
Received 28 December 2022; revised 27 January 2023 and 22 February 2023; accepted 25 February 2023. Date of publication 7 March 2023;
date of current version 15 March 2023. The review of this article was arranged by Editor K. Cheng.

Digital Object Identifier 10.1109/JEDS.2023.3253465

Ga-Sn-O Thin-Film Memristor and Analog
Plasticity Characteristic

DAISUKE MAKIOKA1,2, SHU SHIOMI1, AND MUTSUMI KIMURA 1,2 (Senior Member, IEEE)
1 Faculty of Advanced Science and Technology, Ryukoku University, Otsu 520-2194, Japan

2 Graduate School of Science and Technology, Nara Institute of Science and Technology, Ikoma 630-0192, Japan

CORRESPONDING AUTHOR: M. KIMURA (e-mail: mutsu@rins.ryukoku.ac.jp)

This work was supported in part by JSPS KAKENHI under Grant (C) 19K11876; in part by the Mitsubishi Foundation; in part by the Support Center for Advanced Telecommunications

Technology Research; in part by the Yazaki Memorial Foundation for Science and Technology; in part by the Telecommunications Advancement Foundation; in part by the Artificial

Intelligence Research Promotion Foundation; in part by KDDI Foundation; in part by the High-Tech Research Center in Ryukoku University; in part by the Laboratory

for Materials and Structures in Tokyo Institute of Technology; and in part by the Research Institute of Electrical Communication in Tohoku University.

ABSTRACT A Ga-Sn-O (GTO) thin-film memristor has been developed, and an analog plasticity charac-
teristic has been observed. First, GTO thin-film memristors are fabricated by depositing three GTO layers
in a stacked structure using sputtering. Next, the current-voltage characteristics are measured by varying
the maximum applied voltage after a certain negative voltage, the hysteresis is observed, and the switching
characteristics are evaluated, which is regarded as that an analog plasticity characteristic is observed. The
parametric study is done for the stacked structure and deposition process, and the proposed operating
mechanism is that oxygen vacancies reciprocate by applying negative and positive voltages. Finally, the
pulse application characteristic shows the long-term potentiation and depression, which presents a practical
possibility to utilize the GTO thin-film memristor for neuromorphic systems.

INDEX TERMS Ga-Sn-O (GTO), thin-film memristor, analog plasticity, synapse element, neuromorphic
system.

I. INTRODUCTION
Nuromorphic systems require synapse elements with ana-
log plasticity characteristic [1], which can be realized by
memristors [2]. Moreover, large-scale integration desires the
synapse elements in a three-dimensionally stacked struc-
ture [3], which can be realized by amorphous metal-oxide
semiconductor (AOS) devices [4], because they can be fabri-
cated by depositing AOS using low-temperature and low-cost
processes [5]. On the other hand, we are investigating one
of the AOS devices [6], Ga-Sn-O (GTO) devices, because
they do not include rare and toxic metals such as In [7].
Moreover, we are developing GTO thin-film memristors and
other metal-oxide semiconductor synapse elements [8], [9],
[10], [11], [12], [13], [14]. Of course, other research insti-
tutes are also developing memristors of various materials
as synapse elements [15], [16], [17], [18], [19], [20], [21],
[22], [23].
In this study, a GTO thin-film memristor has been

developed, and an analog plasticity characteristic has been

observed. First, GTO thin-film memristors will be fabri-
cated by depositing three GTO layers in a stacked structure
using sputtering. Next, the current-voltage (I-V) character-
istics will be measured by varying the maximum applied
voltage (Vset) after a certain negative voltage (Vreset), the
hysteresis will be observed, and the switching characteristics
will be evaluated, which is regarded as that an analog plas-
ticity characteristic is observed. The parametric study will be
done for the stacked structure and deposition process, and
an operating mechanism will be proposed. Finally, the pulse
application characteristic will show the long-term potentia-
tion (LTP) and long-term depression (LTD), which presents
a practical possibility to utilize the GTO thin-film memristor
for neuro-morphic systems. In comparison with the previous
developments, the outstanding advantages of this study are:
the device structure is extremely simple where the GTO layers
are deposited using one series of sputtering; the constituent
materials do not include rare and toxic metals; nevertheless an
analog plasticity characteristic appears; and there is a future
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FIGURE 1. GTO thin-film memristor.

potential that three-dimensionally stacked structure can be
realized by such AOS devices. Particularly, in comparison
with our prior work [8], [9], [10], [11], [12], [13], [14], the
novel performance achieved in this study is the analog plas-
ticity characteristic, namely, the conductance is dependent on
Vset, which is qualitatively different from our prior ones and
remarkably suitable for neuromorphic systems.

II. GTO THIN-FILM MEMRISTOR
The GTO thin-film memristor is shown in Fig. 1. First, an
Al thin film is deposited on a quartz substrate using vapor
evaporation as a bottom electrode. Next, three GTO layers
are deposited in a stacked structure using radio-frequency
(RF) magnetron sputtering, where the sputtering target is
a GTO ceramic whose composition is Ga:Sn = 1:3, the
deposition pressure is 1 Pa, and the plasma power is 60 W.
The lower, middle, and upper layers are deposited sequen-
tially in the same chamber without breaking the vacuum,
the Ar:O2 flow rates are 20:0, 20:X(variable parameter), and
20:0 sccm, respectively, and the deposition time is 3 min, Y
min (variable parameter), and 3 min, respectively, where the
deposition speed is roughly 10 nm/min. The lower, middle,
and upper layers serve as a protection layer for the bottom
electrode, conductance change layer, and protection layer
for the top electrode, respectively. Finally, an Al thin film is
deposited again using vapor evaporation as a top electrode.
The device size is 150×150 µm. It should be noted that the
GTO thin-film memristor is not subject to thermal treatment.

III. ANALOG PLASTICITY CHARACTERISTIC
The I-V characteristic is shown in Fig. 2. The GTO thin-film
memristor has the middle layer deposited with the Ar:O2
flow rate of 20:10 sccm and deposition time of 10 min. Here,
after the voltage applied to the bottom electrode is scanned to
Vreset of −4.5 V, the voltage is scanned to Vset and returned
to 0 V, and Vset is varied from 2 V to 4 V. The scan rate
is sufficiently slow, namely, one scan takes several seconds,
and the I-V characteristic is quasi-static. The state during
the forward scanning after applying Vreset is defined as low

FIGURE 2. Current-voltage characteristic.

FIGURE 3. Switching characteristic.

conductance state (LCS), whereas that during the reverse
scanning after applying Vset is defined as high conductance
state (HCS). It is found that the hysteresis is observed, namely,
I for HCS is larger than that for LCS, and dependent on Vset,
namely, I for HCS is larger as Vset is larger.
The switching characteristic is shown in Fig. 3. Here, the

conductance (G) is determined by I at V of 0.1 V, and the
normalized G, namely, G/initial conductance for LCS (G0),
is calculated and plotted as a function of Vset. It is found
that G/G0 for HCS is proportional to Vset, whereas that for
LCS is constant. This is regarded as that an ideal property
of an analog plasticity characteristic is observed.
The retention characteristic is shown in Fig. 4. Here, after

the voltage is scanned to Vreset of −4.5 V, which is indicated
by LCS, or after the voltage is scanned to Vset from 2 V
to 4 V, which is indicated by HCS, the voltage is held at
0.1 V, and G is measured for 10,000 s. It is found that G
is stable for at least several thousand seconds. Although it
changes after that, it is because the systematic evaluation is
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FIGURE 4. Retention characteristic.

FIGURE 5. Endurance characteristic.

difficult in the university laboratory, but it can be improved
by sophisticated fabrication.
The endurance characteristic is shown in Fig. 5. Here, the

voltage is scanned from Vreset to Vset and vice versa, and
G is measured 1,000 times. It is found that G is reproduced
relatively well at least a hundred times. Although it is not
reproduced well after that, it is also because the systematic
evaluation is difficult here, and it can be improved.

IV. PARAMETRIC STUDY
The parametric study is shown in Fig. 6. Here, the slope of
the switching characteristic, namely, d(G/G0)/dVset, is calcu-
lated and plotted for each parameter for the stacked structure
and deposition process. It is preferable that d(G/G0)/dVset
for HCS is high, and that for LCS is low and constant.
Based on these quantitative standards, the layer number of
three layer, Ar:O2 flow rate of 20:10 sccm, and deposition
time of 10 min are selected, whose characteristics have been
already shown above.

FIGURE 6. Parametric study.

FIGURE 7. Proposed operating mechanism.

V. PROPOSED OPERATING MECHANISM
The proposed operating mechanism is shown in Fig. 7. It
should be noted that it is still speculative, but we believe the
following operating mechanism. The lower and upper pro-
tection layers include little extra oxygen and much oxygen
vacancies, act as stable conductors, and prevent unwanted
interactions from the bottom and top electrodes, which often
causes radical problems. Moreover, because the three lay-
ers are deposited sequentially in the same chamber without
breaking the vacuum, their interfaces are expected to be
excellently clean, which guarantees uniform qualities. These
are also confirmed by the fact that the layer number of
three layer is desired, which is clarified by the paramet-
ric study. First, by applying negative Vreset to the bottom
electrode, because oxygen vacancies are positively charged,
they concentrate to the bottom interface in the conductance
change layer. Because oxygen vacancies decrease near the
top interface, the conductance change layer becomes insu-
lative there, and G is small. Next, by applying positive
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FIGURE 8. Pulse application characteristic.

Vset, oxygen vacancies are distributed all around the con-
ductance change layer, and the conductance change layer
becomes conductive, and G is large. As Vset is larger,
G is larger. |Vset| is smaller than |Vreset| and insufficient
for oxygen vacancies to concentrate to the top interface.
This operation mechanism occurs only when the density
of the oxygen vacancies and thickness of the conductance
change layer are appropriate, which is clarified by the para-
metric study. The quantitative appropriate density of the
oxygen vacancies is unknown but is that in the middle
layer deposited with the Ar:O2 flow rate of 20:10 sccm,
as shown in Fig. 6(b). The quantitative appropriate thick-
ness of the conductance change is that of the middle layer
deposited with the deposition time of 10 min, as shown
in Fig. 6(c), and roughly 100 nm. As written above, the
proposed operating mechanism is still speculative, and there
may be others, which will need to be clarified in further
analysis. In order to prove that the oxygen vacancies recip-
rocate, the depth profile must be examined and compared
between LCS and HCS, for example, by high-resolution
cross-sectional X-ray photoelectron spectroscopy (XPS),
that with focused ion beam or cross-section polisher, etc.
Although these examinations are not easy because the elec-
trical characteristic changes significantly even if the material
structure change slightly, they will be useful to advance this
study.

VI. PULSE APPLICATION CHARACTERISTIC
The pulse application characteristic is shown in Fig. 8.
Here, a positive pulse of 2.5 V with the width of 0.1 s
and period of 1 s is applied 50 times, a negative pulse
of −2.7 V with the width of 0.1 s and period of 1 s is
applied 50 times, and this routine is repeated. It is found
that G gradually increases by continuously applying the
positive pulses, which corresponds to LTP, and G gradu-
ally decreases by continuously applying the negative pulses,
which corresponds to LTD. Moreover, except for the first few
routines, the trend of change is almost the same. These results
present a practical possibility to utilize the GTO thin-film
memristor for neuromorphic systems. The linearity of the

conductance change does not seem to be good and should be
improved.

VII. CONCLUSION
A GTO thin-film memristor has been developed, and an ana-
log plasticity characteristic has been observed. First, GTO
thin-film memristors were fabricated by depositing three
GTO layers in a stacked structure using sputtering. Next,
the I-V characteristics were measured by varying Vset after
Vreset, the hysteresis was observed, and the switching char-
acteristics were obtained, with the retention and endurance
characteristics, which is regarded as that an analog plas-
ticity characteristic is observed. The parametric study was
done for the stacked structure and deposition process, and
the layer number of three layer and appropriate device
and process parameters were selected. Next, an operating
mechanism was proposed, and it was suggested that oxy-
gen vacancies reciprocate by applying the positive Vset
and negative Vreset. Finally, the pulse application charac-
teristic showed LTP and LTD, which presents a practical
possibility to utilize the GTO thin-film memristor for neu-
romorphic systems in the future. We currently have no data
on the device-to-device variation, because the systematic
evaluation is difficult in the university laboratory, but it
should be evaluated to make the parametric study more
convincing and to utilize the GTO thin-film memristor for
actual use.
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