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Analog neuromorphic circuits use a range of volatile and non-volatile memristive effects to mimic the functionalities of neurons and synapses. Creating devices with combined effects is important for reducing the footprint and power consumption of neuromorphic circuits. This work presents an epitaxial SmNiO3/BaTiO3 electrical device that displays non-volatile memristive switching to either allow or block access to a volatile threshold switching regime. This behavior arises from coupling the BaTiO3 ferroelectric polarization to SmNiO3 metal–insulator transition; the polarization in the BaTiO3 layer that is in contact with the SmNiO3 layer modifies the device resistance continuously in a controllable, non-volatile manner. Additionally, the polarization state varies the threshold voltage at which the Joule-heating-driven insulator-to-metal phase transition occurs in the nickelate, which results in a negative differential resistance curve and produces a sharp, volatile threshold switch. Reliable current oscillations with stable frequencies, large amplitude, and a relatively low driving voltage are demonstrated when the device is placed in a Pearson–Anson-like circuit.
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1 INTRODUCTION
Negative differential resistance (NDR) is an effect observed in devices made of materials that display strong, non-linear changes in resistivity above an activation threshold (Gibson, 2018). The most popular examples for this effect are materials that undergo temperature-driven transitions from high to low resistances, where the power dissipated during device operation induces the resistance change. In this type of NDR, which is known as the s-type, the NDR regime can be directly observed in current-controlled measurements as a drop in the voltage with increasing current and as threshold switching in voltage-controlled measurements. In contrast, the n-type NDR can be observed as a drop in the current with increasing voltage. Both types of NDRs have been shown to be useful in several ways for neuromorphic circuits, where they can be used as highly compact spike generators (neuristors) (Pickett et al., 2013), selectors (Gibson, 2018), or (coupled) oscillators (Wang et al., 2003; Corti et al., 2018).
Similarly, non-volatile memristive switching has been widely studied for use in neuromorphic applications. The ability of a memristive element to store continuously valued resistance levels endows it with properties that can be used for in-memory computing, such as storing synaptic weights in convolutional networks or as elements in spiking networks that display spike-time-dependent plasticity (Jo et al., 2010; Williams, 2017). Although there are many available memristive materials and mechanisms, ferroelectric materials have been demonstrated as potentially promising candidates as their remanent polarization is multilevel and non-volatile with a fast switching time (Boyn et al., 2017). In two-terminal devices, the polarization can be used to modulate the interfacial or tunneling resistivity or be used as a ferroelectric capacitor (Blom et al., 1994; Chen et al., 2018; Zheng et al., 2019); in a three-terminal device, the polarization can be used as a ferroelectric field-effect transistor (FeFET), where the polarization provides the electric field for modifying the channel resistance (Dutta et al., 2020).
Both threshold and memristive switching have their uses in neuromorphic circuits, and these effects can be linked to provide the necessary behaviors for use in programmable networks or as integrate-and-fire elements, in which the memristive memory integrates the incoming pulses and the threshold switch provides spiking behaviors (Mao et al., 2023). NDR responses in different materials have been shown to be programmable using the field effect in transistor geometry (Dragoman et al., 2008), and this programmability can be used to produce multivalued memory and dynamically reconfigurable logic operations (Sistani et al., 2021). Mixed volatility is generally a desirable property in many proposed neuromorphic circuits as it allows the systems to operate over a wide range of biologically relevant timescales from milliseconds to days (Gerstner et al., 2018). Most of the mixed-volatility devices demonstrated thus far utilize mobile ions that produce different effects at different timescales or voltages, for example, in devices that use both ion migration and filament formation (Ohno et al., 2011; Huang et al., 2016; John et al., 2022).
The typical s-type NDR materials used for spiking or oscillating circuit elements are NbO2 (Kumar et al., 2017) and VO2 (Shukla et al., 2014; Todri-Sanial et al., 2022), which display NDRs when changing from insulating to metallic phases. However, because of the stresses arising from large thermal gradients and structural phase changes at the metal–insulator transitions (MITs), extending the device endurance is difficult and remains a significant challenge in implementing such devices in neuromorphic circuits. Additionally, these materials show considerable device to device variations in their NDR responses (Herzig et al., 2019). More recently, devices using rare earth nickelates (RNiO3; RNOs) (Del Valle et al., 2021; Khandelwal et al., 2023) have been demonstrated; the thin films of these materials are potentially good candidates for NDR elements owing to the tunability of their MIT temperatures as well as subtle crystallographic changes that produce the MITs, which may help greatly extend the endurances of these devices.
RNOs are a class of perovskites in which the MIT temperatures are governed by structural crystallographic phase changes. These materials are unique because of two features. First, the structural change at phase transition occurs via small distortions within the same (perovskite) structure without modifying the chemical coordination. Second, the phase transitions can be tuned over a wide range of temperatures by selecting A-site rare earth elements with different atomic radii (Torrance et al., 1992). In their insulating phases, RNOs are considered as charge-transfer insulators (Zaanen et al., 1985); they are expected to be conducting under the traditional electron band theory, but the electron conduction is inhibited by a strong Coulomb repulsion between the nickel 3d and oxygen p bands. In the insulating phase, the nickel atoms display fully filled d8 orbitals alternating with orbitals that have two d8 ligand holes, resulting in a checkerboard of staggered large and small NiO3 octahedra. As such, the structure in the insulating phase can be viewed as a combination of two different and misaligned sub-lattices with Ni d8 and d8L2 orbital configurations linked by shared oxygen atoms.
Above the transition temperature, in the conductive state, this charge disproportionation disappears and is accompanied by minor shifts in cation positions and octahedral tilts. Owing to the subtle crystallographic shift between these two phases, the MIT temperature can be easily and widely modified via cation substitution, epitaxial strain (Torriss et al., 2017), or injection of oxygen vacancies (Conchon et al., 2007). This has recently been exploited in W/SmNiO3/LSMO devices with large non-volatile memristive windows to produce logic circuits (Li et al., 2023). Similarly, Mott insulator materials have been successfully electrostatically doped by applying electric fields across them (Nakamura et al., 2007); in RNO thin films, this has also been shown to modify the MIT temperatures (Scherwitzl et al., 2010), leading to integration of the RNO thin films with ferroelectrics (Shi et al., 2013; Marshall et al., 2014; Wang et al., 2019). Large (106 factor) non-volatile resistance changes have also been observed in the LaNiO3/BiFeO3 ferroelectric tunnel junctions (Bruno et al., 2016).
The present work demonstrates a system consisting of SmNiO3/BaTiO3/Y-SrSnO3 (SNO/BTO/Y-SSO) stacks grown on Nb:SrTiO3 substrates using pulsed laser deposition (PLD) and displaying both non-volatile memristive and threshold switching behaviors arising from the ferroelectric polarization and nickelate MIT, respectively. Furthermore, while the BaTiO3 in this work appears to be ferroelectric and polarizable, it displays an uncharacteristically high conductivity above the threshold switching voltage. The ferroelectric switching in this case controls the access to the threshold switching regime.
2 MATERIALS AND METHODS
Samarium nickelate (SmNiO3; SNO) was chosen as the MIT material in this work owing to its first-order MIT at TMIT near 125°C (Catalan, 2008), which allows its NDR to be accessed at room temperature. SNO was grown on an insulating LaAlO3 (110) substrate by PLD. The in-plane I-V measurements on two-terminal confined channels (270 μm × 50 μm × 31 nm) produce typical threshold switching/NDR curves (Figure 1A). When placed in a Pearson–Anson-type circuit with a 2 μF parallel capacitor and 1-kΩ series resistor, the current response to DC voltage shows oscillatory characteristics at room temperature (Figure 1B). As Joule heating is responsible for driving the phase change here, the observed threshold voltages are not only derived from material properties and measurement temperature but also largely dependent on the power density, with the smaller channels requiring lower driving voltages. The first-order nature of this transition is a requirement to observe the NDR as the conductivity is dependent on the proportion of metallic to insulating domains. Reducing the thickness of the SNO to under 10 nm diminishes the endurance dramatically, resulting in a device that breaks down after several cycles of switching using an in-plane electric field.
[image: Figure 1]FIGURE 1 | (A) A 30-nm-thick layer of SmNiO3 grown on an insulating LaAlO3 substrate shows negative differential resistance (NDR) when current is driven through a 270-μm-long, 50-μm-wide channel. (B) Joule heating causes a transition from insulating to metallic states. In a voltage-controlled measurement (red), this results in abrupt threshold switching; however, in a current-controlled measurement (blue), the transition from insulator to metal is smooth, resulting in a clear negative slope that typifies s-type NDR. The resistance change is volatile. This device, when coupled to a Pearson–Anson-like circuit (pictured), produces reliable current oscillations under a DC voltage source.
Barium titanate (BaTiO3; BTO) was chosen as the ferroelectric layer and grown on the SrTiO3 (STO) substrate using yttrium-doped SrSnO3 (Y-SSO; 0.075%). This was chosen as the buffer material because of its ability to finely tune the strain in the overlaid BaTiO3 by changing the Y-dopant concentration (Bajpai et al., 2003), which allows the BaTiO3 to be grown with in-plane or out-of-plane polarization orientations. A 90-nm-thick film of BaTiO3 on 20-nm-thick Y-SSO upon UV lithography patterning, contacting Pt electrodes, and performing top-electrode to top-electrode positive-up negative-down (PUND) measurements shows clear switching peaks and high leakage (Figure 2A). The coercive voltages and remanent polarizations observed are typical of compressively strained BaTiO3 thin films (Choi et al., 2004). The relatively large leakage current is also not atypical for thin-film ferroelectrics, which are rarely as insulating or as ideal as their bulk counterparts. While the insulating BTO has a bandgap of 3.4 eV, thin films up to several hundred nanometers thickness are often observed to display n-type semiconducting behaviors and can be highly conductive while still showing ferroelectric responses (Blom et al., 1994; Silva et al., 2017). No NDRs are observed in the BTO/Y-SSO/STO samples without the overlying SNO. Atomic force microscopy of the BTO film depicted in Figure 2A shows excellent surface quality with clearly visible atomic terraces (Figure 2C). The films can also be poled using piezoforce microscopy (PFM), which demonstrates that the films have intrinsic downward out-of-plane polarizations (Figures 2D,E). In Figures 2A,F, the reciprocal space map obtained around the (103) STO peak shows that the BTO growth is oriented with an out-of-plane polarization (long) axis, with the SNO also growing epitaxially.
[image: Figure 2]FIGURE 2 | (A) BTO on Y-SSO displays the typical polarizations and switching fields seen in compressively strained BTO thin films (measured in a top-electrode to top-electrode geometry). The films display high leakage currents (black curve) but also have very clear switching peaks, which can be isolated using positive-up negative-down (PUND) measurements (red curve) to produce the P-E loop seen in (B), with a polarization of 50 μC/cm2. Piezoforce microscopy (C–E) shows that the BTO-YSSO films are smooth with visible atomic terraces, can be electrically poled, and have innate polarization in the downward direction. An X-ray diffraction reciprocal space map (F) obtained around the (103) STO diffraction peak shows epitaxially grown and well-oriented out-of-plane BTO and SNO.
2.1 PLD growth
Nb(0.5%):SrTiO3 (001) substrates were treated with buffered HF for 40 s and annealed for 80 min at 955°C under O2 flow in a tube furnace. The Y-SSO targets were prepared using standard solid-state synthesis methods as roughly described by Singh et al. (2007) involving vacuum heating precursors (Y2O3, SrCO3, and SnO2), ball milling, annealing at 1,200°C, pressing into a 2 cm pellet under 10 ton of force in the presence of polyvinyl alcohol, and sintering at 1,200°C. A BaTiO3 single crystal and a purchased SmNiO3 pellet were used as the PLD targets. The Y-SSO was grown at 0.3 mbar O2 and 650°C at 1 Hz; the BTO layer was grown at 2 Hz at 0.2 mbar O2 and 620°C, and the SNO was grown at 1 Hz at 0.3 mbar O2 and 600°C. The samples were then annealed at 300 mbar O2 at 600°C for 30 min. The electrodes were deposited using UV-photoresist masks and electron-beam evaporation of 5-nm Ti/70 nm Pt.
3 RESULTS AND DISCUSSION
Both in-plane and out-of-plane conduction cases were examined in the SNO/BTO/Y-SSO stack grown on Nb:SrTiO3. Circular FET designs were patterned on the SNO surface with circular middle source electrodes that were separated from the outer drain electrodes by a distance of 4 μm (Figure 3B). The substrate was used as the back electrode to simplify device processing and prevent side-wall conduction. Gate voltage pulses were applied to the back electrode in the form of equal and opposite voltages to the source and drain before measuring the channel conductivity. Figure 3A shows that this produces a repeatable change in resistance of about 30% in the SNO channel, with sharp switching voltages and resistance saturation in both the high and low resistance states.
[image: Figure 3]FIGURE 3 | (A): In-plane resistance of SNO on BTO measured at 0.2 V after application of a given gate pulse across the entire stack [in a circular FeFET geometry (B, C)]. The resistance in the SNO channel can be modified by 30% by switching the polarization direction.
3.1 Out-of-plane I-V response
Measuring the electrical behavior of the stack from the rectangular top Pt electrodes to the bottom electrode shows that the current response displays both non-volatile and volatile switching components. This was measured through a 100 × 160 μm2 rectangular Pt pad. The four separate regimes of the I-V response at room temperature are colored differently in Figure 4A and will be discussed separately. These are current-controlled measurements, in which the current is gradually increased and decreased, while the voltage supplied is allowed to adapt. The pristine device is in the high-resistance state (HRS). Sweeping with an increasing current and a positive voltage (red curve) performs a non-volatile “Set” action, which abruptly switches the device to the low-resistance state (LRS). This can be observed as a sharp drop in voltage as the current increases. Increasing the current from this point in the LRS tracks an s-type NDR curve, which returns along a similar curve. Subsequent positive current sweeps track the same NDR curve (dark red), and no further non-volatile changes are observed in the response. The volatile threshold switching voltage (where the differential resistance changes sign from positive to negative) shifts from approximately 8 V to 3.5 V, where the precise switching voltage is dependent on the sweep speed that is temperature-driven. The s-type curve displays some stochasticity, which is typical for current-controlled electrical measurements with highly nonlinear responses. Decreasing the temperature to 230 K enhances the NDR in the repeated “Up” curves (Figure 4C) while preserving the non-volatile switching behavior.
[image: Figure 4]FIGURE 4 | (A) Current-controlled I-V measurements at room temperature in the (C) out-of-plane geometry show large, non-volatile switches in each direction for setting (red) and resetting (blue) the device. After switching, a reliably accessible NDR curve is observed in each direction, providing volatile threshold switching (dark red, light blue). (B) Reducing the temperature to 230 K increases the NDR slope, providing a larger volatile switching window while preserving the non-volatile switching behavior.
When sweeping the current in the negative direction, a “Reset” (dark blue) curve is formed, and the device undergoes non-volatile switching back to the HRS, which then tracks another reliably accessible NDR curve (light blue). After this negative reset, the device is again approximately in the pristine HRS (with the BTO polarization pointing down), and further positive sweeping first follows the “Set” curve, effectively creating a switch for accessing the threshold switch in the positive direction. Similar volatile and non-volatile effects are observed across devices when using identical current-controlled measurement parameters; however, the activation voltages vary from device to device (see Supplementary Material). The volatile NDR threshold position is fairly reliable, with the observed voltages falling within a range of 0.5 V. The non-volatile switching threshold shows more variation, which may be due to either device variability (such as differences in the contact resistance that would modify the power dissipation at a specific voltage and field applied across the bulk of the device) or minor changes in the heating profile arising from the relatively slow feedback control of the current.
The non-volatile switches occur at threshold voltages similar to values where switching is observed in the FeFET geometry measurements (and further matched by the PFM measurements showing intrinsic downward polarization). Conduction at low voltages in the out-of-plane direction appears to be limited by the Poole–Frenkel emission, with comparable values being observed in BaTiO3 on Nb:SrTiO3 (Pan et al., 2012) (see Supplementary Material). Interface-limited conduction mechanisms (Schottky) have been ruled out as the fits are either poor or require non-physical fitting parameters. Importantly, the current is bulk-limited rather than interface-limited, meaning that the electric field gradient is likely over the thickness of the film rather than just across the interface.
3.2 Volatile threshold switching
To test the robustness of volatile threshold switching, the device was connected in a Pearson–Anson circuit in series with a 100 Ω resistor and in parallel with a variable capacitor. To enhance the NDR and improve the oscillatory behavior, the device was cooled to 230 K. A pulse measurement unit was used to provide 10-m-long pulses at a DC voltage of +3.4 V (Figure 5). At parallel capacitance values below 400 nF, the sharp switching from insulator to metal is accompanied by a period of dampened oscillations before stabilizing in the high-conductivity state. With larger capacitance values, the time to charge the capacitor is enough to let the material cool between each discharge, thereby allowing stable oscillations with stable current maxima and minima across one order of magnitude capacitance range, up to 4,000 nF, with the frequencies ranging from 1.1 to 8.3 kHz. Fast Fourier transform of the current responses display single, sharp dominant frequencies (see Supplementary Material). This oscillating behavior can be switched off by supplying a negative voltage pulse and switching the device to the HRS, where the NDR is no longer accessible with the supplied voltage. When applying simple voltage pulses without attaching parallel capacitors (see Supplementary Material), the volatile switching time decreases logarithmically with the applied voltage and can be switched in a timescale of tens of microseconds.
[image: Figure 5]FIGURE 5 | In a Pearson–Anson circuit with a series resistor of 100 Ω, the devices display oscillatory behaviors when placed in parallel with a capacitor and supplied a DC voltage of 3.4 V. When placed in parallel with capacitors exceeding 500 nF, stable peak/valley current values are observed, and the frequencies are dependent on the capacitor charging speeds. For capacitors below 500 nF, the incubation time of the metallic state can be observed clearly as the device heats before experiencing a sharp transition to the metallic state, with dampened current oscillations from the capacitor being observed before stabilizing.
3.3 Non-volatile switching
The nature of the non-volatile switch was investigated in the two-terminal out-of-plane geometry. Given the large, abrupt change in resistance that accompanied threshold switching, the non-volatile switching dynamics was explored by applying pulse trains across the device. Because the base current during switching increased as the resistance dropped, a base voltage of 3 V was used, from which pulses of higher magnitudes were applied to monitor the change in resistance with each pulse. To reduce the capacitive effects, the base voltage was chosen to be as high as possible without resulting in any polarization switching. Pulse trains of definite heights and widths were sourced from the top electrode to minimize charging effects. Between each switching measurement, a large negative pulse of −8 V was applied for 1 s to completely reset the device. These trains of pulses produced gradual switching and had a cumulative effect, allowing the response to be finely tuned from the high- to low-resistance state (see Figure 6B). The complete switching speed vs. pulse height is presented in Figure 6A). There is a switching threshold of + 4 V before any non-volatile switching occurs; beyond this value, the switching speed closely follows Merz’s law of domain wall motion, in which the logarithm of the switching time is proportional to 1/V, which is the typical switching behavior of a ferroelectric (Merz, 1954).
[image: Figure 6]FIGURE 6 | Additional evidence showing that non-volatile switching is ferroelectric in nature despite the large current density through the BTO. Positive pulse trains (B) with fixed heights and widths were applied to a single device until the switching was complete. The time required for complete switching (A) is dependent on the pulse height and can be switched abruptly or smoothly in accordance with Merz’s law of domain wall motion. Additionally, pulses of +4 V and lower do not result in any switching; this non-volatile switching behavior can be reasonably fitted with a nucleation limited switching model (C). The effect of such non-volatile switching on the threshold voltage can be seen in (D), which shows the results of repeated current-controlled measurements with long integration times. As opposed to the pulsed measurements in (A–C), the device is now gradually heated by the applied current, which results in gradual shifting of the threshold switching voltage from approximately 7 V to below 4 V.
Additionally, by measuring the resistance at the base voltage between each pulse (where the heating effects are less pronounced), the evolution of resistance with electrical pulsing can be used to determine the percentage of switched to non-switched BTO. Assuming fully non-switched BTO before the pulse measurements in the HRS (S = 0) and fully switched (S = 1) BTO after the pulse trains are applied as well as assuming that the device resistance between these two boundaries is proportional to the ratio of the switched domains, the switching behavior was analyzed to confirm that it matched with the ferroelectric switching models (Figure 6C). This technique is commonly applied to ferroelectric tunnel junctions to parameterize the switched population ratio (Ma et al., 2020). The Kolmogorov–Avrami–Ishibashi (KAI) model was ruled out as a descriptor of this behavior as the switching observed in this system was less sharp than what would be predicted by this model (Yoshihiro Ishibashi, 1992). However, a reasonably good fit relating S to total pulse time t for a given applied E was found using the nucleation limited switching (NLS) model (Antoniadis et al., 2022) for high pulse-voltage measurements (above 6.5 V). For pulses of lower voltages, which require longer or more pulses, the data no longer fit the NLS model reliably, presumably due to contributions from the volatile switching component because of heating. In summary, the non-volatile switching component agrees with the NLS ferroelectric model and Merz’s law of domain wall motion. Combined with the measurements from BTO without the overlaid SNO layer, which show very clear but leaky switching, this it is strongly evident that the non-volatile component arises from ferroelectric polarization despite being a poor insulator, particularly above the threshold switch.
To exclude the possibility that the switching arises from some other effect, such as oxygen-vacancy migration, a similar film was grown with a different yttrium content in Y-SSO (0.025%) to produce a larger lattice parameter in the buffer layer, thus decreasing the compressive strain on BTO. The BTO grown on this film has an in-plane polarization, as opposed to the out-of-plane polarization in the previously discussed cases. This stack does not show the large non-volatile HRS–LRS switch at all (see Supplementary Material), even while displaying NDR. Conversely, it does display a small non-volatile switch to a slightly higher resistance. This is likely attributable to the oxygen vacancies, which have been well documented to produce memristive switching in both STO and BTO (Jiang et al., 2011; Kessel et al., 2015). This provides further evidence that the switching in the out-of-plane polarized device is in fact due to ferroelectric polarization rather than some other mechanism (such as filamentary- or oxygen-vacancy-based switching).
Lastly, the effect of non-volatile switching on the volatile Vth is shown in Figure 6D. By reducing the current step to 0.1 mA and increasing the measurement integration time in the current-controlled measurements, the interplay of the volatile transition with non-volatile switching can be observed clearly. Upon reaching Vth, the device begins to switch; however, the increased current due to heating prevents the development of large voltages over the non-switched regions. As such, non-volatile switching can also be performed continuously under DC conditions, reducing Vth in each subsequent iteration until switching is complete.
Interfacial effects between these two materials are likely to determine the device behaviors and particularly explain the large changes in resistance through the SNO/BTO stack. The effect of polarization of the ferroelectric layer on RNO has been debated. Jia et al. (2019) investigated the heterostructure formed by the ferroelectric BTO and SNO to present the Au/BTO (20 nm)/SNO device stack. They argued that a two-orders-of-magnitude resistance change is caused by interfacial band bending, where the location of the charge depletion region switches between lying primarily in BTO or in SNO depending on the ferroelectric polarization orientation. Owing to the shifting atomic positions in both materials and charge-transfer-insulator nature of the nickelate, this simple semiconductor band model cannot fully describe the behaviors observed in these systems. At the interface between the ferroelectric perovskite and RNO, a single oxygen atom is bound to the B-site atoms in both ABO3 perovskite materials, to the Ti atom in BTO, and to the Ni atom in SNO. In the bulk BTO, the Ti displacement during full switching is approximately 0.13 Å, while the displacement of the Ni atom between the insulating and metal phases is only approximately 0.05 Å (Zhang et al., 2006; Johnston et al., 2014). Furthermore, charge disproportionation is the primary reason for the insulating state in the charge-transfer-insulator RNO and will be strongly affected by the increased or decreased proportions of electrons in the d8 orbitals of the interfacial nickel, as demonstrated using density functional theory simulations (Malashevich et al., 2018). The three-terminal measurements presented in Figure 3A indicate that the ferroelectric polarization of BTO changes the conductivity of the nickelate layer; this could be due to the resistance change mechanism described here from modification of the Ni orbital structure, electrostatic band bending and charge accumulation, or a combination of the two effects.
The polarization direction has been shown to be able to change the current limiting mechanism in a ferroelectric device (>100 μm thick) from Schottky-like to Ohmic (Blom et al., 1994). Furthermore, while the effect of polarization on the interface may predominantly seem to affect the nickelate, changes in the orbital structures of the electrodes have also been shown to produce dramatically different resistances in ferroelectrics; this was best demonstrated by Pintilie et al., who showed that the interfacial electrode chemistry beyond that which the work function alone would account for could change the apparent ferroelectric responses to result in orders-of-magnitude differences in current densities in otherwise identical samples (Pintilie et al., 2008). Large changes in conduction have been widely reported in ferroelectric semiconductors due to interfacial effects; in the SNO/BTO system, the combination of insulator–metal transition and band bending from ferroelectric polarization would likely give rise to the changes in the conduction behaviors, although further study is necessary to disentangle these effects.
4 CONCLUSION
Large non-volatile changes in resistance have been observed in ferroelectric/RNO devices, but the observation of additional volatile threshold switching alongside this non-volatile component has not been reported previously. One reason for this may be that extant works have generally used RNOs with lower MIT temperatures, such that the electrical measurements are obtained while the RNO is in its metallic state. Another reason could be the differences in the ferroelectric layer; the leakiness of BTO is critical for allowing both the threshold switch to occur and its observation. First, the leaky ferroelectric allows a higher current density, resulting in increased Joule heating that causes a phase transition in the SNO. Second, as per Gibson, all materials with temperature-dependent and superlinear increases in conductivity should demonstrate NDRs (Gibson, 2018). If these are not observed experimentally through the electrical measurements, then it does not necessarily imply that there are no parts of the system in which these do not occur. The leakiness of the BTO allows the NDR to be observed externally because it enables a large total change in the current, which would not be otherwise apparent if the BTO was insulating, regardless of the conductivity changes in the SNO. The large leakage currents observed in these devices may seem to counterindicate a ferroelectric switching mechanism behind the non-volatile memory. However, comparisons between the reference BTO samples without the overlaid SNO and in-plane polarized BTO/SNO samples as well as the switching dynamics indicate ferroelectricity despite the large current, which is not necessarily an unprecedented behavior in a ferroelectric thin film. This system has been shown to produce a combination of a non-volatile memristive effect and volatile threshold switching, where the threshold voltage can be modified continuously.
Most examples of mixed-volatility devices use a combination of ion migration and filament formation to achieve multitimescale operation (Ohno et al., 2011; John et al., 2022). The integrate-and-fire functionality, in which the threshold for the current spikes can be controlled, has also been previously reported using oxygen migration (Huang et al., 2016), but this has not been demonstrated in devices operating through the ferroelectric-MIT material combination. Additionally, programmable n-type NDRs have also been shown previously (Sistani et al., 2021), but these have been used as reconfigurable logic elements rather than threshold switching devices (which is more typical of s-type NDRs). A combination of artificial neural networks and spiking neural networks (SNNs) has been suggested as a computational scheme using binary-valued spikes in combination with memristors to allow implementation of gradient descent learning (Zhou et al., 2022). Such devices could also be potentially used in reconfigurable networks, in which the devices can be dynamically reprogrammed to operate as memristors or spiking elements (John et al., 2022). Another proposed model based on combined memristive-spiking devices uses the sparse firing regime, which is an energy-efficient alternative to spiking-rate coding that is often used in SNNs (Bellec et al., 2020), for which such devices may be useful as they could provide non-volatile integration functionality. Furthermore, these devices may be considered in oscillating neural networks that use memristive weights to couple the oscillations of individual elements (Feketa et al., 2021); these devices can also allow oscillators to be dynamically added or removed from a population.
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