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Abstract

Optoelectronic resistive switching devices, utilizing optical and electrical hybrid methods
to control the resistance states, offer several advantages of both photons and electrons for
high-performance information detecting, demodulating, processing, and memorizing. In
the past decades, optoelectronic resistive switching devices have been widely discussed
and studied due to the potential for parallel information transmission and processing. In
this chapter, recent progresses on the optoelectronic resistive switching mechanism, mate-
rials, and devices will be introduced. Then, their performance such as photoresponsivity,
on/off ratio, as well as retention will be investigated. Furthermore, possible applications of
the optoelectronic resistive switching considering logic, memory, neuromorphic, and
image-processing devices will be summarized. In the end, the challenges and possible
solutions of optoelectronic resistive switching devices for the next-generation information
technology will be discussed and prospected.
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1. Introduction

The great success of transistor-based integrated circuits for modern computing provided

exponential development of the way we live, work, and communicate. In the past decades,

device scaling-down was an effective approach to maintain the continuous development of

computing capabilities. However, the current semiconductor technology is facing the physical

scale limitation and bandwidth bottleneck between memory and central processing unit (CPU)

in modern-computing architectures, as shown in Figure 1a. Therefore, new devices, new

architectures, and even new computing principles are eagerly desired to further enhance

computing efficiency and capability in the post-Moore era.

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



Optoelectronic interconnection is a feasible method to overcome the bottleneck by transmitting

data between memory and CPU via photons, which have a much faster transporting speed, a

higher bandwidth, no Joule heat, and no interference over electrons [1–10]. As shown in

Figure 1b, optical communication between CPU and memory will fully meet the demands of

modern-computing architecture in high-frequency data communicating and processing [1–10].

On the other hand, memristor (memory + resistor), a simple two-terminal electrical switch with

nonvolatile reconfigurable resistance states, has been considered as one of the promising appro-

aches to construct new architecture with the novel in-memory computing (Figure 1c) [11–20].

Due to the arbitrary nonvolatile resistance states, memristor-based architectures provide the

Figure 1. Possible approaches to optimize computing architectures. (a) Modern von Neumann-computing architecture.

The separated memory and CPU are connected by data bus, which has frequency limitation. This architecture has low

efficiency in data processing between memory and CPU. (b) Optical communication between memory and CPU will

overcome the frequency limitation and increase its efficiency. (c) Parallel data processing and memory using memristor-

based architecture.
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high potential for integrating processor and memory together, which eliminates the bottleneck

between memory and processor in the modern von Neumann-computing architecture, thus

allowing high parallel data processing [21–26]. However, the electronic memristor-based archi-

tecture still has bandwidth limitation in high-frequency data communicating between different

modulators.

The combination of photons and memristor-based circuits will integrate the advantages of

photons in a high-speed data transmission and memristors in parallel in-memory computing

and may open up a new era for future computing owing to the high bandwidth and low-

power consumption. Moreover, the optoelectronic-based memristive system will extend the

application of memristor-based architecture to image or visual information processing. As

shown in Figure 2, with the increasing demands of mobile computing in human daily life,

wearable devices, health-care devices, and human-machine interacting devices including intel-

ligent image sensor, video monitor, invisible touch screen, electronic eyes, wearable heart or

blood monitoring and display devices, smart processor, and even brain-implantable devices

will be more and more important for an efficient and comfortable way for our better life, body

health, daily work, and communication [27–32]. The optoelectronic memristor-based architec-

ture, wherein both photons and electrons are used for parallel data processing and communi-

cating between input-output (I/O) devices and the in-memory processor, may provide such a

platform for the mobile computing.

In this chapter, recent developments on optoelectronic memristor materials and devices, and

applications including logic, memory, memristor, and neuromorphic devices will be summa-

rized, then their capability in future optoelectronic on-chip interconnection, in-memory com-

puting, brain-inspired computing, and visual information processing will be evaluated.

Figure 2. Possible optoelectronic memristor-based-computing architecture. In the in-memory processing unit, a core has

the ability to process and store data in situ. Both photons and electrons can achieve the communication between the cores

and I/O devices.
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These optoelectronic approaches may help to overcome the limitations and bottleneck in the

current computing devices and architectures, as well as contribute to efficient data analysis,

cognitive computation, and artificial intelligence.

2. Optoelectronic resistive switching materials and devices

Resistive switching memory (memristor) is a simple two-terminal device with three-layered

structure—two electrode layers for electrical signals input and output, and a “memory” layer

in between. The resistance of the “memory” layer can be dynamically reconfigured by voltage-

or current-induced ion implantation, interfacial charge accumulation, and so on. Usually, the

electrodes are metal or oxide, such as Ag, Au, Pt, Ta, Ir, Cu, ITO, and so on, which will affect

the resistive switching behavior by their different work function, electron affinity, electrochem-

ical energy, and so on [33, 34]. For the “memory” layer, various kinds of materials have been

used, including binary oxide, nitride, perovskite, low-dimensional materials, and organic

materials [35–45]. Due to the simple structure and excellent performance including high-

density integration, high-speed, and low-cost fabrication for logic, memory, and neuromorphic

applications, memristor has been considered as one of the most promising next-generation

information technologies [19, 20, 46].

Meanwhile, optical interconnection with high data transmission speed and no Joule heat or

interference has proved to be another effective approach to overcome the data transmission

bottleneck between memory and processor. Moreover, combining the advantages of photons

and electrons in an optoelectronic memristor will allow highly parallel data transmission and

processing, as well as extending the application for image recognition and visual information

processing. In the optoelectronic memristor (Figure 3), both optical and electrical signals are

able to modulate the resistance states of a “memory” layer, which is sensitive to both electrical

Figure 3. Optoelectronic memristor structure and mechanism.
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and optical signals. Therefore, photosensitive semiconductor materials will meet the demands

of the “memory” layer, such as silicon, cerium oxide, zinc oxide, perovskite, low-dimensional

materials and organic materials, and so on [47–52].

In 2012, Ungureanu et al. reported a reversible light-controlled resistive switching memory in

metal/Al2O3/SiO2/Si structure, with the photogenerated electrons injection from Si to Al2O3 at

sufficient positive bias and charge removal at negative bias [53]. In this work, the light pulses

with different wavelength and intensity were utilized to study the photoresponsive behavior

of the memory, as well as to achieve multilevel and multifunctional optoelectronic resistive

switching memory. This work proved that the metal/Al2O3/SiO2/Si-structured device can work

as a multifunctional optoelectronic device including information storage and light sensing,

meanwhile, offering the possibility for extra optical degree to be exploited in resistive

switching memory devices.

Besides Si, ZnO is another kind of typical photosensitive semiconductor and has been widely

studied for UV detectors, as well as resistive switching memories [35, 49]. Based on the

semiconducting and photosensing properties of ZnO, Bera et al. combined the resistive

switching and persistent photoconductivity (PPC) together in ZnO/NSTO Schottky junction

in 2013 [54]. The photo-induced interfacial positive oxygen vacancies movement under electric

field can lower the interfacial barrier and modulate the nonvolatile multilevel resistance states,

thus realizing persistent photoconductivity and resistive switching. Annealing process was

able to erase the PPC to its initial state. The results in this work provided a general route to

achieve multifunctional devices by integrating functional materials.

Most recently, two-dimensional materials, such as graphene and MoS2, have drawn much

more attention due to their promising properties for the next-generation information technol-

ogy. In 2014, Roy et al. reported a multifunctional photoresponsive memory based on

graphene-MoS2 hybrid three-terminal structure, wherein a gate was used to maintain and

erase the trapped charges, thus achieving erasable persistent photoconductivity for optoelec-

tronic memory devices (Figure 4) [55]. In addition, different gate amplitudes and light intensi-

ties were used to achieve multilevel memory. This work showed that the novel two-

dimensional materials are promising for multifunctional optoelectronic memory.

Besides, organic materials have many advantages including low-cost fabrication, flexibility,

and bandgap tunability, which are promising for optoelectronic memory devices. In 2012, Ye

reported an optoelectronic multilevel resistive switching memory shown in Figure 5 using a

metal-conjugated donor-bridge-acceptor (DBA) molecule, which is responsive to both optical

and electrical stimuli [56]. Under dark condition, the Al/metal-conjugated DBA/ITO-structured

devices showed a bi-stable resistive switching behavior. When illuminated by UV light, a

middle state was induced by the sub-step charge transfer process through the cooperation of

UV light and electric field. This work may open up new opportunities of organic materials for

designing multifunctional optoelectronic memory.

In a short summary, photo-induced charge trapping and detrapping play the key role in

optoelectronic resistive switching effect. Other than the materials stated earlier, carbon nano-

tube, complex oxide, perovskite, quantum dots, and so on, also show optoelectronic resistive

Multifunctional Optoelectronic Device Based on Resistive Switching Effects
http://dx.doi.org/10.5772/intechopen.74826

31



Figure 4. Photosensitive memory based on MoS2/graphene hybrid structure. (a) Materials and devices structure. (b)

Photoresponse mechanism. (c) Multilevel optoelectronic memory via modulating gate bias and light intensity. Repro-

duced with permission from Ref. [55]. Copyright 2014 Nature Publishing Group.

Figure 5. Organic optoelectronic resistive switching memory. (a) Materials and devices structure. (b) Resistive switching

behaviors under dark and UV light illuminations. (c) Optoelectronic switching mechanism. Reproduced with permission

from Ref. [56]. Copyright 2012 American Chemical Society.
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switching effects [57–60]. The applications of optoelectronic memristor including logic, mem-

ory, neuromorphic devices, and their performance will be discussed in the following sections.

3. Multifunctional optoelectronic logic and memory

Optoelectronic memristors, allowing electrical and optical signals to modulate the states, are

capable of functioning as sensor, decoder, arithmetic unite, logic, and memory devices for data

communication, integrated photonics, in-memory computing, and brain-like computing. In

this section, optoelectronic logic and memory devices will be discussed and their performance

will be evaluated.

Logic is one of basic and most important functions in the integrated circuits [61–65]. Therefore,

the realization of optical and electrical-mixed logic is the first step for optoelectronic circuits.

For example, Kim et al. reported a series of optoelectronic logic devices based on single-walled

carbon nanotube (SWNTs)/silicon junctions [57]. As shown in Figure 6a, in the SWNTs/Si

junction, voltage and light pulse are inputs and currents are outputs. Due to the photoresponse

under voltage bias, the output current is much higher (logical “1”) when both voltage and light

are applied to the junction than the current when only one or neither is applied (logical “0”),

thus functioning as an “AND” gate (Figure 6b). Similarly, “OR” gate and 2-bit adder functions

were also achieved using two junctions. Furthermore, utilizing four junctions with specialized

Figure 6. Optoelectronic logic gates. (a) “AND” logic with one light input, one voltage input, and a current output. (b)

Output current value of the “AND” gate. (c) 4-bit digital-to-analog converter with light illuminating on four junctions

with different areas. (d) Output current value of the 4-bit digital-to-analog converter. Reproduced with permission from

Ref. [57]. Copyright 2014 Nature Publishing Group.
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active areas, a 4-bit digital-to-analog converter (DAC) was demonstrated, as shown in

Figure 6c and d.

Memory is another basic and important function in integrated circuits. If an optoelectronic

memory device can integrate other specific functions such as photo signal detection, demodu-

lation, arithmetic, and even logic in a single device, where the processed data can be stored in

situ, then it will lower the complexity of integrated circuits and allow highly parallel computa-

tion. To achieve this goal, in 2015, we studied the ITO/CeO2�x/AlOy/Al-structured

photoresponsible junction and designed a multifunctional optoelectronic resistive switching

memory (OE-memory) with integrated photodetection, demodulation, and arithmetic [66]. As

shown in Figure 7, CeO2�x works as a photon-absorbing layer, and the electrons trapped in the

defects in the CeO2�x layer near the interface can be excited by photons and leaving positively

charged oxygen vacancies, which will lower the effective barrier and decrease the resistance of

the junction persistently with a thinner barrier. At the CeO2�x and Al interfaces, a 5-nm native

oxide layer formed and acted as an insulating layer to decrease the dark current. ITO works as

a transparent and conductive top electrode and Al is the bottom electrode. In this simple two-

terminal structure, persistent photoconductivity was observed as shown in Figure 8. The

nonvolatile resistance states can be reversibly switched between high resistance state (HRS)

and low resistance state (LRS) by visible light pulse and voltage, thus acting as an optical-write

and electrical-erase memory.

Further study of this optoelectronic memory showed the wavelength and intensity-

dependent photoresponse, which was utilized to design an optical signal detector and

demodulator. As shown in Figure 9, with two-digit information (wavelength and intensity)

per light pulse, four pulses with blue or green and 4 or 6 pW/μm2 are capable of carrying

Figure 7. Schematic illustration of the optoelectronic memory (OE-memory) based on the ITO/CeO2�x/AlOy/Al junction

and its operation principle. Reproduced with permission from Ref. [66]. Copyright 2015 WILEY-VCH Verlag GmbH &

Co. KGaA, Weinheim.
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8-digit information, which is one letter according to the ASCII code, and can be demodulated

and stored into four resistance states. Therefore, optical signal detecting and demodulating

functions have been achieved in this simple optoelectronic memory. Furthermore, the

photoconductance is increasing linearly with light pulse number (Figure 10a). Based on this

linear relationship between photocurrent and the number of light pulses, counter and adder

of the number of light pulses can be realized and the details are shown in Figure 10b.

Meanwhile, the output results after counting or adding the pulse number can be stored as

resistance states, thus allowing the integration of simple arithmetic and memory functions in

a single cell. To evaluate the memory retention performance, multilevel resistance states

were measured continuously, and after 104 s, the resistance states remain distinguishable

(Figure 11). Above all, the simple optoelectronic structure is capable of functioning as optical

signal detection, demodulation, arithmetic, and storage. These results demonstrate the pos-

sibility of using multifunctional optoelectronic devices for future integrated photonics, par-

allel processing, and in-memory computing [66].

In our recent work, to further exploit the integration of logic functions into the memory [67],

electrically resistive switching and the persistent photoconductivity are combined to modulate

the resistance states (Figure 12) [68].

Figure 8. Reversible nonvolatile optoelectronic resistive switching behavior. A visible light pulse switches the structure

from HRS to LRS and a voltage pulse switches the structure from LRS to HRS. Reproduced with permission from Ref.

[66]. Copyright 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Using one light pulse and one voltage pulse as logical inputs and current as logical output, an

“AND” gate was achieved. Only when both a light pulse and a voltage pulse are present, the

output value is larger than 150 nA, which is logical “1,” otherwise, the output current is lower

than 150 nA, which is logical “0.” Furthermore, the “AND” gate can be reconfigured to “OR”

gate when a light-write pulse applied before logic operations, thus allowing the OE-memory

functioning as an optoelectronic nonvolatile reconfigurable logic gate (Figure 13). Besides the

reconfigurable “AND” and “OR” logic functions, “NOT” operation and a complicated logic

operation were achieved by introducing another electrical-erase pulse, as well as optical adder

Figure 9. Proof-of-concept demonstration of demodulating function. The work “NIMTE” encoded in light pulses

according to ASCII code can be demodulated and stored into nonvolatile resistance states.

Figure 10. Optoelectronic arithmetic function in the OE-memory. (a) Photocurrent after a series of identical light pulses.

(b) Simple counter and adder functions demonstration based on the linear relationship between photocurrent and light

pulse number shown in (a). Reproduced with permission from Ref. [66]. Copyright 2015 WILEY-VCH Verlag GmbH &

Co. KGaA, Weinheim.
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and digital-to-analog converter (DAC) functions were achieved by using two light pulses as

inputs. We name this nonvolatile reconfigurable logic gate as “memlogic,” memory of logic

operations and outputs.

Based on the optoelectronic reconfigurable logic functions, a proof-of-concept reconfigurable

image-processing and memorizing functions were demonstrated, as shown in Figure 14. Two

images with “X” and “Y” shapes of visible light pulses are used as inputs into a 5 by 5 memlogic

array and current map as output (Figure 14a). When all the cells were reset to “AND” logic state,

Figure 11. Retention characteristic of four states programmed by light pulses with different intensities. Reproduced with

permission from Ref. [66]. Copyright 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

Figure 12. Schematic illustration of the structure (a) and optoelectronic resistive switching behaviors (b) of the memlogic.

Reproduced with permission from Ref. [68]. Copyright 2017 American Chemical Society.
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the processor can find the same part in different images and we named it SAME FINDER

(Figure 14b). When all the cells were set to “OR” states, the processor can find the parts either

in ‘X” or “Y” images and we named it as ALL FINDER (Figure 14c). Therefore, the single

memlogic array can realize two different image processing, as well as image storage functions.

Above all, the memlogic is capable of performing different reconfigurable logic functions and

nonvolatile memory and may provide a new method for reconfigurable in-memory comput-

ing, integrated photonics, and artificial intelligence [68].

In summary, for information technology application, these optoelectronic resistive switching

devices need to be optimized to improve their performance including the photoresponsivity,

speed, memory window, retention time, endurance, fabrication cost, reliability, yield, and so

on. Here, the summary of some basic parameters is shown in Table 1. The photoresponsivity

measures the input–output gain in a photoresponsive system and means the electrical output

per optical input. On/off means the memory window. Speed represents how fast the device can

work. For memory or logic applications, the speed needs to be at ns level. Here, the speed of

these optoelectronic resistive switching devices is not enough and needs to be improved

exponentially. Possible methods will be increasing the build-in electric field to accelerate the

Figure 13. Memlogic operation of reconfigurable “AND” and “OR” gates. (a) Reconfiguration operation of “AND” and

“OR” gates. (b) Output current value of the memlogic. (c) Truth table of the memlogic. Reproduced with permission from

Ref. [68]. Copyright 2017 American Chemical Society.
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photo-induced charge separation by using electrodes with a higher work function or increas-

ing the defects concentration. Retention means how long the state can maintain. From this

table, we can see that the performance especially the speed should be improved immediately.

4. Optoelectronic neuromorphic devices

Artificial neural network is one of the most promising ways to achieve brain-like computing and

has been an attractive area especially for memristors as the similar ionics-based mechanisms and

stochastic dynamics with neurons [69–87]. Optoelectronic memristors provide another degree of

freedom by light to control their states, which means light pulse can be utilized as stimuli to

control artificial synapse weight and proceed with synaptic behaviors simulation. Moreover,

optoelectronic memristor-based networks allow optical communications among nodes and will

reduce power consumption, increase communicating speed, and efficiency. Recently, several

research groups have proposed optoelectronic artificial synaptic devices based on persistent

photoconductivity for neuromorphic computing. In 2010, Agnus et al. reported an adaptive

architecture based on optically gated carbon nanotube transistors, which allow optical write

and electrical program processes to control the resistance states [88]. The programmed states

are nonvolatile and can be used to store synapse weight in adaptive architectures. More specific

synaptic behaviors simulation such as short-term memory (STM), long-term memory (LTM),

Figure 14. Proof-of-concept demonstration of reconfigurable image processing. (a) ‘X’ and ‘Y00 shape of light image were

inputs and current map was the output. (b) Image same finding function when all the memlogic cells are at HRS and (c)

image all finding functions when all the memlogic cells are at LRS. Reproduced with permission from Ref. [68]. Copyright

2017 American Chemical Society.

Structure PPC/PC/PR Responsivity On/off Speed Retention References

Pd/Al2O3/SiO2/Si PC _ 103 _ _ [53]

Ti/ZnO/NSTO PPC _ >103 ~100 s >104 s [54]

Al/Organic/ITO PR _ 106 _ 5 � 104 s [56]

ITO/CeO2�x/AlOy/Al PPC 1 A/W 103 ~10 s ~104 [66, 68]

Notes: PPC, persistent photoconductivity; PC, photoconductivity; PR, photoresponse.

Table 1. Characteristics of the typical photoresponsive memristors.

Multifunctional Optoelectronic Device Based on Resistive Switching Effects
http://dx.doi.org/10.5772/intechopen.74826

39



facilitation, and spike-timing-dependent plasticity (STDP) have been achieved in IGZO-based

persistent photoconductive devices by Lee in 2017. They also showed the photoenergy and

frequency-dependent plasticity. These basic synaptic behaviors simulation will promote the

development of optoelectronic artificial neuro-network [88].

As we all know, human eyes are the most important media to receive visual information from

surroundings and provide humans with the ability to recognize objects. In human visual system,

the eyes receive light signal and convert it to electrical pulses signal, which can be detected by

visual neuron and analyzed or memorized by visual cortex in the brain. In general, two parts for

sensing and processing of visual information form the visual system. In recent years, inspired by

human visual system, several kinds of artificial visual systems have been proposed to simulate

eyes for visual information processing, retinopathy therapy, and reproduction of visual system

[27, 89–91]. Usually, photodetector array acts as the retina to sense the light that converts it to

electrical signal for image processor, visual neuron, and cortex. For example, as shown in

Figure 15, Mathieson et al. reported a photovoltaic retinal prosthesis, which is capable of

detecting light signal, imaging on silicon photodiode array, and processing the detected image.

The demonstration of fully integrated wireless implant may reproduce the vision to the patients

with retina diseases [27]. However, this photodiode-based system lacks the function of memo-

rizing of image information. Therefore, memristor may be applicable for image memory. In 2017,

Chen et al. reported an artificial visual memory system consisting of an imager and a memory.

The UV image can be detected by In2O3-based imaging system and stored by Al2O3-based

Figure 15. An artificial visual system based on silicon photodiode. Reproduced with permission from Ref. [27]. Copyright

2012 Nature Publishing Group.
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processing and memory system [92]. The design of this artificial visual system provides a novel

approach to integrate different devices to achieve more multifunctional bioinspired systems.

Thanks to the reported works, these novel promising optoelectronic synaptic devices have

been proposed and achieved and will be the first step for optoelectronic neural networks.

Optoelectronic artificial neural networks provide the additional advantage of optical commu-

nication into memristor-based neuromorphic architectures. Based on the previous research, the

next plan should focus on improving their performance, exploiting optoelectronic artificial

neural networks, and optogenetic neural networks.

5. Other approaches for multifunctional resistive switching

Besides the optical-based resistive switching memories, electrical- and magnetic-based resis-

tive switching devices are also interesting and attractive due to their important and promising

physical properties and applications [93].

Figure 16. Nanochannel-based selector mechanism and its performance. (a) Transmission electron microscopic (TEM)

image proved the electric field-induced VO2 nanochannel formation in V2O5 matrix. (b) Threshold switching behavior.

(c) Resistive switching behavior of the 1S1R structure. Reproduced with permission from Ref. [94]. Copyright 2017

WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Recently in our group, a nanochannel device was designed in V2O5-based selector via electric

field-induced ion migration [94]. As shown in Figure 16, this electric field-induced nano-

channel demonstrates a sharp and reliable metal–insulator transition (MIT) with a 17 ns

switching speed, an 8 pJ energy consumption, and less than 4.3% variability. By combining

with one HfOx-based memristor, the 1S1R structure device can ensure the correct reading of

the memory states continuously for 107 cycles, therefore demonstrating its great possibility to

overcome the crosstalk problem in high-density crossbar memory. This work proved that

electric-field-induced ion migration at the nanoscale is an effective approach to optimize

device performance or design novel conceptual devices.

Figure 17. Electric field-controlled magnetization reversal. (a) Magnetic force microscope (MFM) images of the CFO at

initial states and after voltage bias. (b) Evolution of the contrast change ratio after being subjected to various biased

voltages. Reproduced with permission from Ref. [95]. Copyright 2015 American Chemical Society.
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With the electric field-induced ion migration method, our group also achieved nanoscale

magnetization reversal in cobalt ferrite (CFO) thin film (Figure 17) [95, 96]. The electric field-

induced migration and redistribution of Co2+ between Fe vacancies induced the unidirectional

magnetic anisotropy of the sample along the <110> directions. The reported magnetization

reversal is nonvolatile and reversible, which can be controlled by tuning the electric field

polarity and amplitude. Such a nanoscale magnetization modulation by nanoionics may pro-

vide a novel approach to manipulate the magnetization of magnetic materials for low-power

magnetic memory and spintronics.

6. Challenges and possible approaches

Thanks to the efforts of scientific researchers and engineers from all over the world, the

optoelectronic resistive switching has achieved great progress. However, there are still some

challenges in the way of further development of optoelectronic memristors currently as fol-

lows:

1. Mechanism: the widely accepted mechanism of PPC is the photo-induced charge trapping

and detrapping in defects. However, due to the technique limitation of directly mapping

photo-generated carriers’ distribution under light illumination, it is hard to clarify the PPC

at electron scale.

2. Materials and performances: many materials are photoresponsive and resistance switch-

able. Therefore, finding a durable, reliable, and CMOS-compatible material with excellent

optoelectronic resistive switching performances is still a challenge, and the performance

especially the speed is more challenge due to defects-related process.

3. Spatial design of the optoelectronic neural networks: optoelectronic platform will need to

integrate light source to the integrated circuits. Therefore, the devices’ surface and physical

position should be accessible for light source. Then the best way to route the light source to

devices’ surface is a critical issue.

Possible approaches include the following:

1. Mechanism: light-integrated TEM is a possible method to observe the light-controlled

physical properties. In my current group in Finland, an in situ TEM under external electric

field and light sources is ready, and there may be some promising results about optoelec-

tronics in the following years [97].

2. Materials and performance: the direct and effective way to find a suitable material is trying

and trying. One promising material has to be tested, optimized, and improved repeatedly

before the product, and what we can do is to just be patient. The performance requirement

depends on the application, so performance is negotiable [17].

3. Spatial design of the optoelectronic neural networks: with the development of nanophotonics

and nanolasers, in the near future, integrated photonics will provide efficient and feasible

approach to address the spatial design of optoelectronic artificial neural networks [6].
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7. Conclusions and prospects

In this chapter, recent progress on optoelectronic resistive switching are introduced and sum-

marized. Due to the photosensitive media in memristor, light can be used as another degree of

freedom to control the resistive switching behavior for multifunctional optoelectronic devices.

Here, the main mechanism is the photo-induced carriers trapping and de-trapping in defects in

the semiconductor “memory” layer. To further promote the development of the multi-

functional optoelectronic devices, their performance should be improved to meet different

applications considering image sensor, memory, logic, and neuromorphic devices.

Optoelectronic memristor-based neuromorphic devices, integrating the functions of informa-

tion storage, processing, image detection, and memory together, may provide high potential

for intelligent image sensor and optoelectronic in-memory computation. Based on the inte-

grated photonics [1–10], optoelectronics [47–60], and optogenetics [98–100], an optoelectronic

artificial neural network may play a key role in future human-machine interactive devices.

Acknowledgements

This work was supported by the National Key R&D Program of China (2017YFB0405604), the

National Natural Science Foundation of China (61722407, 61674152, 51525103, 11474295), the

Natural Science Foundation of Zhejiang Province (LR17E020001), and the Youth Innovation

Promotion Association of the Chinese Academy of Sciences (2014261).

Conflict of interest

The authors declare no conflict of interest.

Author details

Hongwei Tan1, Gang Liu2,3* and Run-Wei Li2,3

*Address all correspondence to: liug@nimte.ac.cn

1 Nanospin, Department of Applied Physics, Aalto University School of Science, Aalto,

Finland

2 CAS Key Laboratory of Magnetic Materials and Devices, Ningbo Institute of Materials

Technology and Engineering, Chinese Academy of Sciences, Ningbo, P.R. China

3 Zhejiang Province Key Laboratory of Magnetic Materials and Application Technology,

Ningbo Institute of Materials Technology and Engineering, Chinese Academy of Sciences,

Ningbo, P.R. China

Recent Development in Optoelectronic Devices44



References

[1] Assefa S, Xia F, Vlasov YA. Reinventing germanium avalanche photodetector for

nanophotonic on-chip optical interconnects. Nature. 2010;464:80-84. DOI: 10.1038/nature

08813

[2] Assefa S, Shank S, Green W, Khater M, Kiewra E, Reinholm C, Kamlapurkar S, Rylyakov

A, Schow C, Horst F, Pan H, Topuria T, Rice P, Gill D M, Rosenberg J, Barwicz T, Yang

M, Proesel J, Hofrichter J, Offrein B, Gu X, Haensch W, Ellis-Monaghan J, Vlasov Y. A 90

nm CMOS integrated nano-photonics technology for 25 Gbps WDM optical communi-

cation applications. In: IEEE International Electron Devices Meeting (IEDM); Dec 10–13,

2012; San Francisco. Indianapolis, Indiana, U.S.: IBM Press, IEEE; 2012. pp. 33.8.1-33.8.3

[3] Xu Q, Schmidt B, Pradhan S, Lipson M. Micrometre-scale silicon electro-optic modula-

tor. Nature. 2005;435:325-327. DOI: 10.1038/nature03569

[4] Liu M, Yin X, Ulin-Avila E, Geng B, Zentgraf T, Ju L, Wang F, Zhang X. A graphene-

based broadband optical modulator. Nature. 2011;474:64-67. DOI: 10.1038/nature10067

[5] Hosseini P, Wright CD, Bhaskaran H. An optoelectronic framework enabled by low-

dimensional phase-change film. Nature. 2014;511:206-211. DOI: 10.1038/nature13487

[6] Sun C, Wade MT, Lee Y, Orcutt JS, Alloatti L, Georgas MS, Waterman AS, Shainline JM,

Avizienis RR, Lin S, Moss BR, Kumar R, Pavanello F, Atabaki AH, Cook FM, Ou AJ, Leu

JC, Chen Y, Asanović K, Ram RJ, Popcvic MA, Stojanović VM. Single-chip microprocessor

that communicates directly using light. Nature;528:534-538. DOI: 10.1038/nature16454

[7] Sorianello V, Midrio M, Contestabile G, Asselberghs I, Van Campenhout J, Huyghebaert

C, Goykhman I, Ott AK, Ferrari AC, Romagnoli M. Graphene-silicon phase modulators

with gigahertz bandwidth. Nature Photonics. 2018;12:40-44. DOI: 10.1038/s41566-017-

0071-6

[8] Ríos C, Stegmaier M, Hosseini P, Wang D, Scherer T, Wright CD, Bhaskaran H, Pernice

WHP. Integrated all-photonic non-volatile multi-level memory. Nature Photonics. 2015;

9:725-732. DOI: 10.1038/NPHOTON.2015.182

[9] Bruck R, Mills B, Troia B, Thomson DJ, Gardes FY, Hu Y, Mashanovich GZ, Passaro

VMN, Reed GT, Muskens OL. Device-level characterization of the flow of light in

integrated photonics circuits using ultrafast photomodulation spectroscopy. Nature

Photonics. 2015;9:54-60. DOI: 10.1038/NPHOTON.2014.274

[10] Liu L, Kumar R, Huybrechts K, Spuesens T, Roelkens G, Geluk E, Vries T, Regreny P, Van

Thourout D, Baets R, Morthier G. An ultra-small, low-power, all-optical flip-flop memory

on a silicon chip. Nature Photonics. 2010;4:182-187. DOI: 10.1038/NPHOTON.2009.268

[11] Chua LO. Memristor – The missing circuit element. IEEE Transaction on Circuit Theory.

1971;18:507-519

[12] Chua LO, Kang SM. Memristive devices and system. Proceedings of the IEEE. 1976;64:

209-223

Multifunctional Optoelectronic Device Based on Resistive Switching Effects
http://dx.doi.org/10.5772/intechopen.74826

45



[13] Strukov DB, Snider GS, Stewart DR, Williams RS. The missing memristor found. Nature.

2008;453:80-83. DOI: 10.1038/nature06932

[14] Yang JJ, Pickett MD, Li X, Ohlberg DAA, Stewart DR, Williams RS. Memristive

switching mechanism for metal/oxide/metal nanodevices. Nature Nanotechnology.

2008;3:429-433. DOI: 10.1038/nnano.2008.160

[15] Szot K, Speier W, Bihlmayer G, Waser R. Switching the electrical resistance of individual

dislocation in single-crystalline SrTiO3. Nature Materials. 2006;5:312-320. DOI: 10.1038/

nmat1614

[16] Waser R, Aono M. Nanoionics-based resistive switching memories. Nature Materials.

2007;6:833-840. DOI: 10.1038/nmat2023

[17] Ynag JJ, Strukov DB, Stewart DR. Memristive devices for computing. Nature Nanotech-

nology. 2013;8:13-24. DOI: 10.1038/NNANO.2012.240

[18] Bessonov AA, Kirikova MN, Petukhov DI, Allen M, Ryhänen T, Bailey MJA. Layered

memristive and memcapacitive switches for printable electronics. Nature Materials.

2015;14:199-204. DOI: 10.1038/NMAT4135

[19] Pan F, Gao S, Chen C, Song C, Zeng F. Recent progress in resistive random access

memories: Materials, switching mechanism, and performance. Materials Science and

Engineering R. 2014;83:1-59. DOI: 10.1016/j.mser.2014.06.002

[20] Zidan MA, Strachan JP, Lu WD. The future of electronics based on memristive systems.

Nature Electronics. 2018;1:22-29. DOI: 10.1038/s41928-017-0006-8

[21] Borghetti J, Snider GS, Kuekes PJ, Yang JJ, Stewart DR, Williams RS. ‘Memristive’ switches

enable ‘stateful’ logic operations via materials implication. Nature. 2010;464:873-876. DOI:

10.1038/nature08940

[22] You T, Shuai Y, Luo W, Du N, Bürger D, Skorupa I, Hübner R, Henker S, Mayr C,

Schüffny R, Mikolajick T, Schmidt OG, Schmidt H. Exploiting memristive BiFeO3 bilayer

structures for compact sequential logics. Advanced Functional Materials. 2014;24:3357-

3365. DOI: 10.1002/adfm.201303365

[23] Xia Q, Robinett W, Cumbie MW, Banerjee N, Cardinali TJ, Yang JJ, Wu W, Li X, Tong

WM, Strukov DB, Snider GS, Medeiros-Ribeiro G, Williams RS. Memristor-CMOS

hybrid integrated circuits for reconfigurable logic. Nano Letters. 2009;9:3640-3645. DOI:

10.1021/nl901874j

[24] Prinz GA. Magnetoelectronics. Science. 1998;282:1660-1663. DOI: 10.1126/science.282.

5394.1660

[25] Zhou Y, Li Y, Xu L, Zhong S, Sun H, Miao X. 16 Boolean logics in three steps with two

anti-aerially connected memristors. Applied Physics Letters. 2015;106:233502. DOI: 10.

1063/1.4922344

[26] Gao S, Zeng F, Wang M, Wang G, Song C, Pan F. Implementation of complete Boolean

logic functions in single complementary resistive switch. Scientific Reports. 2015;5:15467.

DOI: 10.1038/srep15467

Recent Development in Optoelectronic Devices46



[27] Mathieson K, Loudin J, Goetz G, Huie P, Wang L, Kamins TI, Galambos L, Smith R,

Harris JS, Sher A, Palanker D. Photovoltaic retinal prosthesis with high pixel density.

Nature Photonics. 2012;6:391-397. DOI: 10.1038/NPHOTON.2012.104

[28] Tee BCK, Chortos A, Berndt A, Nguyen AK, Tom A, McGuire A, Lin ZC, Tien K, Bae W,

Wang H, Mei P, Chou H, Cui B, Deisseroth K, Ng TN, Bao Z. A skin-inspired organic

digital mechanoreceptor. Science. 2015;350:313-316. DOI: 10.1126/science.aaa9306

[29] Li H, Zhan Q, Liu Y, Liu L, Yang H, Zuo Z, Shang T, Wang B, Li R-W. Stretchable spin

valve with stable magnetic field sensitivity by ribbon-patterned periodic wrinkles. ACS

Nano. 2016;10:4403-4409. DOI: 10.1021/acsnano.6b00034

[30] Qi D, Liu Z, Liu Y, Jiang Y, LeowWR, Pal M, Pan S, Yang H,Wang Y, Zhang X, Yu J, Li B,

Yu Z, Wang W, Chen X. Highly stretchable, compliant, polymeric microelectrode arrays

for in vivo electrophysiological interfacing. Advanced Materials. 2017;29:1702800. DOI:

10.1002/adma.201702800

[31] Son D, Lee J, Qiao S, Ghaffari R, Kim J, Lee JE, Song C, Kim SJ, Lee DJ, Jun SW, Yan S,

Park M, Shin J, Do K, Lee M, Kang K, Hwang CS, Lu N, Hyeon T, Kim D-H.

Multifunctional wearable devices for diagnosis and therapy of movement disorders.

Nature Nanotechnology. 2014;9:397-404. DOI: 10.1038/NNANO.2014.38

[32] Pan C, Dong L, Zhu G, Niu S, Yu R, Yang Q, Liu Y, Wang ZL. High-resolution electro-

luminescent imaging of pressure distribution using a piezoelectric nanowire LED array.

Nature Photonics. 2013;7:752-758. DOI: 10.1038/NPHOTON.2013.191

[33] Xue W, Xiao W, Shang J, Chen X, Zhu X, Pan L, Tan H, Zhang W, Ji Z, Liu G, Xu X, Ding

J, Li R-W. Intrinsic and interfacial effect of electrode metals on the resistive switching

behaviors of zinc oxide films. Nanotechnology. 2014;25:425204. DOI: 10.1088/0957-4484/

25/42/425204

[34] Majumdar S, Chen B, Qin QH, Majumdar HS, van Dijken S. Electrode dependence of

tunneling electroresistance and switching stability in organic ferroelectric P(VDF-TrFE)-

based tunnel junctions. Advanced Functional Materials. 2017:1703273. DOI: 10.1002/

adfm.201703273

[35] Zhu X, Su W, Liu Y, Hu B, Pan L, Lu W, Zhang J, Li R-W. Observation of conductance

quantization in oxide-based resistive switching memory. Advanced Materials. 2012;24:

3941-3946. DOI: 10.1002/adma.201201506

[36] Peng S, Zhuge F, Chen X, Zhu X, Hu B, Pan L, Chen B, Li R-W. Mechanism for resistive

switching in an oxide-based electrochemical metallization memory. Applied Physics

Letters. 2012;100:072101. DOI: 10.1063/1.3683523

[37] Hu B, Quhe R, Chen C, Zhuge F, Zhu X, Peng S, Chen X, Pan L, Wu Y, Zheng W, Yan Q,

Lu J, Li R-W. Electrically controlled electron transfer and resistance switching in reduced

graphene oxide noncovalently functionalized with thionine. Journal of Materials Chem-

istry. 2012;22:16422-16430. DOI: 10.1039/c2jm32121a

[38] Hu B, Zhu X, Chen X, Pan L, Peng S, Wu Y, Shang J, Liu G, Yan Q, Li R-W. A multilevel

memory based on proton-doped polyazomethine with an excellent uniformity in

Multifunctional Optoelectronic Device Based on Resistive Switching Effects
http://dx.doi.org/10.5772/intechopen.74826

47



resistive switching. Journal of the American Chemical Society. 2012;134:17408-17411.

DOI: 10.1021/ja307933t

[39] Zhu X, Shang J, Li R-W. Resistive switching effects in oxide sandwiched structures.

Frontier of Materials Science. 2012;6:183-206. DOI: 10.1007/s11706-012-0170-8

[40] Shang J, Liu G, Yang H, Zhu X, Chen X, Tan H, Hu B, Pan L, Xue W, Li R-W. Thermally

stable transparent resistive random access memory based on all-oxide heterostructures.

Advanced Functional Materials. 2014;24:2171-2179. DOI: 10.1002/adfm.201303274

[41] Pan L, Ji Z, Yi X, Zhu X, Chen X, Shang J, Liu G, Li R-W. Metal-organic framework

Nanofilm for mechanically flexible information storage applications. Advanced Func-

tional Materials. 2015;25:2677-2685. DOI: 10.1002/adfm.201500449

[42] Pan L, Liu G, Li H, Meng S, Han L, Shang J, Chen B, Platero-Prats AE, LuW, Zou X, Li R-

W. A resistance-switchable and ferroelectric metal�organic framework. Journal of the

American Chemical Society. 2014;136:17477-17483. DOI: 10.1021/ja508592f

[43] Chen C, Gao S, Tang G, Fu H, Wang G, Song C, Zeng F, Pan F. Effect of electrode

materials on AlN-based bipolar and complementary resistive switching. ACS Applied

Materials & Interfaces. 2013;5:1793-1799. DOI: 10.1021/am303128h

[44] Zhu X, Lee J, Lu WD. Iodine vacancy redistribution in organic–inorganic halide perov-

skite films and resistive switching effects. Advanced Materials. 2017;29:1700527. DOI:

0.1002/adma.201700527

[45] Zhu X, Lu WD. Optogenetics-inspired tunable synaptic functions in memristors. ACS

Nano. 2018;12:1242-1249. DOI: 10.1021/acsnano.7b07317

[46] Lee M, Lee CB, Lee D, Lee SR, Chang M, Hur JH, Kim Y, Kim C, Seo DH, Seo S, Chung

U, Yoo I, Kim K. A fast, high-endurance and scalable non-volatile memory device made

from asymmetric Ta2O5�x/TaO2�x bilayer structures. Nature Materials. 2011;10:625-630.

DOI: 10.1038/NMAT3070

[47] Feng P, Mönch I, Harazim S, Huang G, Mei Y, Schmidt OG. Giant persistent photo-

conductivity in rough silicon nanomembranes. Nano Letters. 2009;9:3453-3459. DOI:

10.1021/nl9016557

[48] Corma A, Atienzar P, García H, Chane-Ching J. Hierarchically mesostructured doped

CeO2 with potential for solar-cell use. Nature Materials. 2004;3:394-397. DOI: 10.1038/

nmat1129

[49] Peng L, Hu L, Fang X. Low-dimensional nanostructure ultraviolet photodetectors.

Advanced Materials. 2013;25:321-5328. DOI: 10.1002/adma.201301802

[50] Chen J, Chiu Y, Li Y, Chueh C, Chen W. Nonvolatile perovskite-based photomemory

with a multilevel memory behavior. Advanced Materials. 2017;29:1702217. DOI: 10.

1002/adma.201702217

Recent Development in Optoelectronic Devices48



[51] Xia F, Wang H, Xiao D, Dubey M, Ramasubramaniam A. Two-dimensional material

nanophotonics. Nature Photonics. 2014;8:899-907. DOI: 10.1038/NPHOTON.2010.271

[52] Nie R, Deng X, Feng L, Hu G, Wang Y, Yu G, Xu J. Highly sensitive and broadband

organic Photodetectors with fast speed gain and large linear dynamic range at low

forward bias. Small. 2017;13:1603260. DOI: 10.1002/smll.201603260

[53] Ungureanu M, ZazpeR, Golmar F, Stoliar P, Llopis R, Casanova F, Hueso LE. A light-

controlled resistive switching memory. Advanced Materials 2012; 24: 2496–2500. DOI:

10.1002/adma.201200382

[54] Bera A, Peng H, Lourembam J, Shen Y, Sun XW, Wu T. A versatile light-switchable

nanorod memory: Wurtzite ZnO on Perovskite SrTiO3. Advanced Functional Materials.

2013;23:4977-4984. DOI: 10.1002/adfm.201300509

[55] Roy K, Padmanabhan M, Goswami S, Sai TP, Ramalingam G, Raghavan S, Ghosh A.

Graphene–MoS2 hybrid structures for multifunctional photoresponsive memory

devices. Nature Nanotechnology. 2013;8:826-830. DOI: 10.1038/NNANO.2013.206

[56] Ye C, Peng Q, Li M, Luo J, Tang Z, Pei J, Chen J, Shuai Z, Jiang L, Song Y. Multilevel

conductance switching of memory device through photoelectric effect. Journal of the

American Chemical Society. 2012;134:20053-20059. DOI: 10.1021/ja305354y

[57] Kim YL, Jung HY, Park S, Li B, Liu F, Hao J, Kwon Y, Jung Y, Kar S. Voltage-switchable

photocurrents in single-walled carbon nanotube–silicon junctions for analog and digital

optoelectronics. Nature Photonics. 2014;8:239-243. DOI: 10.1038/NPHOTON.2014.1

[58] Lejman M, Vaudel G, Infante IC, Gemeiner P, Gusev VE, Dkhil B, Ruello P. Giant

ultrafast photo-induced shear strain in ferroelectric BiFeO3. Nature Communications.

2014;5:4301. DOI: 10.1038/ncomms5301

[59] Ahmadi M, Wu T, Hu B. A review on organic–inorganic halide perovskite photodetec-

tors: Device engineering and fundamental physics. Advanced Materials. 2017;29:

1605242. DOI: 10.1002/adma.201605242

[60] Maier P, Hartmann F, Emmerling M, Schneider C, Kamp M, Höfling S, Worschech L.

Electro-photo-sensitive memristor for neuromorphic and arithmetic computing. Physi-

cal Review Applied. 2016;5:054011. DOI: 10.1103/PhysRevApplied.5.054011

[61] Huang Y, Duan X, Cui Y, Lauhon LJ, Kim K, Lieber CM. Logic gates and computation

from assembled nanowire building blocks. Science. 2001;294:1313-1317. DOI: 10.1126/

science.1066192

[62] Bachtold A, Hadley P, Nakanishi T, Dekker C. Logic circuits with carbon nanotube

transistors. Science. 2001;294:1317-1320. DOI: 10.1126/science.1065824

[63] Joo S, Kim T, Shin SH, Lim JY, Hong J, Song JD, Chang J, Lee H, Rhie K, Han SH, Shin K,

Johnson M. Magnetic-field-controlled reconfigurable semiconductor logic. Nature. 2013;

494:72-76. DOI: 10.1038/nature11817

Multifunctional Optoelectronic Device Based on Resistive Switching Effects
http://dx.doi.org/10.5772/intechopen.74826

49



[64] Terabe K, Hasegawa T, Nakayama T, Aono M. Quantized conductance atomic switch.

Nature. 2005;433:47-50. DOI: 10.1038/nature03190

[65] Dery H, Dalal P, Cywiski L, Sham LJ. Spin-based logic in semiconductors for

reconfigurable large-scale circuits. Nature. 2007;447:573-576. DOI: 10.1038/nature05833

[66] Tan H, Liu G, Zhu X, Yang H, Chen B, Chen X, Shang J, Lu WD, Wu Y, Li R-W. An

optoelectronic resistive switching memory with integrated demodulating and arithmetic

functions. Advanced Materials. 2015;27:2797-2803. DOI: 10.1002/adma.201500039

[67] Ney A, Pampuch C, Koch R, Ploog KH. Programmable computing with a single magne-

toresistive element. Nature. 2003;425:485-487. DOI: 10.1038/nature02014

[68] Tan H, Liu G, Yang H, Yi X, Pan L, Shang J, Long S, Liu M, Wu Y, Li R-W. Light-gated

memristor with integrated logic and memory functions. ACS Nano. 2017;11:11298-11305.

DOI: 10.1021/acsnano.7b05762

[69] Thakoor S, Moopenn A, Daud T, Thakoor AP. Solid-state thin-film memistor for elec-

tronic neural networks. Journal of Applied Physics. 1990;67:3132-3135. DOI: 0.1063/

1.345390

[70] Jo AH, Chang T, Ebong I, Bhadviya BB, Mazumder P, Lu W. Nanoscale memristor

device as synapse in neuromorphic systems. Nano Letters. 2010;10:1297-1301. DOI:

10.1021/nl904092h

[71] Chang T, Jo S, Lu W. Short-term memory to long-term memory transition in a nanoscale

memristor. ACS Nano. 2011;9:7669-7676. DOI: 10.1021/nn202983n

[72] Ohno T, Hasegawa T, Tsuruoka T, Terabe K, Gimzewski JK, Aono M. Short-term plastic-

ity and long-term potentiation mimicked in single inorganic synapses. Nature Materials.

2011;10:591-595. DOI: 10.1038/NMAT3054

[73] Alibart F, Pleutin S, Bichler O, Gamrat C, Serrano-Gotarredona T, Linares-Barranco B,

Vuillaume DA. Memristive nanoparticle/organic hybrid synapstor for neuroinspired

computing. Advanced Functional Materials. 2012;22:609-616. DOI: 10.100./adfm.

20111935

[74] Wang ZQ, Xu HY, Li XH, Yu H, Liu YC, Zhu XJ. Synaptic learning and memory

functions achieved using oxygen ion migration/diffusion in an amorphous InGaZnO

memristor. Advanced Functional Materials. 2012;22:2759-2765. DOI: 10.1002/adfm.

201103148

[75] Yu S, Gao B, Fang Z, Yu H, Kang J, Wong HSP. A low energy oxide-based electronic

synaptic device for neuromorphic visual systems with tolerance to device variation.

Advanced Materials. 2013;25:1774-1779. DOI: 10.1002/adma.201203680

[76] Zhu LQ, Wan CJ, Guo LQ, Shi Y, Wan Q. Artificial synapse network on inorganic proton

conductor for neuromorphic systems. Nature Communications. 2014;5:3158. DOI: 10.1038/

ncomms4158

Recent Development in Optoelectronic Devices50



[77] Pickett MD, Medeiros-Ribeiro G, Williams RS. A scalable neuristor built with Mott

memristors. Nature Materials. 2013;12:114-117. DOI: 10.1038/NMAT3510

[78] Neftci E, Binas J, Rutishauser U, Chicca E, Indiveri G, Douglas RJ. Synthesizing cognition

in neuromorphic electronic systems. Proceedings of the National Academy of Sciences of

the United States of America. 2013;110:E3468-E3476. DOI: 10.1073/pnas.1212083110

[79] Barbera SL, Vuillaume D, Alibart F. Filamentary switching: Synaptic plasticity through

device volatility. ACS Nano. 2015;9:941-949. DOI: 10.1021/nn506735m

[80] Yang Y, Chen B, Lu WD. Memristive physically evolving networks enabling the emula-

tion of heterosynaptic plasticity. Advanced Materials. 2015;27:7720-7727. DOI: 10.1002/

adma.201503202

[81] Ignatov M, Ziegler M, Hansen M, Kohlstedt H. Memristive stochastic plasticity

enablesmimicking of neural synchrony: Memristive circuit emulates an optical illusion.

Science Advances. 2017;3:e1700849. DOI: 10.1126/sciadv.1700849

[82] Prezioso M, Merrikh-Bayat F, Hoskins BD, Adam GC, Likharev KK, Strukov DB. Train-

ing andoperation of an integrated neuromorphic network based on metal-oxide

memristors. Nature. 2015;521:61-64. DOI: 10.1038/nature14441

[83] Tan Z, Yang R, Terabe K, Yin X, Zhang X, Guo X. Synaptic metaplasticity realized in

oxide memristive devices. Advanced Materials. 2016;28:377-384. DOI: 10.1002/adma.

201503575

[84] Tuma T, Pantazi A, Gallo ML, Sebastian A, Eleftheriou E. Stochastic phase-change

neurons. Nature Nanotechnology. 2016;11:693-699. DOI: 10.1038/NNANO.2016.70

[85] Wang Z, Josh S, Savel’ev SE, Jiang H, Midya R, Lin P, HuM, Ge N, Strachan JP, Li Z, Wu

Q, Barnell M, Li G, Xin HL, Williams RS, Xia Q, Yang JJ. Memristors with diffusive

dynamics as synaptic emulators for neuromorphic computing. Nature Materials. 2017;

16:101-108. DOI: 10.1038/NMAT4756

[86] Sheridan PM, Cai F, Du C, Ma W, Zhang Z, Lu WD. Sparse coding with memristor

networks. Nature Nanotechnology. 2017;12:784-789. DOI: 10.1038/NNANO.2017.83

[87] Kumar S, Strachan JP, Williams RS. Chaotic dynamics in nanoscale NbO2 Mott

memristors for analogue computing. Nature. 2017;548:318-321. DOI: 10.1038/nature23307

[88] Lee M, Lee W, Choi S, Jo J, Kim J, Park SK, Kim Y. Brain-inspired photonic

neuromorphic devices using photodynamic amorphous oxide semiconductors and their

persistent photoconductivity. Advanced Materials. 2017;29:1700951. DOI: 10.1002/

adma.201700951

[89] Choi C, Choi MK, Liu S, KimMS, Park OK, Im C, Kim J, Qin X, Lee GJ, Cho KW, KimM,

Joh E, Lee J, Son D, Kwon S, Jeon NL, Song YM, Lu N, Kim D. Human eye-inspired soft

optoelectronic device using high-density MoS2-graphene curved image sensor array.

Nature Communications. 2017;8:1664. DOI: 10.1038/s41467-017-01824-6

Multifunctional Optoelectronic Device Based on Resistive Switching Effects
http://dx.doi.org/10.5772/intechopen.74826

51



[90] Maya-Vetencourt JF, Ghezzi D, Antognazza MR, Colombo E, Mete M, Feyen P, Desii A,

Buschiazzo A, Paolo MD, Marco SD, Ticconi F, Emionite L, Shmal D, Marini C, Donelli I,

Freddi G, Maccarone R, Bisti S, Sambuceti G, Pertile G, Lanzani G, Benfenati F. A fully

organic retinal prosthesis restores vision in a rat model of degenerative blindness.

Nature Materials. 2017;16:681-689. DOI: 10.1038/NMAT4874

[91] Ko HC, Stoykovich MP, Song J, Malyarchuk V, Cho WM, Yu C, Geddes III JB, Xiao J,

Wang S, Huang Y, Rogers JA. A hemispherical electronic eye camera based on com-

pressible silicon optoelectronics. Nature. 2008;454:748-753. DOI: 10.1038/nature07113

[92] Chen S, Lou Z, Chen D, Shen G. An artificial flexible visual memory system based on an

UV-motivated memristor. Advanced Materials. 2017;29:1705400. DOI: 10.1002/adma.

201705400

[93] Yang H, Wang B, Zhu X, Shang J, Chen B, Li R-W. Modulation of physical properties of

oxide thin films by multiple fields. Chinese Physics B. 2016;25:067303. DOI: 10.1088/

1674-1056/25/6/067303

[94] XueW, Liu G, Zhong Z, Dai Y, Shang J, Liu Y, Yang H, Yi X, Tan H, Pan L, Gao S, Ding J,

Xu X-H, Li R-W. A 1D vanadium dioxide nanochannel constructed via electric-field-

induced ion transport and its superior metal–insulator transition. Advanced Materials.

2017;29:1702162. DOI: 10.1002/adma.201702162

[95] Chen X, Zhu X, Xiao W, Liu G, Feng YP, Ding J, Li R-W. Nanoscale magnetization

reversal caused by electric field-induced ion migration and redistribution in cobalt

ferrite thin films. ACS Nano. 2015;9:4210-4218. DOI: 10.1021/acsnano.5b00456

[96] Zhu X, Zhou J, Chen L, Guo S, Liu G, Li R-W, Lu WD. In situ nanoscale electric field

control of magnetism by nanoionics. Advanced Materials. 2016;28:7658-7665. DOI:

10.1002/adma.201601425

[97] Yao L, Inkinen S, van Dijken S. Direct observation of oxygen vacancy-driven structural

and resistive phase transitions in La2/3Sr1/3MnO3. Nature Communications. 2017;8:

14544. DOI: 10.1038/ncomms14544

[98] Kim T, McCall JG, Jung YH, Huang X, Siuda ER, Li Y, Song J, Song YM, Pao HA, Kim R,

Lu C, Lee SD, Song I, Shin G, Al-Hasani R, Kim S, Tan MP, Huang Y, Omenetto FG,

Rogers JA, Bruchas MR. Injectable, cellular-scale optoelectronics with applications for

wireless optogenetics. Science. 2013;340:211-216. DOI: 10.1126/science.1232437

[99] Wu F, Stark E, Ku P, Wise KD, Buzsaki G, Yoon E. Monolithically integrated uLEDs on

silicon neural probes for high-resolution optogenetic studies in behaving animals. Neu-

ron. 2015;88:1136-1148. DOI: 10.1016/j.neuron.2015.10.032

[100] Canales A, Jia X, Froriep UP, Koppes RA, Tringides CM, Selvidge J, Lu C, Hou C, Wei L,

Flink Y, Anikeeva P. Multifunctional fibers for simultaneous optical, electrical and

chemical interrogation of neural circuits in vivo. Nature Biotechnology. 2015;33:277-284.

DOI: 10.1038/nbt.3093

Recent Development in Optoelectronic Devices52


