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Recently, neuromorphic devices for artificial intelligence applications have attracted much attention. In this work, a
three-terminal electrolyte-gated synaptic transistor based on NdNiO3 epitaxial films, a typical correlated electron material,
is presented. The voltage-controlled metal-insulator transition was achieved by inserting and extracting H™ ions in the
NdNiO3 channel through electrolyte gating. The non-volatile conductance change reached 10* under a 2 V gate voltage.
By manipulating the amount of inserted protons, the three-terminal NdNiOj artificial synapse imitated important synaptic
functions, such as synaptic plasticity and spike-timing-dependent plasticity. These results show that the correlated material
NdNiOs3 has great potential for applications in neuromorphic devices.
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1. Introduction

Modern computers are based on the von Neumann ar-
chitecture, where the computing speed has a great advantage
over that of the human brain.!"! However, the human brain is
more powerful than any computer in fuzzy processing, pat-
tern recognition, and other fields.? Because of the synapse
connections of the brain’s neural network, human brains can
process information on a large scale in a parallelized and
non-linear manner.®! The understanding of the brain’s learn-
ing and memory functions can be realized by studying the
dynamic changes of the strength of the biological synaptic
connection.*! The research of brain-like devices and comput-
ers has always been a research hotspot,>~'° and designing
hardware with a behavior similar to the synapses in human
brains is very important to realize brain-like computing. Us-
ing traditional CMOS technology, dozens of transistors are re-
quired to simulate synapses. This requires a large area on a
chip and consumes a large amount of power, which hinders
further development.[!!]

Recently, emerging two-terminal devices such as resistive
random access memory (ReRAM),!'>13] magneto-resistive
random access memory (MRAM),!'*15] phase-change mem-
ory devices (PCM),'6:17] and ferroelectric tunnel junctions!'8!
have been demonstrated to emulate artificial synapses. A
variety of tunable non-volatile resistance states in these de-
vices are required to store the synaptic weight for emulat-
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ing the synaptic plasticity. Three-terminal devices such as
electrolyte-gated transistors!!”) and ferroelectric field effect
transistor (FeFET)?Y! have also been proposed. Compared
to two-terminal devices, three-terminal devices utilize an ad-
ditional gate terminal to decouple the write/read operations.
Three-terminal devices seem to realize the functions of biolog-
ical neural devices with lower energy consumption and higher
linearity.

For electrolyte-gated transistors, the gate electrode can
be regarded as the pre-synaptic neuron, the channel between
source and drain can be regarded as the post-synaptic neuron,
and the conductance of the channel is equivalent to the weight
of the synapse. When a gate voltage is applied, a huge elec-
tric field is generated at the interface through the formation of
a double electric layer inside an ionic liquid,*!" which leads
to the extraction and insertion of functional ions. This in turn
leads to a change of the channel conductance, which simulates
synaptic plasticity. IGZO,?223271 SrFeQ, 5,[>*1 SrC00, 5,2
V0,,2% WO3,1%! etc. have been utilized to realize the opera-
tion of the synaptic transistor through electrolyte gating.

The rare-earth nickelate NdNiOsz is a metal at room
temperature, and exhibits metal-insulator transition at about
110 K.[?8291 The Hall result of the metal phase of NdNiO;

(301 There is a hysteresis

is consistent with p-type carriers.
loop in the temperature-dependent resistance curve when

cooling and heating, and its metal-insulator transition can
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be modulated through electrolyte gating.?") Recently, sev-
eral works have reported the conductance change of NdNiO;
film through inserting protons, implying its potential applica-
tion in synaptic transistors.*!3?) The recent work presented
the direct evidence of the existence of HNdNiO3 under pos-
itive electrolyte gating through SIMS measurements. !l In
the present work, we report on an artificial synapse based on
NdNiOs3 films. By employing the ionic liquid N, Ndiethyl-N-
(2-methoxye-thyl)-N-methylammoniumbis-(trifluoromethyl-
sulphonyl)-imide (DEME-TFSI) as the gating medium, a
three-terminal synaptic device with NdNiO3 is implemented,
and several important synaptic functions are realized. Our
results indicate that these related materials have potential ap-
plications in brain-like devices.

2. Experimental detail

NdNiOs3 thin films were fabricated on a (001)-orientated
LaAlOj3 substrate using pulsed laser deposition. The deposi-
tion temperature was 650 °C, and the deposition oxygen pres-
sure was 25 Pa. NdNiOj thin films with four different thick-
nesses 7 u.c., 11 u.c., 13 u.c., and 16 u.c. were deposited.
The transport property was measured using a Physical Prop-
erty Measurement System (PPMS). Then, we fabricated an
electrolyte gated transistor via the standard micro-fabrication
process. We utilized the ionic liquid DEME-TFSI due to its
strong regulation ability. All electrical measurements were
performed in a probe station connected with a Keithley 4200-
SCS semiconductor parameter analyzer.

3. Results and discussion

The atomic structure schematic of NdNiO3/LaAlOj is
shown in Fig. 1(a). The measured R—T curves of the NdNiO3
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thin films at the four different thicknesses are shown in
Fig. 1(b). As the film thickness increases, the hysteresis loop
becomes more obvious, and the phase transition point gradu-
ally decreases. The larger the switch ratio, the wider the loop,
and the more suitable the film is for this device. Because the
R-T curve of the NdNiOs3 film of 16 u.c. has the most typi-
cal metal—insulator phase transition characteristics, and has the
largest high and low temperature switch ratio, it is expected to
obtain the best switch ratio in the regulation of ionic liquid.
Thus, we chose the 16 u.c. thick film to fabricate the transis-
tor. The device schematic is shown in Fig. 1(c). The channel
size was 210 um x 50 pm. The ionic liquid was dropped be-
tween the side gate electrode and the channel.

Figure 1(d) shows the transfer curve of the device. The
sweeping rate was 2.5 mV/s, and the voltage between source
and drain Vp was 0.4 V. The transfer curve shows a clear
loop. The gate leakage current Ig is about 2-6 orders of
magnitude smaller than the source—drain current Ip, indicat-
ing a negligible effect on the device performance. The trans-
fer curve shows a clockwise hysteresis loop. The channel can
be reversibly switched between the low and high conductance
states through electrolyte gating. The channel conductance de-
creases as Vg > 0, while the channel conductance increases
when Vg < 0. The transfer curve is consistent with the oc-
currence of the phase transition of NdNiO3 films. When we
apply a positive Vg, the hydrogen ions are injected into the
channel film and the conductive NdNiO3 becomes insulating
HNdNiO3.*!] Under negative gate bias, TFSI~ ions accumu-
late near the interface between the channel and electrolyte.
Thus, the induced EDL could pull protons out of the chan-
nel. Then, the HNdNiO;3 phase is transformed to the pristine
NdNiOj3 phase.
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Fig. 1. The structure and property of electrolyte gated NdNiO3 transistor. (a) The crystal structure of NdNiO3 film grown on LaAlO3
substrate. (b) The R—T measurements for different thickness NdNiO3 films on LaAlO3 substrates. (c) Schematic diagram of the electrolyte-
gated transistor. (d) The transfer curve. The source—drain current /p and the gate current Ig are shown as a function of the gate voltage. Arrows

indicate the gate bias sweeping direction.
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Fig. 2. The dependence of the channel current on the gate spikes. (a) The same spike time (0.4 s) with different spike voltages. (b) The
source—drain current Iy of (a) intercepted from 40 s is shown as a function of gate voltage. (c) The same spike voltage (+1.4 V) with different
spike time. (d) The source—drain current I, of (c) intercepted from 40 s is shown as a function of spike time. Here, the Vp was 5 mV.

The formation of long-term memory in the human brain
is based on the long-term associations between neurons. In
order to simulate synaptic behavior, the devices must have the
ability to emulate essential synaptic functions. The long-term
test results of the device are shown in Fig. 2, with a source—
drain voltage Vp of 5 mV. Figure 2(a) shows the results of dif-
ferent gate bias voltages with a constant pulse time of 0.4 s.
It can be seen that the larger the gate voltage is, the more
the current drops. Figure 2(b) shows the channel current Ip
of Fig. 2(a) intercepted at 40 s. Figure 2(c) shows the result
of different durations with the same pulse voltage 1.4 V. The
longer the pulse time is, the more the current in the channel
will decrease. Figure 2(d) shows the channel current Ip of
Fig. 2(c) at 40 s. The device maintains a lower channel cur-
rent under pulses of higher gate voltage, which shows that it
has good long-term characteristics. Nowadays, artificial in-
telligence algorithms utilizing synaptic devices generally re-
quire the latter to have multi-level states. To demonstrate the
multi-level states required for synaptic functions, the proposed
electrolyte-gated NdNiOj3 transistor was operated by sending
a series of voltage trains to the gate electrode. The result is
shown in Fig. 3(a), where the positive gate voltage was 1.8 V,
and the negative gate voltage was —1.6 V. For both positive
and negative biasings, the pulse time was 200 ms and the in-
terval was 50 ms. Here, the channel conduction was measured
with Vp = 5 mV. The voltage trains consisted of “write” oper-
ations, where a series of pulses was sent to the gate. During
the voltage trains, “read” operations were always performed.
When we applied 5 pulses of 1.8 V, the conductance of the
NdNiOs3 channel decreased from about 10 uS to 9 uS. Then,
we applied 10, 15, and 20 spikes, causing a step reduction of
the channel conductance to 7 pS. In each positive write oper-

ation, the channel conductance decreases due to the insertion
of hydrogen ions into the NdNiO3 channel causing a phase
transition from conducting NdNiO3 to insulating HNdNiO3.
More pulses cause larger channel modulation. Thus, we ap-
plied 20 pulses of —1.6 V, and the conductance of the NdNiO3
channel increased from about 7 uS to about 8 uS. The chan-
nel conductance remained constant when Vg = 0, indicating
that there is no chemical reaction at zero bias. Thus, after 15,
10, and 5 negative pulses, the channel conductance increased
gradually. The channel conductance remained constant after
each negative write operation, implying intrinsic non-volatile
behavior. This shows that the electrolyte-gated NdNiO3 tran-
sistor with V-controlled multi-level conduction states is suit-
able for synaptic devices.

Synaptic plasticity, that is, the ability to change the ex-
citability of synapses through stimulation, is also an impor-
tant basic characteristic. Long-term plasticity is mainly the
long-term learning capability and memory that exists in bio-
logical synapses, and consists of long-term potentiation (LTP)
and long-term depression (LTD), which are respectively con-
sidered as the continuous increase and decrease of a synap-
tic weight. These properties can be realized by applying a
series of continuous gate pulses to adjust the conductivity of
the device. In biology, LTP is widely considered as the ba-
sis of learning and memory in biological systems. Figure 3(b)
shows our device’s relationship between LTP and the number
of pulses, where the pulse amplitude and width were —1.4 V
and 0.2 s, respectively. Under the negative gate voltage, the
insulating HNdNiOs changes to a conductive NdNiO3 phase.
This behavior can emulate LTP in biological synapses effec-
tively. In contrast, LTD is used to selectively weaken synaptic
connections. An electrochemical reaction occurs when a pos-
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itive synaptic spike is applied to the gate. In order to prove
that the device has characteristics similar to biological nervous
systems, we applied 50 continuous pulses to the synaptic tran-
sistor, with a voltage of +1.2 V, a pulse width of 0.2 s. and
an interval of 0.6 s (Fig. 3(b)). The gate tends to inject hy-
drogen ions into the NdNiOs channel, leading to a transition
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from metallic NdNiOj3 to insulating HNdNiO3. As a result, the
continuous gate spike reduces the excitatory postsynaptic cur-
rent (EPSC). The increase and decrease of synaptic weight can
be continuously simulated through applying continuous neg-
ative and positive spikes with good reproducibility and non-
volatility.
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Fig. 3. The conductance modulation of NdNiO3 transistor. (a) The channel conductance changes with pulse groups. Firstly, the positive gate
voltage +1.8 V with pulse width 200 ms was applied, and the pulse number is 5, 10, 15, 20, respectively. Then, the negative gate voltage —1.6 V
sequence was applied, and the pulse number is 20, 15, 10, 5, respectively. All the pulse groups were spaced about 180 s. (b) Repeatability of

long-term synaptic potentiation and depression.
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Fig. 4. STDP characteristics of NdNiO3 transistor device. The applied pre- and post-spikes for the (a) asymmetric and (b) symmetric STDP
functions. (c) Asymmetric and (d) symmetric STDP implemented in the NdNiOj3 electrolyte-gated synaptic transistors.

Among the Hebbian learning rules in simulating synaptic
function, spike-timing-dependent plasticity (STDP) is consid-

1331 The regulation of synaptic weight

ered as an important rule.
is largely dependent on the difference Az between the pre- and
post-synaptic neurons, which helps to control the weight of the
synapses accurately. By controlling the channel conductance
in electrolyte-gated NdNiOs3 synaptic transistors, we have suc-
cessfully realized the STDP function. To simulate this func-
tion, the output multiplexer was connected to the gate of the
transistor to convert the voltage spike before and after the neu-

ron. Figure 4(a) shows the test configuration of the circuit. The

percentage change in the channel conductance in an NdNiO3
transistor with a series of Ar from —8 s to 8 s suggests a typical
asymmetric STDP function. For asymmetric STDP, LTP will
occur if the pre-neuron spike arrives before the post-neuron
spike (At > 0); conversely, LTD will occur if the pre-neuron
spike arrives after the post-neuron spike (At < 0). The ob-
tained asymmetric STDP curve can be approximated using an
exponential decay function, which fully simulates the behav-
ior of biological synaptic systems. Our experimental results
show that the NdNiO3 channel can indeed emulate such a
behavior (Fig. 4(c)). Similarly, the STDP function can also
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be achieved by selecting an appropriate source spike shape
(Fig. 4(b)), which is called symmetric STDP, and the corre-
sponding test results are shown in Fig. 4(d). For symmetric
STDP, the change of the channel conductance only depends
on the absolute value of Az.

4. Conclusions

In summary, we utilized an NdNiO; thin film to simu-
late the function of biological synapse through electrolyte gat-
ing. Switching between memory states was achieved through
the switching between the metallic state of NdNiO3 and the
insulating state of HNdNiOs.
strated a change of approximately three orders of magnitude.

The transfer curve demon-

The STDP experiment also demonstrated a performance com-
pletely consistent with that of biological synapses. The gat-
ing controlled phase transformation in nickelates is very sta-
ble, which could be helpful for designing artificial synapses
for neuromorphic computing.
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