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Abstract

:

Titanium anodic memristors were prepared in phosphate buffer (PB) and citrate buffer (CB) electrolytes. Studying their I-U sweeps, the memristors presented self-rectifying and volatile behaviors. Transmission electron microscopic analysis revealed crystalline protrusions inside a semi-crystalline Ti oxide. Grounded in this, a hybrid interfacial memristive switching mechanism relaying on partial filaments was proposed. Moreover, both analyzed memristor types demonstrated multilevel switching capabilities. The memristors anodized in the PB and CB showed high-to-low resistance ratios of 4 × 104 and 1.6 × 102, respectively. The observed (more than two order of magnitude) ratio improvement of the PB memristors suggests their better performance, in spite of their modestly high resistive state instabilities, attributed to the thermal stress caused by consecutive switching. The endurance and retention of both the PB and CB memristors was measured over up to 106 cycles, indicating very good lifetimes. Phosphate incorporation into the anodic oxide was confirmed by photoelectron spectroscopy analysis and was related to the improved memristive behavior of the PB sample. The presence of phosphate inside the memristively active layer modifies the availability of free O species (vacancies and ions) in the oxide. Taking all this into consideration, Ti anodic memristors anodized in PB are emphasized as candidates for neuromorphic computing.
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1. Introduction


In recent years, there has been a notable increase in thin film research activities within the field of complementary metal–oxide–semiconductor (CMOS) technology and associated architectures, including memristors. The memristor, a fundamental fourth circuit element apart from the inductor, capacitor and resistor, was initially conceptualized by Chua in 1971 and experimentally developed by HP laboratories more than three decades later [1,2]. Recently, the reported anodic memristors studies increased in number, suggesting an increased scientific interest [3]. The oxide, which is the active material within a metal–insulator–metal (MIM) structure, is produced by anodization, where the metallic bottom electrode is the anode [4,5]. Anodization is a rather straightforward process that is not very energy intensive and does not require an ultra-high vacuum, which is beneficial for the ease of the production process. In anodic memristor production, the anodization process is the one that defines the electrical properties [6]. By changing the anodization parameters such as the electrolyte, scan rate and maximum potential, the oxide has different characteristics that directly impact the electrical behavior of the memristor. These parameters can be tuned to intrinsically produce memristors with desired properties such as improved stability, endurance and retention [6,7,8].



Titanium-based anodically prepared memristors were reported to show self-rectifying properties [7]. Self-rectifying memristors have an integrated one-rectifier (diode)–one-memristor (1D1M) configuration [9]. In this case, a diode is an integrated rectifier, which is formed at the top electrode/oxide interface due to the formation of a Schottky barrier. Self-rectifying memrsitors have also shown volatile behaviors [2,10,11]. Volatile memristors [12] may be further categorized as digital (threshold), with abrupt switching for on/off processes, and analog, with a gradual switching [4]. Digital memristors typically have a filamentary switching mechanism, while analog devices have a non-filamentary one based on an interfacial switching mechanism [11,13]. Depending on their unique resistive switching properties, such as volatile or non-volatile and digital or analog behavior, memristors are utilized for various use-cases such as image processing [14,15], sensing of OH− species [16,17,18], memory [19,20,21,22] or neuromorphic computing [23,24,25,26,27,28].



Non-volatile memristors emulate the biological functions related to long-time memory and information storage, whereas volatile memristors mimic the biological process of learning and forgetting associated with the short-term memory [12,27]. The volatile resistive switching characteristic makes them ideal for applications in synaptic devices for neuromorphic computing, modeling nociceptors and serving as physical reservoirs in computing for the management of time-specific data [23,29,30]. In the context of brain architecture, synapses describing two-terminal structures connecting neurons are effectively mimicked by memristors in artificial neuromorphic networks [12,27].



In the current study, Ti anodic memristors were prepared in two different electrolytes, 1 M phosphate buffer (PB) and 0.1 M citrate buffer (CB). The motivation for this was to describe the influence of electrolyte incorporation into the growing oxide [6,8,31,32] on the electrical properties of the resulting memristors. To electrically characterize the memristors, the memristive retention (reading process) and endurance (writing process) were analyzed, while the predominant conduction mechanism was determined based on I-U sweeps. The electrolyte species incorporation was studied by X-ray photoelectron spectroscopy (XPS). To gain better insight into the switching mechanism, the memristors were studied by cross-sectional transmission electron microscopy (TEM) at atomic scale.




2. Materials and Methods


2.1. Fabrication of Ti Anodic Memristors


The deposition of the Ti thin film was carried out through magnetron sputtering in an ultra-high vacuum system (Mantis Deposition, Thame, UK) with a base pressure within the 10−6 Pa range. A Ti film of approximately 300 nm thickness was sputtered onto a thermally pre-oxidized Si wafer, utilizing a high-purity Ti target (99.95%, Demaco Holland BV, Noord-Scharwoude, The Netherlands). This process was conducted at ambient temperature in an Ar atmosphere, maintaining a pressure of 5 × 10−1 Pa and employing a DC power setting of 80 W. The sample was rotated at a speed of 5 rpm during deposition to ensure the uniformity of the film thickness across the substrate.



After the deposition of the Ti film, the substrates underwent electrochemical anodization in room temperature conditions using a 0.1 M CB solution [33] and a 1 M PB solution [34]. The growth of the anodic oxide was performed by potentiodynamic anodization at a rate of 100 mV s−1, reaching up to 8 V (versus the SHE). For this procedure, a CompactStat potentiostat (Ivium Technologies BV, Eindhoven, The Netherlands) was utilized in a three-electrode setup. This setup included Ag|AgCl|3 M KCl as the reference electrode, a Pt mesh as the counter electrode and the Ti thin film as the working electrode. Following the formation of the anodic oxide on the Ti thin films, the substrate was reintroduced into vacuum to pattern the top electrodes. This was achieved by utilizing a Ni shadow mask foil, which was positioned in direct contact with the surface of the Ti oxide. The construction of the memristive devices was completed by depositing 150 nm thick Pt electrodes, each 200 µm in diameter, using sputtering from a target of high purity (99.95%, MaTeck, Jülich, Germany) in an Ar atmosphere at ambient temperature.




2.2. Electrical Characterization


Electrical measurements were conducted using an electrical setup consisting of a Keithley 2450 SourceMeter Unit (SMU), which was interfaced with a self-developed Gantry robot. This robot, featuring high-precision XYZ translation stages, was outfitted with dual microscope cameras from Bresser, Germany, enabling the observation of the Pt top electrodes from both a top (normal) and a side (45° angle) perspective. A W needle with a tip diameter of 10 µm mounted on the Z stage through a force sensor, was employed for making gentle contact with the memristor’s top electrode, maintaining a constant force of 10 ± 1 mN. The Ti bottom metal electrode made ohmic contact with a stainless steel needle positioned at the Si wafer’s edge, directly contacting the thin film. The entire setup was operated through self-developed LabView® software (https://www.ni.com/), designed for executing current–voltage (I-U) sweeps, along with endurance and retention evaluations. These procedures were all carried out under standard conditions, applying voltage to the Ti bottom electrode while grounding the top Pt electrode. The SMU was utilized to record the I-U sweeps, with the compliance current adjusted within the milliampere range. Endurance and retention trials were conducted at 260 Hz for up to 106 cycles, initially biasing the memristors at voltages that facilitate switching between the low resistance state (LRS) and high resistance state (HRS).



The resistance of the device was always determined by applying a voltage of 0.01 V. The LRS was identified at the lowest resistance encountered during the SET or RESET processes, while the HRS was determined at the highest resistance value, measured at 0.1 V. The SET and RESET voltages (Uset and Ureset) varied from ±3 to ±6 V, respectively.




2.3. XPS and TEM Analysis


The chemical composition of the memristive anodic oxides was examined using a NEXSA G2 XPS system from Thermo Scientific, Pardubice, Czech Republic, utilizing for operation the Avantage software package (https://www.thermofisher.com) by Thermo Scientific, Winsford, UK. The analysis involved the use of monochromated Al Kα X-ray radiation (1486.6 eV), with any resulting surface charge neutralized by a dual flood gun. Survey spectra were captured at a pass energy of 200 eV and an energy step of 1 eV, while high-resolution spectra were obtained with a pass energy of 20 eV and a step energy of 0.05 eV. To correct for charge shifts, all the spectra were aligned using the C1s peak of adventitious C at 285.0 eV. Angle-resolved XPS (AR-XPS) analyses were conducted on a Theta Probe XPS system by Thermo Scientific, Winsford, UK, which is equipped with a 2-D detector allowing for measurements without sample tilting. These spectra were acquired with a pass energy of 50 eV and a binding energy step of 0.05 eV. The spectrometer’s acceptance angle, which ranges from 20° to 80°, was divided into eight angle intervals, each separated by 7.5°.



The Ti thin film’s surface microstructure was examined using a field emission scanning electron microscope (FE-SEM, Leo 1550 VP Zeiss, Oberkochen, Germany), with images captured at an acceleration voltage of 3 kV utilizing the in-lens detector. To elucidate the structure and chemical composition at the nanometer scale, cross-sectional transmission electron microscopy (TEM) analysis was employed. This was conducted using a JEOL JEM-2200FS (JEOL Inc., Tokyo, Japan) microscope, operated at 200 kV. This TEM features an in-column Omega filter and a TemCam-XF416 (TVIPS, Gauting, Germany) CMOS camera for imaging, with images captured using zero-loss filtering. The preparation of cross-sectional lamellae for examination was performed using focused ion beam (FIB) milling with a CrossBeam 1540 XB (Zeiss, Oberkochen, Germany). To safeguard the surface during preparation, samples were initially coated with a Pt deposit by an electron beam, followed by deposition of a Pt layer by ion beam to act as a protective sacrificial layer. For the qualitative analysis of the elements, energy-dispersive X-ray spectroscopy (EDX) was carried out in the scanning (S)TEM mode, using an X-MaxN 80 T detector by Oxford Instruments Ltd., Abingdon, UK, with data analysis conducted through the Aztec software (https://www.aztecsoftware.com/) specifically designed for this purpose.





3. Results and Discussion


Two variations of the Ti anodic memristors were fabricated, one anodized in PB and the other in CB, in order to investigate the influence of the electrolyte used for anodization on the electrical properties of the memristors. Figure 1 shows the I-U sweeps of the memristors prepared in the PB and CB, together with the TEM analysis. Figure 1a,b show the direct comparison of the representative memristors anodized in the PB and CB in logarithmic and linear current scales, respectively. The curves have a typical shape describing analog interfacial memristors. Their typical characteristic is the suppressed current defined by the hold voltage and the gradual transition from the HRS to the LRS and vice versa [35,36]. Both memristors show a self-rectifying behavior defined by a strong current suppression [23,37,38].



The self-rectifying memristor performs similarly to a 1D1M device by integrating a Schottky barrier at one of the MIM interfaces with the active memristive layer [7,36,37,39]. In this study, this characteristic is inherently achieved through the fabrication process, which includes the anodic oxidation of the Ti bottom electrode, and subsequent deposition of the Pt top electrode. Consequently, the Schottky barrier is formed at the Pt/Ti oxide interface. The primary function of the 1D1M device lies in its ability to inhibit sneak current pathways in crossbar array architectures. When this characteristic is paired with the volatile behavior of the memristors under investigation, the Ti anodic memristors emerge as highly suitable for applications in neuromorphic computing [30,39,40,41].



The exemplified memristors are further analyzed in more detail in Figure 1c,d. Figure 1c presents the I-U sweep of the memristor anodized in the PB. Initially, the memristor finds itself in the HRS. By sweeping to the positive voltage, the current is suppressed up to approximately U = 3 V, where the UHOLD+ value is thus defined. Further increasing the voltage, the current slightly increases by finally reaching the USET value, which is defined as the voltage where the HRS is switched to the LRS. By sweeping the potential in the opposite direction, the current is again suppressed at UHOLD+, where it also switches back to the HRS, thus defining the RESET value. This is seen better in Figure 1a at approximately U = 3 V. Further lowering the voltage to the negative values, the current starts increasing again at UHOLD− = −0.3 V until finally reaching the USET value at −3 V, where it switches back to the LRS.



Figure 1d presents the I-U sweep of the memristor anodized in the CB. Similar to the case of the memristor produced in the PB, the initial state of the CB memristor is the HRS. The current is suppressed until UHOLD+ = 1 V. As the voltage is further swept in the positive direction, USET is reached at 3 V, where it switches to the LRS. By sweeping the voltage in the opposite direction, the current is again suppressed when it reaches 1 V. Further, the current suppression is visible until UHOLD− is reached at −0.3 V. The negative current reaches its maximum at URESET = −2 V, where the LRS switches to the HRS. There are some obvious differences when comparing the I-U sweeps of the PB and CB samples. The I-U sweep of the memristor anodized in the PB has a much larger suppressed part of the current and the current at the positive side of the curve does not reach values higher than 1 mA. On the contrary, the I-U sweep of the memristor anodized in the CB shows a much smaller suppression part and the current reaches an absolute value of maximum 10 mA in both the positive and negative parts. Moreover, the PB sample has two SET values at the positive and negative sides of the voltage and a RESET at the hold value on the positive side, while the CB sample has a SET value at the positive side and RESET at the negative side of the curve. The memristor prepared in the PB shows a stronger asymmetry when compared to the one prepared in the CB.



Figure 1e shows a TEM image of the MIM structure of the memristor anodized in the PB. The TEM analysis was conducted only for the PB sample as it showed superior performances as compared to the CB sample. On Figure 1e, crystalline protrusions (highlighted in orange) are seen inside the amorphous oxide layer. Following the TEM analysis, a hybrid interfacial resistive switching mechanism is proposed, where only partial filaments are formed. The crystalline protrusions observable in the figure act as preferential paths for the partial filament formation [42,43]. They do not reach all the way through the oxide, so there is no full filamentary switching. The partial filaments, therefore, simulate an effective bottom electrode. Interfacial memristors exhibit resistive switching due to O species migration, including ions and vacancies, that are distributed through the entire interface [13,36,42,43]. This switching mechanism is based on the Schottky-like barrier formation, which can be modulated by varying the O species concentration [36,44]. The presence of an electric field increases the concentration of vacancies at the interface, reducing the barrier height and thus transitioning the device to a low resistance state. Conversely, the concentration of O vacancies decreases due to the electric field reversal, resulting in an increased barrier height, reverting the device to a high resistance state [36,42]. The initial electron trapping at the Pt/oxide interface is reported to create a negatively charged layer, prompting the accumulation of O vacancies in the nearby depletion zone to counterbalance this charge [13,36]. The different asymmetry of the I-U sweep for the memristor prepared in the PB and CB can be explained by different depletion dynamics and the amount of O vacancies in the Schottky barrier, which could be a result of phosphate incorporation into the oxide [13,36,42].



To strengthen the argument for the proposed switching mechanism, a conduction mechanism analysis was performed and the obtained results are summarized in Figure 2. Figure 2a,d show the selected regions of the I-U sweeps that were analyzed. Parts (b) and (e) of the figure show the analysis of the HRS regions, while (c) and (f) present the data for the LRS analysis of the PB and CB samples, respectively. Generally, when a linear regression is established on a ln(I/A) vs. (U/V)1/2 plot, the Schottky emission is concluded as the dominant conduction mechanism [45,46,47]. Analyzing the plots of the HRS and LRS for both the PB (b,c) and CB (e,f) samples, as shown in Figure 2, the Schottky emission is revealed as the dominant conduction mechanism. The Schottky emission is a thermionic process in which electrons are injected into the conduction band of the oxide by overcoming an energy barrier through thermal activation [46]. The Schottky or thermionic emission is often observed as the dominant conduction mechanism in metal oxides and it was already reported for similar memristors [46,48,49] including Ti/TiO2 [38]. Hence, in the present study, the Schottky emission is safely concluded to be the dominant conduction mechanism, confirming the suggested memristive switching mechanism.



In Figure 3a,b, the I-U sweeps measured with different current compliances are presented. It can be seen that by changing the current compliances, the SET and RESET values also change. This phenomenon is described as multilevel switching [42,50], involving a filamentary switching mechanism in which various simultaneous conductive filaments (CFs) lead to different resistance states [8]. Although multilevel switching has usually been reported for filamentary memristors, there have been reports of multilevel switching for interfacial, non-filamentary memristors as well [23,42]. The multilevel switching observed in the interfacial memristors results from the variation of O vacancy concentrations at the interface [36]. The multilevel switching is a crucial feature of applications in neuromorphic systems. This tunability across multiple resistance levels significantly enhances the plasticity of electronic synapses equivalents in artificial neural networks. Additionally, the capability for multilevel switching in resistivity levels allows the storage of more than 2 bits within a single unit, which enables high-density and robust neural networks [38,39].



The memristors analyzed in this work were characterized by reading and writing procedures to determine their retention and endurance capabilities. Figure 3 displays the retention and endurance data of memristors prepared in the PB (Figure 3a,c) and CB (Figure 3b,d). The memristors prepared in both the PB and CB showed good retention by holding stable values of the HRS and LRS up to 106 cycles. Comparing the HRS/LRS ratios for the PB and CB memristors, a significant difference is observed. The HRS/LRS values measured for the PB memristors was 4 × 104 and for the CB memristors was 1.6 × 102. This is explained by higher oxide resistance for the memristors prepared in the PB, confirming previous reports [6,32]. The endurance measurement of both the PB and CB memristors showed a lifetime of 106 cycles. During the initial writing experiments, it was found that both memristors show volatile behavior by not remembering the resistive state when the reading voltage was applied. Therefore, the writing experiments were performed by reading the resistance values at the switching voltages. Analyzing the endurance of the PB memristor, it can be seen that the HRS values are unstable compared to the HRS of the CB memristor. The HRS values showed instabilities after each I-U sweep at the beginning of a decade and they increase slightly during each decade, showing lower values at the start of the decade and higher values at the end of the decade. This can be explained by thermal stress in the oxide, which is causing instability in the resistance values [13].



In order to link the incorporation of electrolyte species into anodic oxides with their memristive behavior, a chemical analysis study was performed by XPS. Figure 4 shows the results obtained from the memristive oxides prepared in the PB (a,b) and CB (d,e). Additionally, a relative depth analysis is presented in Figure 4c,f. The table attached to Figure 4 shows the obtained oxide compositions for the PB and CB samples. A peak at BE = 531 eV for O1s was detected for both samples and is attributed to the TiO2 [51]. As seen in the table, the relative composition of O for the PB sample was 59.2% and for the CB sample was 54.8%. Next, the Ti2p peak, which also corresponds to TiO2 [52], was also found in both samples. The Ti relative composition amounted to 21.5% for the PB and 23.2% for the CB sample. Moreover, in both samples a C1s peak at BE = 285.4 eV was detected and its detailed spectra are shown in Figure 4e. This C1s peak could be associated with citric acid [53] and various organic compounds, including contaminations. The measured C relative composition was 14.1% for the PB sample and 22% for the CB sample. In order to investigate the possible citrate incorporation into the anodic oxide, the relative depth distribution was assessed by means of angle-resolved XPS (Ar-XPS). The relative depth plots (Figure 4c,f) were calculated from the AR-XPS data by taking the logarithm of the ratio between the bulk-sensitive angles and the surface-sensitive angles [54,55]. It was found that, for both samples, the C-based species were observed only at the surface, which indicates that there was no remarkable citrate incorporation. The absence of citrate incorporation in the anodic Ti oxide was already reported in previous studies [31]. For the PB sample, a P peak at BE = 134 eV was clearly identified, as seen in Figure 4b. The P2p peak describes the phosphate ion PO43− [56]. As seen in the table, the P content was measured at 5.1% for the PB sample, while for the CB sample there was no P signal detected. This describes the phosphate ion incorporation into the memristive active layer due to the anodic oxidation in the 1 M phosphate buffer, confirming previous reports [6,8,31,32,57].



Similar to the CB case, the electrolyte phosphate incorporation was demonstrated by analyzing the relative depth distribution at different angles (Figure 4c). The phosphate was found at a depth below the surface close to the position of the Ti and below that of the TiO2, which confirms the incorporation and excludes a superficial adherence due to electrolyte exposure to phosphate species during anodization. Phosphate incorporation can justify the discussed difference in the asymmetry of the I-U sweeps between the PB and CB samples (see Figure 1). This can also be responsible for different amounts of the O species, which can be depleted inside the Schottky barrier, leading to different I-U sweep behaviors and different HRS/LRS ratios. Overall, the electrolyte incorporation is at least as reproducible as the anodization itself, since it relies on the same driving force provided by the high electric field applied.




4. Conclusions


In this study, the characterization of Ti-based anodic memristors anodized in PB and CB was successfully performed. The memristors prepared in both the PB and CB showed self-rectifying properties. They were characterized and classified as analog volatile interfacial memristors. TEM analysis revealed crystalline protrusions inside of the semi-crystalline Ti oxide. According to this analysis, a hybrid interfacial memristive switching mechanism was proposed. This is based on partial filaments and varying the Schottky barrier height due to the depletion of the O species combined with electron trapping and de-trapping. Moreover, the Schottky emission was confirmed as the dominant conduction mechanism, which is in agreement with the proposed switching mechanism. Furthermore, by studying the I-U sweeps, the memristors prepared in the PB showed more asymmetries compared to the ones prepared in the CB, which was explained by different depletion dynamics due to different amounts of O species between the PB and CB samples. The PB sample showed SET values at positive and negative voltages and a RESET value at a positive voltage, which coincides with the voltage hold value. The CB samples showed a SET value at a positive voltage and a RESET value at a negative voltage. The HRS/LRS values measured for the PB and CB memristors were 4 × 104 and 1.6 × 102, respectively. This was justified by the higher oxide resistance for the memristors prepared in the PB. The memristors prepared in both the PB and CB displayed good retention by holding stable values of HRS and LRS up to 106 cycles. The endurance measurement of both the PB and CB memristors demonstrated lifetime of 106 cycles, but the PB sample presented instabilities attributed to thermal stress caused by consecutive switching. The XPS analysis revealed phosphate incorporation into the oxide, which changes the amount of free O species, such as vacancies and ions, in the oxide. Finally, taking into account the analog, self-rectifying and volatile behavior of the anodic memristors prepared in the PB, and their superior results when compared to the ones prepared in the CB, they are considered as good candidates for neuromorphic computing and neural network applications.
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Figure 1. Comparison of memristors prepared in PB and CB on a logarithmic scale (a) and linear scale (b) for the current compliance = 10 mA. Detailed representation of memristors prepared in PB (c) and CB (d) measured with current compliance of 10 mA. (e) TEM image of the sample anodized in PB. 
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Figure 2. (a) Negative part of the I-U sweeps of the memristors prepared in PB (a) and CB (d). Conduction current analysis of (b) HRS and (c) LRS for the PB sample and (e,f) for the CB sample. 
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Figure 3. Representation of I-U sweeps for memristors prepared in PB (a) and CB (b) measured with current compliance = 0.1 mA, 1.0 mA, 10 mA and 20 mA. Retention (c,d) and endurance (e,f) of the HRS and LRS values of the memristors prepared in PB (c,e) and CB (d,f). 
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Figure 4. XPS surveys of memristors prepared in PB (a,b) and CB (d,e). The composition depth profiles for memristor prepared in PB (c) and CB (f), and the table with compositions of both PB and CB samples. Differently colored lines are related to the data analysis operations: blue is the raw data, green is the peak baseline, red is the selected data for one peak and yellow the deconvoluted peaks. 






Figure 4. XPS surveys of memristors prepared in PB (a,b) and CB (d,e). The composition depth profiles for memristor prepared in PB (c) and CB (f), and the table with compositions of both PB and CB samples. Differently colored lines are related to the data analysis operations: blue is the raw data, green is the peak baseline, red is the selected data for one peak and yellow the deconvoluted peaks.



[image: Coatings 14 00446 g004]













	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2024 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef

