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Introduction

The generation of data is rapidly scaling, while current memory technologies are approaching their physical limits. With the end of Moore's law in mind, industry and academia moved the focus to new approaches and alternative materials. In this scenario, resistive random access memories (ReRAM) are considered promising candidates for the next generation of nonvolatile memories, due to their fast writing speed, high storage density, high endurance, long retention times and low energy consumption. [1] By applying an electric stimulus, these devices exhibit a reversible change of resistance retained under zero-field conditions, and hence high and low resistance states (HRS and LRS, respectively) can be defined. In recent years, a great effort has been carried out to explain the origin of the effective change in resistance, and a wide range of possible mechanisms have been reported in the literature. [1,2] Some of the switching mechanisms rely on purely electronic effects, such as charge-trapping at an interface, modification of a Schottky barrier, or changes induced by electronic charge in strongly correlated electron systems of oxides, which can lead to metal-insulator transitions (MIT). On the other hand, ionic transport (drift) has also been reported as a mechanism able to induce a change of resistance in memristive devices. In electrochemical metallization memories, cations from an active electrode migrate reversibly in an insulating matrix, reaching the inert electrode and leading to a change in resistance. In valence change memories (VCMs) with electrode/oxide/electrode configuration, where the oxide can be insulating, such as HfO2, [3] TaOx, [4,5] SrTiO3, [6] or semiconducting, [7] such as LaMnO3, [8] or La2NiO4, [9][10][11] the resistance is modified by the drift of oxygen ions (or oxygen vacancies) and the concomitant local valence change of the cationic sublattice. Nonetheless, in many cases electronic and ionic effects interplay to give raise to the memristive response. [12,13] The switching event in VCMs can take place at different scales and the memories can be classified as: (i) filamentary, where the change of resistance and migration of oxygen takes place in a very localized region, (ii) interface-type, where the mechanism occurs at the electrode/oxide interface, [2] or (iii) volume-type, which can be considered an extension of the interface-type where eventually the whole volume of the oxide is involved in the change of resistance. [14] Although so far most of the technological effort has been devoted to filamentary-type memories, these devices suffer from strong cycle-to-cycle and cell-to-cell variability. The variability has been associated to the electroforming step, and the stochastic nature of the formation/rupture of the conductive filament, being both greatly influenced by the homogeneity of the material (interfaces and defects). [START_REF] Wouters | Resist. Switch. From Fundam. Nanoionic Redox Process[END_REF][START_REF] Lanza | [END_REF] In this sense, several approaches have been proposed to control the filament formation and improve the device performance. [17] On the other side, interface-type devices have gained recent interest, as they often do not require an electroforming step thanks to an electric-field induced gradual modification of the conducting properties of the electrode/oxide interface, and due to the possibility of defining multiple resistance states in a single device.

The mechanisms behind the memristive response can be altered by varying the nature of the oxide material, as well as its morphology and topography, in addition to the metals used as electrodes. [1,18] Among the materials proposed, perovskites such as La1-xSrxMnO3-δ (LSM-x, being x the strontium substitution percentage, and δ the oxygen deficiency non-stoichiometry), are of particular interest as both their electronic and ionic transport properties can be tuned by small chemical changes. The resistivity in LSM-x strongly depends on the composition and the temperature. LSM-x is insulating (or semiconducting) in a broad range of temperature (0-500 K) for strontium substitution smaller than 17.5%, while metallic conduction occurs for Sr substitution of 30-40%. In the intermediate range, i.e. x= 0.175-0.3, a MIT takes places, in which the transition temperature increases with Sr content, i.e. 283 K for x=0.175 and 369 K for x=0.3. [19] MIT has also been reported for LSM-x thin films with transition temperatures of 335 K for x=0.2 and 350 K x=0.3. [20] The carrier density, and electrical resistivity in LSM-x is determined by the Mn 3+ /Mn 4+ ratio and it can be modified by a change of oxygen stoichiometry, or by the cationic stoichiometry, as reported for bulk [19,21,22] and thin films. [23,24] At a given temperature, the resistivity in LSM-x (x=0-50%) decreases with Sr and oxygen content. [19][20][21][22][23][24][25][26] Compared to stoichiometric LSM-33 with δ=0, a resistivity increase of around 3 orders of magnitude was reported at room temperature for bulk LSM-33 with δ=0.07, [25] and for LSM-33 thin films with δ=0.13. [26] In LSM-x thin films, the resistivity can be further tuned by the substrate used, as seen for epitaxial LSM-33. [27] While the oxygen content determines the resistivity of LSM-x, oxygen migration is crucial to trigger the change of resistance. As has been proved in the last few years, oxygen mobility at high temperature (typically >600 °C) in La0.8Sr0.2MnO3-δ thin films is strongly influenced by the microstructure at the nanoscale, being largely enhanced along the space-charge tubes surrounding dislocations [28,29] and along grain boundaries. [30,31] Thus, thin film engineering has emerged as a key strategy to tune functional properties to improve performance in devices such as solid oxide fuel cells [30,31] and memristive devices. [29,32] Table 1 summarizes selected relevant studies where different mechanisms were proposed for LSM-x (x=20-33%) memristive devices using different electrodes or by direct contact with the biased probe. Whereas several mechanisms are suggested, many of them rely on oxygen (vacancy) drift to induce the resistance change. Hence, oxygen content and mobility within the lattice are likely to play a major role in the memristive properties. [20,33] An oxygen vacancy concentration increase was ascribed as the origin of the resistance increase in LSM-20 and LSM-30 achieved by volumetric resistive switching using conductive-AFM (C-AFM). [20] In a different study, the memristive response in LSM-33 perovskite films was related to the reversible formation of the highly resistive oxygen vacancy-ordered brownmillerite phase by in situ TEM in vacuum conditions. [33,34] As explained earlier, the memristive response in VCMs may depend of the electrodes used, [1] especially as a function of the work function and oxygen affinity. When the p-type semiconductor oxide LSM-x (x=0-50%) [21] is put in contact with a large work function metal, such as Pt (5.9 -6.2 eV [35] ), the I(V) characteristics are expected to show ohmic behavior. This metal is generally used as counter electrode in memristive devices [36][37][38][39][40] as it is considered inert.

On the other side, when LSM-x is in contact with a low work function metal, such as Ti (4.3 eV [41] ), a Schottky barrier is expected to be formed with rectifying behavior. Nonetheless, the barrier can be further modified by interface states as demonstrated by Sawa et al. [37] by comparing two metals with similar work function, Ag and Ti, in contact with p-type Pr0.7Ca0.3MnO3 (PCMO). The larger rectifying behavior of the Ti/PCMO interface, compared to Ag/PCMO, was attributed to the larger oxygen affinity of Ti. The Ti electrode would extract oxygen ions from PCMO and create oxygen vacancies next to the interface, which would change the width and/or height of the Schottky barrier. Hence, the Schottky barrier can be modified by an interface layer, either using a metal that can be oxidized, or introducing a defined interlayer. [1,37,42] This interlayer would also act as an oxygen reservoir accommodating the oxygen from the film by the formation of an oxygen deficient MOx (with x < 2 for M=Ti) oxide.

Given the variety of deposition techniques, film thicknesses, electrode-material combinations and operating conditions reported in the literature, a generalized evaluation of the role of the nanostructure in the LSM memristive device properties is rather difficult. To focus on this point, in this work we selected La0.8Sr0.2MnO3-δ (LSM) as a memristive material to build planar interface-type resistive switching devices. We choose Ti as active electrode with high oxygen affinity for fabricating the devices, and substrates presenting different lattice mismatch with LSM, namely SrTiO3 (STO) and LaAlO3 (LAO), to provoke an alteration of the nanostructural details of the LSM layer by the induced strain. The impact of the differences in microstructure at the nanoscale is presented and related to the large differences in memristive characteristics, reproducibility and volatility measured. Table 1. Summary of relevant resistive switching studies using La1-xSrxMnO3 (LSM-x, being x the strontium substitution percentage), for x=20-33%, highlighting the type of switching and the mechanism proposed. The term 'probe' corresponds to electrically biased probe in direct contact with the film, whereas the term 'tip' is restrained to conductive-AFM (C-AFM) or other SPM methods in which the cantilever is biased. a) Polycrystalline; b) Ir: Ir/TiN/SiO2/Si; c) SRO: SrRuO3; d) SCMO: Sm0.7Ca0.3MnO3,

Results

Structural characterization

The orientation, strain and extended structural defects of a La0.8Sr0.2MnO3-δ (LSM) thin films can be easily modified by using different perovskite single crystal substrates with lattice cell parameters close to those of the layer. In order to compare the resistive switching response of LSM memristive devices with two different microstructures at the nanoscale, 7 nm thick LSM thin films were grown simultaneously by PiMOCVD on (001)-oriented STO and on (001)pcoriented LAO (pc=pseudo cubic) substrates, hereafter named as LSM/STO and LSM/LAO, respectively. The pseudo-cubic bulk lattice parameter of LSM is aLSM, pc=3.898 Å. [48,49] The LSM films grown on STO are expected to grow epitaxial as a result of the similar lattice parameter (aSTO=3.905 Å), with very small in-plane tensile strain (𝜀 = 𝑎 𝑆𝑇𝑂 -𝑎 𝐿𝑆𝑀,𝑝𝑐 𝑎 𝐿𝑆𝑀,𝑝𝑐 = +0.18%).

On the other side, films grown on LAO, with a smaller lattice parameter (aLAO,pc=3.79 Å), would exhibit in-plane compressive strain (𝜀 = 𝑎 𝐿𝐴𝑂 -𝑎 𝐿𝑆𝑀,𝑝𝑐 𝑎 𝐿𝑆𝑀,𝑝𝑐 = -2.77%) and concomitant expansion out-of-plane, as reported elsewhere. [28] The calibration of the thin film composition as a function of the deposition conditions was the object of a preliminary study. Several films were grown on silicon substrates using precursor solutions with different cationic concentration.

These films were analyzed by wavelength dispersive spectroscopy (WDS) and Rutherford

Backscattering spectrometry (RBS) to determine their exact composition (detailed information can be found in the electronic supplementary information, ESI). The precursor solution cationic concentration that yielded the targeted composition of La0.8Sr0.2MnO3-δ (LSM) was used to grow the epitaxial films presented here.

The XRD patterns of the LSM/STO and LSM/LAO films are shown in Figure 1a and b, respectively. These show high intensity peaks assigned to the reflections of the (00l) planes of the single crystal substrates, in addition to which only the characteristic (00l)pc reflections of LSM can be observed next to the substrate peaks. For the LSM/STO sample the film reflections overlap with the high intensity peaks of STO, while for the LSM/LAO sample, the peaks assigned to the film appear at smaller angles than for the bulk (drop lines in Figure 1a andb), in agreement with the expected in-plane compressive strain induced by the LAO substrate. The experimentally measured out-of-plane parameter obtained for the LSM film on LAO is 3.95 Å, which corresponds to an out-of-plane elongation of ε=+1.33%, related to a partial relaxation of film's strain, as discussed below.

The surface morphology of the films was studied by SEM and by AFM in tapping mode for LSM/STO and LSM/LAO as shown in in Figure 1c andd, respectively. The as-grown films are homogeneous, dense and smooth, with root mean square roughness, Sq, of around 0.6 nm. In the image shown in Figure 2d a first dislocation is found at the left side of the image (marked with a "ꓕ" symbol, enlarged region inside a white square). In addition, a second complex defect, which could be formed by two dislocations of opposite sign cancelling each other (marked with "ꓕ" and "T" symbols), is found at the right side of the image, at a distance of 17-20 nm from the first one. We thus confirm that the number of dislocations observed in this region correspond well to the expected for a partially relaxed LSM/LAO film. The presence of extended defects on LSM/LAO was also reported by Navickas et al. [28] , where they assigned them to threading and edge dislocations across and along the film. Other regions of LSM, both with and without top electrodes, were observed and exhibit similar film crystal quality as those presented for LSM/STO and LSM/LAO in Figure 2a andc, respectively. The average thickness of the films is 7 nm. Hence, we confirm that both films are epitaxial, with the cube-on-cube growth of the LSM perovskite on top of the substrate perovskite unit cells. However, while LSM/STO is epitaxial, presents no extended defects and a very small in-plane tensile strain, the LSM/LAO film shows indeed the presence of dislocations and in-plane compressive strain.

The presence of a TiOx interlayer between the LSM film and the Ti top electrode was observed by EDS mapping on TEM lamellas of the Pt/Ti/LSM/LAO (Figure 2e) and Pt/Ti/LSM/STO (Figure S2a) stacks using pristine devices. Figure 2f presents the chemical profile across the Pt/Ti/LSM/LAO stack. It should be noted that the slight Al concentration increase in the Pt layer most probably corresponds to a parasite signal coming from backscattered and high angle diffused electrons interacting with the aluminum washers used to fix the sample holder.

Focusing first on the LSM film, we detect a slight accumulation of Mn at the bottom LSM/LAO interface, while the La, Sr and O profiles are quite homogeneous across the LSM film. Within the given resolution, no Sr segregation is observed at the top LSM surface (LSM/Ti interface), as often observed for Sr perovskites. [50][51][52] Oxygen clearly accumulates on the Ti/LSM interface, forming a TiOx interlayer of ∼2-4 nm. On the LSM side of the Ti/LSM interface (green shaded area in Figure 2f), the O/Ti ratio is roughly 2 and decreases to 1 after ∼1 nm. Similar characteristics were found in the EDS maps and profile obtained for the Ti/LSM/STO stack (Figure S2a andb). Shaded areas correspond to the interfaces with LSM.

Electrical characterization

The Pt/LSM contact resistance and LSM resistivity obtained by transmission line measurements (TLM) are of the same order of magnitude for both samples, as summarized in As shown in Figure 3, ohmic and rectifying responses were obtained in both samples for symmetric Pt/LSM\Pt and Ti/LSM\Ti planar devices, respectively. For the Pt/LSM\Pt devices ohmic behavior (a linear response) was obtained even up to ±20 V (see Figure S4), with a resistance value of 150 kΩ and 260 kΩ for LSM/STO and LSM/LAO, respectively. On the other hand, Ti/LSM\Ti devices present rectifying behavior with a resistance around 10 6 Ω (at +0.1 V), and a hysteretic behavior in both polarities for large voltage ranges (see Figure S4). up to 20 V, and then decreasing back to 2 V. Figure S5 presents the I(V) characteristics of the initialization process for LSM/STO and LSM/LAO for standard devices (A=200x200 μm 2 and L=50 μm). For these standard devices the highest applied voltage of 20 V corresponds to an electric field of 4 10 5 V/m. However, as previously explained, the largest contribution to the device's total resistance comes from the RC2 component, which corresponds to the depleted LSM (under the electrode) and the LSM/Ti (TiOx) interface, implying that the electric field drop will not be uniformly distributed between the electrodes, but concentrated at the region close to the Ti electrode. The resistance state reached is measured at +0.1 V after each half cycle. All the measured devices exhibit hysteretic behavior at large applied voltage, but not always at small voltage. This memristive behavior is observed without the need of a previous high-voltage electroforming step. Here we have considered that the devices either do not present memristive behavior or that their memristive response is unreliable when the HRS/LRS ratio at small voltage (+0.1 V) is smaller than 1.3 and/or the ratio is very variable, with no voltage and/or cycles dependence, usually due to noisy measurements. For LSM/STO, more than 75% of the devices of all sizes (100 2 to 400 2 μm 2 ) showed memristive behavior, while in the case of LSM/LAO it was found to be more likely for the small devices (with >75% success for 100 2 and 200 2 μm 2 devices). On the other hand, reliable switching in large devices was only obtained for 20% (300 2 μm 2 ) and 50% (400 2 μm 2 ) of the cases.

As is clearly shown in Figure 5 (standard devices, largest voltage range), the R(V) characteristics of the LSM-based devices fabricated on STO and LAO are different. Contrary to the LSM/LAO sample, the R-I(V) curves in LSM/STO are asymmetric and similar to those reported for La0.8Sr0.2MnO3/STO by C-AFM. [20] Figure 6a and b presents for LSM/STO and LSM/LAO, respectively, the evolution of HRS and LRS obtained after each half-cycle as a function of the total number of cycles (bottom axis) and the writing voltage amplitude (top axis).

In LSM/STO devices, during the initialization process, represented by open symbols in Figure 6a, the HRS and LRS are clearly distinguishable from Vwrite=12 V, after an abrupt resistance increase occurring during the RESET process. At this voltage, the HRS/LRS ratio is 1.9. Then, the evolution of the resistance states with increasing writing voltage is mainly dominated by a HRS increase until a Vwrite of 20 V, where the HRS/LRS ratio is around 3. Next, as the voltage amplitude is decreased (cycles 51 to 100 in Figure 6a), the HRS shows a staggered decrease, as expected for a multilevel capacity memory, but the LRS remains practically constant at Vwrite smaller than 16 V, with HRS/LRS ratio of 2.2. The same procedure was carried out a second time (solid data points in Figure 6a). The resistance evolution is similar, however the final resistance states reached are higher than during the first complete sequence.

A similar increasing trend was observed in a third and fourth repetition of the complete cycling procedure (not shown). It can be thus concluded that the Pt/Ti/LSM\Pt planar devices on LSM/STO do not show reproducible behavior at high operating voltages (e.g. 20 V), as the resistance states constantly increase by cycling. However, as will be later shown through pulsed measurements, these devices are able to reproducibly work at lower amplitude voltages (e.g. 10 V). On the other hand, the R-I(V) characteristics of the Pt/Ti/LSM\Pt planar devices on LSM/LAO show a similar shape in both polarities (Figure 5b). Similar curves have been reported for GdBaCo2O5/LaNiO3 devices grown on STO using Ag and Pt electrodes, [12] and for La0.67Sr0.33MnO3/LAO using two Ag electrodes, [47] where the formation of an interfacial layer due to surface defects acts as trapping/detrapping center modifying the Schottky barrier and the resistance. For LSM/LAO devices, during the initialization the value of the HRS drastically increases at low voltages, with two well differentiated states (HRS/LRS=1.6) at 10 V, (Figure 6b, open symbols). The HRS/LRS ratio increases with voltage amplitude reaching a value of 5 at 20 V, for the device here presented. The increase in HRS/LRS ratio is due to a simultaneous increase in HRS and a decrease in LRS with increasing voltage amplitude. More interestingly, both states show a staggered evolution towards an intermediate resistance value when the voltage amplitude is decreased. Repeating the same voltage sequence procedure, the resistances states (solid symbols in Figure 6b) are perfectly reproducible. The devices on LSM/LAO also show reproducible performance for large number of cycles and under alternate varying voltage amplitude, i.e. 10 cycles at 20 V, followed by 35 cycles at 10 V and 10 cycles at 20 V, as shown in Figure S6. Hence, it can be concluded that devices on LSM/LAO show multilevel capacity and reproducible performance both at high and low amplitude voltages.

In addition, pulsed measurements were also carried out on LSM/STO and LSM/LAO standard memristive devices. The writing/read procedure consisted of alternative Vwrite=±10 V pulses of 60 ms duration, each followed by a read measurement. This voltage amplitude was selected from the previous I(V) cycling measurements (see Figure 6), so that both the LSM/STO and LSM/LAO devices would operate reversibly and in a reproducible manner. In addition, a study of the influence of the pulse duration (60 vs 600 ms) was carried out by performing a sequence of alternative Vwrite=±10 V pulses on LSM/STO and LSM/LAO initialized devices grown on similar epitaxial LSM thin films (8 nm thick in this case). states has been confirmed for the LSM/LAO optimized devices, corresponding to two HRS states (programmed at +10 V and at +20V) and to two LRS (programmed at -10 V and at -20V). Finally, in order to evaluate the area dependence of the switching of the multilevel and reproducible Ti/LSM\Pt devices in LSM/LAO, the HRS and the LRS was measured for devices with different contact area ranging from 100 2 to 400 2 μm 2 . Both states were programmed at different writing voltages, as presented in Figure 9, showing a clear resistance decrease by increasing the pad size, as expected for interface-type switching. Whereas the HRS shows a linear dependence with area and a slope of -1, the LRS shows a weaker dependence, which might be related to a non-homogeneous tunneling effect in the case of the larger size devices.

The electroforming-free nature of the devices, together with the HRS and LRS dependence with device area, and the planar geometry of the device strongly support the existence of interfacetype resistive switching (non-filamentary). [18] 0 60 120 180 240 300 

Discussion and oxygen switching model

The Pt/Ti/LSM\Pt memristive devices fabricated on LSM/STO and LSM/LAO showed clockwise log I(V) characteristics with a gradual change in resistance, showing that the HRS and LRS can be tuned by the writing voltage amplitude. As has been widely reported for PCMO devices, the switching response could be triggered by the Ti contact acting as oxygen reservoir via the formation of an insulating oxygen deficient TiOx interlayer (see Figure 2e-f) capable of modifying the conducting interface. [46] This interlayer would facilitate oxygen exchange from (to) the LSM films with the concomitant formation (annihilation) of oxygen vacancies. This hypothesis is in agreement with the drift of negatively charged oxygen ions towards (away from) the Ti electrode under positive (negative) voltage during HRS RESET (LRS SET) applied to the Ti electrode (see sketch in Figure 10). For the initialized LSM/LAO sample, the resistance states are very reproducible and pivot around an intermediate resistance value (Figure 6b) with HRS/LRS ratios between 3 and 23. Therefore, the multilevel resistances could be related with the gradual oxidation (reduction) of TiOx and increasing (decreasing) oxygen vacancy concentration in LSM for the HRS (LRS). This mechanism is fully reversible under symmetric operating voltage. However, it can be observed that the LSM/STO devices only present resistive switching behavior after a relatively high RESET process (at + 12V). We Read resistance (Ω)
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suggest that the large increase in resistance occurring at this stage is related to the formation of oxygen vacancies in LSM, where the oxygen ions would be incorporated in the TiOx interlayer (with increase of thickness or further oxidation). The presence of oxygen vacancies in LSM would allow for the resistive switching behavior with two well differentiated HRS and LRS states, which occurs thereafter. This observation highlights the importance of the initialization step in creating oxygen vacancies to trigger the switching. This hypothesis is supported by the work of Luo et al. [40] , where resistive switching in Pt/LSM20\Pt devices was only obtained for reduced films (with presence of oxygen vacancies), while no switching and ohmic behavior was obtained for oxygen stoichiometric LSM20-based devices. In addition, smaller ratios are measured for the LSM/STO devices, where the resistance states are only reproducible at intermediate voltage ranges (up to 10 V), while at higher voltages they both states increase with operation (Figure 6a) due to the continuous increase of the LRS. This suggests that for the LSM/STO devices the HRS reached at large operating voltage cannot be fully reversed by applying the same voltage of opposite polarity to obtain the LRS. The differences observed between both samples can be explained by differences in oxygen mobility. As a first approximation we compare the high-temperature oxygen diffusion coefficients reported in the literature for LSM, although for our devices the voltage (field) would be the driving force, resulting in an oxygen drift instead of thermal diffusion. Similar bulk oxygen diffusion coefficients have been mesasured at 600 °C for LSM films around 130 nm thick grown on LAO and STO. [28,29] Nonetheless, the presence of space-charge tubes around dislocations has been reported to be the cause of the enhanced oxygen diffusion along these defects, [29] as experimenally measured by other groups along epitaxial thin films [28] and along grain boudaries. [30,31] In terms of oxygen migration, a device in LRS would RESET to HRS by the drift of oxygen towards the positively biased Ti electrode as a result of the electrical bias. [33] This operation is favored in the case of LSM/LAO due to the presence of many extended defects, such as dislocations, with a high concentration of oxygen vacancies, that would act as fast oxygen diffusion paths (see Figure 10d-f), leading to a larger HRS/LRS window. This hypothesis is supported by the differences in resistive switching pulse-width dependence observed for devices grown on the two substrates (see Figure S7). On the other hand, during LRS SET process, the re-incorporation of oxygen and drift within LSM might be limited for the LSM/STO devices due to the high quality of the epitaxial LSM film, which does not present many extended defects (Figure 10b-c). [28,29,31] Eventually, the concentration of oxygen in TiOx and oxygen vacancies in LSM/STO will increase with cycles raising the total resistance of the device. of the half-loops dislocations present in LSM/LAO films, in agreement to reference. [53] Crosssection scheme of the oxygen drift at the Ti/LSM interface in the memristive devices during operation at large voltage (i.e. ±20 V). Scheme of oxygen drift during HRS and LRS programming b), c) in LSM/STO-and d), e) LSM/LAO-based devices. In all cases the bias is applied on the Pt/Ti electrode while the Pt electrode is grounded. We note that the extended defects may present different lengths and orientations, and do not necessarily always connect both electrodes as it may be derived from Figure 10d.

As for the relaxation process, it was measured at +0.1 V and thus an oxygen drift is not expected.

However, a short-scale transient fickian diffusion and/or a redox reaction at the interface may occur as a result of the chemical gradient induced during operation. The increase of resistance of the LRS can be considered as either a small reincorporation of oxygen from the LSM back to the Ti via a redox reaction, or a gradient re-equilibration within the layers. These phenomena would be similar for both types of devices, LSM/STO and LSM/LAO, as similar time constants were found. Similarly, the relaxation of the HRS shows a decay of resistance, in this case faster in LSM/STO devices, that could be related to the back-exchange of oxygen from TiOx into the LSM film or a re-equilibration within the layers. The differences between sutbstrates in this case might be related to local differences in stoichiometry at close proximity of the interface after the applicaton of the RESET voltage.

Conclusion

Epitaxial thin films of La0.8Sr0.2MnO3-δ with different nanostructural details have been grown by pulsed injection metal-organic chemical vapor deposition on SrTiO3 and LaAlO3 perovskite substrates. The negligible strain present in the LSM/STO films and the substrate-induced strain retained in LSM/LAO, leading to an out-of-plane cell enlargement of +1.33% was corroborated by X-ray diffraction and HRTEM. LSM/STO showed perfect epitaxial growth with long-range atomic order and practically no defects, while LSM/LAO showed the presence of extended defects, such as dislocations. By microscopy and spectroscopy techniques, the spontaneous formation of TiOx at the Ti/LSM interface was measured in pristine devices, likely resulting from oxygen-scavenging of the Ti electrode and the concomitant oxygen vacancy formation in the LSM film, which introduces a significant contribution to the initial resistance value. 

Experimental Section/Methods

Material Deposition: Epitaxial 7 nm thick La0.8Sr0.2MnO3-δ (LSM) films were grown by pulsed injection metal-organic chemical vapor deposition (Pi-MOCVD) in a JIPELEC reactor described elsewhere. [54,55] A homogeneous solution of metal-organic precursors was prepared using La(thd)3, Sr(thd)2-tetraglyme, and Mn(thd) The films were deposited on 1x1 cm 2 single crystals of LaAlO3 (100)pc (LAO) and SrTiO3 (100) (STO) substrates purchased from Crystec. For this the solution was evaporated at 250 °C and the reaction chamber was heated up at 675°C. The deposition pressure was 5 Torr and oxygen was added into the chamber with a partial pressure of 2 Torr. The gas flow rates were kept constant during deposition at 0.3 slm for O2 and 0.4 slm for Ar. The liquid precursor solution was injected at 1 Hz with an opening time of 2 ms for 3600 pulses at a feeding rate of approximately 0.11 mL/min using argon as carrier gas. The current-voltage (I(V)) characteristics in voltage-control mode were analyzed under ambient conditions using a Keithley 4200A-SCS semiconductor characterization system equipped with pre-amplifiers modules. Two tungsten probes (tip radius 10 μm) were used to contact the

Figure 1 .

 1 Figure 1. Structural characterization of the LSM films. XRD patterns of LSM films grown on a) STO and b) LAO. LSM and LAO peak are indexed in pseudo-cubic (pc) system, and STO peaks in cubic system. The films exhibit epitaxial growth. Black drop lines correspond to La0.8Sr0.2MnO3 bulk positions according to ICDD-00-053-0058. Surface imaging by SEM (left) and AFM height profile (right) of the c) LSM/STO and d) LSM/LAO films.

Figure 2 .

 2 Figure 2. TEM cross-section characterization of LSM/STO and LSM/LAO films. HRTEM image of the 7 nm thick LSM film on a) STO and c) LAO. b), d) Fourier transform showing the reciprocal space of the images presented in a), b) respectively. Inverse Fourier transform image

  These responses are in agreement with the band alignment, confirming the passive role of the inert Pt electrode and the active role of the Ti electrode, inducing the memristive behavior. The different resistance values are coherent with the formation of a Schottky barrier, and the concomitant reduction of LSM and oxidation of Ti into an oxygen deficient TiOx layer, as observed by STEM-EDS.

Figure 3 .

 3 Figure 3. I(V) characteristics of symmetrical devices fabricated on a) LSM/STO and b) LSM/LAO. Symmetrical devices of Ti/LSM\Ti (dotted line) show rectifying behavior, and of Pt/LSM\Pt (solid line) show ohmic behavior.

Figure 4 .

 4 Figure 4. Initial resistance state (IRS) of the Ti/LSM\|Pt pristine memristive devices. a), b) Distance and c), d) area dependence study on LSM/STO and LSM/LAO, respectively. The area of the electrode (A) and distance between electrodes (L) in the distance study is A=200 2 µm 2 and L=50, 100 and 200 µm 2 , while for the area study is A=100 2 , 200 2 , 300 2 , and 400 2 µm 2 and L=50 µm. The insets in a) and c) show a schematic top-view of the electrode arrangement as function of L and A, respectively. Box range: 25 th to 75 th percentile. Whiskers: to 10 th (lower

Figure 5 .

 5 Figure 5. Resistance-voltage (-electric field) characteristics of initialized Ti/LSM\Pt standard devices fabricated on the a) LSM/STO and b) LSM/ LAO films showing gradual SET and RESET transitions.

Figure 6 .

 6 Figure 6. Evolution of the HRS and LRS resistance states achieved after each cycle (bottom axis) and as a function of writing voltage (top axis) for standard devices on a) LSM/STO and b) LSM/LAO. The resistance was read at +0.1V after each half cycle. The devices are initialized during the first experiment at which the writing voltage amplitude is increased from 2 V to 20 V and decreased back (open data points). The experiment was carried out a second time (solid data points) to assess reproducibility.

  Figure 7a and b show the resistance states read for LSM/STO and LSM/LAO devices, respectively, for 100 bipolar consecutive pulses. Both devices show a stable HRS with cycling, whereas the LRS increases during the first cycles and remains quite stable after around 10 repetitions. The HRS/LRS ratio for LSM/STO and LSM/LAO at the end of the 100 consecutive pulses (Vwrite=±10 V) is around 1.3 and 3, respectively. These ratios are almost two times smaller than the values obtained by performing I(V) voltage sweeps at the same voltage amplitude (i.e. 0 V +10 V  0 V  -10 V  0 V). FigureS7a and b show the resistance states read for LSM/STO and LSM/LAO devices (8 nm thick LSM), respectively, for 128 bipolar consecutive pulses. For LSM/LAO stable HRS and LRS values are already obtained after a single pulse of 60 (or 600 ms) duration, while for the LSM/STO device about 20 pulses of 60 ms (or 8 pulses of 600 ms) duration are needed to reach the stable values. In addition, for the LSM/STO device an increase of the resistance states with pulse width is observed, while for the LSM/LAO device the HRS does not vary its value for longer pulse duration, while the LRS does seem to slightly decrease.

Figure 7 .

 7 Figure 7. Pulse operation of the Pt/Ti/LSM\Pt memristive devices working using ±10 V/60 ms writing voltage pulses. Evolution of HRS and LRS at +0.1 V over 100 consecutive bipolar pulses for devices on a) LSM/STO and b) LSM/LAO.

Figure 8 .

 8 Figure 8. HRS and LRS resistance state relaxation with time for Ti/LSM\Pt memristive devices programmed at ±20 V on LSM/STO (solid line) and LSM/LAO (dashed line). The resistance is measured at +0.1 V.

Figure 9 .

 9 Figure 9. Area dependence resistance of the HRS (blue shade, top) and LRS (grape shade, bottom) at different writing voltages for Ti/LSM\Pt devices in LSM/LAO. Only one device is presented for each area.

Figure 10 .

 10 Figure 10. a) Sketch of a Pt/Ti/LSM\Pt memristive device for LSM/STO films, and d) sketch

  The gradual clockwise log I(V) characteristics, and the HRS and LRS electrode size dependence support the existence of interface-type switching, where the tunable resistance states programmable at different writing voltages would be related to different levels of oxidation and reduction of LSM and Ti in these VCM memristive devices. Reproducible performance is achieved in both types of devices by operating at intermediate voltages, i.e. ±10 V, as shown by pulsed measurements over at least 100 cycles. HRS RESET occurs when a positive voltage is applied to the Ti electrode, and hence oxygen drifts from LSM toward the Ti electrode, which is oxidized. LRS is obtained under negative polarization, where oxygen drifts back into "bulk" LSM. While the films resistivity, topography and morphology were similar in both samples, the Ti/LSM\Pt planar devices showed substrate-dependent memristive behavior, particularly for high voltage operation ranges ( 20 V). Whereas LSM/STO shows an increase of the LRS with continuous cycling under bipolar symmetrical operation, LSM/LAO exhibits reproducible performance and larger operating windows. The presence of extended defects, such as dislocations, observed by HRTEM in LSM/LAO, would allow faster oxygen drift through LSM.Instead, the absence of extended defects in LSM/STO would hinder the drift of oxygen into the LSM, resulting in an incomplete SET to intermediate resistance states, leading to a gradual increase of the LRS. As for the retention, both states experience a small relaxation that might be related to an oxygen back-diffusion process at the Ti/LSM interface as a consequence of the chemical gradient induced during operation. Here, we have highlighted the importance of the nanostructure in epitaxial LSM-based memristive devices with gradual change in resistance and multilevel states. Based on these results, we propose their suitability as memristive devices and neuromorphic computing elements to be evaluated by future electrical measurements, including endurance studies, on designed vertical LSM-based memristive devices with controlled level of structural defects. The implications of these results could also be extended to other perovskite systems and technologies, such as micro solid oxide fuel cells and electrolysers. Hence, engineering the nanostructure by introducing extended structural defects which enhance the oxygen mobility can result in an effective way of improving the performance of different nanoionic electrochemical devices.

Characterization:

  The orientation of the film and presence of crystalline phases were studied by XRD in Bragg-Brentano θ-2θ configuration in a Bruker D8 Advance serie II diffractometer with Cu Kα1 radiation (λ=1.5406 Å) equipped with rotating holder. The instrumental shift and displacement was corrected by aligning the STO and LAO substrate peaks to their reference, ICDD-00-035-0734 and ICDD-00-031-0022, respectively. SEM was performed in a FEG ZEISS GeminiSEM 300 to study surface morphology. AFM topography scans were performed in a Bruker Icon AFM in tapping mode to analyze the grain size and roughness of the film. The nanostructural details of the film were analyzed by TEM-EDS on electron transparent lamellas obtained by Focused Ion Beam milling using a FEI dual-beam Helios 450S. A platinum layer was sputtered to prevent damage from the ion beam (rough and fine milling at 30 kV and 2-8 kV operating voltage, respectively). The lamellas were observed at 200 kV in a Tecnai Osiris FEI microscope equipped with a Super-X detector for Energy Dispersive X-ray (EDS) spectroscopy (for the LSM/LAO sample). Complementary, cross-sectioned TEM samples were prepared by automated polishing, the latter using a MultiPrepTM system (Allied High Tech Products Inc.) The final polishing was performe using a felt-covered disc impregnated with a silica solution until the appearance of the first extinction fringe among those of equal thickness.Ar-milling was then used to reduce the total thickness. These samples were observed at 200 kV in a JEOL JEM 2010 LaB6 TEM (with a resolution of ∼0.19 nm). Further STEM EDS measurements were collected by STEM with a JEOL 2100F FEG microscope operating at 200 kV with a 0.2 nm resolution in scanning mode (for the LSM/STO sample). The cationic composition of the film was analyzed by Wavelength Dispersive Spectroscopy (WDS) and by Rutherford Backscattering Spectrometry (RBS) performed at the Centro de Micro-Análisis de Materiales -Universidad Autónoma de Madrid (Spain). WDS was performed using a CAMECA SX50 spectrometer in different areas of each sample at different energies in the range 10-16 KeV. The data was analyzed using the software STRATAGem. RBS measurements were performed using the 5 MeV tandetron accelerator. The cations were analyzed with a 2 MeV He + beam and silicon surface barrier detectors placed at a scattering angle of 170°. The analysis of O and C was carried out by 4He + ion beam at oxygen and carbon resonant frequency, 3.035 MeV and 4 MeV, respectively. A charge of 12 μC was used to obtain each spectra. SIMNRA code was used to simulate the spectra and obtain the elemental composition.Device Fabrication andCharacterization: Device electrical characterization was carried out on planar devices fabricated in the PTA cleanroom facilities (Grenoble). A specific mask was designed to include: (i) facing Ti and Pt square electrodes of different sizes (100 2 , 200 2 , 300 2 and 400 2 μm 2 ) separated 50 μm; (ii) 200×200 μm 2 facing Ti and Pt electrodes separated at different distances (50, 100 and 200 μm); and (iii) 2000x200 μm 2 Pt electrodes at different distances for transmission line measurements (TLM). The pattern was transferred to the samples by laser-assisted lithography process (µPG 101 from HEIDELBERG Instruments) and electron-beam induced metal evaporator (MEB550 from PLASSYS). Prior to the metal evaporation the exposed patterned surface of the sample was treated with a mild Ar + etch to enhance metal adhesion and remove potential residues of the photoresist. Pt (approx. 100 nm thick) was used as counter electrode, and Ti (approx.10 nm) capped with Pt (approx. 90 nm) to prevent atmospheric oxidation was selected as active electrode. The electrodes were evaporated in high vacuum conditions on top of each LSM thin film sample, forming planar devices. Devices formed by 200×200 μm 2 electrodes and separated by 50 μm are referred to as standard devices.

Table 2

 2 (see ESI and Figure S3 for more information).

Table 2 .

 2 Results of Transmission line measurements (TLM) using Pt contacts.

	Sample	Contact	Resistivity,
		resistance,	ρ [Ω cm]
		RC [Ω]	
	LSM/STO	2.27×10 4	0.38
	LSM/LAO	2.12×10 4	0.52
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devices. All measurements were performed applying voltage on Pt/Ti electrode and grounding the Pt counter electrode. The bipolar sweeps followed the sequence: 0 V  +Vamp  0 V  -Vamp  0 V. After each half-sweep the resistance state values were measured at Vread=+0.1 V in a sweep from 0 V to +0.1 V (∼10 mV/s).
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