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Abstract 

Surface oxidation employing neutral oxygen irradiation significantly improves the switching 

and synaptic performance of ZnO-based transparent memristor devices. The endurance of the 

as-irradiated device is increased by 100 times, and the operating current can be lowered by 10 

times as compared with the as-deposited device. Moreover, the performance-enhanced device 

has an excellent analog behavior that can exhibit 3-bits per cell nonvolatile multistate 

characteristics and perform 15 stable epochs of synaptic operations with highly linear weight 

updates. A simulated artificial neural network comprising 1600 synapses confirms the 

superiority of the enhanced device in processing a 40 × 40 pixels grayscale image. The 

irradiation effectively decreases the concentration of oxygen vacancy donor defects and 

promotes oxygen interstitial acceptor defects on the surface of the ZnO films, which 

consequently modulate the redox process during rupture and rejuvenation of the filament. This 
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work not only proposes the potential of ZnO-based memristor devices for high-density invisible 

data storage and in-memory computing application but also offers valuable insight in designing 

high-performance memristor devices, regardless of the oxide system used, by taking advantage 

of our neutral oxygen irradiation technique.   
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1. Introduction 

Data storage having analog characteristics is crucial not only for the fabrication of high-

density storage but also for the realization of in-memory computing.[1] In-memory computing 

is an emerging technology that could solve the memory wall issue, which will revolutionize the 

present computer architecture.[1,2] Memristor devices have great potential for future universal 

memory and can be designed in such a way as to exhibit either digital or analog 

characteristics.[3] The switching mechanism of the memristor relies on the electric field 

induced reduction and oxidation (redox) processes of defects.[4] Oxygen ions drift to the anode; 

meanwhile, the accumulation of oxygen vacancies that results on the cathode forms a 

conducting filament and switches the device on; conversely, the oxygen ions can be re-ionized 

and fill the vacancies to rupture the filament and switch the device off. [5] 

Memristor technology, however, often suffers from several issues that hinder its application 

for wearable data storage and in-memory computing. First, the memristor device usually 

requires a forming process to activate its switching behavior, and this process might add circuit 

complexity in a practical application; moreover, the forming process may lead to electrical 

stress that causes bubble formation at the top interface and has a destructive effect on the 

memory cell.[6] Second, endurance degradation is a key challenge in memristor operation that 

limits its write-erase capability.[7–9] Third, neuromorphic computation employing memristor 

devices generally suffers from inefficient learning owing to its asymmetric response towards 

the electrical pulses.[1] Fourth, oxygen vacancy and metal interstitial are the main defects that 

play major role in the electronic properties in metal oxide-based devices,[10,11], however, 

controlling their concentration is still a great challenge, particularly for ZnO materials; although 

various methods have been proposed to achieve a high-performance transparent ZnO-based 

memristor (multilayer structuring,[12–15] doping,[16–21] chemical oxidation,[3,22] 

deposition parameter adjustment,[23,24] electrode engineering,[25] and switching activation 

programming[26]), but these methods are time-consuming and complicated.  
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In this letter, we propose a simple method to answer these challenges. We employ a single 

thin layer as the switching layer, which is sufficiently thin to achieve forming-less behavior, 

and oxidize the surface of the layer to mitigate the endurance decay issue. Furthermore, our 

enhanced devices exhibit high synaptic linearity, which is useful for in-memory computing 

applications.  

 

2. Methods 

The fabrication process is depicted in Figure 1(a). Indium tin oxide (ITO)-coated glass 

commercial substrates were ultrasonically-cleaned using acetone and de-ionized (DI) water 

before depositing 29-nm-thick ZnO films onto the substrates. The ZnO films were exposed to 

neutral oxygen particles for 1 h; the plasma source power, aperture bias power, and O2 flow 

were 2000 W, 40 W, and 20 sccm, respectively. This irradiation technique is also called neutral 

beam oxidation (NBO). The NBO system neutralizes the oxygen plasma by charge exchange 

collision with the inner walls of silicon aperture electrodes;[27] this technique was developed 

by our group to achieve highly-controlled surface chemical reactions for the fabrication of high-

quality nanoscale oxide films. Details of the apparatus of the NBO system have been described 

in our previous reports.[27–29] Aluminum-doped ZnO (AZO) top electrodes were patterned 

using a shadow mask with a diameter of 150 µm; the AZO was deposited in Ar ambient to 

achieve highly oxygen deficient conducting films. All fabrication processes were conducted at 

room temperature. The thickness of the top AZO and bottom ITO electrodes was found to be 

275 nm and 95 nm, respectively, as shown in Figure 1(b). The AZO/ZnO/ITO sandwich 

structure device was highly transparent (average transmittance of approximately 84% in the 

visible light region) and has great potential to be embedded in a touch panel and display system 

as well as for wearable electronic applications, as depicted in Figure 1(c). The devices or films 

made without and with irradiation treatment have been denoted as as-deposited and as-

irradiated devices/samples, respectively. 
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3. Results and discussion 

 Switching characteristics of the devices were investigated by applying a voltage bias on 

the top electrode while the bottom electrode was ground, and the results are shown in Figure 

1(e) and (e). The pristine states of the as-deposited and as-irradiated devices were found to be 

in the low resistance state (LRS). The left insets of Figure 1(d) and (e) depict the log (I)-log 

(V) curves of the first positive bias employed on the pristine devices; the conduction of the 

pristine devices followed Ohmic behavior and the pristine resistances of the as-deposited and 

as-irradiated devices were calculated to be 2.1 and 5.9 kΩ, respectively. The devices could be 

switched off (from the LRS to the high resistance state (HRS), also known as the reset process) 

by a negative bias (Vreset) of −2.3V and switched back on (from the HRS to the LRS, also 

known as the set process) by a positive bias (Vset) with approximately 2 and 1 V being required 

to set the as-deposited and as-irradiated devices, respectively. A current compliance (CC) of 1 

and 0.1 mA were employed to avoid breakdown of the as-deposited and as-irradiated devices, 

respectively; the as-deposited device was unable to perform the set process with a CC of lower 

than 1 mA. This indicated that the devices do not require a forming process to activate the 

switching behavior, which is an important characteristic to simplify the circuit design and the 

practical operation for application in integrated electronics.[30,31] The endurance test was 

carried out to assess the reliability of the devices, and the results are shown in the right insets 

of Figure 1(d) and (e). The as-deposited device exhibited an endurance decay after being 

switched for approximately 20 cycles; meanwhile, the as-irradiated device performed stable 

switching for more than 2000 cycles with a decent On/Off ratio of more than 1 order of 

magnitude. The electrical tests indicated that the as-irradiated device not only could be operated 

at lower operational current (by 1 order of magnitude) but also showed better endurance than 

the as-deposited device. Materials analysis was conducted to elucidate this phenomenon. 
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It was reported that a surface treatment by plasma/ions irradiation may significantly alter the 

surface roughness of the films;[32,33] meanwhile, the contour of the electrode/insulator 

interface may affect the electric field distribution during the switching process and alter the 

electrical characteristics of the memristor devices.[24,34–36] However, we observed that the 

neutral irradiation treatment slightly affected the surface topography of the ZnO films; the 

surface roughness of the as-irradiated film was almost the same as that of the as-deposited film, 

as shown in Figure 2(a). Moreover, secondary-ion mass spectrometry (SIMS) analysis 

confirmed no etching damage on the ZnO films resulted from the neutral irradiation, as depicted 

in Figure 2(b); the ability to avoid film degradation during long irradiation is a critical 

advantage for device design and fabrication, which cannot be achieved by the conventional 

plasma technique.[32,37] This indicates that the switching enhancement may not be determined 

by the surface nanostructure. The plasma/ions irradiation, however, induces chemical reactions 

at the surface of the films.[33,38,39] We analyzed the O1s core level X-ray photoelectron 

spectroscopy (XPS) spectra and ZnL3M4.5M4.5 Auger lines to investigate the concentration 

changes of oxygen- and zinc-related defects arising from the irradiation treatment, and the 

results are shown in Figure 2(c) and (d), respectively. The O1s core level spectra were fitted 

as three Gaussian resolved component peaks; the low- (OI), medium- (OII), and high- (OIII) 

binding energy peaks corresponded to the amount of oxygen in the fully oxidized region, 

deficient region (also can be referred to as oxygen vacancy (Vo) defect), and loosely-bound 

oxygen (from the environment such as C-O, OH-, etc., and/or oxygen interstitial (Oi) defect), 

respectively.[40,41] Meanwhile, the ZnL3M4.5M4.5 Auger lines were fitted as two Gaussian 

resolved component peaks; the low- (ZnI) and high- (ZnII) binding energy peaks corresponded 

to the number of zinc interstitial (Zni) defects and the amount of zinc in the oxidized region, 

respectively.[3] The concentrations of the Vo, loosely-bound oxygen and Zni were calculated 

by taking the ratio of the areas of their corresponding deconvoluted components and the total 

area of the respective peak, and the results are shown in Figure 2(e). Generally, the Vo 
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concentration was calculated by taking the ratio of OII and Ototal (OI+OII+OII),[3] and the results 

showed that the Vo concentration decreased by approximately 10% after the irradiation 

treatment. However, if we excluded the contribution of loosely bound oxygen (OIII), the 

decrease of the Vo concentration after irradiation was only approximately 2%. This indicated 

that the presence of loosely bound oxygen has a significant contribution to the total oxygen 

concentration in the lattice; the concentration of the OIII in the total components was 

dramatically increased by more than 14% after irradiation. The loosely-bound oxygen is 

commonly assumed as the absorbed oxygen from the contaminant/environment (CO−, OH−, 

etc.).[40] However, the XPS spectra were taken after the pre-sputter condition (as 

approximately 1 nm was etched from the surface); therefore, we assumed that the loosely-bound 

oxygen from the contaminant/environment should have a minor contribution and the increase 

of the absorbed oxygen concentration should result from irradiation. This absorbed oxygen 

interstitially exists in the lattice and can be identified as Oi defects.[41] Meanwhile, the 

irradiation had no effect on modulating the concentration of Zni defect, as shown in Figure 

2(e). Therefore, we were able to suggest that the enrichment of irradiation-induced Oi defects 

on the surface of the ZnO switching layer contributes to the performance enhancement in the 

memristor operation. 

During the first switching (reset process) of the as-deposited device, the high reset current 

(approximately 1 mA) indicating a large size of filaments were initially formed due to the high 

number of oxygen vacancies in the film. Meanwhile, for the as-irradiated device, abundant 

amount of Oi and lattice oxygens (located at the AZO/ZnO interface) can be ionized and fill a 

large portion of the pristinely-formed oxygen vacancy filaments; note that, the nature of the Oi 

defects can easily drift under an electric field which is beneficial to accelerate the rupture 

process.[9] Since the highly oxidized surface contains abundant Oi acceptor defects, it 

contributes to limit the high number of electrons that can be injected from the top electrode; 

consequently, the reset process exhibits a lower reset current (approximately 0.1 mA) compared 
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with that of the as-deposited device (approximately 1 mA) (Figure 1(d) and (e)). The filament 

in the as-irradiated device can then be rejuvenated by employing a lower CC and Vset (0.1 mA 

and ~1 V, respectively, as shown in Figure 1(e)), whereas the set process in the as-deposited 

device requires a higher CC and set voltage (1 mA and ~2 V, respectively, Figure 1(d)) since 

the as-deposited device has a higher leakage current arising from the abundant amount of donor 

defects. In addition to the high switching parameter (CC and Vset), oxygen in-diffusion to the 

top electrode also leads to an ion-vacancy imbalance that results in endurance degradation.[7–

9] We can assume that the as-deposited device had a thicker conduction filament owing to the 

high CC and Vset; thus, a higher number of oxygen ions was needed to rupture a significant 

portion of the filament. Meanwhile, the number of oxygen ions at the AZO/ZnO interface 

decreased at each set process owing to the oxygen in-diffusion to the highly oxygen-deficient 

AZO electrode. Consequently, the as-deposited device exhibited endurance degradation. 

However, the as-irradiated device had a thinner conduction filament (owing to the low CC and 

Vset), and a higher concentration of oxygen at the AZO/ZnO interface maintained the ion-

vacancy balance at each switching process; thus, the as-irradiated device exhibited better 

endurance. Table 1 lists the various methods and device designs that have been proposed to 

fabricate ZnO-based transparent memristor devices. By considering the thickness as well as the 

operational switching current and voltages, we can infer that our memristor device consumes 

less power than those of the other designs/methods. 

Our memristor device exhibited gradual set and reset processes, which indicated that the 

switching occurs in analog behavior. A memristor having analog behavior is crucial for the 

realization of high-density data storage and in-memory computing (neuromorphic) systems.[1] 

Figure 3(a) demonstrates the ability of the as-irradiated device to exhibit a multistate 

characteristic employing various Vreset, and each of the states showed sufficient non-volatility 

retention; the device performed 3-bits per cell (a total of 8 states), which indicated that the 

AZO/ZnO/ITO device structure can be useful for the fabrication of high-density storage. We 
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then explored the potential of our devices for mimicking biological synaptic plasticity. Figure 

3(b) depicts the schematic of the communication between two nerve cells (neurons); 

information transmission is controlled by a firing mechanism of Ca2+ ions (transmitters) from 

presynaptic to postsynaptic neurons that are located at the synapse (the junction between cells) 

and results in the modulation of synaptic weight.[2] Similarly, an analog memristor can also be 

exploited to make an artificial synapse that exhibits such synaptic weight modulation by 

“firing” it with voltage-pulse spikes to fine-tune the ion-vacancy redox reactions. The technical 

details regarding the concept of synaptic plasticity can also be found in previous 

reports.[2,3,23,42–46] The increase and decrease of synaptic weight can be referred to as 

potentiation and depression, respectively; each of the electrical schemes for the potentiation 

and depression was repeated for 1000 times, as shown in Figure 3(c). The as-irradiated device 

exhibited 15 stable epoch training, as depicted in Figure 3(d); an epoch consisted of a 

potentiation and a depression with a total of 2000 spikes (inset of Figure 3(d)). Moreover, the 

as-irradiated device showed excellent weight update symmetry with a nonlinearity of 18%, as 

depicted in Figure 3(e). For comparison, we also measured the synaptic weight update of the 

as-deposited device, as shown in Figure 3(f). Although the device was also able to show stable 

epoch training, the device suffered from weight update asymmetry with a nonlinearity of 63%, 

as shown in Figure 3(g). The poor synaptic linearity of the as-deposited device may have arisen 

from two factors. First, the high imbalance of ion-vacancies and high operational current. The 

conductance changed rapidly at the initial potentiation since it was easy to generate an oxygen 

vacancy or rejuvenate the filament, and once the filament formed, the conductance became 

saturated; meanwhile, the high operational current during the depression process re-ionized a 

significant amount of oxygen to fill the vacancies and the conductance started to saturate once 

the oxygen from the top interface was about to be depleted. The good ion-vacancy balance and 

low operating current of the as-irradiated device were beneficial to achieve excellent synaptic 

linearity. Second, it is reported that the high concentration of oxygen at certain level decreases 
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the thermal conductivity of ZnO film, [47] that can be assumed the generation of high Oi 

concentration may induce phonon scattering as well; therefore, the as-deposited film may have 

a high thermal conductivity than that of as-irradiated one. The higher thermal conductivity may 

further promote the formation of strong filaments that degenerate synaptic linearity.[48] 

Synaptic linearity is a crucial factor in the implementation of artificial neural networks (ANN). 

Based on the experimental synaptic data, we assessed the feasibility of our devices for 

neuromorphic computing by simulating an array level of 1600 neurons to mimic the visual 

cortex of the brain, as depicted in Figure 3(h). The synaptic data were fed to the network to 

process a 40 × 40 pixels grayscale image; the network was built by adopting Hopefield’s 

method that has been described in our previous report.[45] The as-irradiated device was able to 

process the image much faster than the as-deposited device; the as-irradiated device  could 

achieve 90% accuracy after 18 iterations while the as-deposited device could only achieve 60% 

accuracy, as depicted in Figure 3(i). This arose from the high nonlinearity of the as-deposited 

device, which causes a training accuracy loss in neural networks.[1]  

 

4. Conclusions 

The switching and synaptic performances of ZnO-based transparent memristor devices are 

significantly enhanced after neutral oxygen irradiation. The employment of neutral oxygen 

particles is crucial to achieve precise surface chemical oxidation to avoid abnormal etching and 

surface roughness degradation. The surface oxidation increases the oxygen interstitial 

concentration at the top electrode/ZnO interface that is beneficial not only to improve switching 

parameters (low current compliance and set voltage, and long endurance) but also to improve 

the synaptic weight linearity. The artificial neural network simulation based on the synaptic 

data of the as-irradiated device shows better training accuracy during image processing. This 

study suggests the potential use of neutral beam oxidation enhanced ZnO-based memristor not 

only for fabricating high-density invisible data storage but also for the realization of wearable 
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in-memory computing. Moreover, our surface oxidation method can be easily adopted and 

explored for use in other oxide memristor designs. It worth noting that this surface modification 

technique could be further exploited to control other synaptic parameters such as long-/short-

term memory, spike-timing-dependent plasticity, etc. 
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Figure captions 

Figure 1. (a) Schematic of device fabrication process flow. (b) Cross-sectional transmission 

electron microscopy (TEM) image of AZO/ZnO/ITO/glass device structure. (c) Transmittance 

spectra of the fabricated devices. Inset in (c) shows the photograph of the fabricated devices. 

Typical I-V curves of (d) as-deposited and (e) as-irradiated devices. The left insets in (d) and 

(e) show the log(I)-log(V) curves taken from the first positive bias on the pristine devices, while 

the right insets show the endurance characteristics of the devices. 

Figure 2. (a) Surface topographies of the as-deposited and as-irradiated devices. (b) SIMS 

profiles of the ZnO/ITO structure before and after irradiation. (c) X-ray photoelectron spectra 

of O1s core level and (d) Auger lines of ZnL3M4.5M4.5 of the ZnO films. (e) Defect 

concentrations in the films that are extracted from (c) and (d). 

Figure 3. (a) Multistate characteristics of the as-irradiated device. (b) Schematic of nerve cells, 

an organic synapse, and a memristor cell as an inorganic artificial synapse. (c) Electrical spike 

schemes for potentiation and depression; the spike event consists of a pulse amplitude of 1.5 V 

(or −1.5 V for depression) and a pulse width of 0.1 ms, and the read event consists of a pulse 

amplitude of 0.1 V and a pulse width of 1 ms. (d) Training epochs characteristics and (e) 

synaptic linearity of the as-irradiated device. (f) Training epochs characteristics and (g) synaptic 

linearity of the as-deposited device. (h) Artificial neural network simulation on image 

processing of 40 × 40 pixels grayscale patterns. 
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Table captions 

Table 1. Switching parameters of ZnO-based transparent memristor devices in the published 

literature.  
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Fig. 1 Simanjuntak et. al. 
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Fig. 2 Simanjuntak et. al. 
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Fig. 3 Simanjuntak et. al. 
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No Structure 
d 

[nm] 

T 

[%] 

CC 

[mA] 

VF 

[V] 

VR 

[V] 

VS 

[V] 
Ref. 

1 GZO/Ga2O3/ZnO/Ga2O3/GZO 220 92 20 FL −12 14 [12] 

2 ITO/GZO-nanorods/ZnO/ITO 250 ~80 10 ~3 ~(−2) ~2 [13] 

3 ITO/graphene/ZnO/ITO 50 75.6 5 4 ~(−2.5) ~1 [14] 

4 ITO/ZnO/PCMO/ITO 160 79.6 10 FL ~2.3 ~(−2.6) [15] 

5 GZO/ZnO2/ZnO/ITO 54 87.4 1 ~5.5 −1.7 ~1.5 [3] 

6 ITO/ZnO:Mg/FTO 300 ~80 50 2.8 −3 1.8 [16] 

7 AZO/ZnO:Mg/AZO 120 ~73 1 −6 ~(−4) ~3 [17] 

8 ITO/ZnO:Al/ITO 110 ~80 10 ~2.3 ~(−0.5) ~0.5 [18] 

9 ITO/ZnO:Co/ITO 38 ~85 5 3 −1.5 1.2 [19] 

10 ITO/ZnO:Ga/ITO ~30 86.5 0.1 FL −7 ~5 [20] 

11 ITO/ZnO:In:Ga/ITO 36 ~75 10 FL ~3.5 ~(−1) [21] 

12 ITO/ZnO/ITO 80 88 5 2.7 −2.4 1.6 [46] 

13 AZO/ZnO1−x/ITO 53 ~85 1 −5.5/4 −2 ~1.7 [26] 

14 AZO/(NBO)ZnO/ITO 29 ~84 0.1 FL −2.3 ~1 This work 

The d, T, CC, VF, VR, VS, and FL are the thickness of the switching layer, average transmittance 

in the visible light region, compliance current, as well as forming (or FL: forming-less), reset 

and set voltages, respectively.  

 

 

Table 1.  Simanjuntak et al. 

 

 

 


