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ABSTRACT The temperature dependence of an intelligent connection (IConnect) device, in which an
ionic liquid (IL) plays an essential role in a memristive function is presented in this study. An appropriate
choice of IL and dissolved metal ion species can control the volatility of the IL-IConnect device. The
temperature dependence of the IL-IConnect device was strong, although the change in current—voltage
characteristics was reversible in response to temperature variations. The device’s potential as a physical

reservoir-computing device is studied.

INDEX TERMS Ionic liquid (IL), intelligent connection (IConnect) device, IL-reservoir device.

I. INTRODUCTION

Development of a novel processing method of artifi-
cial intelligent (AI) is a major challenge in advancing
the social implementation of AI. Despite the advantage
of Al, it requires a significant amount of computational
resources. A possible solution to these problems is three-
dimensional integration that allows for improved use of
devices, interconnects, and subsystems, such as memory
and analog-processing circuits, although it is increas-
ingly difficult to control interconnect resistance [1], [2], [3].
A candidate for further technological innovation is to
make interconnects intelligent, offering reduced energy
loss and high-speed processing. From the heterogeneous
integration perspective, a synaptic connection will be cre-
ated within an intelligent connection (IConnect) device
and connecting numerous devices to increase the number
of neurons is challenging for packaging technology [4].
Various approaches have been reported for functionalizing
the conductive line, notably the IConnect device, formed

by conductive chemicals and polymers for information
transfer [5], [6], [7], [8], [9], [10], [11]. Conductive bridge
random access memory (CBRAM) is a feasible IConnect
device owing to its simple structure and low energy con-
sumption. Its electrical properties are similar to those of
biological synapses and neurons [12], [13]. An appropri-
ate combination of ionic liquid (IL) and metal ion species
added to the IL enables the control of the data volatility of
CBRAM [14]. A physical reservoir device with a time—series
data treatment function and a high-dimensional feature space
is also a feasible candidate of its fading property [15], [16].
Recently, we demonstrated the possibility of using an IL-
IConnect device as a physical reservoir [17]. In this study,
we developed a simple symmetric separated Pt electrode
structure and connected it with supplying of IL in which Cu
ion dissolved. We assumed that the key to transmitting input
information to the output of the IL-IConnect device would be
achieving a smooth electrochemical reaction of metal ions in
IL [18], [19], [20]. Furthermore, the electrochemical redox
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FIGURE 1. (a) Schematic of the device cross-section and (b) optical
microscope image of the IL-IConnect device. The gap between the Pt
electrode is 6um.
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FIGURE 2. 1-V curves for (a) first and (b) second cycles measured at room
temperature. Red dotted rectangular area was expanded the scale. Two
peaks were observed. (c) Schematic images of hypothetical
electrochemical reaction occurred at each electrode.
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reaction of Cu ion in the IL follows the Arrhenius equation,
which denotes that temperature is a variable factor in the
reaction and may be changed to control the redox reaction
rate. As a result, we investigated how temperature influences
the redox reaction of Faraday current signals in IL-IConnect
device [21].

Il. DEVICE STRUCTURE AND MEASUREMENT

Ta(1 nm)/Pt(20 nm)/Ta(1 nm) electrode layers were sputtered
on a SiO,/Si substrate and covered with a SiO(20 nm)
layer that was deposited using the chemical vapor depo-
sition (CVD) method. The top and bottom Ta layers are
adhesion layers that ensure adhesion to the upper and lower
Si0; layers, respectively [22]. The conventional photolithog-
raphy and dry-etching process were used to microfabricate
a planer-type wire-shaped two-terminal structure. Expect for
the opposite wire tips, which are a reactive area required for
the device operation, the sidewall of the wire-shaped device
was coated with CVD-SiO(20 nm). Au(100 nm)/Ti(10 nm)
contact pads were prepared using the liftoff process after
removing the CVD-based SiO; layer with buffered hydroflu-
oric acid. To prevent the movement of the IL droplet under
the electric field gradient, a wall-like patterned positive-resist
(AZ-5214E) was constructed and the small IL droplet was
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FIGURE 3. (a) Continuous cycle characteristics conducted at a sweep
speed of 50 mV/sec and 25°C. (b) Log plot of positive cycle (OV — + 3V —
0V) with absolute value of current.
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FIGURE 4. (a) Cycle number dependence of the peak current at various
temperatures with the sweep rate of 50 mV/sec. (b) Cycle number
dependence of the peak current at various temperatures with the sweep
rate of 50 mV/sec, 600 mV/sec and 1.2 V/sec.

introduced inside the wall structure. In this study, we used
solvated IL Cu?t containing 2,5,8,11-tetraoxadodecane (G3:
Triglyme) [23], [24]. It was obtained by mixing Cu(Tf;N),
with G3 in a 1:1 molar ratio. The resulting equimolar
complex of G3-Cu(Tf,N); was a liquid, and Cu?* ion con-
centration was estimated to be 5.5 mol/L. The solvated IL
allowed easy access of Cu’>* to the anode by forming the
metal complex [24]. The device cross-section is shown in
Fig. 1(a). The device’s optical microscope image is shown in
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FIGURE 5. (a)-(f) I-V characteristics at different temperatures.

Fig. 1(b). The current—voltage (I-V) curves were measured at
various temperatures using a semiconductor parameter ana-
lyzer (Agilent B1500A). The temperature and cycle speed
dependence of the I~V characteristics of this device was
evaluated. The sample-stage temperature was controlled to
be at 25°C (room temperature), 40°C, 50°C, 60°C, 70°C,
80°C, 90°C, 100°C, and 120°C. After the sample-stage tem-
perature reached the desired value, a 5-min waiting time was
introduced for temperature stabilization. Optical microscopy
was used to examine the device’s reactive area after the I-V
curve measurement.

In this study, we demonstrated the data classification using
the measured current values. Because there were more than
two classes in this case, temperature values during device
operation, the error correcting output code (ECOC) model
was adopted. Although a single IL-IConnect device was
employed for the current measurement, a virtual node method
can be used to obtain a high-dimensional input vector [25].
Every voltage application cycle yielded the dataset of
122 current values, equivalent to the 122-dimensional input
vector. For each class label, 70 datasets were used for the
learning process, while 30 datasets were used for the eval-
uation process. In the present study, the above-mentioned
classification task was conducted using MATLAB (version
R2021a, Mathworks).

1Il. RESULTS AND DISCUSSION

Fig. 2(a) shows the I-V curve measured at 25°C using the
IL-IConnect device in its as-fabricated state. The voltage was
first swept in the positive bias direction, and a gradual current
increase was observed at around +2 V (sweep 1). Because
the Cu cations were dissolved in the IL, the Cu reduction
reaction on the grounded electrode occurred during voltage
sweep, whereas the oxidation reaction on a positively biased
counter electrode was possibly due to H>O and O; in the IL.

VOLUME 10, 2022

1 2 3

(@ 2
0oF
~
=
=
—
<2
% —=—25°C
| —e—40°C
= —a—50°C
-4 60°C
—e—70°C
—<—80°C
-6
0.1 1 10 100
Current (nA)

(b) (c) d (e)
FIGURE 6. (a) Weibull plot of peak current at different temperatures.

(b)-(e) Microscopic observation images after cycle operations at 25°C,
40°C, 50°C, and 60°C, respectively.

In the continuous sweep to the negative vias (sweep 2),
a sharp peak appeared at approximately —0.5 V, attributable
to both the Cu reduction and oxidation reactions. In this
sweep, the current started increasing at a lower voltage than
in the first voltage sweep because the observed current was
primarily based on the reaction between the Cu metal and Cu
cations. A subsequent rapid current decrease corresponded
to the transition to the passive state due to the Cu oxide
formation on the grounded electrode. The Cu oxide broke
down and the current increased again when the external
voltage was swept further to the negative bias. In sweep
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FIGURE 7. (a)-(c) Current value of each temperature 40°C, 60°C, and 80°C are plotted by 122 virtual nodes, respectively, (d) classification results for I-V

curves at three different temperatures.

3 of Fig. 2(b), two current peaks were observed, and simi-
lar phenomena were observed at the Cu deposition/stripping
processes on Pt(111) from Cu cations in 0.1 M H,SO4 [26].
When the IL contains no Cu ions, as reported in Ref. 27,
the above-mentioned peaks of Faraday current will not be
observed [27]. Fig. 3 shows the cycle dependence of the
I-V curves at a 50 mV/sec sweep speed and 25°C temper-
ature. The peak current decreased, and we observed yellow
precipitates around the electrode by optical microscopy.
Figs. 4(a) and 4(b) show the peak current tendency versus
cycles at 50 and 600 mV/sec sweep speeds, respectively. At
the 50 mV/sec, the peak current gradually decreases, and
faded out around 30 cycles; however, the cycle repeatabil-
ity increases dramatically at 600 mV/sec, From this result,
we assessed I~V characteristics under different temperatures
from 25°C to 80°C at 600 mV/sec. Figs. 5(a)—(f) show the
results of /-V characteristics at 600 mV/sec and different
temperatures. Despite the same input signal, the patterns
of output signals are significantly different at 600 mV/sec
with an increase in temperature. The patterns changed at
10°C, and clear cycles were accomplished at 50°C; this
indicates that 50°C is the appropriate temperature at the
600mV/sec sweep speed, i.e., the reaction speed of Cu ion
precipitation and dissolution on a Pt electrode is balanced
and stable. Fig. 6(a) shows the result of the Weibull plot
of peak current at different temperature conditions. The best
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linearity is obtained at 50°C. Meanwhile, I-V curves are
distributed in a wide range of 25°C—40°C. This result indi-
cates that a certain phenomenon occurred that prevented
the redox reaction around the Pt electrode. We also per-
formed microscopic observation during the -V measurement
(Fig. 6(b)—(e)). From the observation results, yellow precip-
itates formed below 40°C(Fig. 6(c)), and no precipitate was
observed over 50°C (Fig. 6(d)), indicating that the dissolution
reaction rate of yellow and Cu precipitates are slow below
40°C but balances at 50°C. In addition, above 60°C, the peak
current around 1-2 V was smaller than the peak current value
below 50°C, and no precipitation was observed around the
Pt electrode by optical microscopy. From the results, tem-
perature significantly influenced the electrochemical reaction
in the metal ion solution IL. We also performed tempera-
ture recognition task experiments using a classifier trained
by the support vector machine algorithm at 40°C, 60°C,
and 80°C to confirm that the /-V curves have temperature
information [28]. Figs. 7(a)—(c) depict the current value plot-
ted at each virtual node. The virtual nodes are defined as
a positive voltage range (0-3 V). Fig. 7(d) shows the classi-
fication results for I-V curves at three temperatures. Almost
all output signals labeled at each temperature recognized the
true temperature. It was thus found that the output signals
of this device include surrounding temperature information,
indicating that the IL-IConnect device can be used for
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Al information processing in scenes that require different
recognitions and judgments temperature-sensitive neuro-
morphic information processing device because inhibitory
neurons in the human brain are activated at appropriate
temperatures.

IV. CONCLUSION

In this study, we measured /-V sweep for an IL-IConnect
device at different sweep speeds and temperatures. At
the voltage sweep rate of 600 mV/sec and 50°C tem-
perature, highly reliable cyclic voltammetry was observed.
The experimental results show that the operating temper-
ature range can be controlled by selecting a stable redox
reactant in IL, indicating that the IL-IConnect device can
act as a physical reservoir. The output signal of this
device significantly depended on the temperature, and it
changed despite applying the same signal. The results of
this study clearly indicate that the IL-IConnect device has
great potential applications in Al information processing
and allows unique recognition and judgment including the
temperature information. We believe that further investi-
gation to optimize and improve the variation of ILs will
enhance the device to produce novel reservoir properties
for interconnects. The strong temperature dependence of the
IL-IConnect device’s operation can be useful for emerging
devices, in which information processing senses temper-
ature. From the IoT edge device application perspective,
the devices are required to operate at relatively low power
consumption. For the implementation of more advanced
functions, the appropriate read-out interface for the ultralow
operating current device, such as the present IL-IConnect
device, is required, as reported in the literature [29], [30].
Further study to integrate the IL-IConnect device with
the CMOS circuit will promote the implementation of
the IL-IConnect device into the various scene to optimize
the edge device operations based on the temperature
information.
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