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Memristors are considered key building blocks for developing neuromorphic or in-memory computing hardware. Here, we study the ferroelectric and memristive response of Pt/Ca:HfO2/Pt devices fabricated on silicon by spin-coating from chemical solution deposition followed by a pyrolysis step and a final thermal treatment for crystallization at 800°C for 90 s. For pyrolysis temperature of 300°C, the annealed samples are ferroelectric while for 400°C a dielectric behavior is observed. For each case, we found a distinct, forming-free, memristive response. Ferroelectric devices can sustain polarization switching and memristive behavior simultaneously. Aided by numerical simulations, we describe the memristive behavior of ferroelectric devices arising from oxide-metal Schottky barriers modulation by both the direction of the electrical polarization and oxygen vacancy electromigration. For non-ferroelectric samples, only the latter effect controls the memristive behavior.
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1 INTRODUCTION
Ferroelectric materials are expected to play a key role in the development of novel nanoelectronic devices, including ferroelectric field effect transistors (FeFETs) (Park et al., 2021), ferroelectric random access memories (FeRAMs) (Scott and de Araujo, 1989), and memristive nanodevices for in-memory or neuromorphic computing (Mikolajick et al., 2023). For the latter, analog resistance changes of metal/ferroelectric/metal structures, driven by polarization switching by an external electric field, are needed to mimic the adaptive synaptic weights of biological synapses.
Ferroelectric memristive effects have been reported for perovskite materials such as [image: image] or PZT for ultrathin oxide layers where the direction of polarization controls the tunneling currents and, therefore, the resistance of the device (the so-called Ferroelectric Tunnel Junctions, or FTJ) (Tsymbal and Kohlstedt, 2006; Garcia et al., 2009; Zhuravlev et al., 2009; Chanthbouala et al., 2012) or for thicker ferroelectric layers where the height of the energy barrier at the interfaces with the metallic electrodes can also be tuned by the direction of polarization (Blom et al., 1994; Meyer and Waser, 2006; Pintilie et al., 2010). Electromigration of oxygen vacancies has also been shown to contribute to the memristive effect on these devices (Qian et al., 2019; Ferreyra et al., 2020a; Rengifo et al., 2022), resulting in a complex scenario with multiple entangled physical mechanisms. Reports on neuromorphic properties, such as long-term potentiation/depression and spike-timing-dependent plasticity, can already be found in the literature for these systems (Cheng et al., 2020; Kim et al., 2021; Wang et al., 2021). However, ferroelectric memristive devices based on perovskites present several drawbacks that hamper their transfer to the electronics market, such as their lack of compatibility with standard Complementary Metal Oxide Semiconductor (CMOS) processes and the presence of depolarizing effects at ultra-low thickness (Fong et al., 2004), which prevents device miniaturization down to the nanoscale.
The discovery of ferroelectric [image: image] (hafnia)-based oxides in 2011 Böscke et al. (2011) triggered a great deal of research in the community working on oxide ferroelectrics, as this compound is CMOS compatible. Indeed, it has been used as a gate oxide in metal-oxide-semiconductor field-effect transistors (MOSFETs) since the early 2000s (Gurfinkel et al., 2006). Remarkably, it shows robust ferroelectricity for ultrathin thickness - down to 1 nm (Cheema et al., 2020)- and is also environmentally friendly. Hafnia presents a monoclinic, non-polar, lowest free energy phase; however, several metastable phases (cubic, tetragonal, orthorhombic, rhombohedral, the last two polar) can be stabilized either in nanostructured materials or in thin film form. The stabilization of polar phases depends on a complex interplay between grain size (Materlik et al., 2015; Künneth et al., 2017), the presence of cationic dopants such as Si, Al, La, Zr, Ga or Y, among others (see Ihlefeld et al., 2022 and references therein), or the presence of oxygen vacancies (Lee et al., 2008; Hoffmann et al., 2015), together with surface and strain effects (Shiraishi et al., 2016; Batra et al., 2017a). The electrodes’ role in stabilizing the polar phases has been also highlighted in the literature (Böscke et al., 2011; Lin et al., 2017; Fields et al., 2020). It has been reported that the ferroelectric phase in hafnia-related polycrystalline devices is usually the orthorhombic one (Park et al., 2018), while the polar rhombohedral phase was initially shown for epitaxial [image: image] [image: image] [image: image] films grown on [image: image] [image: image] [image: image] buffered [image: image] (Wei et al., 2018; Nukala et al., 2021). Most of the reported ferroelectric memristive effects in hafnia-based devices focus on the implementation of FTJ (Ambriz-Vargas et al., 2017; Wei et al., 2019; Sulzbach et al., 2020), which require stringent fabrication protocols to achieve high-quality ultrathin epitaxial oxide films with sharp, atomically controlled, interfaces with the metal electrodes.
Non-ferroelectric memristive mechanisms in hafnia-based devices point to the formation and dissolution of conducting nanofilaments of oxygen vacancies (which locally lower the material resistivity) after the application of proper electrical stimulation (Sawa, 2008; Yang et al., 2017; Sharath et al., 2017). Recently, the local core-shell structure of filaments has been disclosed by high-resolution transmission electron microscopy (Zhang et al., 2021).
Filamentary memristive effects usually require, however, an electroforming step and are characterized by steep resistance transitions (especially the one from high to low resistance, named as SET), together with high cycle-to-cycle and device-to-device variations, arising from the stochastic nature of the filament formation process (Degraeve et al., 2015). This hinders the application of these devices in neuromorphic computing, where analog resistive changes and low cycle-to-cycle and device-to-device variations are desired for the implementation, for example, of physical neural networks based on memristor arrays organized in cross-bars (Prezioso et al., 2014). Strategies to get analog behavior with improved reliability in hafnia-based memristors, such as adding a series transistor or including in the stack an oxygen scavenging layer, have been proposed (Brivio et al., 2022; Rao et al., 2023), implying a more complex fabrication process that could impact the cost and scalability of the devices. The development of hafnia-based polycrystalline devices fabricated by scalable and low-cost procedures, displaying simultaneous ferroelectricity and forming-free memristive behavior with non-filamentary resistance modulation is therefore highly relevant for the development of new nanoelectronics.
In this paper, we study the ferroelectric and memristive response of polycrystalline Ca-doped hafnia thin films (Ca:HfO2), fabricated through a scalable and green chemical method consisting on spin-coating followed by pyrolysis step and thermal treatment (Badillo et al., 2023; Badillo et al., 2024). We notice that elements of alkaline earth and lanthanides series families have been reported to be the most effective in enhancing the ferroelectric properties of doped-[image: image] systems (Schroeder et al., 2014; Batra et al., 2017b; Schenk et al., 2019). Depending on the pyrolisis temperature, we were able to tune the ferroelectricity of the hafnia layer, which produced distinct memristive responses, easily detectable by a simple electrical characterization protocol. For pyrolisis temperature of 300°C, we obtained ferroelectric devices showing also a memristive response which, with the help of numerical simulations, we link to Schottky barrier modulation by the polarization direction coupled to oxygen vacancy dynamics. For devices pyrolized at 400°C, no ferroelectric behavior was found, together with a memristive response related solely to oxygen vacancy electromigration. In all cases, the observed scaling of the resistive states with the device area suggests area-distributed conduction paths that we locate at grain boundaries with enhanced conductivity. Our work provides valuable information about the simultaneous presence of ferroelectricity and memristive behavior in hafnia-based devices, a multifunctional behavior that could be harnessed for the development of neuromorphic or in-memory computing hardware.
2 MATERIALS AND METHODS
Ca:HfO2 (Ca doping of 5% at.) thin films of three layers each (with a total thickness of 54 nm) were fabricated on platinized silicon substrates by spin-coating, followed by a pyrolysis step at either [image: image] = 300 or 400°C for 5 min for each layer. The films were then processed by Rapid Thermal Annealing (RTA) at 800°C for 90 s under a 0.5 atm Ar:O2 atmosphere. Further information on the fabrication protocol and conditions can be found in Badillo et al. (2023) and Badillo et al. (2024). Even though our films currently require a high temperature annealing for crystallization, other approaches like fabricating doped-[image: image] (HZO) films or using localized laser annealing could reduce the thermal budget and/or limit the damage of underlying structures (Frank et al., 2022; Tabata et al., 2021).
Circular Pt top electrodes were fabricated by e-beam evaporation and shaped by standard UV lithography. The diameter of the top electrodes was in the range of 20–200 [image: image]m, with the most useful results recorded on devices with diameter [image: image] 50 [image: image]m, which were less prone to electrical hard breakdown. Structural characterization was done by x-ray diffraction (XRD) in a Rigaku SmartLab XE x-ray diffractometer under in-plane incidence geometry. Electrical characterization was performed in a commercial probe station, where the bottom electrode was grounded, and electrical stimulation was applied to the top electrode. Ferroelectricity was measured at 1 kHz with an aixACCT TF 2000 Analyzer. Capacitance (C)-voltage (V) and remnant resistance ([image: image]-V)-voltage loops were recorded in AC mode, simultaneously, with an LCR BK894 impedance analyzer, set for measuring an RC parallel circuit. This allows circumventing issues that arise from the highly insulating nature of our hafnia-based devices, which require measuring DC currents below the sensitivity of our instruments. The stimulation protocol consisted of applying alternating writing and reading DC pulses, both with a superimposed small AC signal (AC frequencies, [image: image], ranged between 10 kHz and 1 MHz). The time-width of the writing pulses was [image: image] 100 ms, and their amplitudes ranged between −18 V and +18 V, with a voltage step of 300 mV. The C-V curve is constructed from the capacitance measured during the application of the writing pulses, while the remnant resistance loop is obtained from the resistances measured during the application of the reading pulses. Both the DC bias of the reading pulses and the AC amplitude were a few hundred mV.
3 EXPERIMENTAL RESULTS
For Ca:HfO2 samples pyrolyzed at 300°C, XRD characterization -displayed in Figure 1A- shows the presence of high-symmetry fluorite phase(s) peaks (we assess that due to similar inter-planer distances, cubic, tetragonal, and polar orthorhombic polymorphs can be hardly distinguished from x-ray diffraction experiments) and negligible presence of monoclinic phase. We also observed, from specular XRD scans, that the films are preferentially oriented along the out-of-plane (001) direction, suggesting a fiber texture (Badillo et al., 2024). From atomic force microscopy (AFM) analysis (Supplementary Figure S1), root-mean-square (RMS) roughness was estimated to be 0.75 nm, with an average grain size of 79 nm. When the pyrolysis temperature of synthesis, [image: image], is increased to 400°C, the Ca:HfO2 films change their (001)-oriented fiber texture to polycrystalline, as shown by the XRD measurements displayed in Figure 1B. High-symmetry phases still make most of the Ca:HfO2 film, yet evidence of monoclinic phase in small amounts is also found. A roughness of 0.52 nm and an average grain size of 102 nm were estimated for this sample (Supplementary Figure S1).
[image: Figure 1]FIGURE 1 | In-plane x-ray diffraction measurements recorded for Ca:HfO2 samples pyrolyzed ([image: image]) at either 300°C (A) or 400°C (B), followed by Rapid Thermal Annealing at 800°C for 90 s. (C) displays the main x-ray diffraction reflections for monoclinic, cubic and tetragonal [image: image] polymorphs.
Figures 2A, B show typical current-voltage (I-V) and polarization-voltage (P-V) curves for the sample pyrolized at 300°C, both in their virgin state and after applying a wake-up protocol, consisting of [image: image] bipolar rectangular cycles, with an amplitude of 15 V at a frequency of 1 kHz. A dielectric behavior is evidenced for the initial cycles, while ferroelectricity develops after the wake-up process, when a polarization of 7.2 [image: image]m/cm2 is obtained. We notice that the wake-up process in hafnia-based systems has been associated either to oxygen vacancy redistribution between the interface(s) and the bulk oxide zone (Starschich et al., 2016) (as proved by phase contrast scanning transmission electron microscopy and energy dispersive spectroscopy experiments Chen et al., 2023) or to a phase transition between non-polar and polar polymorphs, as reported from combined in-operando Raman, photoluminescence and dark field spectroscopy (Jan et al., 2023). For the present case, we observed by transmission electron microscopy (to be reported elsewhere) that stressed devices present a hafnia layer with lower oxygen stoichiometry than the pristine film, suggesting that the ferroelectricity observed after wake-up is likely related to the growth of the polar orthorhombic phase (Badillo et al., 2023; Badillo et al., 2024) assisted by the presence of oxygen vacancies. We recall that the metastable orthorhombic phase was reported to present lower free energy in the presence of oxygen vacancies (Lee et al., 2008).
[image: Figure 2]FIGURE 2 | (A) Current-voltage (blue symbols) and polarization-voltage curves (red symbols) recorded on an as-prepared Pt/Ca:HfO2 device (diameter 35 [image: image]m) pyrolyzed at 300°C; (B) Current-voltage (blue symbols) and polarization-voltage curves (red symbols) were recorded on the same device after the application of the wake-up protocol. Ferroelectricity develops after wake-up ([image: image] cycles); (C) Capacitance-voltage (magenta symbols) and remnant resistance-voltage (gray symbols) curves recorded on an as-prepared Pt/Ca:HfO2 device (with electrode diameter of 50 [image: image]m) pyrolyzed at 300°C. The AC frequency of the stimulation was 100 kHz; (D) Current-voltage (blue symbols) and polarization-voltage curves (red symbols) recorded on the same device, after the characterization displayed in (C), where the development of ferroelectricity is also observed.
Figure 2C displays C-V and [image: image]-V loops recorded on a similar device in its original pristine state (before any electrical stress was applied) for three consecutive full cycles. It is seen that after an erratic behavior comprising a fraction of the first cycle, a butterfly-like C-V loop -typical response of ferroelectrics- is stabilized, indicating that a few pulses of the capacitive/memristive measurement protocol are enough to wake up the ferroelectric behavior. This is confirmed by Figure 2D, which displays I-V and P-V curves recorded afterward, showing an evident ferroelectric behavior with a polarization of 3.2 [image: image]m/cm2, that is 45% of the polarization value obtained after waking-up, in Figure 2B. The reason why the wake-up effect is induced by a few pulses of the memristive characterization protocol relies on the longer widths of the applied pulses (100 ms per pulse) in comparison to the pulses applied during the ferroelectric wake-up (1 ms per pulse). A rough comparison between both electrical protocols (memristive and ferroelectric wake-up, respectively) shows that during one full cycle of memristive cycling, the system is stressed at an average voltage of +9 V for 12 s; on the other hand, during the ferroelectric wake-up process the system is stressed at +15 V for only 1 s, that is a time-scale one order of magnitude lower than in the previous case. This suggests that the memristive protocol is strong enough to develop ferroelectricity and likely produce some fatigue, which explains the lower polarization value observed in devices after memristive characterization vs. only woken-up devices. Also, we notice from Figure 2D the reduction of coercive voltages and the appearance of an electrical imprint in the polarization-voltage loop. The reduction of the coercive voltage upon device fatigue has also been reported for perovskite ferroelectrics and attributed to local chemical changes in the ferroelectric layer (Ievlev et al., 2019), but it can also be related to other effects such as trapping of charges near the interfaces with the electrodes -leading to changes in the polarization screening- or structural changes involving transition between different hafnia polymorphs Jan et al. (2023). On the other hand, the development of an imprint field implies the accumulation of charges or defect dipoles during cycling that create internal bias fields that reduce the symmetry of the external coercive field (Genenko et al., 2015).
The [image: image]-V loop of Figure 2C shows the presence of a pseudo-symmetric loop with a memristive butterfly that resembles an inverted C-V loop or what has also been referred to as “table-with-legs shape” (Rozenberg et al., 2010). The loop can be explained as arising from two memristive interfaces (likely the Ca:HfO2/Pt ones, expected to be of Schottky-type) behaving in a complementary way (that is, when one switches from high to low resistance, the other switches inversely) (Rozenberg et al., 2010; Ferreyra et al., 2020b). We notice that the minima in the [image: image]-V loop match the peaks of the C-V curve, corresponding to the coercive fields. This indicates that ferroelectric switching plays a key role in the memristive effect. We also stress that no electroforming process -usually implying a steep high-to-low resistance change- is necessary to observe this memristive effect.
Figure 3A displays I-V and P-V curves measured on a Ca:HfO2 sample pyrolized at 400°C instead of 300°C. Noteworthily, even after the application of a wake-up process, these devices do not display ferroelectricity. Understanding the origin of the correlation between texture [(001)-oriented or polycrystalline], pyrolysis temperature, and ferroelectricity is beyond the scope of the current paper and will be addressed elsewhere. The C-V and [image: image]-V loops corresponding to the same device are displayed in Figure 3B. The C-V loop shows roughly constant capacitance values around 21 pF, reflecting the absence of ferroelectricity. The [image: image]-V loop resembles the one obtained for the ferroelectric device but with some non-trivial differences. The main difference between the remnant loops displayed in Figures 2C, 3B relies on the top parts of the “tables,” highlighted with yellow transparent bands: while the ferroelectric sample shows distinct negative (positive) slopes for positive (negative) stimulation -resembling the behavior of [image: image] and PZT ferroelectric perovskites (Ferreyra et al., 2020a)-, the one pyrolyzed at 400°C shows reduced -closer to 0, in average- slopes. The existence of ferroelectricity gives rise to a linear voltage dependence of the resistance when the voltage is reduced from the maximum amplitude down to zero. We will discuss this in more detail later.
[image: Figure 3]FIGURE 3 | (A) Current-voltage (blue symbols) and polarization-voltage curves (red symbols) recorded on an as-prepared Pt/Ca:HfO2 device (electrode diameter 50 [image: image]m) pyrolyzed at 400°C. No changes in the dielectric response are observed after the application of the wake-up process; (B) Capacitance-voltage (purple symbols) and remnant resistance-voltage (gray symbols), recorded on an as-prepared Pt/Ca:HfO2 device (electrode diameter 50 [image: image]m) pyrolyzed at 400°C. The AC frequency of the stimulation was 100 kHz.
Further information about the memristive mechanism can be obtained from the evolution of the maximum ([image: image]) and minimum resistance ([image: image]) states, extracted from the [image: image]-V loops, as a function of the device area. Figures 4A, B show these data for samples pyrolyzed at 300°C and 400°C, respectively, and for AC measuring frequencies in the range 10 kHz-1 MHz. We notice that the frequency-dependent character of [image: image] is related to the AC-mode in which we measure the resistance: [image: image] and C are measured with an LCR-meter assuming a parallel RC circuit, which is the equivalent representation of a usually more complex primary circuit linked to the different device zones (i.e., each metal/insulator interface is generally modeled by a capacitor in parallel with a resistor). In this way, the extracted [image: image] is frequency-dependent as it depends on capacitive reactances. In all cases, it is observed that [image: image] and [image: image] scale with the inverse of the device area, indicating that electrical transport is distributed along the entire device area. This allows discarding a memristive effect of filamentary nature, and it is consistent with the absence of a forming step, discussed above. This is surprising because filament formation is expected in materials with large bandgap, and it is, indeed, usually reported for hafnia-based devices (Yang et al., 2017; Sharath et al. 2017). It is also seen that the [image: image]/RMIN ratio is consistently in the 2-3 range, which is smaller than the usually large ratios observed in filamentary-related memristive effects (Knabe et al., 2023). For completeness, Figures 4C, D display the evolution of the low voltage capacitance (extracted from the C-V curves) as a function of the device area and measuring AC frequency. For devices pyrolyzed at 300°C and 400°C, a linear scaling of the capacitance with the area is observed, in agreement with the expected behavior of a standard capacitor.
[image: Figure 4]FIGURE 4 | Evolution of the maximum ([image: image], full circles) and minimum ([image: image], open circles) remnant resistance [image: image] as a function of the device area and for different AC measuring frequencies (see main text for further details about the measurement protocol), for devices pyrolyzed at (A) 300°C (ferroelectric devices) and (B) 400°C (non-ferroelectric devices). (C, D) display the corresponding capacitances as a function of the frequency and the device area.
We notice that the obtained capacitance values are fully consistent with the geometrical capacitance [image: image] of the devices given by the well-known relation 
[image: image]
where A is the device area, d the insulator layer thickness and [image: image] are the free space permittivity and insulator dielectric constant, respectively. For instance, if we take A = [image: image][image: image], d = 54 nm and [image: image] 20 we obtain a capacitance value [image: image] 26 pF, in excellent agreement with the experimental values displayed in Figures 4A, D. As the total capacitance C of a metal/insulator/metal structure is usually given by 1/C = 1/CG + 1/CI, where [image: image] is the contribution of the insulator/metal interfaces, our observation of C [image: image] implies that [image: image], setting a lower boundary for the capacitance values of the Schottky Ca:HfO2/Pt interfaces present in our systems. We also stress that the capacitance values measured on our devices (in the range of pF), are lower than those found, for example, for PZT-based memristors (in the range of nF) (Ferreyra et al., 2020a). We notice that a relatively low capacitance could eventually minimize RC time constants -determining how quickly the voltage drop at the memristor rises/falls-, enabling faster switching speeds, which is essential for memory or neuromorphic computing applications.
It could be argued that the observed behavior is consistent with an interface-related memristive mechanism, where Schottky barriers present at ferroelectric/metal interfaces are modulated by both the direction of the ferroelectric polarization and oxygen vacancy electromigration (Ferreyra et al., 2020a). The highly insulating nature of hafnia (with an electronic bandgap of [image: image] 6 eV) suggests, however, that electronic transport might not take place homogeneously along the complete device area but that it probably occurs through grain boundaries (we recall the fiber texture and polycrystalline nature of samples pyrolyzed at 300°C and 400°C, respectively), which are usually more conducting than the bulk material (Yanev et al., 2008). In addition, it has been shown that grain boundaries behave as easy migration paths for oxygen vacancy hopping (McKenna and Shluger, 2009; Bersuker et al., 2011; Lanza et al., 2012; Xue et al., 2013). Therefore, for the case of the sample pyrolyzed at 300°C, we postulate that the observed (forming-free) memristive mechanism relies on oxygen vacancy dynamics through grain boundaries, entangled with the effect of ferroelectric polarization on the interface barrier heights. We can model this as follows.
4 MEMRISTIVE BEHAVIOR MODELLING
We describe the memristive response of both samples (the ferroelectric and the non-ferroelectric one) by using the Voltage Enhanced Oxygen Drift (VEOV) (Rozenberg et al., 2010) model adapted to ferroelectric materials, developed in Ferreyra et al. (2020a) to model [image: image] and PZT-based devices. The model assumes that the device resistance is dominated by two complementary [left (L) and right (R)] Schottky-like interfaces presenting high energy barriers. We notice that a rule of thumb is usually assumed for semiconductor/metal interfaces, which states that if the semiconductor is n-type, not diffused into the metal, and the metal presents a high work function, then the interface is Schottky-type and the existing energy barrier should be, in any case, high. This is the case for the hafnia/Pt interface, the former being n-type and the latter presenting a high work function of around 5.6 eV. The existence of non-ohmic contacts and energy barriers at the mentioned interface has already been reported both from experiments and theoretical simulations (Kolomiiets et al., 2016; Khaldi et al., 2024).
The barrier heights are modulated both by the direction of the polarization (if it points to (from) the interface, it lowers (increases) the barrier given by the difference between the metal work function and the electron affinity of the insulating oxide) and by the local concentration of oxygen vacancies. In addition, the central zone C represents the “bulk”; of the memristive device. The inset of Figure 5A shows a sketch of the device representation used in the simulations, where L, C, and R zones are indicated.
[image: Figure 5]FIGURE 5 | Simulated remnant resistance loops for the samples pyrolyzed at (A) 400°C (non-ferroelectric) and (C) 300°C (ferroelectric). The inset of (A) displays a sketch of the device assumed for the simulation. The right inset of (C) shows the polarization-voltage loop of the ferroelectric sample integrated from the capacitance-voltage response. The evolution of the curves is M1[image: image]LR2[image: image]HR2[image: image]M2[image: image]LR1[image: image]HR1[image: image]M1. (B, D) display oxygen vacancy profiles (color maps) corresponding to the resistance states marked in (A, C). The left inset in (A) simulates resistance relaxations, starting on the state HR2, after the application of a single voltage pulse. Relaxation is related to oxygen vacancy dynamics driven by the depolarizing field. The typical time-length of the relaxation is indicated as [image: image].
The model assumes a 1D network of N nanodomains -formed by [image: image] domains at the L interface, [image: image] domains at the R interface, and [image: image] central domains-, each one presenting a different local concentration of oxygen vacancies [image: image] that controls the local domain resistivity [image: image]. Vacancies can migrate to/from neighbor domains driven by the local voltage drop at the domain, which is determined by the combination of the externally applied stimulation and the depolarizing field arising from the incomplete screening of the ferroelectric bound charges (Ferreyra et al., 2020a).
Assuming that the two-point resistance is given by Equation 1
[image: image]
where [image: image] is a scaling factor and the factor [image: image] is given by Equation 2
[image: image]
Accounts for the ferroelectric modulation of oxide-metal Schottky interfaces.
In the simulations, we take P as the polarization obtained from the experimental P-V loop, being [image: image] and [image: image] parameters that account for the barrier height correction at L and R interfaces, respectively, due to the polarization (Ferreyra et al., 2020a). In addition, the prefactor [image: image] is given by Equation 3
[image: image]
Accounts for the oxygen vacancy dynamics, where [image: image] is a proportionality factor that correlates the local density of oxygen vacancies [image: image] with the local resistivity [image: image], following the relation [image: image] usually considered for devices in which the local resistivity decreases with the increase in the oxygen vacancies content (and satisfying [image: image] (Ghenzi et al., 2013). In the present case, we consider [image: image], inside each region L, R and C, respectively.
Assuming an initial oxygen vacancy profile, the model allows calculating the vacancy hopping transfer rate [image: image] between adjacent domains as shown in Equation 4
[image: image]
with [image: image] being the activation energy for vacancy hopping between neighbor domains, that we take without loss of generality as a constant along the device, and [image: image] is the local voltage drop expressed as shown in Equation 5
[image: image]
where [image: image] is due to the external write voltage [image: image], and the second term takes into account the voltage drop due to the depolarizing field (Dawber et al., 2003) [image: image], with the parameter [image: image] tuning its strength.
After calculating the vacancy hopping rates for each simulation step, the device resistance is updated. This procedure is repeated iteratively for an external voltage ramp with symmetric voltage excursions between [image: image] = +1800 arb. units and [image: image] = −1800 arb. units (20 arb. units correspond to [image: image] 1 V), respectively, until a full R-[image: image] loop is obtained. The time-width of the write pulses was set in 10 arb. units, which corresponds to [image: image] 100 ms. We refer to Ferreyra et al. (2020a) for further details on the model and its implementation.
Figure 5A shows the simulated remnant resistance loop corresponding to the device pyrolyzed at 400°C (non-ferroelectric). For this sample, [image: image] = 1 was assumed. The numerical values given to the model parameters are shown in the Supplementary Table S1. The simulated remnant resistance loop displays a “table-with-legs” shape that comprises the main features observed experimentally (see Figure 3B); in particular, the top part of the “table” is flat, reflecting the time stability of the high resistance state. The asymmetry between positive and negative stimulation resembles the experimental loop (recall Figure 3B). It is related to the fact that, despite the nominal symmetry of both ferroelectric/metal interfaces, they present different thermal histories -the bottom interface (R in the sketch of Figure 5A) was annealed at high temperature while the top one (L in the sketch), fabricated ex-situ, was not-. The asymmetry between both interfaces is taken into account by our model by giving slightly different values to the [image: image] and [image: image] parameters (see Supplementary Table S1). We also notice that [image: image], which is necessary to warrant a higher resistivity in the zones close to the interfaces (L and R) compared to the central (C) zone, consistently with their Schottky nature.
Figure 5B shows oxygen vacancy density heat maps corresponding to the resistance states indicated in Figure 5A. We stress that, in this case, the memristive behavior is solely related to the internal vacancy electromigration between L and R interfaces, as it was shown in standard memristive systems such as manganites (Rozenberg et al., 2010) or [image: image] and [image: image]-based (Ghenzi et al., 2014; Ferreyra et al., 2020a) devices.
Figure 5C displays the simulated remnant resistance loop corresponding to the ferroelectric device. In this case, the [image: image] factor was considered as in Equation 2. The P-V loop, used as an input for the calculation of [image: image], is displayed as an inset and was obtained after time integration of the experimental C-V response. The simulated remnant resistance loop presents the following features, in line with the experimental loop displayed in Figure 2C: i) the “legs” of the “table” match the coercive fields, reflecting that polarization reversal plays a fundamental role in the memristive effect; ii) the top part of the “table” displays non-zero slopes, which are an indication of resistance relaxations (volatile effect) in the absence of external stimulation. This is further addressed below.
The numerical values used in modeling the remnant resistance loop of Figure 5C are listed in Supplementary Table S1. Figure 5D displays oxygen vacancy density heat maps corresponding to the resistance states indicated in the remnant resistance loop of Figure 5C. The comparison with the non-ferroelectric device (Figure 5B) suggests softer oxygen vacancy profiles for the ferroelectric case (milder color gradients). This can be explained in terms of the competing effects on oxygen vacancy dynamics due to both the external electric field and [image: image]. For instance, a positive external voltage applied to the electrode next to the L interface intends to move (positively charged) vacancies towards the R interface; however, as the sample is polarized pointing to the R interface, the [image: image] points to the opposite direction and, therefore, tries to pump vacancies towards the L interface, competing with the effect of the external stimulation.
The left inset of Figure 5C simulates the evolution of the resistance under zero external voltage for a ferroelectric device initially set in the HR2 state of Figure 5C. It confirms the presence of resistance relaxations under zero external bias, with a progressive resistance increase with a characteristic time [image: image] arb. units, which corresponds to [image: image] 50 s. The relaxation is similar to what was experimentally found in PZT-based devices (Ferreyra et al., 2020a), and it is related to oxygen vacancy dynamics driven by the depolarizing field [image: image] (recall Equation 5).
We notice that the existence of a robust [image: image] in hafnia-related oxides remains controversial. It can be argued that the relatively high polarization found in ultra-thin hafnia films might originate from a low [image: image], possibly screened by point defects such as oxygen vacancies. However, other reports suggest the existence of a strong [image: image] in hafnia-based devices (Kim et al., 2023). Our results are more aligned with the latter scenario, as it assumes the presence of a [image: image] strong enough to participate in oxygen vacancy dynamics but lower than the coercive field, avoiding in this way depolarization effects.
In the Supplementary Material we include additional simulations showing how the resistance time relaxations can be exploited for the implementation of a neuromorphic algorithm for time-series classification.
5 CONCLUSION
In summary, we have fabricated and electrically characterized Ca-doped hafnia-based devices, synthesized by a simple chemical solution method consisting in spin-coating, pyrolysis and rapid thermal annealing. Both the ferroelectric and memristive properties can be tailored by subtly modifying fabrication parameters such as the pyrolysis temperature. For pyrolisis temperature of 300°C we obtain ferroelectric devices with a distinct memristive response related to Schottky barrier modulation by both the direction of the ferroelectric polarization and oxygen vacancy dynamics. For samples pyrolyzed at 400°C, no ferroelectric behavior was observed and the memristive behavior was solely related to electromigration of oxygen vacancies. Unlike other reports on hafnia-based memristors, our devices are forming-free and show area-dependent memristive behavior, which is inconsistent with filament formation. The devices display simultaneously ferroelectricity and memristive behavior, unlike previous reports on epitaxial samples, which showed that the two effects occur independently (Knabe et al., 2023). In the absence of external stimulation, resistance relaxations occur, an effect that could be exploited for the development of neuromorphic hardware.
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