Artificial Synaptic Performance with Learning Behavior for Memristor Fabricated with Stacked Solution-processed Switching Layers
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ABSTRACT 
As one of the promising next-generation electronics, brain-inspired synaptic resistive random access memory (RRAM) devices with stacked solution-processed (SP) spin-coated resistive switching (RS) layers were fabricated in this work. Compared with the RRAM device with a single SP-RS layer (Ag/SP-AlOx/ITO), device with stacked SP-RS layers (Ag/SP-GaOx/SP-AlOx/ITO) induced by the metal conductive filament (CF) performed with lower power consumption (~ ±0.6 V operation voltage), larger read & write capability (~ 2×104 ON/OFF ratio), and enhanced stability (>2×104 s retention time and >1000 endurance cycles). Multiple conductance states with long-term potentiation and depression (200 pulses) were obtained on Ag/SP-GaOx/SP-AlOx/ITO RRAM devices, which resulted in the human-brain-like behavior (learning-forgetting-relearning) of a matrix comprising of RRAM devices with SP-GaOx/SP-AlOx layers. Based on the synaptic performance of Ag/SP-GaOx/SP-AlOx/ITO RRAM devices, an image recognition process based on neuron network was conducted and the average recognition accuracy was close to 90%.
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1. INTRODUCTION
[bookmark: _Hlk60340047][bookmark: _Hlk61123839]Currently, emerging brain-inspired neuromorphic systems have demonstrated their great potential to execute various intellectual issues such as decision making and machine learning like the human brain, which has been attached to extensive attention especially in the field of artificial intelligence (AI).1-3 The future target of higher-level brain-inspired neuromorphic systems is to completely emulate behaviors of the biological human brain with energy-effective methods, including curiosity, perception, natural language processing, autonomous learning, and decision making, which hold the promise with high-performance electronic devices to meet the increasing demand for various applications .4-5 Therefore, some electronic devices like transistor and non-volatile memory (NVM) to perform artificial synaptic behaviors (such as long-term potentiation (LTP), long-term depression (LTD), and paired-pulse facilitation (PPF)) are under investigation by more and more researchers.6-10 As the typical representative of NVM, resistive random access memory (RRAM) has attracted increasing attention due to its synapse-like structure, nanosecond-level operation speed, low power consumption, and outstanding scalability.11-13 The resistive switching (RS) performance determined the quality of an RRAM device, which is always influenced by applied materials of the RS layer. Stable RS performance can be observed on RRAM devices with RS layers fabricated from metal oxides (MO) such as aluminum oxide (AlOx), nickel oxide (NiO), hafnium oxide (HfOx), and gallium oxide (GaOx).14-19 Besides, excellent RS performance are also investigated in biological materials (silk protein and albumen), polymer materials (polydiacetylene and polyvinyl alcohol), and two-dimensional materials (graphene oxide and molybdenum disulfide).4, 20-22 Apart from materials used in RRAM devices, the fabrication methods also play vital roles in the study of device performance. Traditional methods like atomic layer deposition (ALD) and sputtering can deposit thin-film RS layers with stable performance while emerging methods such as the solution-processed (SP) methods with spin-coating or drop-casting processes can further improve the performance of RRAM device with higher fabrication efficiency.5, 7, 23-24 Compared with conventional fabrication methods of RS thin films, emerging methods represented by the SP methods have demonstrated their positive characteristics, such as low fabrication cost with the elimination of vacuum deposition processes, easy acquisition of precursor materials and high-efficiency throughput of devices.25-28  
[bookmark: _Hlk61099069][bookmark: _Hlk61124619][bookmark: _Hlk61124670][bookmark: _Hlk61099382][bookmark: _Hlk61124688][bookmark: _Hlk61099395][bookmark: _Hlk61099416][bookmark: _Hlk61124706][bookmark: _Hlk61099434][bookmark: _Hlk61124723][bookmark: _Hlk61124744][bookmark: _Hlk61124762][bookmark: _Hlk61124774][bookmark: _Hlk61124802][bookmark: _Hlk61124855][bookmark: _Hlk61124882][bookmark: _Hlk61124903][bookmark: _Hlk61124957][bookmark: _Hlk61124968]For now, some researchers have put their effort into investigating the performance improvement of RRAM devices and one of the most significant techniques of the performance improvement was to choose the MO RS layer with stacked-structure thin films.8, 29-35 Most of these thin films were fabricated with conventional methods like ALD and sputtering. Yoon et al. proposed the RRAM device with the Ta2O5/HfO2 stack. The HfO2 layer played the role of switching layer through trapping or de-trapping of electronic carriers while the Ta2O5 layer remained intact during the whole switching cycle and provided the rectification, which resulted that the Pt/Ta2O5/HfO2/TiN RRAM devices exhibited excellent RS uniformity, electroforming-free, and self-rectifying functionality.29 They also researched the RS performance of TiO2/HfO2 resistive switching material system. TiO2 layer worked as the rectification layer due to its high k-value (∼40) and low bandgap (∼3.2 eV). The Pt/TiO2 interface served as a fluent Schottky interface and provided the device with the desirable rectifying characteristics when the spurious effect can be feasibly suppressed.30 These results proved the reliable prospect of MO RS layer with the stacked RS layer structure in the research of RRAM. Based on our previous work, the RRAM device with the single SP-AlOx layer has presented the typical bipolar RS performance.36-38 To enhance the RS performance, we planned to replace the single SP-AlOx layer with a stacked MO layer comprising of AlOx and other MO materials. We chose the metal silver (Ag) as the top electrode (TE) due to its excellent electrical conductivity, which was helpful to form the metallic conductive filament (CF) in RRAM devices.4, 39-40 The formation/rupture process of Ag CF was associated with the redox reaction of Ag element in RS layers, its basic was the drift of Ag ions and the mobility of electrons.4, 7, 22, 39-40 The mobility of electrons was related the electrical conductivity of RS layers.41-42 Therefore, we needed to find new MO RS layer that electrical conductivity was better than AlOx layer. In general, the higher electrical conductivity means the smaller bandgap, which indicates that the bandgap of new MO RS layer should be smaller than that of the AlOx layer (~ 8.9 eV).36, 43-45 During our experiment, we found that the bandgap of GaOx was about ~4.8 eV, which was lower than that of AlOx.43-45 Besides, RRAM devices with a single GaOx layer could operate with ~1V voltage, which was lower than that of the single-AlOx-layer device and their ON/OFF ratios were very similar. Therefore, we chose the SP-GaOx/SP-AlOx structure as the RS layer. In this work, RRAM devices with SP-MO RS layers were fabricated to investigate their synaptic behaviors. Ag/SP-GaOx/SP-AlOx/ITO and Ag/SP-AlOx/ITO RRAM devices were electrically measured and Ag/SP-GaOx/SP-AlOx/ITO devices exhibited better electrical performance with lower SET/RESET voltage, larger ON/OFF ratio, and superior stability. Based on multilevel conductance states of LTP and LTD, Ag/SP-GaOx/SP-AlOx/ITO devices demonstrated artificial synaptic behaviors including short-term memory (STM) and long-term memory (LTM). Matrix comprising of selected devices emulated brain-like behavior of learning-forgetting-relearning. Besides, with the Mixed National Institute of Standards and Technology (MNIST) data set, image recognition with neuron network based on the synaptic performance of Ag/SP-GaOx/SP-AlOx/ITO RRAM devices were conducted successfully and the highest recognition accuracy could be up to 96%.

2. RESULTS AND DISCUSSIONS
[bookmark: _Hlk61098746]With the fabrication process of Figures 1(a)-1(d) with the SP method, the fabricated RRAM devices with SP-GaOx/SP-AlOx layers can be observed in Figure 1(e). The SEM image demonstrated in Figure 1(f) indicated that the deposited AlOx layer was ~ 50 nm while the deposited GaOx layer was ~ 35 nm. Figures 1(g)-1(j) exhibited the XPS spectra of SP-GaOx and SP-AlOx thin films. The single peak in the Ga 2p spectrum (Figure 1(g)) with Binding Energy located at 1117.1 eV indicated the existence of Ga2O3 in the SP-GaOx thin film while the peak in O 1s spectrum (Figure 1(h)) of the SP-GaOx layer at 531. 7 eV was also associated with Ga2O3.46-47 In Figure 1(i), the peak in the Al 2p spectrum observed at 72.6 eV exhibited the metallic Al in the SP-AlOx layer and the peak in the O 1s spectrum (Figure 1(j)) of the SP-AlOx thin film at 531.9 eV indicated that Al2O3 existed in the SP-AlOx layer.48 Measurements for basic electrical switching performance were conducted on Ag/SP-GaOx/SP-AlOx/ITO and Ag/SP-AlOx/ITO RRAM devices, as illustrated in Figure 2. The DC sweep process with a voltage bias applied onto TE Ag determined current−voltage (IV) characteristics illustration in Figures 2a and 2b, all Ag/SP-GaOx/SP-AlOx/ITO and Ag/SP-AlOx/ITO RRAM devices exhibited typical bipolar switching performance and the compliance current (CC) for the SET operation was limited at 1 mA. For RRAM devices with single-layer and bilayer structures, during the SET process with positive external bias, the device switched from initial high-resistance-state (HRS) to low-resistance-state (LRS) with the abrupt increase of current, which set the device at ON state. Reversely, when the effect of the negative external electric field was applied onto TE Ag, the device transferred back to HRS again in the RESET process and then showed an OFF state. For Ag/SP-AlOx/ITO RRAM devices, the amplitude of forming voltage was very close to that of SET voltage, therefore Ag/SP-AlOx/ITO devices were considered to exhibit forming-free RS behavior36-38. However, compared with the SET process of Ag/SP-GaOx/SP-AlOx/ITO devices, a forming operation with a higher voltage should be conducted on Ag/SP-GaOx/SP-AlOx/ITO devices, which was around ~ 2.3 V and very close to the SET voltage of Ag/SP-AlOx/ITO devices. After the forming operation, SET/RESET voltages were around ~ ±0.6 V, which were much lower than that of Ag/SP-AlOx/ITO devices and related statistic results of voltage distribution can be observed in Figure 2c. Figure 2d showed the statistical results of resistance distribution where Ag/SP-GaOx/SP-AlOx/ITO devices performed with a higher ON/OFF ratio (~ 2×104). All resistance values were read at 0.1 V. Also, the relative lower fluctuation of resistance values of LRS and HRS was observed on Ag/SP-GaOx/SP-AlOx/ITO devices, which was smaller than half an order of magnitude and proved the better stability of RRAM devices with bilayer switching layers. Retention and endurance properties of Ag/SP-GaOx/SP-AlOx/ITO and Ag/SP-AlOx/ITO devices can be presented in Figures 2e and 2f and read voltage of all resistance values were 0.1 V. All RRAM devices can sustain data over 2×104 s and keep stable switching ratio more than 1000 pulse cycles, which revealed excellent stability and reliability of Ag/SP-MO/ITO RRAM devices. Compared with Ag/SP-AlOx/ITO devices, Ag/SP-GaOx/SP-AlOx/ITO devices operated under lower operation voltage and exhibited higher ON/OFF, which represented lower energy consumption and more data storage.4, 36-38 Therefore, RRAM devices with SP-GaOx/SP-AlOx bilayer switching layers showed enhanced electrical performance. 


Figure 1. Fabrication process of Ag/SP-GaOx/SP-AlOx/ITO RRAM devices including (a) ITO substrate cleaning, (b) spin-coating deposition of SP-AlOx layer, (c) spin-coating deposition of SP-GaOx layer, and (d) thermal evaporation of electrode Ag and capper layer Al. (e) Fabricated device with the structure of Ag/SP-GaOx/SP-AlOx/ITO. (f) SEM image of an Ag/SP-GaOx/SP-AlOx/ITO RRAM device. XPS spectra for the SP-GaOx thin film with (g) Ga 2p and (h) O 1s spectrum and  XPS spectra for the SP-AlOx thin film with (i) Al 2p and (j) O 1s spectrum.


[bookmark: _Hlk61098889]Figure 2. Bipolar switching behaviors for (a) Ag/SP-GaOx/SP-AlOx/ITO and (b) Ag/SP-AlOx/ITO RRAM devices. (c) SET/RESET voltage distribution, (d) resistance distribution, (e) retention, and (f) endurance for Ag/SP-GaOx/SP-AlOx/ITO and Ag/SP-AlOx/ITO RRAM devices.
[bookmark: _Hlk62143521][bookmark: _Hlk62143533][bookmark: _Hlk61099606][bookmark: _Hlk61099629]Figure 2b also demonstrated that obvious current fluctuation occurred when the Ag/SP-AlOx/ITO RRAM device switched from HRS to LRS, which was very similar to the backward scan effect.49 However, the same performance was not observed in Ag/SP-AlOx/ITO RRAM devices, which might be associated with the redox rate variation of RS layers and the non-uniformity of conductive paths in devices.7 To further investigate the switching behavior variation between Ag/SP-GaOx/SP-AlOx/ITO and Ag/SP-AlOx/ITO RRAM devices, the switching mechanism has been under discussion, as shown in Figure 3. To further claim the RS mechanism of RRAM devices with SP-RS layers, the relationship between measurement temperature and their values of LRS resistance was under investigation. As illustrated in Figures 3a and 3b, experimental results and fitting results of the LRS resistance with elevated temperature for both Ag/GaOx/AlOx/ITO and Ag/AlOx/ITO RRAM devices. Based on the indication of the equation 1.50-51
	[bookmark: _Hlk61116136][bookmark: _Hlk61099642]
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[bookmark: _Hlk61126069][bookmark: _Hlk61126108]where  is the resistance value when the temperature is . The fitting results revealed the obvious linear relationship between  and , which represented the typical metallic characteristic and indicated that metallic Ag CFs formed in both Ag/GaOx/AlOx/ITO and Ag/AlOx/ITO RRAM devices.50-52 Apart from the measurement of metallic characteristic mentioned above, some other methods like insitu TEM and SEM EDS on CF or activation energy extraction (Ea) methodology could also be used to investigate the properties of CFs in RRAM devices.33
[bookmark: _Hlk61123105][bookmark: _Hlk61123136]In general, CF in oxide-based RRAM devices are considered to play a primary role during the switching process.4-5, 20, 39 The CF is associated with not only applied materials but also chemical reactions that occurred in the switching layer such as ion migration, thermal-chemical reaction, and electrochemical metallization.4, 20 These chemical reactions are mainly generated in oxide RRAM devices with an active electrode such as Ag, Cu, and Ni.5, 7, 40 Figure 3c showed the initial HRS of Ag/SP-GaOx/SP-AlOx/ITO an RRAM device without external bias. In Figure 3d, when the positive voltage bias was applied onto TE Ag during the SET process, Ag ions (Ag+) were generated from TE with the effect of the electric field and moved towards BE ITO through metal oxide layers. After reaching BE, Ag ions combined with the electron (e-)  and deposited as Ag atom at BE, which formed the Ag CF based on this accumulation process, as illustrated in Figure 3e.4-5, 7, 20, 39-40 The Ag CF attributed from a redox reaction worked as a connecting bridge between TE and BE of an RRAM device and the related reaction process can be illustrated with equations5, 7, 40:
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When the negative voltage was applied onto TE, the Ag CF was broken due to the Joule heating effect from the thermal-chemical reaction and the RRAM device switched from LRS back to HRS after the RESET process,4, 20, 39 as illustrated in Figure 3f.
Besides, fitting curves in double logarithmic plots of Figure 3g demonstrated that the typical space-charge limited current (SCLC) conduction mechanism played a dominant role in Ag/SP-GaOx/SP-AlOx/ITO RRAM devices. Because of the similarity between CC and RESET current, the processes of SET and RESET showed obvious overlap. In the low voltage region, the currents with positive correlation with voltages (I ∝ V) followed Ohmic conduction law. In the region with high voltages, Child’s square law was confirmed due to the ~ 2.1 slope that occurred at OFF state. When the higher voltage was applied, the slope increased up to ~ 4.1 and followed the SCLC mechanism.4-5, 38
Due to the similar structure and materials used in this work, Ag CF played a significant role not only in RRAM devices with stacked SP-GaOx/SP-AlOx layers but also in devices with a single SP-AlOx layer. However, according to the IV measurements from Figure 2, one of the most obvious differences between Ag/SP-GaOx/SP-AlOx/ITO and Ag/SP-AlOx/ITO RRAM devices was the operation voltage. After the forming process, it is obvious that Ag/SP-GaOx/SP-AlOx/ITO RRAM devices worked at lower SET/RESET voltages, which had a relationship with rates of migration and redox reaction for Ag ions.4-5, 7, 40 In general, the RS behavior based on formation/rupture of CF was associated with the redox reaction rate and ion mobility rate.7, 40 Also, the ion drift process was affected by the redox reactions generated from TE and the direction of the external electric field.5 Essentially, the rates of redox reaction and ion mobility are almost decided by various properties of applied materials, including electrode materials and RS materials. Generally, the CF formed from the inert electrode with an inverted cone shape results from the high rates of redox reaction and ion mobility. Reversely, with the low rates of both ion mobility and redox reaction, a cone-shaped CF can be obtained due to the slow processes of ion nucleation in the RS layer and CF formation in the whole device. 4-5, 7, 21, 39
[bookmark: _Hlk61123399][bookmark: _Hlk61122921][bookmark: _Hlk61123513][bookmark: _Hlk61123585][bookmark: _Hlk61123626]At first, we also conducted the basic IV measurement of different RRAM devices with single SP layers, Ag/SP-GaOx/ITO and Ag/SP-AlOx/ITO RRAM devices. The concentration of the GaOx precursor solution was also 2.5 M, which was the same as that of the AlOx precursor solution. Compared with Ag/SP-AlOx/ITO RRAM devices, Ag/SP-GaOx/ITO RRAM devices exhibited a similar ON/OFF ratio with relatively lower operation voltage, which indicated that Ag/SP-GaOx/ITO RRAM device might have higher rates of redox reaction and ion mobility.7 In other words, Ag ions could drift through the SP-GaOx layer with faster velocity, and Ag CF could be easier obtained in Ag/SP-GaOx/ITO RRAM device.7 Therefore, for Ag/SP-GaOx/SP-AlOx/ITO RRAM devices, with the positive external electric field applied onto TE Ag, a large amount of Ag+ firstly migrated from TE to the SP-AlOx layer with moving through the SP-GaOx layer easily. Then some of them could move through the SP-AlOx layer and reached the BE ITO, Ag CF formed from the BE ITO due to enough supply of Ag ions, which resulted in the inverted cone-shaped Ag CF in Ag/SP-GaOx/SP-AlOx/ITO RRAM devices (Figure 3e). After the forming process in Figure 2a, the Ag/SP-GaOx/SP-AlOx/ITO RRAM devices were firstly transferred from initial HRS (Figure 3c) to LRS (Figure 3e) and then switched back to HRS (Figure 3f) with the subsequent RESET operation. However, the Ag CF formed during the forming process could not be fully broken after RESET operation, which indicated that a part of Ag+ might be left at the SP-GaOx layer and formed the microscopic electrode.16, 22-24 Hence, the subsequent SET operation could be easier to conducted and lower operation voltage could be obtained in Ag/SP-GaOx/SP-AlOx/ITO RRAM devices.7, 20, 39-40


[bookmark: _Hlk61099577]Figure 3. Temperature dependence of LRS resistance for (a) Ag/SP-GaOx/SP-AlOx/ITO and (b) Ag/SP-AlOx/ITO RRAM devices. Switching mechanism of Ag/SP-GaOx/SP-AlOx/ITO RRAM devices with (c) initial state, (d) SET process (e) ON state, and (f) OFF state. (g) Conduction mechanism of Ag/SP-GaOx/SP-AlOx/ITO RRAM devices.
[bookmark: _Hlk61126939][bookmark: _Hlk61126964][bookmark: _Hlk61127004][bookmark: _Hlk61127019]According to the overall electrical performance presented above, compared with Ag/SP-AlOx/ITO RRAM devices, the superior electrical performance can be obtained on Ag/SP-GaOx/SP-AlOx/ITO RRAM devices. Therefore, we implemented further investigation of the artificial synaptic behavior for RRAM devices with stacked SP-GaOx/SP-AlOx layers. Artificial synaptic characteristics of RRAM devices have received enormous interest because of the similar physical structure between biological synapses and RRAM devices.53-55 Biological synapses in the human brain always serve the function of transmitting information from one neuron to the other connected neuron.53-54, 56 Figure 4a demonstrated the components of a synapse in the human brain, which mainly include mitochondrion, the presynaptic element, the synaptic cleft, and the postsynaptic element. During the whole information delivery process, mitochondrion act as a power supplier. When the external spiking is accepted by the presynaptic element, the stimuli information is transported onto the presynaptic membrane in the form of neurotransmitter packaged in synaptic vesicles and then moves to the postsynaptic membrane in the postsynaptic element through the synaptic cleft.56-57 A similar bionic structure can be observed in an RRAM device, as illustrated in Figure 4b. In this work, CF comprising of Ag atoms worked like the neurotransmitter, which activated the bionic properties of the electronic device. The foundation of artificial synaptic behaviors for RRAM devices is the multilevel states of electrical conductance, which also is the basis of synaptic plasticity.56, 58-59 Multilevel conductance can be obtained from multilevel switching behavior, which indicates the capability of multilevel storage.59 For RRAM devices, multilevel storage capability is one of the most cost-effective approaches to acquiring high-density memory devices.58-59 In this work, the multilevel switching behavior could be obtained through modulating various CC in the SET process (Figure 4c) and different stop voltages in the RESET process (Figure 4d). In Figure 4c, we conducted the first SET operation at 200 μA CC with ~ 0.2 V operation voltage (blue curves of SET1 in Figure 4c), which made the Ag/SP-GaOx/SP-AlOx/ITO RRAM device transferred from the initial HRS to LRS. Subsequent RESET operation made the device switched back to HRS (blue curves of RESET1 in Figure 4c). After the RESET1, the SET2 operation was implemented at 1 mA CC with ~ 0.3 V operation voltage (red curve of SET2 in Figure 4c) and the device switched to LRS again. With this operation mode, the Ag/SP-GaOx/SP-AlOx/ITO RRAM device could exhibit multilevel switching behavior at different CC (200 μA, 1 mA, 5 mA, and 10 mA). In Figure 4d, we conducted the multilevel switching test with another mode. Firstly, we implemented the SET operation at 200 μA CC and the device switched to LRS with the first abrupt SET operation (blue curves of 1st SET operation in Figure 4d). Then, we still conducted the second and third SET operations (green curved of 2nd SET operation and pink curves of 3rd SET operation in Figure 4d) at 1 mA CC and 5 mA CC, respectively. After that, we tested the device with a series of RESET operations with gradually increased amplitudes from 0.1 V to 0.8 V. The processes of abrupt SET and gradual RESET indicated that multilevel switching behavior and multiple conductance states could be obtained on Ag/SP-GaOx/SP-AlOx/ITO RRAM devices with relatively low energy consumption. 


Figure 4. Comparison between (a) biological synapse in the human brain and (b) electronic RRAM devices. Multi-state IV (c) and (d) with different DC sweep modes of Ag/SP-GaOx/SP-AlOx/ITO RRAM devices.
Multilevel switching behavior and conductance states revealed that Ag/SP-GaOx/SP-AlOx/ITO RRAM devices had great potential in the further research of artificial synaptic characteristics.55, 58 Based on Hebb’s rule, various conductance states of artificial synaptic memristor indicate that the potentiation and the depression response can be obtained with continuous external spiking, which has an influence on connection strength between adjacent terminals, and this connection strength is named synaptic weight.6-10 Therefore, we applied consecutive pulses to obtain the multilevel conductance states. As illustrated in Figure 5a(i), 50 consecutive pulses with (0.5 V/10 ms) acted as external spiking onto TE Ag and all values were read at 0.1 V. Obvious conductance change was obtained and the synaptic weight was updated over 90% during this cycle, which indicated that Ag/SP-GaOx/SP-AlOx/ITO RRAM devices demonstrated the short-term plasticity of artificial synaptic device.8-10 After 50 pulses, in Figure 5a(ii), the conductance of the Ag/SP-GaOx/SP-AlOx/ITO RRAM device was around ~ 0.055 mS. After that, the 8000 s retention measurement was conducted onto the device and significant attenuation of the device conductance was observed. After 8000 s, the conductance almost spontaneously decayed back to the initial state as same as that of the device without any external stimuli, which also indicated the spontaneous decay of the synaptic weight of Ag/SP-GaOx/SP-AlOx/ITO RRAM devices. Then, in Figure 5a(iii), the second cycle spiking with continuous pluses was conducted and the conductance of the device increased to around ~ 0.055 mS again. Interestingly, it is noted that the conductance state in Figure 5a(iii) (as same as that demonstrated in Figure 5a(i)) was obtained only after 27 pulses, which means that the same synaptic weight as that was updated after 50 pulses from Figure 5a(i) could also be obtained with fewer pulses. Finally, as illustrated in Figure 5a(iv), the second 8000 s retention test was conducted and the device always showed a stable conductance state, which indicated that the long-term plasticity of the artificial synaptic device could be obtained on Ag/SP-GaOx/SP-AlOx/ITO RRAM devices.6, 9, 60 The whole process demonstrated the transition from short-term plasticity to long-term plasticity of an Ag/SP-GaOx/SP-AlOx/ITO RRAM device, which emulated behaviors of learning, forgetting, and re-learning in the human brain.8, 11, 13, 27, 50, 61-63 Therefore, in order to further investigate the whole learning process of Ag/SP-GaOx/SP-AlOx/ITO RRAM devices, as shown in Figure 5b, in the 4×5 matrix comprising of 20 Ag/SP-GaOx/SP-AlOx/ITO RRAM devices, 8 devices marked with red frames were selected to demonstrate the transition from short-term memory (STM) to long-term memory (LTM). In order to present obvious variation, all external stimuli were only applied to 8 devices marked with red frames and no stimuli on the rest devices in this matrix. The shape of 8 marked devices seemed like the letter ‘L’. In Figure 5b, although 8 marked devices with ‘L’ shape were in light blue and the rest 12 devices were in yellow, all devices exhibited the same conductance state at this initial state. As illustrated in Figure 5c, we applied 50 consecutive pluses (0.5 V/10 ms) to each device in ‘L’ shape and then evident difference of conductance states could be observed between 8 marked devices and the rest 12 devices, which demonstrated the STM and learning behavior of the human brain.8, 11, 13, 61-62 After the subsequent 8000 s retention test for each device in ‘L’ shape, conductance states of all selected devices almost decayed back to the initial state, which indicated the forgetting behavior of the human brain in Figure 5d.7-8, 10, 62 In Figure 5e, after the second-cycle stimuli (~ 30 pulses, 0.5 V/10 ms) on each device selected, the obvious ‘L’ shape could be demonstrated in this matrix again, which indicated the re-learning behavior of the human brain.6, 8-9, 62 At last, after the second-cycle 8000 s retention test, all selected devices in ‘L’ shape still show a high conductance state, as illustrated in Figure 5f, which indicated the LTM.



Figure 5. Learning behavior of Ag/SP-GaOx/SP-AlOx/ITO RRAM devices with forms of (a) single cell and (b)-(f) matrix. (a) Conductance change with various external stimuli, including (i) 50 contiguous pulses (0.5 V/10 ms), (ii) retention test during the 1st 8000 s, (iii) 27 contiguous pulses (0.5 V/10 ms), and (iv) retention test during the 2nd 8000 s. (b) Selected RRAM devices in the matrix at the initial state without any external stimuli. (c) learning behavior/STM characteristic, (d) forgetting behavior, (e) re-learning behavior, and (f) LTM characteristic of selected RRAM devices.
[bookmark: _Hlk55989713]The learning process of Figure 5 indicated that the long-term synaptic plasticity could be obtained on Ag/SP-GaOx/SP-AlOx/ITO RRAM devices. Based on the experiment result of a single device illustrated in Figure 5a, more pulses were conducted onto the Ag/SP-GaOx/SP-AlOx/ITO RRAM device. As illustrated in Figure 6a, with 100 consecutive positive pulses (+0.5 V/10 ms, the left inset in Figure 6a) and subsequent 100 consecutive negative pulses (-0.5 V/10 ms, the right inset in Figure 6a), typical artificial synaptic behaviors such as LTP and LTD were obtained. The LTP performance was induced by 100 consecutive positive pulses and 100 consecutive negative pulses resulted in the LTD performance, respectively. Figure 6b showed the fitting results of LTP/LTD curves with non-linearity. The non-linearity of the LTP curve was defined as NLP and the value was 0.64044 while the determined NLD showed that the non-linearity of the LTD curve was 0.14886. According to the LTP/LTD performance of Ag/SP-GaOx/SP-AlOx/ITO RRAM devices, the image classification with an artificial neuron network (ANN) system was simulated with MNIST data set in MATLAB.64-65 As shown in Figure 6c, the neuron network based on multilayer perceptron (MLP) was used in this system, which included 28×28 input neurons in the input layer, the hidden layer with synaptic weights, and 10 output neurons in the output layer.50, 64-66 During the whole simulation process, apart from the maximum and minimum values of conductance in LTP/LTD, non-linearity values of the LTP and LTD fitting curves were also necessary.66-67 Figure 6d was the statistic result of recognition accuracy during the whole recognition process. The handwriting numbers 0 ~ 9 were used as input and the recognition results of 0 ~ 9 after the 3000 times training could be observed in Figure 6e. As illustrated in the inset of Figure 6d, the average accuracy was higher than 87.5% and the highest recognition accuracy could be up to 96%.



[bookmark: _Hlk61039337][bookmark: _Hlk61088278]Figure 6. (a) LTP/LTD characteristics and (b) their non-linearity of Ag/SP-GaOx/SP-AlOx/ITO RRAM devices. (c) Schematic view of the neuron network with the MLP structure used in the image recognition process. (d) Statistic results of recognition accuracy during the whole train process. (e) Output results of image recognition. 

[bookmark: _Hlk61126404][bookmark: _Hlk62037326]Based on the results of Figure 6a, a plateau shown for LTD and a flat valley for LTP were observed, which was associated with the performance of RRAM devices and was considered as LTP/LTD saturation.68 The conductance changed with the effect of the external spiking and then saturated, which reflects the popular biological Hebbian rules.68 However, we preferred that the results of LTP/LTD can demonstrate linear-like data distribution, which indicated that the lower non-linearity can bring a positive influence on the recognition accuracy. Therefore, we controlled the number of consecutive pulse spiking under 85°C before the LTP/LTD saturation, which obviously enhanced the average accuracy of the image process, as illustrated in Figures 7a and b. Based on the LTP/LTD response with better linearity, the image recognition process was conducted in the ANN system with enhanced recognition accuracy, which was higher than 93%.
[bookmark: _Hlk61126431]In addition, as one of the significant performance in the research on synaptic plasticity, spiking-timing-dependent plasticity (STDP) was also under investigation, as illustrated in Figures 7c and d, which was evaluated by the synaptic weight/conductance change.50 The synaptic weight polarity changes are determined by the chronological order of the pre- and post-synaptic spikes. According to the rule of unsymmetrical Hebbian STDP, when the pre-synaptic spike arrives before the post-synaptic spike (△t>0), the synaptic potentiation is induced and reinforces the synapse connection between two neurons, which is corresponding to the LTP performance. Reversely, when the post-synaptic spike arrives before the pre-synaptic spike (△t<0), the synaptic depression is induced and this process is corresponding to the LTD performance. Herein, the Ag/GaOx/AlOx/ITO RRAM device was stimulated by desired pre- and post-synaptic spikes in Figure 7a, which resulted in the successful STDP performance.


[bookmark: _Hlk61126472]Figure 7. (a) Repeated LTP/LTD characteristics of Ag/SP-GaOx/SP-AlOx/ITO RRAM devices with the 85°C environmental temperature. (b) Statistic results of recognition accuracy during the whole training process. (c) Setup of the pre- and post-synaptic spikes for STDP simulation. (d) STDP characteristics of Ag/GaOx/AlOx/ITO RRAM devices. 

3. CONCLUSIONS
[bookmark: _Hlk55991989][bookmark: _Hlk55991975][bookmark: _Hlk55992291]Compared with RRAM devices included a single SP-AlOx switching layer, RRAM devices with the structure of Al/Ag/SP-GaOx/SP-AlOx/ITO demonstrated reproducible bipolar RS performance, which sustained the stable switching ratio (~ 2×104) under low operation voltage (~ ±0.6 V). Electrical conductance with multiply states of LTP/LTD performance was also obtained to investigate the synaptic behavior of Al/Ag/SP-GaOx/SP-AlOx/ITO RRAM devices, which emulated behaviors similar to the human brain such as learning, forgetting, and relearning with a 4×5 matrix. Besides, simulation results of an image recognition process based on the MNIST data set proved that the repeated-training ANN system based on Al/Ag/SP-GaOx/SP-AlOx/ITO RRAM devices had superior recognition accuracy. 

4. EXPERIMENTAL DETAILS
[bookmark: _Hlk52270716][bookmark: _Hlk52270741]4.1 Preparation GaOx and AlOx precursor solution. The SP-AlOx switching layer was grown from its precursor solution, which included ~ 9.3536 g aluminum nitrate nonahydrate (Al(NO3)3·9H2O) and 10 mL deionized (DI) water. The 2.5 M AlOx precursor solution was stirred with a magnetic stirrer at room temperature for 10 min and then annealed at 60°C for 30 min under ambient air. Similarly, the 2.5 M GaOx precursor solution, basis of the SP-GaOx layer, comprising of ~ 6.8742 g gallium nitrate hydrate (Ga(NO3)3•xH2O) and 10 mL DI water was also stirred and then annealed at 60°C for 30 min under the same air condition.
[bookmark: _Hlk54192217]4.2 Device fabrication. The detailed fabrication process can be observed in Figures 1a-e. At first, the BE comprising of ITO/glass layers was treated in acetone, ethanol, and DI water with an ultrasonic cleaning process, sequentially and each cleaning process last for 15 min. After the ultrasonic cleaning process, the ITO/glass substrate was treated in a plasma cleaner for 45 min (PDC-002 HARRICK PLASMA expanded plasma cleaner) under an atmospheric condition to enhance the hydrophilia of the ITO layer and provide convenience for the following solution spin-coating process. Then, the 2.5 M AlOx precursor solution was spin-coated onto the hydrophilic treated ITO substrate with a 0.22 μm polyethersulfone (PES) syringe as a filter. The spin rate was 4500 rpm and the spin time last 60 s. After that, the ITO/glass substrate with spin-coated AlOx precursor was annealed at 250°C for 1.5 h. The SP-GaOx layer was grown onto the SP-AlOx layer with the same spin-coating process and then annealed at the same temperature. At last, pure metal Ag and Al were sequentially deposited onto the fabricated SP-GaOx layer by a thermal evaporator to play the roles of the TE and capping layer. The fabricated Al/Ag/SP-GaOx/SP-AlOx/ITO can be demonstrated in Figure 1e.
4.3 Characterization. Primary electrical performance (RS characteristics, endurance, and retention) and artificial synaptic behavior (short-/ long-term memory, long-term potentiation, and depression) were measured by a two-probe configuration an Agilent B1500A high-precision semiconductor analyzer (Agilent Santa Rosa, CA, USA) within a Faraday cage at room temperature and in the dark. Besides, X-ray photoelectron spectroscopy (XPS) was performed to investigate the element of stacked RS layers. 
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