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Abstract
Nowadays, the synaptic devices for the in-memory computing have been widely investigated due to the high-efficiency computing potential and the ability to mimic biological neurobehavior. In this work, the two-terminal and three-terminal synaptic devices based on the MXenes, a kind of two-dimensional materials, have been proposed. The typical synaptic behaviors including long-term potentiation and depression (LTP/D) have also been studied. Moreover, through combining the LTP/D property with the simulator based in artificial neural network (ANN), a task of handwritten digital image recognition has been successfully operated. Finally, based on the synaptic effect under light stimulation, an application for storing and processing sequence information of different light wavelengths has also been proposed and reported.
1. Introduction 

Recently, with the explosive growth in requirement for big data processing, the conventional computing technology based on the von Neumann architecture is facing a bottleneck due to the unsatisfactory computational efficiency and the physically separate information processing 
 ADDIN EN.CITE 
[1-5]
. Therefore, to overcome the dilemma, researchers have been dedicating to find the computing system with higher efficiency. One of the leading directions is utilizing the brain-inspired parallel in-memory computing systems based on synaptic devices 
 ADDIN EN.CITE 
[1, 6-11]
. Similar to the transmissibility of biological synapses, the synaptic devices, such as transistors and memristors, have ability to memorize and process the received information within a high parallel route [12, 13]. As one of the most typical synaptic devices, resistive random access memory (RRAM) has demonstrated great advantages, including fast switching speed, ease of fabrication, low energy consumption and excellent CMOS compatibility [14]. In addition, RRAM devices also showed their great potential in artificial intelligence (AI) learning due to the multi-level storage ability [14]. However, there is still much room for improvement in the performance of conventional RRAM devices with single-layer MO materials, such as multi-layer processing of RS layer and introducing 2-dimensional (2D) materials [13]. On the other hand, the 2-terminal synaptic devices also have unavoidable defects, such as asynchronous processing of input signals and too low high resistance state induced by parallel connection 
 ADDIN EN.CITE 
[15-17]
. Therefore, to overcome this, many researchers have turned their attention to the three-terminal transistor-like synaptic devices. Generally, for synaptic transistors, the applied electrical input on the gate electrode or the optical input on the channel serves as the presynaptic signals. The change of channel conductance (G) and current (IDS) are regarded as the synaptic weight (W) and the postsynaptic current (PSC), respectively 
 ADDIN EN.CITE 
[15, 18]
. 
In addition to the device structure, the materials utilized to prepare synaptic devices are also the focus of researchers. Recently, MXenes, a kind of two-dimensional materials, has been proved to be suitable as the charge-trapping layer for the RRAMs and the floating gate for the transistors due to its the excellent carrier retention capacity and unique electrochemical performance 
 ADDIN EN.CITE 
[19-22]
. In addition, the Ti3C2Tx MXenes also have have excellent photo-response behavior in the ultraviolet (UV) region of the spectrum due to the existence of titanium dioxide TiO2 nanoparticles, which means that it could be applied in photoelectric synaptic devices [23].
In this work, two different structures of MXenes-based synaptic devices have been reported. For the first part, a kind of RRAM devices with the structure of Ag/AlOx/MXenes/ITO was proposed. The device with solution-processed (SP) switching layers showed good physical properties with a low operating voltage of about 2.0V and a stable RS ratio larger than 104. Besides, the device also exhibited typical synaptic behaviors such as long-term potentiation (LTP) and long-term depression (LTD). Based on this, the ANN simulator was operated and the recognition accuracy for MNIST image data base could reach around 90%. For the second part, a kind of synaptic thin-film transistors (TFTs) was introduced with MXenes working as the floating gate. The device also showed typical synaptic plasticity adjusted by the gate voltage pulse. Interestingly, through the light-spike measurement, we found that the PSC could also be regulated by the wavelengths of the light and showed the dependence of different wavelength sequences of incident light. According to this characteristic, an application of encoding the input optical signal into a character signal was successfully realized and reported. The layers of MXenes, aluminum oxide (AlOx), and indium oxides (InOx) were fabricated through a typical solution process with spin-coating and annealing (<300 ℃) procedures.
2. Synaptic RRAM with MXenes layer
[image: image1.png]


The whole structure of the RRAM device can be observed in Fig. 1(a). As illustrated in Fig. 1(b), the Ag/AlOx/MXenes/ITO RRAM device exhibited typical bipolar RS performance. The SET and RESET processes were plotted by blue and red curves, respectively. When the positive voltage bias was applied onto the top electrode (TE) (1-4, blue), the resistance state switched from high-resistance-state (HRS) to low-resistance-state (LRS) and showed abrupt increase of current. The device was at LRS when the current reached 1 mA compliance current (CC). On the contrary, under the negative TE voltage, the device switched back to HRS again after the RESET operation (5-8, red). It was noted that additional two resistance states were observed in the RESET curve except LRS and HRS, which were named ‘1’ and ‘2’ states. The multiple states of resistance values indicated that the RRAM device had great potential in the application of multi-level storage. Therefore, further investigated the performance of the RESET process. Fig.1(c) showed the resistance distribution of the RRAM device during the RESET process. Compared with data of LRS and HRS values, data of ‘1’ and ‘2’ states demonstrated the narrower distribution with the fluctuation of resistance values smaller than half order of one magnitude. The stability measurements of endurance and retention were displayed in Fig. 1(d) and (e). We added pulses with a magnitude of 2.0 V and a time width of 10 ms to the electrode during the endurance and retention measurements. The resistance values were read at 0.1 V. Obviously, ‘1’ and ‘2’ states could be observed both in endurance and retention results, which demonstrated the multi-state RS characteristic in Fig. 1(b) and various states of resistance distribution in Fig. 1(c). Various states of resistance values of the proposed RRAM device indicated that the device could operate with the multi-level RS performance, which was considered as the foundation of the ability for multiple-storage and synaptic performance of the RRAM device 


[12-14] ADDIN EN.CITE . For devices with the artificial synaptic behavior, one of the most typical features was the multi-state of conductance, which was also associated with the various states of resistance or variety of current [24, 25]. Fig. 4a showed the LTP and LTD performance of the proposed RRAM device. For the LTP performance, 50 positive consecutive electrical pulses (2 V/10 ms) were applied onto TE Ag and induced the conductance increase. The LTD performance was induced by the 50 negative consecutive electrical pulses (-2 V/10 ms), which resulted in the conductance decrease.
Based on the performance of LTP/D, the pattern recognition process with an artificial neuron network (ANN) simulator was investigated. As illustrated in Fig. 2(a), the ANN system was built by the single layer perceptron (SLP) structure. After 3000-time training, the final result of pattern recognition for handwriting number ‘3’ could be observed in Fig. 2(b). Fig. 2(c) showed the recognition accuracy of the pattern recognition process, which was around 90%.

3. Synaptic TFT with MXenes floating gate

Furthermore, the MXenes floating-gated synaptic TFTs were also studied. Previous study has proved that the naturally grown TiO2 on the surface of Ti3C2Tx nanosheet could served as the tunneling layer that helps [image: image2.png]a
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the adjusting of the G [19]. The cross-section view of the devices is shown in Fig. 3(a).[image: image3.png]300
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 An obvious clockwise hysteresis could be observed, which could be attribute to the charge trapping effect due to the MXenes floating gate [19]. Based on this, an adjustable G could be found within the InOx channel that the excitatory postsynaptic current (EPSC) could be modulated under different heights of the gate voltage pulses, as depicted in Fig. 3(b). Just like the [image: image4.png]Al Al
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biological synapse, the stronger stimuli lead to the more intense responses.

Finally, the characteristics of EPSC under light stimulation have been studied. As Fig. 4(a) displayed, the device showed increased EPSC under the 3-spike blue and green light stimuli. Under the stimulation of red light, the EPSC showed no obvious upward trend because the photon energy was too small to cause the increase of the carrier concentration in the channel. As reported previously, the gain of EPSC is related to the initial conductance of the channel [26]. A higher initial G will result in a smaller gain for the same stimulus. Therefore, the gain of 3-spike was also dependent on the light sequence, as depicted in Fig. 4(b). Based on this behavior, a coding application that converts different incident light sequences into letters was realized and shown in Fig. 4(c). This application effectively utilizes the response variety of the synaptic TFT to the signal timing characteristics. It could also mimic the biological behavior that the brain can encode and classify different sequences of information.
4. Summary

In this work, we proposed two kinds of synaptic devices based in the 2D Ti3C2Tx MXenes and solution-processed functional layers. For the RRAM devices, the electrical behaviors including the LTP/D synaptic property were discussed. Based on this, the image recognition task was also successfully operated with high accuracy. For the TFT devices, the optical synapse behaviors under light stimuli with different wavelengths were studied. According to the various responses of the EPSC under different light wavelength sequence, an application of coding information was also proposed and discussed, which indicates that this work have the potential in future more complex brain-like in-memory computing application.
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Figure � SEQ Figure \* ARABIC �1�. (a) The schematic view of the structure for RRAM device fabricated with AlOx/MXenes layers. (b) Bipolar resistive switching performance and (c) resistance distribution with various states for Ag/AlOx/MXenes/ITO RRAM devices. (d) Endurance and (e) retention properties Ag/AlOx/MXenes/ITO RRAM devices. (f) LTP/D performance of the Ag/AlOx/MXenes/ITO RRAM device.
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Figure 2. (a) Schematic diagram of a single-layer perceptron ANN network. Synaptic weight updating states for the forward direction voltage bias characterized by the LTP/D curves. (b) Mapping images of number “8” before and after training process. (c) The average recognition accuracy of the pattern recognition process was around 90%.
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Figure 4. (a) The EPSC of the MXenes floating-gated TFTs under different wavelengths of the 3-spike light stimuli. (b) The EPSC of the MXenes floating-gated TFTs under different wavelengths sequences of the 3-spike light stimuli. (c) Coding application that converts different incident light sequences into letters.
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Figure 3. (a) The structure of the MXenes floating-gated synaptic TFT. (b) The EPSC of the synaptic TFT under the gate voltage pulses with different heights.








