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In this study, we implement an artiﬁcial synapse and neuron in a single platform by combining a silicon nanowire (SiNW) ion-sensitive ﬁeld-eﬀect transistor (ISFET), an indium-gallium-zinc-oxide (IGZO) memristor, and
a voltage-controlled oscillator (VCO). The chemical and electrical operations of the synapse are emulated using
the pH sensor operation of the ISFET and long-term potentiation/short-term plasticity of the IGZO memristor,
respectively. The concentration of hydrogen ions in an electrolyte is successfully transformed via a VCO-based
neuron into modulation of synaptic strength, i.e., the current of the memristor. It mimics the strength of the
synaptic connection modulated by the concentration of the neurotransmitter. Thus, the chemical-electrical signal
conversion in chemical synapses is clearly demonstrated. Furthermore, the proposed artiﬁcial platform can
discriminate the chemical synapse from the electrical synapse and the path of the neuro-signal propagation and
that of memorization/update of synaptic strength. This can potentially provide a new insight into the principles
of brain-inspired computing that can overcome the bottleneck of the state-of-the-art von-Neumann computing
systems.

1. Introduction
Data are currently generated at rates far greater than at which they
can be analyzed. Hence, improving the speed and energy eﬃciency of
hardware by orders of magnitude is vital for Internet of Things, telecommunications, and storage systems. However, this is a diﬃcult task
when using general hardware based on the complementary metaloxide-semiconductor (CMOS) technology and von-Neumann architecture since the scaling of the silicon CMOS is approaching its physical
limitations [1]. Furthermore, the challenge of the well-known memory
wall between the processor and oﬀ-chip memory/storage represents the
system bottleneck, which negatively aﬀects disk drive input-output
rate, process clock speed, and graphics processing unit performance
[2].
Researchers have recently started employing brain-inspired neuromorphic computing systems to overcome the limitations of vonNeumann computing systems. Since neural-inspired learning algorithms involve extensive large-scale matrix operations, a computing
⁎

paradigm that exploits parallelism at ﬁne-grained levels is attractive for
overcoming memory walls [3]. The ﬁnal goal of hardware implementation for brain-inspired computing requires changing the
paradigm of conventional hardware for highly demanding applicationspeciﬁc tasks such as image processing, speech recognition, autonomous vehicles, and artiﬁcial bodies [4].
Undoubtedly, the emulation of biological systems is an indispensable step toward the design, veriﬁcation, and implementation of a
large-scale integrated neuromorphic system and its architecture. Here,
two important concerns should be carefully considered when emulating
biological synapses and neurons in the human brain: (1) distinguishing
chemical synapses from electrical synapses and (2) discriminating and
implementing the path through which neuro-signals propagate and the
path where synaptic strengths are stored and dynamically updated for
realizing plasticity.
In the case of chemical synapses, neurotransmitters from a presynaptic neuron are transferred to a postsynaptic neuron through receptors; the amount of neurotransmitters transferred is converted into
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neurotransmitter is initialized by the action potential of a presynaptic
neuron, then diﬀused from presynaptic neurons to receptors of postsynaptic neurons, and reconverted into action potentials in postsynaptic
neurons. Then, the chemical synapse between presynaptic and postsynaptic neurons [A in Fig. 1(a)] corresponds to A in Fig. 1(b) where the
SiNW ISFETs, used as bionic chemical synapse circuits, must be sensitive to the concentration of the neurotransmitter to implement a bioinspired circuit. Indeed, top-down processed SiNW ISFETs have been
proposed as promising biosensors because they oﬀer real-time and
label-free detection, excellent sensitivity owing to their high surface-tovolume ratio, and compatibility for integration with the conventional
complementary metal-oxide-semiconductor (CMOS) technology
[9–11].
As shown in Fig. 2(a), the SiNW ISFETs proposed for emulating
chemical synapses were fabricated on (100) silicon-on-insulator (top Si
layer =100 nm and buried oxide =375 nm) wafers doped by boron
(doping concentration = 4 × 1015 cm−3). Ion implantation was performed on the Si layer thinned to 80 nm by thermal oxidation to conduct channel doping with a p-type region (dopant: B+, energy: 20 keV,
dose: 5 × 1013 cm−2) and n-type region (P+ 40 keV 3 × 1013 cm−2).
The annealing process was performed at 950 °C for 30 min to obtain the
uniformity of channel doping with the 80-nm-thick silicon channel.
Next, the active layer was deﬁned by a combination of electron beam
and photolithography (mix-and-match) on the silicon layer. To obtain
the active formation and region, the silicon channel layer was etched
using O2/HBr inductively coupled plasma (ICP) excitation. Dry-oxidation was performed at 850 °C to form the 10-nm-thick gate oxide and
the poly-silicon (thickness =100 nm) was deposited at 630 °C using
low-pressure chemical vapor deposition (CVD). The poly-silicon on the
SiNW was removed using photolithography and ICP dry etching. A
photoresist (PR) mask covering only the SiNW channels was then employed to dope the gate (G) and source/drain (S/D) of the SiNW by As+
and BF2+ ion implantation for the n-type and p-type S/D/G, respectively. Rapid thermal annealing was conducted at 900 °C for 10 s to
activate the dopants, before the inter-layer dielectric oxide (ILD) was
formed using a high-density plasma CVD process. Dry etching and
photolithography formed the contact holes. Next, the metal layer (Al)
was sputter-deposited and patterned for metallization on the ILD. The
tetraethyl orthosilicate layer was then deposited for passivation. Dry
etching and photolithography were used to open the pads. To open the
sensing area, the oxide layer around the SiNW was removed by photolithography and magnetically enhanced reactive ion etching technique in CF4/CHF3 plasma. Finally, an alloying process was performed.
The SiNW ISFET was fabricated with width =120 nm, L
In addition, with regard to synaptic plasticity, most previous studies
on the application of memristors as synapses adopted approaches of
continuously modulating the memristor conductance according to the
time diﬀerence of the electrical pulses, i.e., STDP [8,12,13]. The propagation of a neuro-signal through a neuron [B in Fig. 1(a)] corresponds to B in Fig. 1(b), and the plasticity of the synapse [C in Fig. 1(a)]
is illustrated in C of Fig. 1(b). In most cases, analog-type resistanceswitching (RS) devices with two terminals acted as memristors. On the
other hand, a-IGZO memristors enable the eﬀective implementation of
electrical synapse devices as they oﬀer the advantages of high mobility,
low cost process, large-area uniformity, and compatibility with ﬂexible
electronics [14,15].
Therefore, we fabricated the a-IGZO memristor on a p + silicon
wafer, as shown in Fig. 2(b). An a-IGZO layer was ﬁrst deposited on the
p+ silicon wafer by radio-frequency (RF) sputtering in an Ar/O2 mixture (3/2 sccm) at room temperature under an RF power of 150 W.
Here, the p+ silicon substrate acts as the bottom electrode. The thickness of the IGZO memristor was then optimized to 50 nm. Subsequently,
a Pd layer was deposited with an electron-beam evaporator and patterned using a shadow mask to form the 40-nm-thick top electrode.
A top-view scanning electron microscope (SEM) and transmission
electron microscope (TEM) images of the fabricated SiNW ISFET are

electrical signals, called action potentials, and propagated in the neurons. While there is a time delay in signal transmission owing to this
electrical-chemical-electrical signal conversion, signal transmission is
unidirectional. Thus, proper chemical function emulation involves detecting the concentration of neurotransmitter agents, i.e., γ-aminobutyric acid (GABA), glycine (inhibitory neurotransmitter), and glutamate
(excitatory neurotransmitter) with the functionalization of their speciﬁc-binding receptors [5], i.e., the ionotropic glutamate receptor, Gprotein coupled receptor, and metabotropic glutamate receptor [6]. On
the other hand, in electrical synapses, only electrical signals propagate
directly from a presynaptic to a postsynaptic neuron through the gap
junction channel. Fast and bidirectional signal transmission occurs
without involving action potential. Thus, there is no electrical-chemical-electrical signal conversion in electrical synapses [7]. In the
nerve system, both the chemical and electrical synapses exist simultaneously and inﬂuence each other diversely, as observed in mixed synapses [5].
Meanwhile, in term of plasticity, it is noteworthy that the plasticity
of synaptic strength occurs simultaneously with the signal propagation.
Proper emulation of plasticity involves the long-term potentiation
(LTP), short-term plasticity (STP), and spike timing–dependent plasticity (STDP) of the spiking neural network [8]. Moreover, despite the
simultaneous chemical and electrical functions of a synapse, they have
been studied separately and in an oversimpliﬁed manner so far. For
instance, the generation and propagation of the action potential and its
STDP operation have been demonstrated only by considering the time
diﬀerence between the presynaptic and postsynaptic pulses with an
oversimpliﬁed shape that is diﬀerent from the actual action potential.
Furthermore, this disparity makes it diﬃcult to understand how the
relationship between the chemical and electrical synaptic functions
actually aﬀects the high energy eﬃciency of the human brain or nervous system because the electrical-chemical-electrical signal transformation in chemical synapse is lacking in such simpliﬁed descriptions.
More noticeably, although bidirectional signaling is closely related to a
very important backpropagation in convolutional neural network; the
fact that most studies have demonstrated the synaptic plasticity functions, such as LTP, STP, and Hebbian STDP, without distinguishing
between the unidirectional chemical synapse and bidirectional electrical synapse suggests that there is a big gap between the brain nervous
system and its emulation.
Therefore, both discriminating the chemical synapse from the
electrical synapse and considering signal propagation and memorization/update of synaptic strength separately are essential for the proper
systematic implementation of artiﬁcial synapses and neurons. In other
words, not only the interaction of the chemical and electrical parts of
synapses, but also the interactions between the part of signal propagation and the part of memorization/update of synaptic strength should
be implemented simultaneously in a single platform to enable studying
LTP, STP, and STDP more precisely and in a more realistic manner.
To achieve this end, electrical-chemical-electrical signal conversion
in chemical synapses, signal propagation via receptors, and their resultant plasticity of synaptic strength are demonstrated in a single
platform by consolidating silicon nanowire (SiNW) ion-sensitive ﬁeldeﬀect transistors (ISFETs), amorphous indium-gallium-zinc-oxide (aIGZO) memristor, and voltage-controlled oscillator (VCO). These results
are the steps toward satisfying two abovementioned requirements for
implementing artiﬁcial synapses and neurons, discriminating a chemical synapse from an electrical synapse, and considering signal propagation and memorization/update of synaptic strength separately.
2. Experimental
Fig. 1(a) illustrates the chemical-electrical signal conversion of
chemical synapses. During the propagation of neuro-signals through the
synapse-neuron-synapse path [A–C in Fig. 1(a)], neurons couple indirectly via the release and diﬀusion of neurotransmitters. An ejected
2
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Fig. 1. (a) Biological synapse and neuron. (b) an Artiﬁcial synapse and a neuron.

Fig. 2. Fabrication process of the (a) SiNW ISFET integrated with MOSFET and (b) a-IGZO memristor.
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Fig. 3. (a) Top-view SEM and TEM image of the fabricated SiNW FETs. Schematic illustrations of (b) the SiNW ISFET playing the role of a chemical synapse and (c) aIGZO memristor playing the role of an electrical synapse.

(4156C, Keysight) at room temperature under dark and ambient air
conditions. The Ag/AgCl reference electrode was used as the liquid
gate. The measured drain current (ID)–liquid gate voltage (VLG) curves
under 2 V drain voltage (VD) of the n-type and p-type SiNW ISFETs are
shown in Fig. 4(a). The extracted threshold voltage (VT) (ntype = 0.35 V, p-type = −0.25 V) was deﬁned as the value of VLG at an
ID of 10 nA. The SiNW ISFETs were successfully integrated into the
CMOS circuits using a combination of a top-down approach and CMOScompatible back-end process. The measured output characteristics of
the SiNW ISFETs under various VLG values (VLG = 0.5–2 V with the step
of 0.5 V) indicated that the SiNW ISFETs were operating under a saturated condition, as shown in Fig. 4(b). The transfer characteristics of
the n-type SiNW ISFETs at the ﬁve studied pH values are shown in
Fig. 4(c). At a low pH, the eNH2 group was protonated to eNH3, resulting in a greater positive potential. In contrast, at a high pH, the

shown in Fig. 3(a). The SiNW ISFET and a-IGZO memristor are also
schematically illustrated in Fig. 3(b) and (c), respectively.
3. Results and discussion
3.1. SiNW ISFETs as the chemical function of chemical synapses
To obtain a surface with an amine (eNH2), the fabricated devices
were functionalized using 3-aminopropyl-triethoxysilane (APTES) after
an alloying process was conducted. By using 0.1 M potassium phosphate buﬀers (pH 5–9) for pH solutions, we eliminated the possible side
eﬀects caused by alkali metal ions by maintaining a constant concentration of alkali metal ions [9]. Therefore, our SiNWs could selectively respond to the presence of hydrogen ions. The fabricated SiNW
ISFETs were characterized using a semiconductor parameter analyzer

Fig. 4. (a) Drain current (ID)–liquid gate voltage (VLG) curves of n-channel and p-channel SiNW ISFETs and (b) ID–VDS curves of n-channel SiNW ISFET under various
VLG values. (c) The transfer characteristic and (d) VTs according to the pH of n-type SiNW ISFETs (VT extracted using the constant current method at 10 nA).
4
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Fig. 5. Resistive switching characteristics of
the a-IGZO memristor. (a) Current–voltage
(I–V) curves of the a-IGZO memristor devices.
The red and blue circles correspond to the set
and reset characteristics, respectively. The
inset of (a) shows a schematic illustration of an
a-IGZO memristor device and forming characteristic. (b) Schematic image of the LTP and
STP characteristic as a function of the voltage
applied to the a-IGZO memristor (VMem(t)).
Schematic illustrations of VMem(t) pulses in (c)
LTP and (d) STP conditions. Used pulse parameters are as follows: programing pulse amplitude VP = 4.5 V, read pulse amplitude
Vread = 0.3 V, duration of programing pulse
train twidth =100 ms, and interval between
consecutive programing pulse trains tint
=120 μs (LTP) and tint = 12 s (STP), respectively. Measured IPSC of the a-IGZO memristor
under (e) LTP and (f) STP conditions (For interpretation of the references to colour in this
ﬁgure legend, the reader is referred to the web
version of this article).

eSiOH group was deprotonated to eSiOe, resulting in a greater negative potential. The surface potential at the SiO2/SiNW interface was
thus conﬁrmed to be well-modulated by pH values. The average shift of
VT (ΔVT) by pH was 51 mV/pH, as shown in Fig. 4(d), which is similar
to the Nernst limit (59 mV/pH) [16]. This process acts as a chemical
function in chemical synapses, in which an action potential is generated
after the neurotransmitters selectively bind to a receptor [5].

assigning a negative voltage with appropriate amplitude, i.e., depression. Thus, the gradual modulation of CF using the consecutive VMem
pulse can emulate the LTP and STP in synapses. The characteristics of
synaptic plasticity depending on the type of VMem(t) pulse train is
schematically illustrated in Fig. 5(b). When the potentiation pulse is
applied more frequently, IPSC gradually increases and remains high for a
long time even if the pulse is removed. That is, the synaptic strength is
maintained in the enhanced state (LTP). On the other hand, as the
potentiation pulse becomes less frequent, IPSC does not maintain the
increased state and returns to the initial current. In other words, the
synapse loses its strengthened state (STP). These synaptic plasticity
phenomena are clearly observed in our devices, as depicted in
Fig. 5(c)–(f). Schematic illustrations of VMem(t) pulses are also shown
for the LTP [Fig. 5(c)] and STP conditions [Fig. 5(d)]. The applied pulse
parameters are as follows: potentiation pulse amplitude VP = 4.5 V (the
VP value is slightly lower than VSET = 5 V because the gradual RS is
required in the case of memristive operation), read pulse amplitude
Vread = 0.3 V, duration of the programing pulse train twidth =100 ms,
and the interval between consecutive programing pulse trains tint
=120 μs (LTP) and tint = 12 s (STP), respectively. It is found that the
tint-dependence of the measured IPSC shows stable LTP [Fig. 5(e)] and
STP characteristics [Fig. 5(f)]. The LTP current does not return to its
original state as shown Fig. 5(e), which means that the short interval
time is suﬃcient for the CF to form with a permanent conﬁguration
because of suﬃcient VO2+s generation. Meanwhile, the STP current
quickly returns to the initial state, as shown in Fig. 5(f), indicating that
the long interval time between pulses causes rapid decay of the CF
resulting from the removal of VO2+s. Therefore, the memristive behavior and synaptic responses are in agreement with the plasticity of
biological synapses, showing that the synaptic weight is dynamically
updated and time-dependently memorized by repeated stimulation.

3.2. a-IGZO memristors as the part of synaptic plasticity
The bipolar resistive switching (RS) characteristic is observed in the
a-IGZO memristor as seen in the current–voltage (IPSC–VMem) curves in
Fig. 5(a), where the postsynaptic current (IPSC) and the voltage applied
to the top electrode under the bottom electrode connected to GND
(VMem) are deﬁned as denoted in the left-inset of Fig. 5(a). In the rightside inset illustration of Fig. 5(a), the current of the virgin device is very
low because of the detection limit of the electrical measurement system
and the dielectric state. When the forming voltage of approximately
−20 V is applied as VMem with a compliance current of 0.01 A, the
current radically ﬂows, and the device is set to a low-resistance state
(LRS). After the forming process, the stable RS between the LRS and
high resistance state (HRS) is observed with VRESET = −5.5 V (the
voltage at which the LRS changes abruptly into HRS) and VSET = +5 V
(the voltage at which the HRS changes abruptly into LRS). The mechanism of the memristive behavior of a-IGZO memristors is known as
the gradual growth/rupture of the conductive ﬁlament (CF) resulting
from oxygen vacancies (VOs) and the re-dox reaction between the resistive switching layer and metal electrodes [10–12,17]. The CF composed of the positively ionized oxygen vacancies (VO2+s) gradually
grows and IPSC increases under a consecutive pulse, assigning a positive
voltage with appropriate amplitude, i.e., potentiation. Meanwhile, the
CF gradually ruptures and IPSC decreases under a consecutive pulse,
5
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Fig. 6. (a) Measured time-varying V1 and (b) pH-dependent V1 (Inset: The chemical synapse based on the SiNW ISFET).

Fig. 7. Measured V2 when (a) pH = 5, (b) pH = 7, and (c) pH = 9. (d) The pH-dependent frequency of V2 (Inset: Schematic of the VCO).

Fig. 8. (a) Measured pH-dependent IPSC-time characteristic when Vread = 0.5 V. (b) pH-dependent IPSC (Inset: Schematic of the a-IGZO memristor as the electrical
synapse).
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Fig. 9. (a) The schematic of the mixed synapse of chemical and
electrical synapses in a single platform. (b) The proposed platform
implementing and emulating the electrical and chemical synapses
by using the ISFET, VCO, and memristor. The signal propagation
and memorization/update of synaptic strength are considered
separately.

because from the standpoint of memristors, the voltage oscillator with
an oscillation frequency modulated by the V1 depending on the concentration of target biomolecules can play the same role as the VMem
pulse train shown in Fig. 5(b). Moreover, the VCO is a well-known
stable oscillator and is widely used in the ﬁeld of electronics where
frequency and phase modulation is indispensable for a phase-locked
loop, delay-locked loop, and clock data recovery. In addition, as shown
in part B of Fig. 1(b), a few operational ampliﬁers (OP497) and resistors
were used to optimize each operating point voltage. The values of resistors R1, R2, R3, R4, and R5 were 2, 5, 12, 5, and 12 kΩ, respectively.
Frequency of the output voltage (V2) of the employed VCO is then
modulated by the pH-dependent V1, as shown in Fig. 7. As pH decreases
from 9 to 7 and then again to 5, the frequency of V2 also decreases from
10 to 6 and further to 0.2 kHz, respectively, indicating emulation of the
train of output spikes out of postsynaptic neurons, i.e., the group of
dendrite-cell body-axons, including the integration and ﬁring functions.
Finally, the IPSC is programmed to the a-IGZO memristor for modulating the strength of synaptic connectivity, as illustrated in part C of
Fig. 1(b). Fig. 8(a) shows the measured pH-dependent IPSC when a pulse
train is applied. At pH = 5, the IPSC level is low (HRS state) because the
short duration pulses cause the STP. At pH = 9, the level of read IPSC is
high (LRS state) because the long duration pulses cause the LTP. The
sensitivity of IPSC to the pH value, i.e., the sensitivity of the strength of
the synaptic connection to the concentration of the neurotransmitter,
was 0.6 μA/pH, as shown in Fig. 8(b).
These experimental results clearly show the chemical-electrical
signal conversion of chemical synapses in a single platform, as summarized in Fig. 9(a), indicating that brain-inspired models and algorithms can be potentially studied considering the relationship between
the chemical and electrical synaptic functions of the human brain or
nervous system. In turn, the proposed platform can be easily expanded
to the implementation and emulation of electrical synapses only if the
ISFET part is excluded and the VCO is substituted by a much faster part

3.3. Artiﬁcial synapse and neuron circuit conducting the electricalchemical-electrical signal conversion in chemical synapses
To implement the brain-inspired circuit in a single platform, the
hydrogen ion concentration-modulated current (IDS) of SiNW ISFET,
which plays the role of a chemical function of chemical synapse as illustrated in part A of Fig. 1(b), should be converted to the output
voltage (V1) as shown Fig. 6 according to the following equations:

V1 = VDD − IDS⋅R 0 ,
V1 = VDD − μ⋅Cox⋅

W
⋅{VLG − VT (pH )} 2⋅R 0 ,
2L

(1)
(2)

where V1 is the output voltage, VDD is the supply voltage, IDS is the drain
current of the SiNW ISFET, R0 is the output resistance, μ is the electron
mobility, Cox is the gate oxide capacitance per unit area, W is the width
of the SiNW ISFET, L is the length of the SiNW ISFET, VLG is the liquid
gate voltage, and VT is the threshold voltage of the SiNW ISFET. The
value of R0 is selected as 500 kΩ by considering the relationship between the driving ability of the SiNW ISFET and the voltage for operating the next stage. At a pH of 5 and 9, V1 is 0.93 and 1.16 V, respectively. At pH = 5, the VT becomes lowered, allowing an increase in
IDS. The pH sensitivity of the device (V1/pH) is 0.57 mV/pH. It indicates
the ability of the device to selectively convert the concentration of
biomolecules, e.g., hydrogen ions and/or neurotransmitters, into an
electrical signal V1 and mimic the chemical-electrical signal conversion
of chemical synapses. The results suggest that the developed ISFET can
transform the concentration of neurotransmitter agents into the output
voltage V1 of the neuron circuit with the functionalization of their
speciﬁc-binding receptors.
Artiﬁcial neuron models have been used by the integrate-and-ﬁre,
Hodgkin-Huxley, Izhikevich, Mihalas-Niebur, and other models [18]. In
our case, for hardware simplicity, a VCO (LTC6990, Linear Technology)
is chosen as a neuron, as illustrated in part B of Fig. 1(b). This is so
7
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along with the addition of a bidirectional path (the signal propagation
in electrical synapses is much faster than that in chemical synapses), as
depicted in Fig. 9(b). Furthermore, in the proposed platform, the path
through which neuro-signals propagate and the path where synaptic
strengths are stored and dynamically updated can be taken into account
separately only if the readout path for reading the status of memristors,
i.e., synaptic strength, is added as shown in Fig. 9(b).

[12] Z.Q. Wang, H.Y. Xu, X.H. Li, H. Yu, Y.C. Liu, X.J. Zhu, Synaptic learning and
memory functions achieved using oxygen ion migration/diﬀusion in an amorphous
InGaZnO memristor, Adv. Funct. Mater. 22 (2012) 2759–2765, https://doi.org/10.
1002/adfm.201103148.
[13] S. Kim, C. Du, P. Sheridan, W. Ma, S. Choi, W.D. Lu, Experimental demonstration of
a second-order memristor and its ability to biorealistically implement synaptic
plasticity, Nano Lett. 15 (2015) 2203–2211, https://doi.org/10.1021/acs.nanolett.
5b00697.
[14] J.T. Jang, D. Ko, G. Ahn, H.R. Yu, H. Jung, Y.S. Kim, C. Yoon, S. Lee, B.H. Park, S.J. Choi, D.M. Kim, D.H. Kim, Eﬀect of oxygen content of the LaAlO 3 layer on the
synaptic behavior of Pt/LaAlO 3/Nb-doped SrTiO 3 memristors for neuromorphic
applications, Solid. Electron. 140 (2018) 139–143, https://doi.org/10.1016/j.sse.
2017.10.032.
[15] W. Hu, L. Zou, X. Chen, N. Qin, S. Li, D. Bao, Highly uniform resistive switching
properties of amorphous InGaZnO thin ﬁlms prepared by a low temperature photochemical solution deposition method, ACS appl. Mater. Interfaces 6 (2014)
5012–5017, https://doi.org/10.1021/am500048y.
[16] M.J. Madou, S.R. Morrison, Chemical Sensing with Solid State Devices, Elsevier,
1989, https://doi.org/10.1016/C2009-0-22258-6.
[17] R. Jiang, P. Ma, Z. Han, X. Du, Habituation/fatigue behavior of a synapse memristor
based on IGZO–HfO2 thin ﬁlm, Sci. Rep. 7 (2017) 9354, https://doi.org/10.1038/
s41598-017-09762-5.
[18] B. Datta Sahoo, Ring oscillator based sub-1V leaky integrate-and-ﬁre neuron circuit,
2017 IEEE Int. Symp. Circuits Syst., IEEE (2017) 1–4, https://doi.org/10.1109/
ISCAS.2017.8050980.

4. Conclusion
In this study, the electrical-chemical signal conversion in chemical
synapses, signal propagation via neurons, and the resultant plasticity of
synaptic strength were demonstrated in a single platform by combining
the pH sensing and LTP/STP capability of an ISFET and IGZO memristor
using a VCO as the link between two devices. The concentration of ions
was successfully transformed via a simple neuron circuit block into
modulation of the post-synapse current of a memristor. These circuits
were not integrated and did not directly detect neurotransmitters; further, they did not use sophisticated neuron circuits. However, the
proposed artiﬁcial synapse and neuron simultaneously simulated the
chemical and electrical behaviors of synapses.
Furthermore, our results indicate the feasibility of discriminating
the chemical synapse from the electrical synapse and considering the
path of neuro-signal propagation and the path of memorization/update
of synaptic strength separately. The proposed platform composed of
artiﬁcial synapses and neurons is thus potentially useful for emulating
the human brain more realistically from the perspective of brain-inspired computing and for creating a new computational platform to
explore the secrets of the ultrahigh energy-eﬃciency, adaptive learning,
and disease mechanism of the human brain.
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