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Amorphous metal oxide
semiconductor thin film, analog
memristor, and autonomous local
learning for neuromorphic systems
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Yasuhiko Nakashima!

Artificial intelligence is a promising concept in modern and future societies. Presently, software
programs are used but with a bulky computer size and large power consumption. Conversely,
hardware systems named neuromorphic systems are suggested, with a compact computer size

and low power consumption. An important factor is the number of processing elements that can be
integrated. In the present study, three decisive technologies are proposed: (1) amorphous metal oxide
semiconductor thin films, one of which, Ga—Sn-0 (GTO) thin film, is used. GTO thin film does not
contain rare metals and can be deposited by a simple process at room temperature. Here, oxygen-poor
and oxygen-rich layers are stacked. GTO memristors are formed at cross points in a crossbar array; (2)
analog memrristor, in which, continuous and infinite information can be memorized in a single device.
Here, the electrical conductance gradually changes when a voltage is applied to the GTO memristor.
This is the effect of the drift and diffusion of the oxygen vacancies (Vo); and (3) autonomous local
learning, i.e., extra control circuits are not required since a single device autonomously modifies its
own electrical characteristic. Finally, a neuromorphic system is assembled using the abovementioned
three technologies. The function of the letter recognition is confirmed, which can be regarded as an
associative memory, a typical artificial intelligence application.

Artificial intelligence is seen as a novel concepts in future societies with various applications in modern
societies"?. Neural networks are representative technologies that imitate the biological functions of the human
brain®-°. Presently, software programs are used to practically realize artificial intelligence, in which conventional
computers with high specifications are needed®. However, the computer size is unbelievably bulky, and the power
consumption is incredibly large. Conversely, hardware systems are suggested as challenging solutions to mimic
neural networks, which are named neuromorphic systems, in which customized materials, devices, circuits,
algorithms, and systems are developed’'°. Hence, the computer size is expected to be excellently compact with
significantly low power consumption. Based on brain science, one of the important factors for neuromorphic
systems is the number of processing elements that can be integrated, but there have been few reports from this
viewpoint.

In the present study, three decisive technologies are proposed for the astronomical large-scale integration in
neuromorphic systems in the future, namely, (1) amorphous metal oxide semiconductor (AOS) thin films, one
of which, Ga-Sn-0 (GTO) thin film, is used. GTO thin film does not contain rare metals and can be deposited
by a simple process, i.e., sputtering, at room temperature; (2) analog memristor, in which continuous and infinite
information can be memorized in a single device; and (3) autonomous local learning, i.e., since a single device
autonomously modifies its own electrical characteristic, extra control circuits are not necessary, which are some-
times larger than neuromorphic systems. In this paper, we explain these technologies thoroughly, and show an
evaluation result when these are applied for associative memory as a typical artificial intelligence application.
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(c) Overview illustration (d) Device circuit

Figure 1. GTO memristor. (a) Actual photograph. (b) Cross-section. (c) Overview illustration. (d)
Device circuit. A lower oxygen-poor and upper oxygen-rich GTO layers are stacked with different oxygen
concentrations. The GTO memristors are formed at cross points in a crossbar array.
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(a) TEM image (b) EDS image

Figure 2. Cross-sectional image (a) TEM image. (b) EDS image. It is found that the cross section shown in
Fig. 1b is certainly observed.

Results
GTO memristor. We create a GTO memristor using GTO thin films'®'8. The GTO memristor is shown in
Fig. 1. The actual photograph, cross-section, overview illustration, and device circuit are shown in Fig. la-d,
respectively. Here, a lower oxygen-poor and upper oxygen-rich GTO layers are stacked with different oxygen
concentrations. Because both the bottom and top electrodes are patterned to 80 bars orthogonal to each other,
80 % 80=6400 GTO memristors are formed at cross points in a crossbar array. Notably, the GTO thin film does
not contain rare metals, and the GTO memristor is completed by a simple process at room temperature, which
means the potential possibility for the astronomical large-scale integration in neuromorphic systems.

The cross-sectional image is shown in Fig. 2. The TEM and EDS images are shown in Fig. 2a, b, respectively.
It is found that the cross section shown in Fig. 1b is certainly observed. The element analysis is shown in Table 1.
Here, the element ratio is obtained from the EDS image. It is found that the oxygen concentration in the upper
layer is higher than that in the lower layer. It has been also known that the oxygen concentration in the GTO
thin film is surely dependent on the oxygen concentration in the sputtering gas'®.

The analog memristor characteristic is shown in Fig. 3. Here, the initial, 10th, and 20th measured electric
currents are shown. Additionally, the relationship between the electric currents at a voltage of 0.1 V and the
application times of the positive voltage is shown in the inset graph. It is found that the electrical conductance
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Element ratio (%)
Layer Ar:0, Ga Sn o Ga:Sn:0
Upper 20:1 10.7 29.1 60.2 1.10:3:6.21
Lower 20:0 11.7 29.7 58.6 1.18:3:5.92

Table 1. Element analysis. It is found that the oxygen concentration in the upper layer is higher than that in
the lower layer.
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Figure 3. Analog memristor characteristic. The initial, 10th, and 20th measured electric currents are shown. It
is found that the electrical conductance gradually increases when the voltage is positive.
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Figure 4. Working principle. (a) Low conductivity state. (b) High conductivity state. Initially, the upper
oxygen-rich GTO layer includes few Vo and is insulative, which is the low conductivity state. When the voltage
is applied, Vo drifts to the upper layer, and the upper layer becomes conductive, which is the high conductivity
state.

gradually increases when the voltage is positive until the conductance change is saturated after the application
times of more than several tens, which means that the GTO memristor can be regarded as an analog memristor.
Conversely, the electrical conductance is almost maintained when the voltage is negative, which means that the
GTO memristor is itself non rewriteable.

The working principle is shown in Fig. 4. The low and high conductivity states are shown in Fig. 4a and (b),
respectively. Initially, the lower oxygen-poor GTO layer includes several oxygen vacancies (Vo) and is conduc-
tive, whereas the upper oxygen-rich GTO layer includes few Vo and is insulative, and the electric current does
not flow very much there, hence the low conductivity state. When the voltage is applied to the bottom electrode
and positive, because Vo is positively charged, it is repulsed from the lower layer, drifts to the upper layer, and
is diffused there. The upper layer becomes conductive, and the electric current flows very much, hence the high
conductivity state. Because Vo gradually drifts, the electrical conductance gradually increases. Conversely, when
the voltage is negative, because Vo is highly concentrated in the lower layer, it cannot be further concentrated
there, which means that the electrical conductance is almost maintained. It should be noted that the small dif-
ference in the oxygen concentration causes the big difference in the electrical conductivity because the electrical
characteristics are quite sensitive, and it is difficult to observe the difference in the oxygen concentration between
the low and high conductivity states for the same reason. Notably, continuous and infinite information can be
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Figure 5. Neuromorphic operation. (a) Training operation. (b) Inference operation. During the training
operation, the voltage that corresponds to the pattern to be memorized is applied to the bottom and top
electrodes in the crossbar array. In (a), the bright purple at the cross points indicates that the electrical
conductance increases, whereas the dark purple indicates that the electrical conductance is maintained. During
the inference operation, the voltage that corresponds to the pattern slightly distorted from the memorized
pattern is applied only to the bottom electrodes. Also in (b), the bright purple indicates that the electrical
conductance increases, whereas the dark purple indicates that the electrical conductance is maintained.
Consequently, some voltage is finally output after the transient behavior, which is a revised pattern.
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(b) Inference operation

memorized in the GTO memristor, which means again the potential possibility for the astronomical large-scale
integration in neuromorphic systems. Otherwise, a lot of digital binary memories must be prepared.

Neuromorphic system. Next, we assemble a neuromorphic system using the GTO memristors, which is a
kind of full connection-type Hopfield neural network'*?. The neuromorphic operation is shown in Fig. 5. The
training and inference operations are shown in Fig. 5a, b, respectively. During the training operation, the voltage
that corresponds to the pattern to be memorized is applied to the bottom and top electrodes in the crossbar array.
The electrical conductance changes depending on the voltage applied between the bottom and top electrodes.
In Fig. 5a, the bright purple at the cross points indicates that the electrical conductance increases, whereas the
dark purple indicates that the electrical conductance is maintained. During the inference operation, the volt-
age that corresponds to the pattern slightly distorted from the memorized pattern is applied only to the bottom
electrodes. Also in Fig. 5b, the bright purple indicates that the electrical conductance increases, whereas the dark
purple indicates that the electrical conductance is maintained. Consequently, some voltage is finally output after
the transient behavior, which is a revised pattern. Notably, because the GTO memristor autonomously modi-
fies its own electrical characteristic, extra control circuits are not necessary, which means that the training and
inference operation can be regarded as autonomous local learning. It should be noted that the revised pattern is
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Figure 6. Evaluation flowchart. During the training operation, a relatively high voltage is applied. Two letter
patterns are input for some time in sequence. During the inference operation, a relatively low voltage is applied.
Slightly distorted patterns are input for a moment, and it is confirmed that the revised patterns are the same as
the memorized pattern for all distorted patterns. If the revised pattern is different from the memorized pattern,
the flowchart is repeated.

determined by the conductance balance between all the GTO memristors. Even if the electrical conductance of a
GTO memristors increases, if that of another one increases further, the impact of the latter is greater. Therefore,
the training operation can be continued until the conductance change is saturated. As a result, although the GTO
memristor is itself non rewriteable as written above, the neuromorphic system can be rewritable.

The evaluation flowchart is shown in Fig. 6. During the training operation, a relatively high voltage is applied
so that the electrical conductance changes. Because a high voltage is applied, the device temperature may rise
and accelerate the electrical conductance change in addition to the high voltage itself. Two letter patterns, “T”
and “L,” are input for some time in sequence. During the inference operation, a relatively low voltage is applied
so that the electrical conductance does not change. Multiple patterns slightly distorted from “T” and “L” are
input for a moment, and it is confirmed that the revised patterns are the same as the memorized pattern for
all distorted patterns. If the revised pattern is different from the memorized pattern, the flowchart is repeated
until the revised patterns are the same as the memorized patterns, which can be regarded as letter recognition.

Letter recognition. The letter recognition is shown in Fig. 7. The flowchart of the training and inference
operations is repeated a few tens times. It is found that the revised patterns are the same as the memorized pat-
terns for all the distorted patterns. Notably, the letter recognition can be regarded as an associative memory, a
typical artificial intelligence application.

Conclusion

In conclusion, three decisive technologies were proposed for the astronomical large-scale integration in neuro-
morphic systems: (1) AOS thin films, one of which, GTO thin film, was used. GTO thin film does not contain
rare metals and can be deposited by a simple process at room temperature. Here, oxygen-poor and oxygen-rich
layers were stacked. GTO memristors were formed at cross points in a crossbar array; (2) analog memristor, in
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Figure 7. Letter recognition. It is found that the revised patterns are the same as the memorized patterns for all
the distorted patterns.

which continuous and infinite information can be memorized in a single device. Here, the electrical conductance
gradually changed when a voltage was applied to the GTO memristor. This is the effect of the drift and diffusion
of Vo; and (3) autonomous local learning, i.e., because a single device autonomously modifies its own electrical
characteristic, extra control circuits are not required. Finally, a neuromorphic system was assembled using the
abovementioned three technologies. The function of the letter recognition was confirmed, which can be regarded
as an associative memory, a typical artificial intelligence application. These technologies may be necessary for
the astronomical large-scale integration in neuromorphic systems in the future.

Methods
GTO memristor. The GTO memristor using the GTO thin films is created as follows. First, an Al thin film
is deposited on a quartz glass substrate by vacuum evaporation as bottom electrodes. Next, a GTO thin film is
deposited with a film thickness of 30 nm by radio frequency magnetron sputtering of a Ga:Sn=1:3 GTO ceramic
target in Ar gas at a deposition pressure of 1 Pa as a lower oxygen-poor GTO layer. Successively, in the same
chamber without breaking the vacuum, another GTO thin film is deposited with a film thickness of 30 nm in
Ar:0,=20:1 gas as an upper oxygen-rich GTO layer. Finally, another Al thin film is again deposited by vacuum
evaporation as top electrodes. Because both the bottom and top electrodes are patterned to line of 150 um and
space of 150 pm, the memristor dimension is 150 x 150 um. The TEM and EDS images are taken to observe the
cross section and obtain the element ratio. The element ratio is obtained so that the Sn ratio is set to three, as
shown at the rightmost row in Table 1, because Ga is implanted for the sample preparation and its concentration
is not very accurate.

The analog memristor characteristic is measured as follows. A voltage is applied to the bottom electrode
and scanned to either + 3.5 V or — 3.5 V multiple times, and the electric current is measured. The characteristic
uniformity of general AOS devices has been also investigated*-23.

Neuromorphic system. The neuromorphic operation is as follows. During the training operation, a two-
dimensional letter pattern to be memorized is decomposed into a one-dimensional column pattern and input to
neuron elements for a while. The voltage that corresponds to the one-dimensional column pattern is applied to
the bottom electrodes in the crossbar array, and it is inverted and simultaneously applied to the top electrodes.
During the inference operation, a two-dimensional pattern slightly distorted from the memorized pattern is
input to neuron elements for a moment. The voltage that corresponds to the one-dimensional column pattern
is applied only to the bottom electrodes. Consequently, some voltage is efficiently transmitted from the bottom
electrodes to the top electrodes, and some voltage is generated at the top electrodes. The voltage is feedbacked to
the bottom electrodes, and the voltage is finally output after the transient behavior. The one-dimensional column
pattern that corresponds to the voltage is composed into a two-dimensional pattern, which is a revised pattern.
The evaluation flowchart is as follows. During the training operation, a voltage of £1.2 V is applied. Two
letter patterns, “T and “L,” are input for 1 s in sequence. During the inference operation, a voltage of £0.1 V is
applied. First, multiple patterns slightly distorted from “T are input for a moment, some patterns are output,
and it is confirmed that the revised patterns are the same as the memorized pattern for all distorted patterns.
Next, multiple patterns slightly distorted from “L” are input, and it is again confirmed that the revised patterns
are the same as the memorized pattern. If at least one revised pattern is different from the memorized pattern,
the flowchart of the training and inference operations is repeated until the revised patterns are the same as the
memorized patterns for all the distorted patterns. Here, mechanical relays are used to switch between + 1.2 and
+0.1 V, which is equivalent to the schematics in Fig. 5, but it is possible to implement such integrated circuits.

Received: 31 August 2020; Accepted: 14 December 2020
Published online: 12 January 2021

References
1. McCarthy, J., Minsky, M. L., Rochester, N., & Shannon, C. E. A Proposal for the Dartmouth Summer Research Project on Artificial
Intelligence. In Dartmouth Conference (1956).
. Russell, S. & Norvig, P. Artificial Intelligence: A Modern Approach (Prentice Hall, Pearson Education, 2009).
. McCulloch, W. S. & Pitts, W. A logical calculus of the ideas immanent in nervous activity. Bull. Math. Biophys. 5, 115-133 (1943).
. Wasserman, P. D. Neural Computing: Theory and Practice (Coriolis Group, Lomdon, 1989).
. Dayhoff, J. E. Neural Network Architectures, an Introduction (Van Nostrand Reinhold, New York, 1990).

G W N

Scientific Reports |

(2021) 11:580 | https://doi.org/10.1038/s41598-020-79806-w nature research



www.nature.com/scientificreports/

. Ferrucci, D. et al. Building Watson: An overview of the DeepQA project. AI Mag. 66, 59-79 (2010).

. Mead, C. Analog VLSI and Neural Systems (Addison-Wesley, Reading, 1989).

. Lande, T. S. Neuromorphic Systems Engineering, Neural Networks in Silicon (Springer, Berlin, 2013).

. Suri, M. Advances in Neuromorphic Hardware Exploiting Emerging Nanoscale Devices (Springer, Berlin, 2017).

. Merolla, P. A. et al. A million spiking-neuron integrated circuit with a scalable communication network and interface. Science 345,

668-673 (2014).

11. Hsu, J. IBM’s new brain. IEEE Spectr. 51, 17-19 (2014).

12. Prezioso, M. et al. Training and operation of an integrated neuromorphic network based on metal-oxide memristors. Nature 521,
61-64 (2015).

13. Neckar, A. et al. Braindrop: A mixed-signal neuromorphic architecture with a dynamical systems-based programming model.
Proc. IEEE 107, 144-164 (2019).

14. Pershin, Y. V. & Di Ventra, M. Neuromorphic, digital, and quantum computation with memory circuit elements. Proc. IEEE 100,
2071-2080 (2011).

15. Chen, Y., Zhang, J., Zhang, Y., Zhang, R., Kimura, M. & Nakashima, Y. A programmable calculation unit employing memcapacitor-
basednNeuromorphic circuit. In NEWCAS 2019 (2019).

16. Matsuda, T. et al. Rare-metal-free high-performance Ga-Sn-O thin film transistor. Sci. Rep. 7, 44326 (2017).

17. Sugisaki, S. et al. Memristive characteristic of an amorphous Ga-Sn-O thin-film device. Sci. Rep. 9, 2757 (2019).

18. Kurasaki, A. et al. Memristive characteristic of an amorphous Ga-Sn-O thin-film device with double layers of different oxygen
density. Materials 12, 3236 (2019).

19. Hopfield, J. J. Neural networks and physical systems with emergent collective computational abilities. Proc. Natl. Acad. Sci. USA
79, 2554-2558 (1982).

20. Kimura, M. et al. Neuromorphic system with crosspoint-type amorphous Ga-Sn-O thin-film devices as self-plastic synapse ele-
ments. ECS Trans. 90, 157-166 (2019).

21. Ikeda, H., Yamane, H., Takishita, Y., Kimura, M. & Nakashima, Y. Influence of characteristic variation of oxide semiconductor and
comparison of the activation function in neuromorphic hardware. NOLTA, IEICE 11, 232-252 (2020).

22. Shibayama, Y., Ohnishi, Y., Yamakawa, D., Yamane, H., Nakashima, Y., & Kimura, M. Ga-Sn-O thin film synapse for neuromorphic
device. In AM-FPD 20 (2020).

23. Takishita, Y., Kimura, M., & Nakashima, Y. Image Recognition by Implementation of Visual Cortex and Xbar Memristor. In NOLTA

2020 (2020)

[=IANeREe RN o)}

—

Acknowledgements

This work is partially supported by KAKENHI (C) 19K11876, Yazaki Memorial Foundation for Science and
Technology, Support Center for Advanced Telecommunications Technology Research, Research Grants in the
Natural Sciences from the Mitsubishi Foundation, the Telecommunications Advancement Foundation, Col-
laborative Research Project in Laboratory for Materials and Structures in Tokyo Institute of Technology, RIEC
Nation-wide Cooperative Research Projects, collaborative research with ROHM Semiconductor, and collabora-
tive research with KOA Corporation.

Author contributions

M.K. conducted the study, designed the GTO memristor, invented the autonomous local learning, assembled
the neuromorphic systems, wrote the main manuscript text, and contributed this paper. R.S. fabricated the GTO
memristor and measured the analog memristor characteristic. A.K. instructed the device structure and produc-
tion process of the GTO memristor. T.I took the TEM and EDS images and analyzed the results. Y.T. confirmed
the theoretical principle of the autonomous local learning. Y.N. gave necessary information for neuromorphic
application.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to M.K.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

(2021) 11:580 | https://doi.org/10.1038/s41598-020-79806-w nature research


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Amorphous metal oxide semiconductor thin film, analog memristor, and autonomous local learning for neuromorphic systems
	Results
	GTO memristor. 
	Neuromorphic system. 
	Letter recognition. 

	Conclusion
	Methods
	GTO memristor. 
	Neuromorphic system. 

	References
	Acknowledgements


