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Note-S1 Comprehensive Comparison of Previously Reported HfOx and ZnO-based Devices with the Current Work
Table S1 shows a compre ensive comparison between previously reported oxides based memristive synapses and this work
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Note-S2 Crossbar Array Fabrication Procedure 
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Fig. S1 Fabrication procedure of the crossbar array on 4-inch Si wafer, optical photograph of the integrated crossbar array and zoom in high-resolution SEM image of crossbar array and zoom in SEM image of single crossbar cell
Note-S3 Forming Process of the ITO/ZnO/HfOx/Pt Device
A forming procedure with controlled current compliance is mandatory for the fresh device to initiate the resistive switching characteristics and to protect the device from permanent dielectric breakdown. Fig. S2 shows the typical forming behaviors of the ITO/ZnO/HfOx/ITO device, where the forming process with a current compliance of 200 µA was occurred at forming voltages of about 2.5 V.
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Fig. S2 shows the forming process of the ITO/HfOx/ZnO/Pt device
Note-S4 Conduction Mechanism of the Device Based on Oxygen Vacancies
To understand the conduction mechanism in the ITO/ZnO/HfOx/ITO memristor, O 1s spectra were recorded for HfOx and ZnO thin films, which are described in Fig. S3 a and S3 b, respectively. To obtain the oxygen vacancies concentration in the HfOx and ZnO layers, X-ray photoelectron 
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[bookmark: _Hlk120696109]Fig. S3 a, b show the XPS spectra of HfOx and ZnO, respectively. c, d show the CF model in and RESET condition spectroscopy (XPS) was observed. 
The X-ray’s beam size was set to ∼0.25 mm2. The profile of the O 1s core level spectra was done by successive etching of the sample for ∼5 s to remove the upper surface layer. The core level O 1s spectra of HfOx and ZnO layers were fitted using Gaussian functions method. The O 1s spectrum of HfOx and ZnO layers can be deconvoluted into two Gaussian peaks. The major peaks which are located at the binding energies of 530.4 and 532.3 eV represent the lattice oxygen, whereas minor peaks which are situated at 528.5 and 530.2 eV are ascribed to the oxygen vacancies in the HfOx and ZnO layers, respectively. From the XPS analysis, we found that the oxygen vacancies concentration in HfOx and ZnO are about 24 and 38 %, respectively. The oxygen vacancies perform a vital role to form the conducting filament (CF) in the HfOx and ZnO layers. Based on the concentration of oxygen vacancies in both HfOx and ZnO layers (Fig. S3a, b), we confirm the CF model in our device, as shown in Fig. S3c, d. Previous reports have proven that different amounts of oxygen vacancies create the hourglass shape CF in the bilayer devices [S27, S28]. When we applied the positive voltage on the ITO TE, oxygen vacancies are generated in the HfOx layer and move toward the Pt BE to form the conical shape filament in the HfOx layer. As the oxygen vacancies are enhanced in the HfOx layer, HfOx becomes electrically conductive and plays as a “virtual electrode” [S27, S28]. It is well known that the conductive virtual electrode, which is part of the CF, also consists of oxygen vacancies. Now, the “virtual electrode” as in the HfOx thin film tends to be the seed for CF regrowth in the ZnO layer. Based on the resistive switching phenomenon, the growth and broken of the CF happens at the ZnO/HfOx interface. When the device is switched to HRS, the root of the CF does not dissolve completely during the RESET process. Therefore, In the ITO/ZnO/HfOx/Pt device, the CF is preferably connected or breached at the ZnO/HfOx interface, and the HfOx layer behaves as a virtual electrode. This resistive switching mechanism is believed to improve the neuromorphic characteristics of the ITO/ZnO/HfOx/Pt device. Therefore, the formation and rupture of the CF happen at ZnO/HfOx interface. This hourglass-shaped CF in ZnO/HfOx bilayer enhances the performance of the bilayer device [S29, S30]. 
Note-S5 Electrical Characteristics of the ITO/ZnO/HfOx/Pt Device
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Fig. S4 a DC endurance. b Cycle to cycle uniformity. c Device to device stability. d High temperature retention test
The DC endurance of the device is shown in Fig. S4a. The device demonstrates excellent stability in both low resistance state (LRS) and high resistance state (HRS) for more than 1000 DC cycles without any humiliation. To confirm the excellent stability of the ITO/ZnO/HfOx/Pt memristive device, the cycle-to-cycle consistency was measured, which is illustrated in Figure S4b. The cycle to cycle of the device was measured using 100 continuous cycles. The device indicates high consistency in both LRS and HRS without any disruption. The device-to-device uniformity of the device shows the excellent stability in both LRS and HRS states (Fig. S4c). The retention test of the device was also measured, which is shown in Fig. S4d. The device confirms the stable retention at high temperature (1000 C) for both high resistance state (HRS) and low resistance state (LRS).
Variability and reliability of fabricated devices
Cyclic Variability: The stability assessment involved analyzing 100 consecutive sweeping I-V curves, depicted in Fig. S5a. These results highlight the robust cycle stability and repeatability of the device, evidenced by the consistent behavior of the I-V curves across increasing sweeping cycles. Furthermore, Fig. S5b, c showcase the endurance performance over 100 cycles, focusing on the extracted parameters VSET, ISET, VRESET, and IRESET from the IV characteristics. The proposed memristor demonstrates reliable reproducibility, maintaining acceptable variability compared to previous reports [S31-S34]. Statistical analyses of the set and reset voltages, along with their respective currents, are presented in Fig. S6, where histograms display the distributions fitted using the Normal distribution. The statistical count accurately represents VSET and VRESET within acceptable ranges. The analysis reveals a concentrated distribution for VSET around 0.76 V and for VRESET around -0.51 V, with ISET and IRESET values around 35.7 µA and -3.13 mA, respectively, indicating a stable operational range. The standard deviations (σ) for VSET and VRESET voltages are measured at 0.214 V and -0.078 V, respectively, while those for ISET and IRESET are 21.4×10-6 and 3.134×10-4, respectively. This homogeneity in operation voltage establishes a strong foundation for the practical application of the memristor device, ensuring consistent and reliable performance [S31-S34]. Additionally, Fig. S7 illustrates the cycle-to-cycle cumulative distribution function (CDF) of switching voltages for the same data. It shows consistent variability across each particular condition, further confirming the stability and reliability of the device under varying operational cycles [S31-S35].
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Fig. S5 (a) The stability assessment involved analyzing 100 consecutive sweeping I-V curves. (b) and (c) showcase the endurance performance over 100 cycles, focusing on the extracted parameters VSET, ISET, VRESET, and IRESET from the IV characteristics
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Fig. S6 The histograms display the distributions fitted using the Normal distribution statistical count accurately represents (a) VSET and (b) VRESET, (c)ISET and (d) IRESET
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Fig. S7 Cumulative distribution function (CDF) on (a) switching voltages and (b) switching currents
[bookmark: _Hlk166792631]Device variability: The fabricated crossbar array size of (5×5) with 14 batches shows a device production yield of ~92.00% (an average of 23 devices are in a functional condition out of a total of 25 on each array) while ~8% devices are in non-functional condition as depicted in Fig. S8. Figs. S9 and S10 present a comprehensive analysis of the resistive switching (RS) behavior observed across an array of 22 devices. The evaluation encompassed double-sweep voltage ramps ranging from 0 to 2 V for the set process and from 0 to -1 V for the reset process. This thorough assessment aimed to evaluate the uniformity of the RS phenomenon across D2D and C2C variations. The RS characteristics depicted in Fig. S9 were derived from all selected working devices on array, contributing to a nuanced understanding of RS stability and uniformity under diverse operational conditions [S31-S34]. The rigorous analysis showcased in Fig. S9 reveals that all devices in the array exhibit exceptional reliability in their RS characteristics. This finding underscores the robustness of the device's performance across the array. Furthermore, such representations are recommended for D2D variability studies, as a comprehensive analysis necessitates showcasing results across a wide array of devices [S31-S35]. To further elucidate the variability in RS performance, exploring box plots is warranted. These plots can effectively depict both C2C and D2D variability across the array. The analysis of 10 cycles per device, as shown in Fig. S10a-d, demonstrates acceptable C2C variability across all devices. This observation highlights the robustness and consistency of RS performance, showcasing the promising stability of these devices under varying operational conditions. The data presented in Figs. S9 and S10a-d provide valuable insights into the uniformity, reproducibility, and stability of RS characteristics in the fabricated array of devices. This information is crucial for understanding and optimizing the performance of these devices for practical applications.
Similarly, to comprehensively assess the reliability and reproducibility of devices across multiple fabricated arrays on the wafer, a set of randomly selected devices underwent rigorous testing through repetitive I-V cycles. The results from 10 I-V cycles of these randomly selected devices are presented in Figs. S11 and S12, providing detailed insights into the device's performance. These findings demonstrate exceptionally good agreement and reproducibility across C2C, D2D, and batch-to-batch variations. The consistent performance observed throughout these variations underscores the robustness and reliability of the devices under diverse operational conditions [31-34]. Figs. S11 and S12 illustrate the uniformity and stability of key parameters across multiple cycles and devices, further reinforcing the high level of reproducibility achieved in the fabrication process. This level of agreement is crucial for ensuring the consistency and predictability of device behavior, laying a solid foundation for their practical application in various contexts [S31-S35].
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Fig. S8 average percentage of functional and non-functional devices across the fabricated crossbar array
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Fig. S9 Device variability of multiple devices through IV curves across the array
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Fig. S10 Devices variability across key RS parameters a VSET, b ISET, c VRESET, and d IRESET
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Fig. S11 Cyclic variability in 10 cyclic IV sweeps across randomly chosen 12 devices [M1-M12]
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Fig. S12 Cyclic variability in 10 cyclic IV sweeps across randomly chosen 28 devices [M13-M28].
Note-S6 Read Voltage Dependent Study of the Device
[image: ]Fig. S13 read voltage-dependent responses photo synapses from 10 to 30 mV
Note-S7 Mechanism for Photonic ITO/ZnO/HfOx/Pt Device
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Fig. S14 Schematic structure of the band diagram of the ZnO/HfOx junction. a under light illumination and b in dark condition
Based on the bandgap of ZnO and HfOx, the valence band (VB) offset between ZnO/HfOx is less than the conduction band (CB) offset [S36, S37]. The mechanism of our optical synapse is described in Fig. S14. In the equilibrium condition, a built-in electric field generates at ZnO/HfOx interface due to the different work function of ZnO and HfOx [S31] When optical light is illuminated, photons excite electrons to the conduction band (CB) to contribute to conduction, leaving holes in the valency band (VB). Therefore, the photocurrent of the device is increased (Photonic potentiation). Photogenerated holes are accumulated at the interface and trapped in the HfOx layer under the built-in electric field, which is shown in Figure S14a. When the light is turned off, photogenerated holes are returned to the interfacial barrier under thermal excitation (darkness relaxation), as shown in Figure S14b. This phenomenon is called persistent photoconductivity.
The energy levels of zinc oxide (ZnO) and hafnium oxide (HfOx) reveal that the valence band offset in the ZnO/HfOx heterojunction is smaller than the conduction band offset. This band alignment plays a crucial role in the photo synaptic effect observed in the current device, as illustrated in Fig. S14 [S31, S38, S39]. Initially, a built-in electric field is established at the ZnO/HfOx interface due to the difference in work functions between the two materials, indicated by a purple arrow in Fig. S14a. Upon exposure to light, photons excite electrons from the valence band to the conduction band of ZnO, increasing the conductivity. Simultaneously, photogenerated holes are created in the valence band and accumulate at the ZnO/HfOx interface. These holes become trapped in the HfOx layer due to the influence of the built-in electric field, as depicted on the left side of Fig. S14a. When the light source is removed, the trapped holes can cross the interfacial barrier back into the ZnO layer through thermal excitation. This process is represented schematically in Fig. S14b, which illustrates the behavior of the device in the dark. A significant negative voltage applied to the device, as indicated by the blue arrow, results in electrons from the ZnO layer being trapped in deep sites within the HfOx layer. Concurrently, electrons from shallow traps near the electrode migrate into the ITO electrode, contributing to the overall conduction. This detailed mechanism highlights the complex interplay between photogenerated carriers and the built-in electric field at the ZnO/HfOx interface, which is critical for understanding the photo synaptic behavior of the device. The trapping and de-trapping of carriers at the interface and within the HfOx layer are key processes that govern the synaptic-like response, emphasizing the importance of precise control over material properties and interface engineering for optimizing device performance.
Note-S8 Human Visual Perception System
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Description automatically generated] Fig. S15 a PSC of the device using different light intensities and fixed light exposure time 1 s.  b Image mapping of the 5×5 array with different light intensities. c The conductance mapping to the 5x5 array with various decay times
Figure S15a displays the device's temporal response using various light intensities ranging from 3.6 to 9.5 mW/cm2. As anticipated, the PSC of the device increases with the intensity of the light, signifying input processing. The PSC gradually declines after turning off the light illumination, depending on the intensity. At a low-intensity level (3.6 mW/cm2), the PSC returns to its initial state within 16 seconds. However, for higher intensities, the PSC is sustained at different levels, reflecting distinct memory effects. In fact, enough electron-hole pairs are generated upon light illumination, filling trap states and altering the photo response. Therefore, at higher intensities, more electron-hole pairs are generated, resulting in increased PSC in the device. These findings verify that the device transitions from short-term potentiation (STP) to long-term potentiation (LTP) as light intensity increases, which is analogous to rehearsal in human life. Consequently, the device remembers its programmed state and could be a promising approach for mimicking biological visual perception [S40, S41]. Human visual memory is affected by various factors, such as personal experiences, emotions, and attention, which can influence how information is stored, retrieved, and recalled. Our device exhibits similar optical sensing properties to modulate the light responsivity of visual signals through different light intensities with PSC changes. For the experimental demonstration of our device, 25 devices were randomly selected and used to design a 5x5-pixel array. Fig. S15b displays the device's PSC with different light stimuli and times. To achieve information storage and forgetting, we introduced three distinct light intensities (3.6, 5.2, 6.9, and 9.5 mW/cm2 through a ⊥-shaped pattern) with varying time durations. A learning process is evident, where the pattern becomes clearer initially as the light intensity increases and pulse duration lengthens. These results suggest that our artificial device perception can reliably memorize image information with stimuli, demonstrating its potential application in perceiving and emulating the vision effect, like human visual perception. Our vision memory also observes a forgetting process with varying decreasing rates (through a T-shaped pattern) but retains some basic information for the long term, as shown in Fig. S15c. The device's inherent light sensitivity is suitable for operating and sensing different light intensities and duration times, making it an appropriate candidate for human visual perception emulation.
Note-S9 Dataset Description
ECG based arrhythmia detection: We evaluate on the performance of ECG-based arrhythmia detection tasks using MIT-BIH dataset [S42], which comprises recording from a total 47 subjects. It contains forty-eight 30-min excerpts of two-channel ambulatory ECG recordings. These samples were recorded from a mixed collection of inpatients and outpatients with the ration of about 3:2 at Boston’s Beth Israel Hospital. It is trained to classify three abnormal events and one normal event. EMG based hand gesture recognition: To evaluate the performance on EMG based hand gesture recognition task, Nina Pro DB1 benchmark is used in this experiment. Nina Pro DB1 contains surface EMG (sEMG) data collection of 10 electrodes of measurements from 27 subjects [S43]. When collecting data, each type of hand gesture is repeated 10 times in a row with sampling rate of 100 HZ. This experiment's evaluation focused on five commonly used hand gestures: the resting position, the thumb-up position, the middle flexion, the ring flexion, and the index flexion position. The recorded samples were randomly divided into training and testing datasets in a 4:1 ratio, respectively.
EEG based epileptic seizure prediction: To evaluate the performance on EEG based epileptic seizure prediction task, we utilized the CHB-MIT EEG dataset [S44], which comprises 23 scalp EEG recordings from 22 patients at a 256 Hz sampling rate. Data from 15 subjects are recorded based on the fixed 23-electrode configuration, while one or several changes of electrode setting are implemented for the remaining subjects.

Network Details for Healthcare Applications 
Table S2 Comparison table of networks for three biosignals
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Note-S10 Process for Fine-tune Process
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Fig. S16 Process flow for our entire system
Figure S16 shows the process flow of the proposed method. In the first stage, we pre-train a model based on small samples. When meeting with new subjects or new patients, we fix the weight of convolutional layer but dynamically adjust the weight of fully connected layer through the memristor’s programmability. Finally, the fine-tuned model has a better performance than the original one. In the traditional hardware method, the network weight is permanently fixed after the training process. However, based on the prior knowledge that biomedical features of signals are highly heterogeneous across patients [S45]. Our method focuses on patient-specific manners where one classifier is fine-tuned per subject instead of a universal model for all patients. It requires the hardware fine-tuning process of memristor with the benefits of reconfiguration and programmability. Here is the pseudocode for memristor-based fine-tune process.
Here is the pseudocode for the memristor-based fine-tune process. 
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The effect of Device Conductance Variation
We explore the device conductance variation effect for three biomedical applications. Network accuracy suffers a drop with the increasing of device variation. Figure S17 shows the classification accuracy across various device conductance variations. We record the minimum and maximum accuracy during 10 training iterations. With higher device conductance variation, the network accuracy shows a wider range of accuracy with decrease of training accuracy.
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Fig. S17 The effects of device conductance variation on the classification accuracy. The device variation varies from 3% to 20%
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Signal type Tasks Datasets No. of classes Data type Network depth  Accuracy
Epileptic seizure 9 layers
EEG MIT-CHB 2 class Pre-processed 91.17%
prediction (6Conv+3FC)
Hand gesture 5 layers
EMG Nina Pro 5 class Raw data 82.13%
recognition (3Conv+2FC)
Arrhythmia 7 layers
ECG MIT-BIH 4 class Raw data 97.64%
detection (5Conv+2FC)
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Algorithm 1: Memristor-Based Fine-Tuning process

Input: New subjects: Nyy1, Epochs: Epoch, Batch size: Bs, Pulse width: At
Output: Fine-tuned Model: fgo
# Initialization
Initialize pretrained model fg, with weights ©,
O, +— Op + N(0,0%) /*slightly perturb weights*/
# Epoch loop
for i < 0 to Epoch do
# Batch loop
for b« 0 to {Ng—jiJ do
foreach weight W;; in ©, do
Compute weight update AW;; using memristor dynamics
if sign(AW;; > 0) then
| Decrease G ;; and increase G _ ;; by At

else
| Increase G ;; and decrease G_ ;; by At
end
Wij G4 ij - G_;; /Update Ws; using G ;; and G_ ;;/
end
end
end

return Fine-tuned model fg that yields better performance
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ZnO NS Electric 200 Spin Coating 10 1000 1 STDP/PPF Pl/Yes 94% Image Recognition 9
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CeO,/ZnO Electric+Optic 4/15 Sputter 100 | - m | - Mica/Yes | - Artificial Vision Systems 13
ZnO/HfO, Electric 30/5 Sputter 10 100 10 PPF Si/No 96% Image recognition 14
HfO, Electric 275 Sputter 60 1000 [ - | - PET/Yes |  -— | - 15
. . Atomic Layer Polyimide/ L.
TiO/HfO, Electric 10.24/~3 " 10* 106 20 LTP/LTD 94% Image recognition 16
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BFO/HfO, Electric 2/10 Sputter 10* 108 5 STDP SNo [ - Image Recognition 20
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Pavlov’s Dog Experiment
Atomic Layer STP/STD/LTP/ ]la’ll:);slico?:gdict/lla;s::iecriil::'/ This
ic+Opti 5 ~10 ? i 029 ’
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Applications





