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ABSTRACT

In order to fulfill the urgent requirements of functional products, circuit
integration of different functional devices are commonly utilized. Thus,
issues including production cycle, cost, and circuit crosstalk will get seri-
ous. Neuromorphic computing aims to break through the bottle neck of
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the device can operate at low voltage of below 1 V. The device can also
operate at multi-operation mode, including bottom gate mode, coplanar
gate and pseudo-diode mode. Interestingly, the artificial synapse can work
at low voltage of only 1 mV, exhibiting extremely low energy consumption
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Remarkably, a linear classifier is proposed on the oxide neuromorphic
transistor under synaptic metaplasticity mechanism. These results suggest
great potentials of the oxide neuromorphic devices with multi-mode
cognitive activities in neuromorphic platform.

Keywords pectin/chitosan hybrid electrolyte, pseudo-diode function,
multi-mode cognitive activities, ultrasensitive oxide neuromorphic device,
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1 Introduction parallel computing and high energy consumption [2].

More importantly, traditional computing systems would

With the arrival of intelligent era, there is a growing
need to break away from traditional computer systems
with urgent demands for more energy-efficient computing
systems [1]. Traditional computing systems rely on Von
Neumann architecture, where physical separation of
computing units and storage modules results in limited
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get less effective to address the growing demands in
machine intelligence. As comparison, after millions of
years of evolution and upgrading of the human nervous
system, the interconnected neurons form a highly
complex neural network structure through synapses with
the transmission of electronic and chemical signals [3, 4].
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There are ~10™ interconnected neurons in human brain,
which can process, respond and store information in an
energy-efficient manner [5]. Inspired by the working
model of the human nervous system, researchers have
been committed to simulating information processing
mechanisms in biological nervous system at software and
hardware level to achieve autonomous functions and
problem solving [6-8]. The implementation of artificial
intelligence (AI) algorithms at software level would be
fundamentally affected by hardware based devices.
Therefore, developments of hardware-based neuromorphic
devices are effective ways to implement neuromorphic
computing. Since the introduction of the concept of
neuromorphic devices in the late 1980s [9], researchers
have developed and designed a variety of devices to
mimic biological synaptic plasticities. Such neuromorphic
devices mainly include two-terminal memristors [10-14]
and three-terminal transistors [15-19]. Though two-
terminal devices offer several advantages, notably the
ability to be highly integrated, the problem of sneak
path current leads to a reduction in accurate readout
and programming when integrating them into crossed
arrays [20]. As comparison, transistor based neuromorphic
devices are virtually immune to the “sneak path current”
problem due to the fact that transistors operate with
gate capacitive coupling mechanism [21]. Thus, three-
terminal transistors have also attracted great attention
for neuromorphic electronic applications. On the other
hand, products with multi-functions are interesting for
our daily life. A series of devices with single function
could be integrated. However, it would increase the cost
of production, the cycle time, and so on. Therefore,
multi-mode cognitive activities on single neuromorphic
device would endow neuromorphic electronics new inten-
sion. Such multi-functional neuromorphic device would
have a long-term application prospect.

In the present work, double layered pectin/chitosan
composite electrolyte film was adopted to fabricate multi-
terminal oxide neuromorphic transistors. The composite
film is not only a purely natural biodegradable biomate-
rial, but also it help to achieve operation with ultra-low
power consumption due to the extremely strong proton
gating effects. The minimum operating voltage is as low
as 1 mV, which is much far below the biological action
potential level of ~100 mV [22]. In addition, synaptic
plasticities were mimicked on a single oxide neuromorphic
transistor with multiple operation modes. With bottom-
gate mode, typical synaptic plasticities were mimicked,
including excitatory postsynaptic current (EPSC) and
paired-pulse facilitation (PPF). Interestingly, linear clas-
sification functions were implemented under synaptic
metaplasticity mechanisms. With pseudo-diode mode,
basic synaptic functions have also been mimicked,
including inhibitory/excitatory synaptic responses and
spike rate dependent plasticity activities. The composite
electrolyte gated oxide neuromorphic transistor can also

be degraded in deionized (DI) water, as is in line with
the requirements of green sustainable electronics. Here,
multiple modes can be achieved on a single environment
friendly oxide neuromorphic transistor, exhibiting priori-
ties including low cost, low energy consumption, high
sensitivity. As is interesting for the developments of
energy-efficient and green Al industry.

2 Experiments

2.1 Fabrication of oxide neuromorphic transistors

Oxide neuromorphic transistors gated with double
layered pectin/chitosan composite electrolyte films were
fabricated on ITO glass substrates. First, 0.1 g pectin
powder (Macklin) was dissolved in 10 mL deionized
water. After stirred at 60 °C for 2 h, a homogeneous
pectin solution with concentration of ~1.0 wt% was
obtained. Chitosan solution was also obtained by
dissolving ~0.4 g chitosan powder and ~0.4 g acetic acid
in ~20 g deionized waters at room temperature. After
standing for 24 h, these solutions can be used. Next, the
pectin solution was drop-casted onto the ITO glass
substrates. After dried at 40 °C for 12 h, a solid pectin
films can be obtained. Then, the chitosan solution was
drop-casted on the solid pectin films. After dried at
35 °C for 6 h and followed by drying at 45 °C for 6 h,
double layered pectin/chitosan composite electrolyte
films were obtained. To obtain oxide transistors,
patterned ITO films were sputtered on the double
layered electrolyte film by adopting ITO target (InsOs:
SnO; = 90:10 wt%). The sputtering power, working
pressure, Ar gas flow rate, and sputtering time were set
to 100 W, 0.5 Pa, 14 sccm, and 15 min, respectively.
Due to the reflection of ITO nanoparticles at the mask
edge, a thin ITO channel can be formed between the
source and drain electrodes. Thus, an ITO transistor can
be obtained, as schematically shown in Fig. 1(a). The
size of the electrodes was 1000 um x 150 pum. The width
and length of the channel layer were 1000 pm and 80 pm,
respectively. Interestingly, isolated ITO patterns can
also be obtained if they were separated from the source
or drain electrodes with a big distances. Such patterns
could be deemed as coplanar gates. Such configurations
endow the ITO transistors with multi-functions.

2.2 Characterization of double layered pectin/chitosan

composite electrolyte films

Surface roughness of the pectin and chitosan films was
characterized by using scanning probe microscopy (3100
SPM). Cross-sectional morphology of the double layered
pectin/chitosan composite electrolyte films was charac-
terized by scanning electron microscopy. FTIR spectra
were analyzed by an intelligent Fourier transform
infrared spectrometer (FTIR: Nicolet 6700).
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Fig. 1 (a) Schematic diagram for depositing of ITO patterns on electrolyte. (b) Molecular structures of chitosan and
pectin. FTIR spectra of (c) pectin, (d) chitosan and (e) double-layered pectin/chitosan composite electrolyte film. AFM
surface topography image of (f) pectin film and (g) chitosan film. (h) Cross-sectional SEM image for the composite electrolyte

film.

2.3 Electrical performance characterization

Proton conductivity and frequency-dependent capaci-
tances of the double layered pectin/chitosan composite
electrolyte films were characterized by a Solartron1260A
Impedance Analyzer. Electrical characteristics of the
ITO transistors and multi-mode cognitive activities were
measured at room temperature with a semiconductor
parameter analyzer (Keithley 4200A SCS). All the elec-
trical characterizations were conducted in atmosphere
ambient with air relative humidity of ~60%.

3 Results and discussion

As recyclable renewable resources, pectin and chitosan
are widely distributed in nature. Pectin is mainly
extracted from fruits, for example, citrus or apple peels.
While chitosan can be derived from the crustaceans of
marine arthropods, the crustaceans of insects, the cell
membranes of fungi and algae, etc. Figure 1(b) shows
molecular structures of pectin and chitosan. As natural
biodegradable materials, there are plenty of carboxyl

groups and hydroxyl groups within their molecular
structure, demonstrating potentials in protonic conductive
electrolyte. Figures 1(c)—(e) show FTIR spectra of pectin,
chitosan and double-layered pectin/chitosan composite
electrolyte film. Strong bands at ~1734 cm ' can be
attributed to stretching vibration of C=O0, clearly
demonstrating the existence of a mass of carboxyl within
the pectin [23]. Wide peaks ranged between 3000 cm !
and 3750 cm ! correspond to tanti-symmetric pinch-
stretch vibration of hydroxyl group [24]. Under the
action of external electrical field, a large number of
transportable protons (H*') can be produced, which will
help the formation of electric-double-layer (EDL). Here,
both the apple pectin solution and chitosan solution
exhibits acidity with PH wvalue of ~3.35 and ~3.93,
respectively. Compared with neutral solution, the elec-
tronic activity of the hydrogen-oxygen bond in the
acidic solution will be stronger. As would also be helpful
for strong proton conductivity. Figure 1(f) shows atomic
force microscope (AFM) surface topography image of
pectin film. The surface root mean square (rms) roughness
is estimated to be ~6 nm. Figure 1(g) shows AFM
surface topography image of chitosan film. The surface
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Fig. 2 (a) Schematic diagram of a biological synapse. (b) Frequency-dependent specific capacitance for double-layered
pectin/chitosan composite electrolyte. Inset: ITO/electrolyte/ITO capacitor. (c) Extracted EDL capacitances measured for
ten times. (d) Comparison of the present EDL capacitance with those from the reported works. (e) Impedance data of the

composite electrolyte film.

rms roughness is estimated to be ~0.8 nm. Since the rms
value for chitosan is much lower, it is coated on the
pectin  to help improve electrical performances.
Figure 1(h) shows cross-sectional SEM image for the
composite electrolyte film. The thickness is estimated to
be ~50 pm. There are also large number of pores. These
pores are favorable for proton conductive properties.
Figure 2(a) shows schematic diagram of a biological
synapse. When action potential of a presynaptic neuron
arrives, the presynaptic membrane releases neurotrans-
mitters from synaptic vesicles. They will diffuse through
the synaptic cleft to the postsynaptic membrane and
bind to the receptor, triggering post-synaptic responses,
i.e., post-synaptic currents and changes in post-synaptic
potentials. As a result, information is transmitted from
pre-synaptic neuron to post-synaptic neuron. Such
synaptic information transferring can be mimicked on
the proposed oxide neuromorphic transistor operated in
multi-mode. Figure 1(a) schematically shows the double-
layered pectin/chitosan composite electrolyte gated ITO
neuromorphic transistor. The device can operate at
bottom gate mode. When the gate is short connected to
the source, it can also operate at pseudo-diode mode.
When the lateral ITO pattern is deemed at a gate, the
device can also operate at gate mode.
Figure 2(b) shows specific capacitance as a function of
frequency. It can be seen that the capacitance presents a
strong frequency-dependent characteristics. Figure 2(c)
shows the extracted capacitance at 1 Hz measured for
ten times. The values are quite stable with average

in-plane

value of ~5.2 uF /em? The results indicate strong stabilities
for the present composite electrolyte film. The big
specific capacitance is attributed to proton-related EDL
effects at the ITO/electrolyte interface. Figure 2(d)
compares the EDL capacitance of the present composite
electrolyte with those from the reported works [22,
25-33]. It is found that the EDL capacitance of the
present composite electrolyte is higher than those from
the reported works, indicating the priorities for the
present composite electrolyte. Figure 2(e) also shows
Cole—Cole plot of impedance data for the composite elec-
trolyte film. The protonic conductivity is estimated to
be ~1.57 x 102 S/cm. It is comparable to or slightly
higher than previously reported values for bio-polymer
based electrolytes [28-31, 34].

Information transfer between neurons can be simulated
on the proposed oxide neuromorphic transistor worked
at various operating modes. Firstly, electrical performances
have been discussed on the ITO neuromorphic transistor
worked at various operating modes. Figure 3(a) is a
schematic illustration of an oxide neuromorphic transistor
worked at bottom-gate mode (Gg). Figure 3(d) shows
ten repeated transfer curves. They overlap with each
other very well, indicating good stabilities. Anticlockwise
hysteresis are observed, indicating the presence of
mobile protons within the composite electrolyte film. Vi
is fixed at 1.5 V. Threshold voltage (Viy) is estimated to
be ~0.1 V. Current on/off ratio is ~4.3 x 10°. Subthreshold
swing is only ~88.7 mV /dec. Carrier mobility is estimated
to be ~2.55 ¢cm?/(V-s). The changes in threshold voltage
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Fig. 3 Schematic illustration of an oxide neuromorphic transistor worked at (a) bottom-gate mode (Gg), (b) coplanar gate
mode and (c) pseudo-diode operates at GS mode. (d) Transfer curves for Gg mode. (e) Comparison of transfer curves for
oxide neuromorphic transistor worked at bottom gate mode and coplanar gate mode. (f) -V curve for pseudo-diode operates

at GS mode.

(A Vi) between forward and backward scanning is esti-
mated to be ~0.3 V. Thus, the number of mobile protons
can be estimated by using the formula below [35]: N =
AVy, C/e, where C and e are the EDL capacitance and
the elementary charge, respectively. Thus, the number
of the extracted mobile protons is estimated to be ~9.8 x
102 c¢cm 2. Figure 3(b) is a schematic illustration of an
oxide neuromorphic transistor worked at coplanar gate
mode. Here, the coplanar gate (Gi) is isolated from the
drain electrode for ~300 um. While at the bottom gate
configuration, the distance between the drain and the
gate is only ~50 pm. Thus, the gating effects would be a
little weaker for the coplanar gate mode. Figure 3(e)
compares transfer curves for oxide neuromorphic transistor
worked at bottom gate (Gp) mode and coplanar gate
mode (Vg1 or Vgg). The on/off ratio for the coplanar
gate mode (G) is two orders of magnitude lower than
that of the bottom gate mode. When the distance
between the coplanar gate (G:) and drain electrode
increases to ~690 pm, the gating effects get weak, thus
decreasing on/off ratio further. Interestingly, when gate
is short connected to source electrode or drain electrode,
the neuromorphic transistor could operate at pseudo-
diode mode because of the unique proton gating activi-
ties. When source is short connected to gate, operation
mode is defined as GS mode. While when the drain is
short connected to gate, operation mode is defined as
GD mode. Here, the bias not only induces current in the
diode, but also acts as driving force for the mobile
protons within the composite electrolyte film. Figure 3(c)
schematically shows pseudo-diode operates at GS mode.
The positive bias at the drain will push protons away

from the channel/electrolyte interface. Thus, the channel
will get depleted and the channel conductivity will
decrease. While negative bias will result in the accumu-
lation of protons at the channel/electrolyte interface.
Thus, the channel will get accumulated and the channel
conductivity will increase. Figure 3(f) shows the I-V
curve. The bias is scanned from —1.2 V to 1.2 V and
then back. The currents at —1.2 V and 1.2 V are
—46.4 pA and 24.4 nA, respectively. Thus, the rectification
ratio is estimated to be ~1900.

In order to validate multi-modes of the proposed oxide
neuromorphic, pseudo-diode was adopted to mimic
synaptic plasticity behavior. Inhibitory synapses and
excitatory synapses were mimicked. Different from
conventional gate-modulation mode, self-modulation
behavior of channel conductance can be achieved only
by the drain bias at pseudo-diode mode. Here, synaptic
plasticities are mimicked at the GS mode, as schematically
shown in Fig. 3(c). Voltage pulses applied on the drain
can be considered as pre-synaptic stimuli and the
detected drain current can be considered as a post-
synaptic current (PSC). Figure 4(a) shows typical PSC
response triggered with a pre-synaptic stimulus (1 V,
20 ms) loaded on the drain. When spike comes, a PSC
current with peak value of ~0.17 pA is obtained. It is
similar to the depolarization process of membrane potential
in biological neurons [36]. While within the pre-synaptic
spike duration, protons would come to leave electrolyte/
channel interface, inducing the decreased channel
conductivity. Interestingly, a negative PSC with negative
peak value of ~ —33 nA is observed when pre-synaptic
spike ends. Such PSC response will gradually decay to

Yan Li, et al., Front. Phys. 19(5), 53204 (2024)

53204-5



Fe > FRONTIERS OF PHYSICS

RESEARCH ARTICLE
(a) _ w12 35
> 14 [\ Pre-synaptic spike ®) A
g 0 .‘\ 128
=¥
0.2' 5 F21
2 | 2 21 .
2 < L14 2
2 O | £ 4 .
£ w 7
0.0 f| — .
| . g---ﬁ L
L5 20 25 3.0 1 3 5 7 9 15 30 60 100
Time (s) U (mV)
2.0 45 (d) o
@ =~ T o 2z 1 | Paired pre-synaptic spikes
-—w 3
Signal J }% | \“
1.5 N = 0
b
= y k } - 36 |
=} e = 0.2
% 1.04 o™ A7, S o~
\g o 7 \J; g- ’
a e g o1 |
0.5 / F27 -
- , 7 0.0 |
0.0 p P2 W NN
1 3 5 7 9 15 30 60 100 15 2.0 25 3.0
U (mV) Time (s)

Fig. 4 Typical synaptic responses on GS mode. (a) Typical PSC response triggered with a pre-synaptic stimulus (1 V,
20 ms) loaded on the drain. (b) Peak PSC values and energy consumption (P) values as a function of spike amplitudes (U).
(c) S/N and S values as a function of U values. Inset: Schematic diagram for estimate S/N. (d) Typical PSC current under

paired pre-synaptic spikes.

the resting current. The behavior could be attributed to
the relaxation of protons, i.e., the protons migrate back
to their initial equilibrium positions. Such PSC response
is quite similar to the hyperpolarization process of
membrane potential in biological neurons [37].
Additionally, the pseudo-diode mode possesses priorities
of ultrasensitive response behaviors, as is highly desirable
for energy efficient neuromorphic electronics. Figure 4(b)
shows peak PSC values triggered by presynaptic spikes
with different spike amplitudes (U). Amplitudes of
presynaptic spikes gradually reduced from 100 mV to
1 mV. At the lowest spike amplitude of 1 mV, a peak
PSC value of ~0.3 nA is obtained. Here, the energy
consumption (P) is also calculated using formula: P =
Ise X U x t. Figure 4(b) also shows P values as a function
of spike amplitudes (U). With the decreased U values,
the P wvalues decrease correspondingly. When U is
100 mV, the P value is ~31.5 pJ. While at U of 1 mV,
the P value is only ~7.8 fJ. Furthermore, sensitivity is
also an important parameter for neuromorphic devices
with accurate responses. Here, signal-to-noise ratio (S/N)
and sensitivity (S) are investigated at low pre-synaptic
amplitude. S value can be obtained with formula: S =
10 log(S/N). Figure 4(c) shows S/N and S values as a

function of U values. At U value of 100 mV, S/N value
and S value are ~15477 and ~41.9 dB, respectively.
When the U value decreases to 1 mV, the S/N value is
~229.6. Correspondingly, the S value is as high as
~23.6 dB. The results verify the feasibility of the present
pseudo-diode in brain-inspired ultrasensitive neuromorphic
devices. With the pseudo-diode mode, short-term synaptic
plasticity (STP) can also be mimicked. Figure 4(d)
shows PSC current under paired pre-synaptic spikes.
Spike duration time, spike interval time and spike
amplitude are 10 ms, 20 ms and 1 V, respectively. For
the first spike, the peak PSC value (A4;) is ~160.7 nA.
While for the second spike, the peak PSC value (4s) is
only ~96.6 nA. The result is quite similar to the paired
pulse depression (PPD) behaviors in biological synapses
[38, 39]. Here, PPD index (&) can be estimated by a
formula: ¢ = As/A; x 100%. Thus, ¢ is ~60.1%. The
behaviors could be explained as follows. At the short
spike interval, some protons induced by the first spike
will reside at the electrolyte/gate interface. Upon the
arrival of second spike, more protons will get accumulated
at the electrolyte/gate interface, leading to a decreased
channel conductances, i.e., the decreased peak PSC
value for the second spike.
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Fig. 5 (a-c) Synaptic responses on pseudo-diode with GD mode. (a) Typical PSC response triggered by a pre-synaptic
spike (1 V, 30 ms) with a base voltage of 0.5 V. (b) PSC responses with successive spikes of (1 V, 100 ms). Spike interval
time (ATpwe) is 30 ms. (c) Peak PSC value as a function of spike numbers with different A T}y.. The spike amplitude and
spike duration are 1.5 V and 100 ms, respectively. (d-f) Synaptic responses on pseudo-diode with GS mode. (d) PSC
response triggered by a pre-synaptic spike (1 V, 50 ms) with a base voltage of —0.5 V. (e) PSC responses with successive
spikes of (1 V, 100 ms). ATy, is 80 ms. (f) Peak PSC value as a function of spike numbers with different A Tp. The spike
amplitude and duration time are 1 V and 50 ms, respectively. (g) Schematic diagram of dynamic proton gating effects on
pseudo-diode. (h) Frequency dependent facilitation index (1) for GD mode. (i) Frequency dependent depression index () for

GS mode.

The pseudo-diode can also operate at GD mode.
Figure 5(a) shows a typical PSC response triggered by a
pre-synaptic spike of 1 V in amplitude with a base voltage
of 0.5 V. The base voltage induces the accumulation of
protons at the electrolyte/channel interface. Thus, a
resting drain current of ~8 pA is observed. When pre-
synaptic spike of (1 V, 30 ms) arrives, more protons will
accumulate at the electrolyte/channel interface, which
induces a high peak PSC value of ~18.9 pA. When pre-
synaptic spike ends, the accumulated protons will gradually
spread out, which results in the decreased channel
conductance. Facilitating behavior can also be observed
successive spikes loaded on the gate.

when are

Figure 5(b) shows PSC responses with successive spikes
of (1 V, 100 ms). The spike interval time (ATpy.) is
30 ms. The operation mechanisms are related to the
accumulated protons at the electrolyte/channel interface
for the increased spike numbers. Figure 5(c) shows peak
PSC value as a function of spike numbers with different
ATpe. When ATy is 400 ms, the peak PSC values
increase from ~49.3 pA to ~59.8 pA with spike number
increased from 1 to 40. When AT, is 50 ms, the peak
PSC values increase from ~60.9 pA to ~83.6 pA with
spike number increased from 1 to 40. Similarly, PSC
response triggered by a pre-synaptic spike of 1 V in
amplitude with a base voltage of —0.5 V is also measured

Yan Li, et al., Front. Phys. 19(5), 53204 (2024)
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on pseudo-diode operated at GS mode, as shown in
Fig. 5(d). The spike duration is 50 ms. With the base
voltage of —0.5 V, protons would accumulated at the
electrolyte/channel interface, thus a resting current of
~ —3.5 pA can be detected. When a positive pre-synaptic
spike arrives, an absolute channel current with peak
value of ~6.04 pA is detected. Here, the peak PSC value
in GS mode is relatively lower than that in GD mode.
The behaviors can be explained below. Dynamic stimuli
on the drain will be more effective with the GD mode.
In another word, positive spike will load on both gate
and drain, which will induces more protons at the elec-
trolyte/channel interface, as schematically shown in the
left panel in Fig. 5(g). Thus, the spike will facilitate the
channel conductance. While at GS mode, positive spike
will result in the decreased proton concentration at the
electrolyte/channel interface, as schematically shown in
right panel in Fig. 5(g). In another word, the spikes will
depress the channel conductance. Figure 5(e) shows the
PSC responses with successive spikes of (1 V, 100 ms) at
GS mode. The spike interval time is 80 ms. It is
observed that the peak PSC value decreases gradually,
exhibiting inhibitory behavior. The behavior clearly
proves the depression activities. Here, the arrival of
drain spike would induce the accumulation of protons at
the electrolyte/gate interface. With the increased spike
numbers, more and more protons will get accumulated
at the electrolyte/gate interface. Figure 5(f) shows the
peak PSC value as a function of spike numbers with
different interval time (ATp). When ATy, is 100 ms,
the peak PSC values decrease from ~3.9 pA to ~0.9 pA
with spike number increased from 1 to 40. When AT,
is 20 ms, the peak PSC values decrease from ~4.9 pA to
~92.3 nA with spike number increased from 1 to 40. The
two sets of data in Figs. 5(c) and (f) demonstrate that
the devices are capable of achieving spike rate-dependent
plasticity (SRDP), which is an important synaptic learning
function. Here, facilitation index (or depression index) is
defined as: 7 = 100 x Agy/ A1, where Ay and A; are the
peak PSC values for the 40" spike and 1%t spike, respec-
tively. Figures 5(h) and (i) show the frequency dependent
n values at GD mode and GS mode, respectively. It is
observed that the frequency has significant effects on 7
values at both the GD mode and the GS mode. In GD
mode, the 5 value is ~141.6% at frequency of 2 Hz, while
it decreases to ~137.2% at frequency of 6.7 Hz. In GS
mode, the 7 value also decreases with frequency. It is ~
23.9% at frequency of 6.7 Hz, while it is ~1.9% at
frequency of 14.3 Hz. Though #» value decreases with
frequency for both modes, it demonstrates facilitation at
GD mode, while it demonstrates depression at GS mode.
As would be meaningful for the SRDP applications.

We also mimicked basic synaptic plasticities on the
ITO neuromorphic transistor with bottom gate configu-
ration. As a typical synaptic feature in biological neural
systems, paired-pulse facilitation (PPF) is a kind of

RESEARCH ARTICLE
short-term synaptic plasticity, reflecting temporal
coupling activities. Figure 6(a) illustrates EPSC

response triggered by paired pre-synaptic spikes (1 V,
10 ms) with spike interval time (AT) of 20 ms. Vg is
fixed at 1 V to detect the EPSC response. The first
absolute EPSC value (A;) and the second absolute
EPSC value (Ay) are ~2.3 pA and ~2.9 pA, respectively.
The PPF index, defined as & = A3/ Ay x 100%, is ~126%.
Figure 6(b) shows & values as a function of AT. When
AT is 10 ms, & value is ~146%. When AT is 800 ms, &
value drops to ~102%. These behaviors are quite similar
to the PPF response in biological synapses. Here, the &
vs. AT curve is also fitted with a dual-phase exponential
function [40]:

62 14+ Cl % e—AT/Tl 4 02 % e—AT/TQ,

where () and C, are the initial facilitation parameters,
while 7; and 75 are the characteristic relaxation times. Ci,
Cy, 11 and 1o are estimated to be ~9.42%, ~112.94%,
~312 ms and ~18 ms, respectively. These values are
quite similar to those in biological synapses. In neural
system, historical stimuli often affects synaptic plasticity
and cognitive activities. The behavior is called as synaptic
metaplasticity. [41] With the inherent priorities for
proton gating, historical stimuli would affect the synaptic
responses on the followed pre-synaptic spikes independent
of operation mode. Thus, metaplasticity could be
mimicked on different operation modes. Here, metaplas-
ticity is mimicked on the bottom gate mode. Figure 6(c)
schematically shows the spiking trains consisted of priming
spike and main spike on the gate. The main spike duration
time is 10 ms. To detect EPSC responses, a constant Vg
of 0.5 V is loaded. Figure 6(d) shows EPSC responses
with the increased priming spike duration time. The
spike interval time (AT) is fixed at 50 ms. With the
increased duration times of the priming spike from
20 ms to 1980 ms, there is a significant increase in the
EPSC value from ~0.3 pA to ~1.0 pA. This indicates
that the height of the main spike can be modulated by
the duration time of the priming spike. Figure 6(e)
shows the EPSC responses with the increased AT. The
duration time of the priming spike is fixed at 1980 ms.
It is observed that the main peak EPSC value decrease
gradually from 1.1 pA to 0.6 pA with the increased AT
from 20 ms to 500 ms. Such synaptic metaplasticity
hints that information of the historical priming spikes
can be judged by reading the EPSC responses at the
main spike. Here, the oxide neuromorphic transistor is
proposed as a linear classifier capable of classifying
processing. As shown in Fig. 6(c), the priming spike can
be deemed as the input information. Main spike of 0.5 V
in amplitude and of 10 ms in duration is deemed as a
reading spike. Thus, main EPSC response contains input
information and can be used for realizing classification
function. Figure 6(f) shows the gradient plot with different
priming spike duration and spike AT. Here, a threshold
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Fig. 6 (a) EPSC response on oxide neuromorphic transistor triggered with paired pre-synaptic spikes (1 V, 10 ms) with
spike interval time (AT) of 20 ms. (b) PPF index (¢) as a function of AT. (¢) Schematically diagram of the spiking trains
consisted of priming spike and main spike. (d) EPSC responses with the increased priming spike duration time. AT is fixed
at 50 ms. (e) EPSC responses with the increased AT. The duration time of the priming spike is fixed at 1980 ms. (f) Gradient

plot with different priming spike duration and spike AT.

value of 0.64 pA is set. When peak value is above
0.64 pA, the output data is located at the up left corner
of the classification field, which implies that the input is
either close to the main spike or the input is more infor-
mative, i.e., big spike duration. In contrast, when peak
value is below 0.64 pA, the output data is located at the
right lower corner of the classification field, which
implies that the input is away from the main spike or
the input is less informative, i.e., short spike duration.
The integrated output function implies that the oxide
neuromorphic transistors have good co-modulation with
information processing and have the ability to realize
linear classification function on a single oxide neuromorphic
transistor. These conclusions point to the fact that the
oxide neuromorphic transistors have potentials in simpli-
fying cognitive neuromorphic platforms.

4 Conclusion

In summary, multi-functional oxide neuromorphic tran-
sistor were fabricated with a single-step mask processing.
The devices were gated with pectin/chitosan hybrid
electrolyte. Due to the extremely strong interfacial
ionic/electronic coupling effect, the oxide neuromorphic
transistor can operate at low voltage below 1 V. With
unique protonic gating and drain self-modulation, the
device can also operate at multi-operation mode, including
bottom gate mode, coplanar gate and pseudo-diode
mode. Interestingly, the artificial synapse can work at

low voltage of only 1 mV, exhibiting extremely low
energy consumption of ~7.8 fJ, good signal-to-noise ratio
of ~229.6 and sensitivity of ~23.6 dB. Both inhibitory
and excitatory synaptic responses were mimicked on the
pseudo-diode with GS mode and GD mode, respectively.
Moreover, spike rate dependent plasticity activities were
observed. With synaptic metaplasticity activities for the
oxide neuromorphic transistor under bottom gate config-
uration, a linear classifier is proposed, exhibiting interesting
classification function. These results suggest great poten-
tials of the oxide neuromorphic devices with multi-mode
cognitive activities in neuromorphic platform.
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