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Resistive switching in a LaMnO 3+ /TiN memory cell investigated by operando hard X-ray photoelectron spectroscopy

Transition metal oxides are promising candidates in the development of valence change memories thanks to their ability to present valence change mechanism. The resistive switching mechanism of TiN/LaMnO3+/Pt devices was investigated by operando hard X-ray photoelectron spectroscopy after careful in situ electrical characterization. The results presented here highlight the oxygen exchange process at the TiN/LMO interface. The active TiN top electrode acts as an oxygen getter, pumping O 2-anions which are attracted by the positive bias and repelling them under negative bias. This drift of charged defects is correlated with variations of the interfacial resistance. Our results confirm the critical role of the TiN/LMO interface as well as of oxygen drift in the resistive switching behaviour of such devices.

Motivated by the growing interest in novel non-volatile resistive random-access memories (RRAMs), many new oxide-based heterostructures have emerged as potential candidates to build alternative memristive devices. Among the plethora of oxides exhibiting valence change mechanism, a number of perovskites, such as (Pr,Ca)MnO3, [1] SmNiO3, [2] SrZrO3, [3][4][5] LaSrMnO3, [6] as well as the thoroughly-studied SrTiO3 [7] have shown memristive behavior. Despite their promising functional properties (high speed, large ON/OFF ratio, large programming window, high endurance), fundamental knowledge and a thorough understanding of the RS mechanisms involved are in most cases still rather scarce. This is due to the difficulty to get element-specific information from the resistive material in an operating device.

The non-stoichiometric transition metal oxide LaMnO3+ (LMO) shows a resistive switching behavior which was shown to be governed by the oxygen vacancy content of the material. [8,9] The apparent oxygen excess in LMO is ascribed to the formation of La and/or Mn cation vacancy sites (i.e. La 1- x□x,Mn1-y□yO3, viz. LaMnO3+), where □ represents cation vacancies and charge neutrality remains fulfilled thanks to the coexistence of Mn 3+ /Mn 4+ oxidation states. [10][11][12][13] Therefore, the valence state of the material is strongly correlated to the oxygen content and Mn4+ can be seen as a dopant. [14] We recently investigated the microscopic mechanisms of local interfacial RS in LaMnO3+ by conductive atomic force microscopy (c-AFM) [15] and highlighted that the change in resistance is associated with a drift of oxygen ions to the surface and the concomitant variation in the Mn valence state, which results in modifications in the transport mechanism. However, the configuration used presents several specificities (e.g. low current density, bare surface, large active area …) that do not match the requirements of a standard functional device. Thus, to go a step further in the understanding of the memristive behavior of LMO-based cells, we have now tested more realistic operating devices, in which the active oxide layer is sandwiched between a top-and a bottom-electrode.

Hard x-ray photoelectron spectroscopy (HAXPES) has shown excellent capabilities for nondestructive operando characterization of functional devices. [16][17][18] Indeed, compared to conventional XPS with laboratory AlK (1486.6 eV) or MgK (1253.6 eV) sources, the use of hard x-ray synchrotron radiation (2.4 -12 keV) gives information from a region up to 5 times deeper inside the sample and even deeper using inelastic background analysis. [19,20] HAXPES has been successfully implemented during resistive switching operation to study buried interfaces of different oxide-based heterostructures such as Ti/HfOx, [21][22][23][24][25][26] TiN/Hf0.5Zr0.5O2, [27] Pt/Ti/Pr0.5Ca0.5MnO3, [22] Au/FeSTO/NbSTO, [28] and TiN/Pt/NiO. [29] Real operando measurements, consisting in biasing the device while performing HAXPES, are therefore enlightening in order to understand the changes in elemental composition and charge distribution inside the device. Such a method was previously used for studying interface polarization in piezoelectric oxide-based high-density capacitors. [30] In the present contribution, we study the case of LMO memristive devices grown on platinized silicon and covered by TiN, a technologically-relevant top electrode. Operando HAXPES measurements were performed at different resistance states, carefully induced by in situ electrical characterization.

The results reveal the chemical modifications and reactions occurring at the LMO/TiN interface.

In order to match the HAXPES requirements, the TiN electrode should be thin enough to allow the photoelectrons passing through and the remote electrical contacts should be employed to avoid any obstruction of the active area. The resulting design is presented in Figure 1 (a). The LMO thin film (100 nm-thick, grown following strategy III of Ref. [31]) is partially covered by a 50 nm thick Si3N4 The difference between the resistance measured directly at the sample's output and the resistance once the sample is mounted and placed in the HAXPES chamber give a total external resistance of 2.9 .

The HAXPES experiments were performed at the Galaxies beamline, SOLEIL synchrotron facility (St-Aubin, France). The pressure in the analysis chamber remained around 10 -8 -10 -7 mbar during the whole experiment. The photon energy was set to 7994.51 eV (as determined from the Fermi level of the Au top electrode at zero bias) with a take-off angle of 50°. The incident photon energy was selected with a Si(333) double crystal monochromator, and the photons were focused to a 30×80 µm 2 beam spot using a toroidal mirror. The photon and analyzer bandwidths were both set to 150 meV providing an overall energy resolution of 210 meV. The Au 4f, Ti 1s and O 1s core-levels were recorded after each change in resistance, while still biasing the sample. The La 3d core-level could not be recorded due to the poor signal-to-noise ratio and the large energy range required, while the manganese corelevels were not analyzed because of intrinsically low cross-sections and severe overlapping with the Au photoemission lines. A Shirley-type background was subtracted from all the spectra. The inelastic mean free path estimated for the different core levels through the LMO/TiN stack provides an average sampling depth of 25 nm. [32] The initial spectra (at 0 V and initial resistance state -IRS) of Ti 1s and O 1s are shown in Figure 2(c) and (d). Peak fitting was performed using a pseudo-Voigt function with 70% and 20 % of Lorentzian peak for Ti 1s and O 1s respectively. The Ti 1s photoemission spectrum consists of three contributions.

The component at the lowest binding energy (4965.6 eV) corresponds to bulk TiN while the two other contributions are attributed to TiOxNy (4966.6 eV) and TiOx (4968.2 eV) resulting from the oxidation of TiN. [33,34] The larger width of the oxide peaks (FWHM = 2.6 eV) compared to the TiN peak (FWHM = 1.3 eV) is attributed to inhomogeneities in the oxides composition. The composition of the top as-deposited electrode has been calculated to be of 32% TiN and 68% of oxides (26% TiOxNy and 42% TiOx). Even if the fully oxidized TiOx is more likely to be found on the surface and TiOxNy at the interface, these considerations are not fully accurate regarding the low thickness of the top electrode.

The O 1s spectrum in Figure 2 

  insulating layer deposited by sputtering (CT100 Alliance Concept). The structural characterization of the LMO film (XRD and Raman spectroscopy) exhibiting the coexistence of both rhombohedral and orthorhombic phases can be found in FigureS2of the Supporting Information. 100x100 m² squared craters were etched through the Si3N4 layer and subsequently covered by a TiN layer of approximately 6 nm thick also deposited by sputtering. In this way, the HAXPES measurements were carried out on well-defined regions of interest of 100×100 m² comprising the top TiN top electrode and the LMO surface below, simultaneously achieving the electrical biasing of the sample. 100 nmthick gold current collectors were then deposited onto the Si3N4, directly contacting the TiN top electrode and allowing the wire bonding to the sample holder. As shown in Figure1(b) the sample holder is a printed circuit board hosting several electrodes. The grounded electrode (left of the image) is wire-bonded to the Pt bottom electrode, while the four top electrodes (right of the image) are wirebonded to the top Au/TiN electrodes and each of them can be independently connected to a sourcemeter (Keithley 2635B). Due to the large distance between the sample in the HAXPES chamber and the operator, the wire resistance and multiple contacts resistance cannot be neglected.

  (d) is dominated by the SiO2 contribution coming from the Si3N4 oxidized surface due to the large footprint of the incident beam on the surface. Two other contributions are identified at 530.6 eV and 530.3 eV assigned to Ti-O bonds (from TiOx and TiOxNy) and to LMO, respectively. A more complete HAXPES characterization of the sample (presenting La 3d3/2, Mn 3s, O 1s and N 1s in different regions) can be found in Figure S3 of Supporting Information.
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 3 Figure 3. Sketch of the proposed oxygen exchange process occurring during RESET ( VSET > 0) and
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