
after consecutive pulses. However, an enhancement can be anticipated
by adjusting the read voltage to a lower value in accordance with con-
ditions of the LLM.

Fig. 4c shows the cyclic endurance of 30 analog switches through
128 discrete current states by applying the conditions given on the left.
The conditions for LTP pulses included a period of 0.6 s, pulse width of
80 ms, and an amplitude of 12 V. Conversely, LTD pulses were charac-
terized by a period of 0.6 s, pulse width of 50 ms, and an amplitude of 3
V. Viead Was —2 V, and a total of 128 pulses were administered to
demonstrate the phenomenon. As shown in Fig. 4d, a three-layer arti-
ficial neural network containing one input of 784 neurons, one hidden
layer of 300 neurons, and one output layer of 10 neurons corresponding
to 0-9 was constructed. The supervised learning of handwritten digits
within the MNIST database was performed using CrossSim [50,51]. The
recognition accuracy of the synaptic devices was 92.89% based on the
high linearity and low cycle-to-cycle variation of the proposed device.

The corresponding pixel-projected synaptic weights are also presented.
In Table S2 in the supporting information, the characteristic parameters
of recent charge trapping synaptic devices are listed. Evidently, the
synaptic transistors based on TiO5 exhibit an excellent dynamic range,
endurance reliability, and good accuracy even under numerous pulses.
This strongly suggests that the proposed device can potentially be used
as a key component in Al semiconductors, with controllable retention
times under multiple stimuli.

4. Conclusion

We developed a novel TiOs-based transistor that effectively
mimicked brain functions, specifically transitioning vision to memory
retention. More specifically, we reported synaptic devices based on
dielectric stacks that could respond to both electrical and optical stimuli
owing to the excellent controllability of deep and shallow defects. The
devices used a 30 nm thick TiO5 channel layer and dielectric layers
comprising 5 nm of Al,Og3 films and 20 nm of non-stoichiometric (Si-
deficient) SiOy films. Moreover, deep traps were formed at the interface
between the channel and dielectric stack layers.

Furthermore, the synaptic device exhibited switchable STM and
persisting memory characteristics, which were achieved by selectively
utilizing light and electrical stimulation. The retention time of the
trapped charges was evaluated under various conditions, which
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revealed that the overall lifetime of the synaptic device was longer under
electrical stimulation than under light stimulation. Additionally, mem-
ory consolidation could be modulated based on the attentional demand,
thereby providing potential applications for the development of brain-
inspired devices. Correlating the Vi .,q value with attention intensity in
the brain enabled us to regulate the memory-retention time by
combining electrical stimuli with light stimulation. The device was
highly effective in recognizing MNIST images, as evidenced by its
remarkable recognition accuracy of 93%. These devices have the po-
tential to be used for applications such as pattern recognition, associa-
tive memory, and learning. These findings provide valuable insights for
the development of innovative synaptic devices that can lead to the
development of more efficient and intelligent computing systems.
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