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A combinatorial screening approach has been designed for identification of Hf-Ta anodic memristors with 

enhanced properties. Three distinct compositional zones with similar characteristics have been identified, 

two of which are relevant for memristive applications. In a Hf-poor zone, ( < 50 at.% Hf), the memristive 

behavior is similar to that of anodic Ta 2 O 5 . A second compositional zone (Hf content between 50 and 

70 at.%) produced anodic memristors which dramatically differ. Devices in this region resemble forming- 

free unipolar behavior and show resistive states ratios of more than 8 orders of magnitude while retaining 

and enduring more than one million switching cycles. Photoelectron spectroscopy with soft and hard X- 

rays has been applied for understanding the chemistry of these special anodic structures and enrichment 

of Hf species close to the surface of anodic oxides has been evidenced. Unlike bipolar memristors from 

the first zone, the newly identified unipolar memristors show an in-depth homogeneous local chemical 

state of Hf and lower electronic polarizabilities for both O and Hf. High-resolution transmission electron 

microscopy reveals HfO 2 crystallites embedded into an amorphous oxide matrix. These entities formed 

during the anodization process are considered to be responsible for the coexistence of threshold and 

non-volatile memristive characteristics. 

© 2021 The Author(s). Published by Elsevier Ltd. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

In the field of redox-based resistively switching random ac- 

ess memories (ReRAMs) [1] , a great scientific interest has been 

rawn to the appearance of memristive devices. Memristors [ 2 , 3 ] 
Abbreviations: random access memories, (ReRAMs); complementary metal- 

xide-semiconductor, (CMOS); conductive filaments, (CF); high resistance state, 

HRS); low resistance state, (LRS); metal-insulator-metal, (MIM); valence change 

emory, (VCM); electrochemical metallization memory, (ECM); energy-dispersive 

-ray spectroscopy, (EDX); scanning edx, (SEDX); standard hydrogen electrode, 

SHE); citrate buffer, (CB); scanning electron microscopy, (SEM); pulsed voltage 

tress, (PVS); high-resolution transmission electron microscopy, (HRTEM); focused 

on beam, (FIB); X-ray photoelectron spectroscopy, (XPS); hard X-ray photoelectron 

pectroscopy, (HAXPES); inelastic mean free path, (IMFP); phosphate buffer, (PB); 

uger parameter, (AP); fast Fourier transform, (FFT); nanoparticles, (NPs). 
∗ Corresponding author. 

E-mail address: andrei.mardare@jku.at (A.I. Mardare). 
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ave shown remarkable electronic and memory characteristics re- 

uired for data processing [ 4 , 5 ]. Such devices are necessary to 

vercome the inherent limitations of complementary metal-oxide- 

emiconductor-based (CMOS) computing architectures [ 6 ] via their 

mployment in hardware as bioinspired neural networks [ 7 , 8 ]. Be- 

ide, their advantages such as high power efficiency, high reliability 

nd fast operational speed are opportune for use in various data 

torage devices [9] and logic circuits [ 10 ]. 

Memristors are structured as an oxide layer sandwiched be- 

ween two metallic electrodes [ 11 , 12 ]. Recently, valve metals and 

heir oxides [13–15] , particularly oxidized Hf and Ta, have been 

tudied for memristive applications [16–19] since they have been 

dentified as promising candidates for capacitors, metal-oxide- 

emiconductor transistors and high power resistors [ 20 , 21 ]. Both 

fO 2 and Ta 2 O 5 are already listed as high dielectric constant mate- 

ials [17] and their attractive properties such as high thermal and 

hemical stability, sustained low leakage current values and high 
under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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reakdown field strength can be further improved by alloying both 

aterials [22] . Metastable and amorphous phases of Hf-Ta sys- 

ems have been produced by co-deposition techniques onto low- 

emperature substrates, directly influencing the final properties of 

heir mixed anodic oxides [ 22 ]. Additionally, the different anodic 

rowth dynamics of Hf and Ta oxides, influenced by very different 

onic transport numbers, may induce formation of numerous accu- 

ulation regions at certain positions inside the oxide layer [ 23 ]. In 

urn, this may lead to spatial pinning of conductive filaments (CF), 

hich are responsible for the switching between the high resis- 

ance state (HRS) and the low resistance state (LRS) of a memris- 

ive device. According to literature, the CFs formation [24] in mem- 

istors, within a metal-insulator-metal (MIM) structure, is based on 

he valence change memory (VCM) or the electrochemical metal- 

ization memory (ECM) formation mechanisms [6] . In general, the 

olid electrolyte is partially reduced, forming positively charged lo- 

al oxygen-deficient regions, which are compensated by electrons 

rom the redox reactions, consequently [ 6 , 9 ]. 

The aim of the current work is to achieve a composition- 

lly controlled CF formation process in mixed Hf-Ta anodic oxides 

nd to explore the feasibility of forming-free Hf-Ta/HfO 2 -Ta 2 O 5 /Pt 

emristors. This is done by screening a Hf-Ta thin film combina- 

orial library with a broad compositional range. Previous studies 

f Ta- and Hf-based memristors [ 25 , 26 ] have shown that the sim-

le and inexpensive process of anodization led to the fabrication of 

igh-quality memristive systems [ 18 , 27 , 28 ]. Hence, anodization is 

sed here as a convenient method for the production of endurable, 

table and reliable memristors. The combinatorial library screening 

pproach allows specifying alloy compositions, which are optimal 

or the memristive capabilities enhancement of the devices (the 

RS/LRS ratio and retention time) and, additionally, brings more 

ight to the reversibility of CFs. 

. Experimental section 

.1. Fabrication of Hf-Ta thin film library 

The Hf-Ta thin film combinatorial library was deposited by co- 

puttering on Si substrates employing an ultra-high vacuum sys- 

em (Mantis Deposition, United Kingdom). The substrates were 

reviously thermally oxidized in air at 950 °C for 24 h. The pro- 

ess was done in DC mode using Hf and Ta high purity targets 

99.95% Demaco, The Netherlands) and the base pressure of the 

acuum system was in the range of 10 −6 Pa. The Hf and Ta targets

ere arranged at opposite edges of the substrates for maximizing 

he compositional spread. The target - substrates distance was set 

o 13 cm. The deposition was carried out at room temperature, in 

r atmosphere with a pressure of 5 × 10 −1 Pa. To screen the en- 

ire library, three Si wafers each having a different compositional 

pread were sequentially used as substrates in a row of indepen- 

ent depositions. In order to tune the Hf-Ta gradients, the powers 

pplied to the Hf and Ta sputtering targets were varied for each 

eposition between 25 W and 80 W, depending on the desired 

ompositional range. At the center of the Si wafer, the thickness 

f the film was approximately 300 nm. Pure Hf and Ta films were 

dditionally deposited in identical conditions serving as reference 

amples during property mapping of the Hf-Ta library. More de- 

ails about the fabrication of the reference samples can be found 

lsewhere [ 18 , 27 , 28 ]. Immediately after deposition, without break- 

ng the vacuum, each wafer from the library was transported into 

 scanning energy-dispersive X-ray spectroscopy (SEDX) system at- 

ached to the same vacuum chamber cluster. This self-developed 

ystem for thin film analysis uses a 20 keV electron beam with 

 spot size of 500 μm. More experimental details can be found 

lsewhere [ 29 ]. Using the SEDX, the compositional gradient along 
2 
he Hf-Ta library was quantified. The resolution of compositional 

creening was ±0.5 at.%. 

.2. Fabrication of Hf-Ta anodic memristor library 

The Hf-Ta thin film library served as a bottom electrode in a 

etal-insulator-metal (MIM) structure developed further. The in- 

ulating layer was fabricated by electrochemical anodization of the 

f-Ta alloys in a classical three-electrode electrochemical cell. The 

ystem consisted of the Si substrates coated with the Hf-Ta library 

s working electrodes, Hg/Hg 2 SO 4 /sat. K 2 SO 4 electrode (0 V vs. 

g/Hg 2 SO 4 = 0.640 V vs. SHE) as reference electrode and a graphite 

oil (0.5 mm thick, 99.8% Thermo Fisher, Germany) as counter elec- 

rode. Cyclic voltammetry was performed with a CompactStat po- 

entiostat (Ivium Technologies, The Netherlands) from 0 V up to 

 V ( vs. SHE) at a scan rate of 100 mV s −1 . Potentiodynamic growth

f anodic oxides was done in ambient conditions in a 0.1 M cit- 

ate buffer (CB), pH 6.0, prepared by following the standard pro- 

edure for this electrolyte [ 30 ]. The choice of specified potentiody- 

amic growth parameters together with specifics of the electrolyte 

uffer has been motivated by recent findings in the field [ 27 , 28 ].

ll the chemicals citric acid monohydrate (C 6 H 8 O 7 , 5949-29-1) and 

risodium citrate dihydrate (C 6 H 9 Na 3 O 7 , 6132-04-3) were of an- 

lytical grade and were used as received (Merck, Germany). The 

amples were cleaned and solutions were prepared with ultra- 

ure water (Arium mini, Sartorius, 18 M � cm). Finally, approxi- 

ately 100 nm thick Pt top electrodes were sputtered on top of 

he anodized Hf-Ta library in Ar atmosphere (5 × 10 −1 Pa) at room 

emperature. The substrates were rotated with 5 rpm in order to 

btain Pt thin film uniformity. The patterning of round Pt elec- 

rodes, 200 μm in diameter, was performed using a 30 μm thick 

i shadow mask foil (Mecachimique, France) pre-attached in inti- 

ate contact with the anodized surface. Approximately 300 elec- 

rode clusters (5 × 5 within 3 × 3 mm 

2 surface area) were pat- 

erned on each of the three wafers defining the anodic memristor 

ibrary. 

.3. Electrical characterization 

The electrical measurements performed for characterizing the 

emristive behavior along the Hf-Ta anodic memristor library are 

lassified into three groups: (1) I-U sweeps, (2) endurance and (3) 

etention tests. All tests were performed in a scanning manner 

n ambient conditions (22 °C, 55% RH) by an experimental setup 

pecifically designed for this purpose. The setup contains a self- 

eveloped Gantry robot with high precision XYZ translation stages, 

wo microscopes cameras (Bresser, Germany) for top- (90 °) and 

ide- (45 °) views of the Pt top electrodes. A W needle (10 μm 

ip diameter) was attached to the Z-stage in order to sequen- 

ially electrically connect each addressed top electrode. The con- 

act force is adjusted by feedback to a force sensor and was kept 

t 20 ± 2 mN. The bottom electrodes (Hf-Ta thin film library) were 

ontacted by an additional contacting needle positioned at the 

dge of the wafers. The measurements were conducted by a source 

eter (Keithley 2450) controlled by a LabView® software (self- 

eveloped). During all types of measurements ( I-U sweeps, reten- 

ion and endurance tests), the Pt top electrode remained grounded, 

hereas the voltage bias was applied to the Hf-Ta bottom elec- 

rode. The voltage never exceeded more than ±4.0 V (U set and 

 reset ) and current compliances of 100 mA maximum were applied. 

ndurance tests were performed by using the pulsed voltage stress 

PVS) method at a maximum of 260 Hz, which is the upper limit 

f the Keithley instrument used. The current limitations utilized 

or retention and endurance measurements were set up to 20 mA 

or bipolar and 50 mA for unipolar devices. The resistance of the 
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emristors, relevant for endurance and retention studies, was ob- 

ained by reading the current corresponding to 0.02 V polarization 

oltage. 

.4. Microscopic and spectroscopic analysis 

The electrodes patterning and surface morphology were pre- 

iminarily investigated in a plan-view geometry via field emission 

canning electron microscopy (SEM). A CrossBeam 1540 XB mi- 

roscope (ZEISS, Germany) operated at 20 kV accelerating volt- 

ge was employed and a secondary electrons detector was used 

or image acquisition. High-resolution transmission electron mi- 

roscopy (HRTEM) investigation was performed on memristors us- 

ng a JEM-2200FS (JEOL, Japan) fitted with in-column �-filter, a 

emCam-XF416 (TVIPS, Germany) CMOS-based camera and oper- 

ted at an acceleration voltage of 200 kV. Snaps were recorded ap- 

lying zero-loss filtering. Gatan DigitalMicrograph 

TM software was 

sed for HRTEM image processing. Thin TEM lamellas were pre- 

ared in cross-sectional geometry utilizing focused ion beam (FIB) 

illing (CrossBeam 1540-XB). The FIB was operated at an accelera- 

ion voltage of 30 kV for sample cutting and lift-out and at 5 kV for

nal thinning. Energy-dispersive X-ray spectroscopy (EDX) analysis 

as performed in scanning (S)TEM mode for qualitative elemental 

haracterization of specimens. For this purpose, the microscope is 

quipped with an EDX detector from Oxford Instruments (UK). El- 

mental maps were constructed and analyzed with Aztec software 

v.4.1). 

The chemical composition of anodic memristors grown in dif- 

erent electrolytes was evaluated by X-ray photoelectron spec- 

roscopy (XPS) and hard X-ray photoelectron spectroscopy (HAX- 

ES). Analysis using HAXPES and XPS was performed with a PHI 

uantes spectrometer (ULVAC-PHI) equipped with a conventional 

ow-energy Al-K α X-ray source (1486.6 eV) and a high energy Cr- 

 α (5414.7 eV) X-ray source. Both sources are high flux focused 

onochromatic X-ray beams that can be scanned across the sam- 

le surface selected area. The energy scale of the hemispheri- 

al analyzer was calibrated according to ISO 15472 by referenc- 

ng the Au 4f7/2 and Cu 2p3/2 main peaks (as measured in situ 

or corresponding sputter-cleaned, high-purity metal references) to 

he recommended binding energy (BE) positions of 83.96 eV and 

32.62 eV, respectively. Charge neutralization during each mea- 

urement cycle was accomplished by a dual beam charge neutral- 

zation system, employing low energy electron and Ar ion beams 

1 V Bias, 20 μA current). The core level measurements with both 

ources were performed in high-power mode. The electron beam 

s scanned to deconcentrate heat dissipation; hence the analysis 

s performed along a line 1400 μm long. The step size and pass 

nergy for core level measurements were 0.2 eV and 112 eV, re- 

pectively, for both sources (surveys were acquired at 280 eV pass 

nergy and 0.5 eV step). The atomic concentrations were calculated 

rom the peak areas after Shirley background subtraction using the 

redefined sensitivity factors in the MultiPak 9.9 software provided 

y ULVAC-PHI. Compositional depth profiles were recorded by em- 

loying alternating cycles of XPS analysis (Al-K α at 51 W; beam 

iameter ∼200 um) and sputtering with a focused 1 keV Ar beam, 

astering an area of 2 × 2 mm 

2 . During each measurement cycle, 

he Ta 4f, Hf 4f, C 1 s, and O 1 s regions were recorded with a

tep size of 0.05 eV and a pass energy of 55 eV. The etch rate was

etermined to be 2.3 nm min 

−1 on a 100 nm thick Ta 2 O 5 /Ta refer-

nce/calibration sample (Physical Electronics). 

To reconstruct the distribution of the different species as a 

unction of depth, the StrataPHI V1.3 simulation program, provided 

y Physical Electronics USA Inc. was used. This application simu- 

ates the layer thicknesses and composition for thin-film structures 

omposed of discrete layers. For each XPS peak measured and for 

ach material the escaping electron was subjected to the Tanuma 
3 
owell and Penn algorithm (TPP-2 M) [31] to calculate its inelas- 

ic mean free path (IMFP). This calculation requires the density, 

tomic weight, band gap and the number of valence electrons of 

ach compound involved. Thereafter, from the measured intensity 

f the Ta 4f, Hf 4d and O 1 s HAXPES signals, the application cal-

ulates the relative contribution of each compound in each layer, 

s well as the layer thickness for a given layered system. 

.5. Combinatorial screening strategies 

Particularities of the Hf-Ta anodic memristor library formation 

re presented step-wise in Fig. 1 . The first step schematically de- 

cribes the principle of Hf and Ta co-sputtering (in vacuum, with- 

ut substrate rotation), having as a result a Hf-Ta compositional 

pread on the substrate. Thus, a high number of Hf-Ta alloys are 

roduced at the same time and under identical conditions, which 

llows compositional screening of different variables as further dis- 

ussed. It should be noted that the alloys singled out from such 

creening can be easily reproduced on the entire surface of fresh 

ubstrates, by adjusting the sputtering power of each source and 

y rotating the substrate during deposition. The second step in- 

olves anodization of the entire available surface of the Hf-Ta thin 

lm library (up to 8 V for 20–30 nm thick oxides formed in CB) 

n a very straightforward manner by dipping the samples into the 

lectrolyte. As soon as the anodic oxide forms on the surface, a 

ixture of HfO 2 and Ta 2 O 5 is expected and controlled by the com- 

osition of the parent metallic alloys [ 22 ]. Analysis of this mix- 

ure’s memristive performance is the major goal of the present 

tudy and will be presented further for a high number of Hf-Ta 

lloys. 

Finally, the anodized Hf-Ta library is transformed into an anodic 

emristor library in the next step by patterning Pt top electrodes 

see Fig. 1 ), thus finalizing the fabrication of the MIM structure 

ecessary for electrical investigations. Also, a schematic descrip- 

ion of the electrical scanning principle related to further mem- 

istive investigations is presented in Fig. 1 as the last experimental 

tep. This may be the most important step since its proper imple- 

entation is responsible for the entire amount of data generated 

uring the library scan (which in the present study was computer- 

ssisted) and presents the basis for further analysis and interpreta- 

ion. Memristive switching capabilities of Hf-Ta anodic oxides were 

creened along the entire compositional spread. First, forming volt- 

ges were identified for each composition along the entire library, 

hen I-U curves were recorded for each memristor for analyzing its 

witching behavior. 

Electrolyte selection for anodization of the Hf-Ta thin film li- 

rary was performed based on preliminary results on memristors 

rown on pure Hf and Ta films (deposited in identical conditions 

s the Hf-Ta library). Previous studies of Hf anodic memristors 

onfirmed incorporation of electrolyte species in the oxide film 

 18 , 28 ]. When anodizing pure Ta films in phosphate buffer (PB), 

pproximately 5 at.% P was found inside the anodic oxide and no 

ncorporation of C from CB was observed [27] , whereas anodiza- 

ion of pure Hf resulted in incorporation of 8 at.% C from CB [ 28 ].

n both cases, the electrical properties were affected by this incor- 

oration. On one hand, the incorporation of P improved memris- 

ive performance regarding their stability and lifetime in the case 

f devices based on Ta. On the other hand, the incorporation of P 

egatively affected device performance regarding lifetime and sta- 

ility in the case of Hf devices. However, the anodization of pure Ta 

lms in PB and CB produced equally successful memristive devices. 

ince the best performance of Hf-based memristors was achieved 

hen anodizing in CB, this buffer was chosen for Hf-Ta library an- 

dization in the present work. Additionally, the electrical proper- 

ies of the best memristors based on pure metals have been used 

s references for screening of the Hf-Ta library [ 27 , 28 ]. 
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Fig. 1. Schematic representation of experimental steps for fabrication and screening of anodic Hf-Ta memristors. 

Fig. 2. EDX compositional mapping for the entire Hf-Ta library spread on three 100 mm Si wafers (a), photographs of substrate with finalized devices after the top Pt 

electrode patterning (b, c) and SEM image of a single anodic memristors cluster (d). 
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Schematic visualization of the actual Hf-Ta thin film library, im- 

ediately after its co-sputtering, is presented in Fig. 2 a, where the 

EDX mappings of all three wafers defining the entire library are 

resented. It can be observed that overall the Hf-Ta library has a 

ompositional spread of 87 at%. Alloys ranging between Hf-8 at.%Ta 

nd Hf-95 at.%Ta are shown in the color-coded compositional bar 

resented in the figure. Accordingly, the Hf amount in the library 

aried from 5 to 92 at.%. The compositional spread of each of the 

hree wafers was tuned to partly overlap with its neighbors for 

ome redundancy, allowing a continuous property scan along the 

ibrary while avoiding unwanted edge effects. From the SEDX map- 

ings, a lateral compositional resolution of 0.3 at.% mm 

−1 can be 

alculated. The current work aims at providing information about 

he memristive behavior of Hf-Ta oxides with as high as possi- 

le compositional resolution. However, taking into account the as- 

essed error of the performed EDX analysis, no compositions with 

 precision better than 1 at.% was considered. Therefore, the ob- 

ained compositional resolution is quite convenient since a surface 
4 
f more than 3 mm along the compositional gradient, containing a 

luster of at least a dozen memristors (see Fig. 2 b–d), defines each 

f-Ta alloy (within the estimated 1 at.% error bar). 

Following the previous arguments and in order to allow for a 

easonable number of identical memristors (for a given Hf-Ta par- 

nt metal alloy) the Pt top electrodes were patterned in clusters 

ontaining 25 electrodes each. Optical photographs of the elec- 

rodes are presented in Fig. 2 b,c at different magnifications where 

he electrode clusters and the spacing between them are easily ob- 

ervable. For increasing the observation resolution, an SEM image 

f a cluster is presented in Fig. 2 d. All Pt top electrodes are iden-

ical defining individual memristors belonging to the same Hf-Ta 

omposition. Scanning for compositionally induced changes refers 

o measurements performed in different clusters along the compo- 

itional gradient, while clusters perpendicular to the gradient di- 

ection provide memristors with identical compositions. This is in- 

irectly observable also in Fig. 2 a. In order to organize and ease 

he presentation of the obtained results from this work, the en- 
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Fig. 3. Exemplifying plots applied to each analyzed memristors along the library: (a) hysteretic memristive I-U curve with identification of relevant parameters and sweep di- 

rections used for the entire study, (b) derived R-U curve for resistive states observation and (c) switching curve plotted in logarithmic current scale for hysteretic irregularities 

observation. (d–f) Representative switching curves for selected memristors defining three compositional zones of interest along the Hf-Ta combinatorial library. 
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ire Hf-Ta library was divided into three compositional zones that 

hare common memristive behaviors: zone I ( < 50 at.%Hf), zone II 

50–70 at.%Hf) and zone III ( > 70 at.%Hf). 

. Results and discussion 

.1. Resistive switching in anodic Hf-Ta memristors 

Representation of memristive behavior can be done in differ- 

nt ways for emphasizing various characteristics. These representa- 

ions are extremely relevant in this study, due to a large amount of 

ata within the whole library that needs to be analyzed in identi- 

al ways for multiple devices. In Fig. 3 a typical I-U curve is shown

s measured on one memristor from the library. Several charac- 

eristics, such as sweep direction, voltage and current limits, are 

ndicated in the figure and they are defined in the same manner 

or all investigated memristors. The total number of investigated 

emristors was around 300 per wafer. Additionally, at least 10 cy- 

les of I-U sweeps were recorded for each investigated memris- 

or. The HRS and two different LRS levels corresponding to the in- 

icated current limits (compliances) are related to the slopes of 

he I-U curves due to Ohm’s law. However, easier observation of 

hose switching levels can be done in an R-U plot as exemplified 

n Fig. 3 b for the same memristor. Both distinct LRS levels can be

etter observed and discussed in such a plot. Finally, plotting the 

-U data in logarithmic current scale allows better observation of 

ysteretic anomalies. This is exemplified in Fig. 3 c where a hys- 

eretic irregularity can be easily observed for a zone III memristor. 

The switching characteristics extracted from the I-U sweeps 

ave been changing within the Hf-Ta compositional spread along 

he three defined zones. In Fig. 3 d–f representative curves belong- 

ng to memristors from each compositional zone are presented. 

he devices from zones I and III showed bipolar switching be- 

avior, while memristors in zone II resemble unipolar behavior. 

he differences obtained during I-U sweeps measurements were 

he main criterium for defining the compositional zones and have 

een used further in the properties screening. Additionally, in 

ones I and III memristive forming by positive biasing was nec- 
5 
ssary, while zone II did not require any forming step. Identifi- 

ation of a region roughly in the middle of the entire composi- 

ional spread (50–70 at.% Hf), where forming-free devices are ob- 

erved, is extremely important for material selection during further 

evice implementation in real-life applications. Furthermore, with 

he increase of Hf amount ( > 70 at.%) in zone III ( Fig. 3 f), the an-

dic memristors regain the bipolarity but their hysteresis remains 

trongly irregular, with different polarity dependent HRS values. 

The mechanism of the bipolar switching is described as mainly 

lectrical and thermal field-assisted ionic drift inside the oxide 

ayer [ 6 , 9 ]. Thus, the formation and deletion of CFs are based on

he electromigration and thermally activated displacement of the 

ame defects (oxygen vacancies) initiating solid-state redox reac- 

ions. If in bipolar switching the electric field influence dominates, 

n unipolar case the redox process is mainly assisted by local Joule 

eating and quantum effects [ 6 , 9 ]. In other words, the unipolar

witching to LRS (set process) or to HRS (reset process) is de- 

cribed as a voltage-controlled breakdown event, which is followed 

y thermal formation or disruption of CFs [ 32 ]. Additionally, it was 

eported that filamentary regions in unipolar devices can appear as 

ano-islands rather than the typical continuous filaments observed 

or bipolar switching [ 6 ]. Continuous filaments may be oxidized or 

educed due to the enhanced mobility of O species drifting from 

node or cathode interface along grain boundaries, linear defects 

nd dislocations [ 32 ]. With this regard, it should be expected that 

ifferent com positions of Hf-Ta parent metal alloys could affect the 

nodic memristors switching behavior. Therefore, as Fig. 3 shows, 

ixed oxides-based memristors offer the intrinsic possibility of CF 

ormation assisted by different processes, whose selection is com- 

ositionally driven. 

Analysis of memristive switching curves for each oxidized Hf- 

a alloy along the library allowed compositional mapping of sev- 

ral relevant memristive characteristics, which are presented in 

ig. 4 . In part (a) of the figure, the voltage switching character- 

stics ( �U ) are mapped for the entire library, being extracted from 

ndividual I-U plots as indicated in Fig. 3 a. The error bars pre- 

ented are defined empirically by the variations between different 

evices formed at the same Hf-Ta composition. It can be observed 
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Fig. 4. Compositional mapping in the Hf-Ta system describing anodic memristors forming voltage characteristics (a), number of switching levels (b), values for the high and 

low resistive states (c) and their ratio (d). 
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hat at the edge of Hf-Ta compositional spread, the behavior of an- 

dic memristors resembles those of devices built on pure Hf or Ta 

etallic film precursors [ 27 , 28 ]. At low Hf concentrations in zone I,

s well as in the entire zone III, anodic memristors were switched 

ipolarly with �U up to ±2 V, just as in the case of pure Hf or

a oxide devices anodized in CB as reference. Increasing the Hf 

oncentration above 10 at.% in zone I, the switching voltage range 

ncreased reaching ±4 V for Hf amounts up to 30 at.%, and fur- 

her decreased toward the initial ±2 V values at the end of zone I. 

owever, a rather large fluctuation of data can be observed, likely 

inked to the transition towards zone II. 

The switching features of zone II are suddenly pointing towards 

nipolar characteristics. This compositional range defines a rather 

nique set of anodic Hf-Ta memristors. Firstly, no memristive form- 

ng by biasing the device in a positive direction was necessary for 

his zone, thus removing a usually required fabrication step. Sec- 

ndly, memristive switching to LRS (set process) was successful in 

 quite low positive voltage range (up to 1.5 V for the first half of

one II). Similarly, the switching from LRS to HRS (reset process) 

as achieved at very low voltage values close to 0 V. Based on 

he fact that the RESET process is accomplished by bringing bot- 

om and top electrodes at the same potential, one could doubt a 

nipolar switching behavior [ 33 ]. However, precisely this behavior 

as recently explained by the coexistence of non-volatile thresh- 

ld and memristive characteristics, in which a self-reset process 

s achieved by short-circuiting the bottom and top electrodes in 

imilar experimental conditions using HfO 2 [ 34 ]. In addition, the 

nipolar behavior was justified by the presence of nano-inclusions 
6 
nside HfO 2 , which are reconfirmed in the present study (discussed 

urther in the TEM analysis) [ 6 , 34 ]. These characteristics are mak- 

ng this mixture of oxides very attractive for low voltage applica- 

ions, e.g., selector devices [ 35 , 36 ]. At the same time, the possibility

f multifunction applications based on mixing a volatile selector 

ith a nonvolatile memory is promising and may expand towards 

euromorphic applications [ 34 ]. It is also relevant to note here that 

he coexistence of threshold and memory is studied for different 

aterials [ 37–39 ]. 

Multi-level switching is a crucial memristive parameter to be 

valuated along the Hf-Ta library due to its importance as a mem- 

ry characteristic, particularly for neuromorphic applications [ 40 ]. 

he existence of a high number of distinguishable resistance lev- 

ls allows the simulation of an analog behavior of a memristive 

evice that can store more than one bit per cell [ 41 , 42 ]. The

ompositional mapping of the anodic memristors switching lev- 

ls along the Hf-Ta library is presented in Fig. 4 b. Generally, de- 

ices from zone I were switched successfully at more than 2 lev- 

ls, 4 levels being observed for several Hf-Ta compositions together 

ith the pure Ta and Hf oxide reference memristors. Most an- 

dic memristors belonging to zone II had 2 distinguishable switch- 

ng levels, while in zone III only one level could be identified. All 

hese switching features along the Hf-Ta compositional gradient 

re pointing out that memristive devices based on alloys contain- 

ng a lower percentage of Hf (zone I) would provide better mem- 

ry characteristics, being potential candidates for ReRAM applica- 

ions. However, memristive devices in zone II showed simpler and 

lectroforming-free unipolar switching, which combined with their 
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ower operating voltage range, may be considered as a prominent 

dvantage for applications such as selector device, in spite of their 

maller number of switching levels. 

In Fig. 4 c the ohmic values for both LRS and HRS are plotted 

s compositional mapping along the entire Hf-Ta library. The data 

as collected from each addressed memristor in a manner simi- 

ar to the ones exemplified in Fig. 3 a,b. As it can be seen ( Fig. 4 c),

RS values for alloys with Hf content below 70 at.% are very close 

o those of memristors based on pure Hf and/or Ta. Within zone I 

nd zone II these values are quite stable in the range of 100 � and

he threshold between the zones is well marked by a small LRS 

hange. Overall the LRS is stable and reproducible over the compo- 

itional range of zones I and II. The LRS values in zone III are much

igher, reaching 1 G � and showing bigger variability, as visualized 

y the larger error bars in the graph. This is a first indication that 

ixed oxides in zone III may not be well suited for memristive 

pplications. 

Additionally, in Fig. 4 c the HRS values are compositionally 

apped and their behavior differs drastically from the LRS ones. 

ven though a slight decrease of HRS for alloys in zone I is still

ecognizable being compared with pure Ta or Hf oxides, their val- 

es remained stable along the entire zone at values below 10 3 �. 

he transition between zones I and II is emphasized by a sudden 

ncrease of HRS values by at least 6 orders of magnitude. Devices 

ased on alloys in zone II showed HRS values ranging from 10 9 �

o almost 10 11 �. Further increasing the Hf concentration along the 

ibrary, a significant drop of the HRS values down to 10 4 � (for 

fO 2 grown in CB) can be observed for anodized alloys in zone III. 

For real applications though, one important factor characteriz- 

ng a memristor is the ratio between HRS and LRS, which pro- 

ides a measure for the resistive switching efficiency evalua- 

ion. The HRS/LRS ratios measured along the entire library are 

ompositionally mapped in Fig. 4 d. The performance of mem- 

istors from zone I is worse compared with pure Hf or Ta ox- 

des, with a ratio slightly above 10. The zone II devices showed 

ignificantly increased HRS/LRS values reaching in excess of 10 7 . 

uch strong differentiation between resistive states may be ex- 

remely useful in low voltage applications by eliminating possi- 

le uncertainties related to the state reading of a device. Addi- 

ionally, forming-free and low switching voltage features increase 

he compositional relevance of zone II. As the Hf amount increases 

urther along the Hf-Ta library, in zone III HRS/LRS ratios with 

igh instabilities were found. Combined with the previously ob- 

erved behavior of both states, this renders zone III as inappro- 

riate (from an electrical point of view) for memristive applica- 

ions and thus it will not be pursued further in the frame of this 

ork. 

.2. Endurance and retention of anodic Hf-Ta memristors 

Endurance and retention tests performed on devices along the 

f-Ta library resulted in similar behaviors for oxides belonging 

o each of the compositional zones previously defined. Fig. 5 

hows retention and endurance measurements representative for 

he compositional zones I ( a and b ) and II ( c and d ). The compo-

ition of each Hf-Ta alloy chosen to represent each zone is given 

n the figure. Testing in zone III did not lead to meaningful re- 

roducible results, as expected from the overall electrical behavior 

reviously discussed. Cycle-to-cycle variability intervals for both 

esistive states are shown in Fig. 5 by orange-colored confidence 

ands, as empirically defined by analyzing all performed tests in 

ach zone. The intervals are based on measurement scattering ex- 

racted from up to 25 different devices, excluding extreme values. 

Extremely stable LRS values were confirmed up to a few mil- 

ions of cycles of retention testing in zones I and II. During en- 

urance testing of memristors from zone I, LRS values started 
7 
o increase when reaching 10 5 cycles, whereas HRS values re- 

ained rather constant in a similar ohmic range as during reten- 

ion testing. Consequently, HRS/LRS ratio became lower than 10 af- 

er 10 5 cycles and the tested memristors reached the end of their 

ifetime. The HRS values in zone I have a maximum absolute error 

n the range of 150 Ω , as easily calculated by observing the reten- 

ion confidence band (slightly larger compared to the endurance 

and).The mixed oxides from zone I show similar behavior as pure 

f or Ta oxides with HRS/LRS ratio in the range of one order of 

agnitude for at least 10 5 cycles [ 27 , 28 ]. 

The HRS values measured during retention and endurance test- 

ng of the devices in zone II increased by several orders of magni- 

ude reaching approximately 10 10 �. In both tests, cycle-to-cycle 

ariability in the range of 2 orders of magnitude was observed 

 Fig. 5 c,d). At the same time, this may be deemed acceptable con- 

idering possible higher noise sensitivity appearing due to very low 

urrents passing through devices. The reset mechanism for unipo- 

arly switched devices has been recognized as a self-accelerated 

rocess, which can cause different cycle-to-cycle HRS values due 

o the limited control of switching to HRS [ 43 ]. Additionally, in 

one II the HRS/LRS ratio with lower cycle-to-cycle variability was 

mproved by several orders of magnitude as compared to de- 

ices from zone I or anodic memristors based on pure Hf or Ta 

 18 , 27 , 28 ]. Such improvement is noticeable even with respect to

a and Hf oxide devices fabricated by sputtering [ 44 , 45 ] or atomic

ayer deposition [ 46 ]. The anodic memristive devices in zone II re- 

arkably show at least 7 orders of magnitude difference between 

RS and LRS for more than 10 6 switching/writing or reading cy- 

les. 

In general, the results for zone I and II memristors match well 

he compositional mappings from Fig. 4 c,d suggesting that the val- 

es presented there (measured from the first switching) could be 

afely assumed as constant for each zone for a high number of cy- 

les. Additionally, cell-to-cell variability is indicated by error bars 

nd confidence bands in both Figs. 4 and 5 , whereas typical cycle- 

o-cycle variability is exemplified in Fig. 5 and supplemental Fig. 

1 . 

Usually, pure anodic Hf and Ta memristors are reported to with- 

tand 10 5 endurance and retention cycles without failure, due to 

 sudden increase of HRS conductivity and decrease of LRS con- 

uctivity. Previous reports explained such events as an undesirable 

onsequence of the electroforming step, which dictates the shape, 

ize and stability of CFs and thus memristive performance [ 47 ]. 

dditionally, the electrolyte selection for anodization plays a role 

n the final memristive behavior [ 27 , 28 ]. In this regard, the idea

f electroforming-free memristors is extremely attractive because 

his will improve the uniformity and stability of devices. More- 

ver, the instability and thickening of the CFs with cycling were 

eported to appear due to the enhancement of effective tunnel- 

ng area or additional O vacancies diffusion into the CFs rupture 

egion [ 47 , 48 ]. Since these devices were also switched unipolarly, 

his may point towards the formation of one and more stable fila- 

ent which may be less prone to the above-described events [ 47 ]. 

n contrast, memristors from zone I were switched bipolarly, in 

igher voltage ranges, which could be justified by the formation of 

ultiple parallel CFs, with one main thicker CF [ 46 ]. This switch- 

ng mechanism based on several CFs was reported as less stable. At 

he same time, it may also clarify the observed sudden increase of 

he LRS resistance at 10 5 cycles during the endurance performance 

 Fig. 5 b) [ 47 , 48 ]. 

.3. Composition and chemical states analysis of anodic Hf-Ta 

emristors 

The in-depth compositions of two Hf-Ta anodic memristors cor- 

esponding to the relevant compositional zones I and II (Hf-70 at.% 
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Fig. 5. Retention and endurance testing representative curves selected for compositional zones I (a, b) and II (c, d) (For interpretation of the references to color in this figure, 

the reader is referred to the web version of this article.). 
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a and Hf-35 at.% Ta, respectively) were analyzed by XPS depth 

rofiling, and the results are presented in Fig. 6 . The evolution of 

he measured Ta 4f - Hf 4f region for successive sputtering steps is 

isplayed in Fig. 6 a and b for zones I and II, respectively. In both

ases, the presence of oxidation states of Hf and Ta in the mixed 

xides is evidenced. The surface region of both oxide types (up to 

 sputter depth of roughly 3–5 nm) is strongly enriched in Hf (as 

ompared to the oxide interior), confirming earlier results [ 22 ].This 

s due to preferential sputtering of O, an artifact commonly ob- 

erved for oxide compounds. Fortunately, the relative sputtering 

ates of Ta and Hf are similar and, consequently, the Hf/Ta atomic 

atio in the oxide layers should be unaffected by preferential sput- 

ering effects. 

As follows from the recorded depth profiles in Fig. 6 c,d, the 

nterior region of the zone I and zone II oxides (at about 5 min

f sputtering) is characterized by Ta/Hf atomic ratios of about 3.3 

nd 0.3, respectively. The metallic peak contributions from the al- 

oy substrate appear at a lower sputtering depth for zone I oxide, 

hich indicates that the zone I oxide is thinner than the zone II 

xide (assuming a similar sputter rate for both oxide types), later 

estified by cross-sectional TEM (see the supplemental Fig. S2). 

uch a dependence of the oxide layer thickness on the parent al- 

oy composition is expected due to the compositional dependence 

f the oxide formation factors in the Hf-Ta system [ 22 ]. 

Sputtering effects hinder a true chemical state analysis of Ta 

nd Hf in the oxide layer interior by classical XPS depth profil- 

ng. To address this challenge, a bulk-sensitive HAXPES analysis of 

he as-deposited oxide layers using a hard Cr-K α X-ray source was 

erformed and the results are presented in Fig. 7 a. This allows in- 
8 
estigating the unperturbed mixed Ta-Hf oxides. The Ta 4f - Hf 

f regions of the as-deposited oxide types and reference oxides of 

fO 2 and Ta 2 O 5 , as measured with the Cr-K α source, were inves- 

igated. A comparison of the measured XPS spectra after 4 sputter 

ycles with the HAXPES spectra of the unperturbed oxides charac- 

eristic to zones I and II are shown in Fig. 7 b and 7 c, respectively.

hile dominant single valence states are observed for Ta and Hf 

n the unperturbed oxide layer (without sputtering using the Cr- 

 α source), a clear shift of the original peak positions with ad- 

itional substoichiometric peak contributions appears in the per- 

urbed oxide layer (after sputtering and measured using the Al-K α
ource). Notably, a minor Ta metallic contribution from the alloy 

ubstrate is probed for the zone I mixed oxide in its unperturbed 

tate, which is absent in the corresponding spectra of the zone II 

ixed oxide. This is also in consonance with the fact that zone I 

xide layer is thinner than the zone II mixed oxide layer ( i.e. the 

AXPES analysis non-destructively probes across the entire oxide 

ayer). The StrataPHI layer reconstruction for both oxide types (as- 

uming an in-depth homogeneity) results in nominal bulk compo- 

itions of 20 at.% Ta – 13 at.% Hf – 67 at.% O for the zone I ox-

de and 9 at.% Ta – 29 at.% Hf – 62 at.% O for the zone II oxide.

he respective oxide-layer thickness for the zone I oxide is 23 nm 

 note: the layer thickness of the zone II oxide cannot be resolved 

y the StrataPHI reconstruction, since a metallic substrate signal is 

ot detected). 

In zone I memristors the amount of anodized Hf exceeds the 

mount of metallic Hf in the parent alloy by at least 5 at.%, while 

n zone II the memristors stoichiometry is shifted by more than 

0 at% toward Hf. This is due to the competition between Hf and 
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Fig. 6. XPS spectra of the combined Ta 4f – Hf 4f region (dashed lines) as recorded at various sputter depths for anodic oxides representative for zone I (a) and II (b). The 

reconstructed sputter depth profiles are shown in panels (c, d). 

Fig. 7. HAXPES spectra of pure anodic oxides, zone I and II oxides and standard Ta 2 O 5 (a) and comparison of XPS (after sputtering) and HAXPES results for oxides from 

zones I (b) and II (c). 
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a during their high field ionic migration [22] . The stronger Hf en- 

ichment of oxides from zone II (compared to zone I) is primarily 

riggered by the Hf/Ta ratio and may play a role in the much better 

emristive behavior of devices in this compositional region. Hav- 

ng an ionic transport number close to zero, Hf will practically be 

mmobile during anodization as reported to its initial position in 

he metallic matrix, while the more mobile Ta will oxidize faster 

xpanding the oxide volume inside the electrolyte. However, the O 

nion moving in the opposite direction is much faster than both 

ations and thus Hf will get a chance to oxidize as well. The re-

ulting electrical peculiarities and overall characteristics of the fi- 

al oxide are a complex combination of factors primarily triggered 

y the “ideal” Hf/Ta atomic ratio. The simulated oxide layer thick- 

ess is in excellent agreement with the value expected from elec- 
rochemical and TEM data. i

9 
The local chemical states of the anions and cations in a given 

xide compound can be evaluated from the so-called (modified) 

uger parameter (AP), as measured by XPS/HAXPES [ 49 , 50–52 ]. 

uger transitions are a unique probe of the strength of on-site 

lectron correlation [53] . Consequently, the AP shift between two 

ifferent local chemical states of an atom in the solid is a direct 

easure of the difference in electrical screening efficiency around 

he localized core hole(s) of the core-ionized atom (as created in 

he photo- or Auger process) [54] . The AP of O ( i.e. O 1s + O

LL), Hf and Ta ( i.e. Hf 4d + Hf LMM / Ta 4d + Ta LMM) in the

one I and II oxides were evaluated from the respective photoelec- 

ron and Auger lines, as recorded with the soft Al and/or hard Cr 

-ray sources [ 49 ]. Notably, the O1s, Hf 4d and Ta 4d core lev-

ls can be accessed with both the Al and Cr source (correspond- 

ng to different probing depths), while the respective LMM Auger 
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Fig. 8. O and Ta, Hf Auger parameter shifts, �α, as a function of the Ta content in the mixed oxides, as well as in the respective pure oxides. The values of �αO > 0 are 

referenced to that of O in H 2 O, whereas the values of �αHf < 0 and �αTa < 0 are referenced with respect to their pure metal. The markers with open squares and solid 

circles correspond to the �α shifts at a shallow and large probing depths, as determined from the measured core-level BE values recorded with the soft Al-K α or the hard 

Cr-K α X-ray source, respectively ( note: the probing depth of the respective Auger lines is independent of the photon source). 
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ines can only be excited using the Cr source (at constant probing 

epth) [49] . The as-obtained AP values (denoted α), are indepen- 

ent of the incident photon energy and of charging effects [ 50–52 ].

For chemical state analysis, α values are generally referenced 

o a well-defined reference state, αref. The value of �α = αref - 

then corresponds to the difference in the local electronic polar- 

zability between the core-ionized atom in the studied compound 

ith respect to its reference state, i.e. �α = −2 · ( R ea 
ref 

− R ea ) , where 

 

ea 
ref 

and R ea denote the respective extra-atomic relaxation or po- 

arization energies. The major contribution to R ea is due to the 

lectron response of the local chemical environment of the core- 

onized atom upon creation of a core-hole or of two core-holes in 

he photo-ionization and the Auger process, respectively. This im- 

lies that, for a free atomic or ionic species, R ea ≡ 0 . The Auger 

arameter shift of O in oxide compounds, on the one hand, is com- 

only referred to the H2O molecule ( αH 2 O 
= 1038.5 eV; as atomic 

2 − does not exist) [55] and thus �αO = 2 R ea 
O 

> 0 . The Auger pa-

ameter shift of the cation(s), M 

δ+ , in oxide compounds, on the 

ther hand, can be most easily referred to their respective pure 

etal, M 

0 . The core-ionized atom in metal is very well screened 

s compared to the respective atom in the oxide compound ( i.e. 

 

ea 
M 

0 � R ea 
M 

δ+ ) and thus �αM 

δ+ = −2 · ( R ea 
M 

0 − R ea 
M 

δ+ ) < 0 . 

The �α shifts for O, Ta and Hf in the zone I and II oxides, 

s well as in the respective pure oxide phases Ta 2 O 5 and HfO 2 ,

ave been plotted as a function of the Ta content ( i.e. from pure

a 2 O 5 → Hf-35 at.% Ta → Hf-70 at.% Ta → HfO 2 ) in Fig. 8 a–c. The

arkers with open squares and solid circles correspond to the �α
hifts at shallow and large probing depths, as determined from the 

easured core-level BE values recorded with the soft Al-K α or the 

ard Cr-K α X-ray source, respectively. Any deviation between the 
10 
α values at shallow and large probing depths hints at a gradient 

n the local chemical state of the respective atoms as a function 

f depth below the oxide surface. As evidenced from the sputter- 

epth profiles of Fig. 6 c,d, the zone I and II oxides are strongly en-

iched in Hf at their surfaces. Therefore, in the following, only the 

hemical states at large probing depths (solid cycles, in red) will 

e discussed in detail. 

As follows from Fig. 8 a, the value of �αO for the zone I and II

xides (at large probing depth) is similar to that of O in HfO 2 and

onsiderably higher as compared to Ta 2 O 5 . This implies that the O 

ons in the Ta 2 O 5 , on average, become more effectively screened 

pon mixing with Hf. In other words, the O electronic polariz- 

bility is higher for the mixed oxide in zone II. This is in line 

ith the much lower electronegativity, lower electronic conductiv- 

ty and higher refractive index of HfO 2 as compared to Ta 2 O 5 ( note:

ccording to the Clausius-Mossotti relationship, a rise of the refrac- 

ive index leads to increased molar polarizability and hence to in- 

reased electronic polarizability of the first-neighbor ligands of the 

 atom). Growth of the Hf content also results in the (near-linear) 

ncrease of the electronic polarizability ( i.e. an increase of �αHf ) 

round the mixed Hf cations ( Fig. 8 b). Accordingly, the local elec- 

ronic polarizability of Ta in the zone I and II oxides are higher as 

ompared to that in Ta 2 O 5 , although very similar for the zone I and

one II oxides ( Fig. 8 c). This suggests that the improved memristor 

erformance for the zone II oxide composition (as compared to the 

one I oxide composition) is likely related to the lower electronic 

olarizabilities (screening efficiencies) of O and Hf when applying 

n external electrical field upon cycling. In this regard, it is also 

mphasized that the local chemical state of Hf is near-identical 

t shallow and larger probing depths for zone II oxide, but very 
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Fig. 9. Results of the TEM investigation of zone II memristor cross-section. (a) TEM along with HAADF STEM imaging of the anodic oxide layer between Pt and Hf-Ta 

electrodes. (b) STEM EDX compositional maps of the region designated with a green frame in (a) The maps were reconstructed using L series of characteristic X-Ray 

spectrum for Pt, Hf and Ta and K series for O. (c) Map sum spectrum corresponding to the anodic oxide layer region (highlighted with a red dashed frame in (a). The Mo 

peaks correspond to the TEM grid. (d) HRTEM snap of the area shown with blue dashed circle in section (a) accompanied by through-thickness Hf-Ta ratio analysis. FFT 

patterns of regions I and II are presented in the corresponding insets (For interpretation of the references to color in this figure legend, the reader is referred to the web 

version of this article.). 
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ifferent for zone I oxide (compare solid circle and open squares 

n Fig. 8 a and b). This indicates that zone I oxide is much more

eterogeneous in composition, as also evidenced from the sputter- 

epth profiling. The more homogeneous composition of the zone 

I oxides could hint at a minimum in the Gibbs energy of forma- 

ion of a mixed (Hf, Ta)-oxide for Hf contents in the range of 50–

0 at.%, similarly to the observed formation of amorphous (Al, Zr)- 

xides with a well-defined stoichiometry [56] . Such a minimum in 

he Gibbs energy of formation of the mixed (Hf, Ta)-oxides would 

lso rationalize the very stable cycling behavior as observed for the 

one II oxides in this study. 

.4. Structure of anodic Hf-Ta memristors 

To bring more light to the fundamentals behind superior mem- 

istive performance specific for zone II devices, meticulous investi- 

ation of their structural peculiarities is vital. To address this chal- 
11 
enge, a thorough TEM analysis has been performed on the typical 

one II and zone I memristors after I-U cycling tests (low mag- 

ification TEM images showing a general view of the MIM lay- 

red structure could be found in Fig. S2). The in-detail results on 

he zone II memristor are summarized in Fig. 9 . Part (a) of the 

gure shows an overall TEM image of the MIM layers. It reveals 

n approximately 25 nm thick anodic oxide layer sandwiched be- 

ween Pt (top) and Hf-Ta alloy (bottom) layers. The observed poly- 

rystalline structure of the metal films with distinguishable grains 

s expected considering the formation approach, while the oxide 

ayer looks quasi-amorphous. Additionally, one can see a distinct 

eature of the oxide layer, which looks like a series of peculiar crys- 

alline entities and will be discussed later ( Fig. 9 a). The results of 

he TEM investigation of a typical zone I memristor are provided in 

he supplemental Fig. S3 for comparison. STEM EDX mapping was 

erformed for gaining general information about through-thickness 

omponents distribution complementing the quantitative HAXPES 
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hemical analysis discussed above. The assessed EDX measurement 

rror was ±1.5 at.% [57] . The color-coded elemental maps of the 

reen framed region are provided in Fig. 9 b. The bottom electrode 

omposition was estimated to be Hf-50 at.%Ta (50/50 ratio). This 

alue is in full consonance with SEDX screening data presented in 

ig. 2 a and is defined by the position of the chosen memristor in

he library. From the point of simplicity and to avoid ambiguity of 

 quantification in TEM lamellas via EDX, the Hf/Ta ratio will be 

urther used for the results presentation. It is worth mentioning 

hat the Hf/Ta ratio in the anodic oxide layer deviated from the 

ne of the parent metal layer and was measured to be 53/47, the 

orresponding map sum spectrum could be found in Fig. 9 c. More- 

ver, this ratio is not uniform. Applying a multiple line scan ap- 

roach, the distinguishable range of through-thickness Hf/Ta ratios 

rom ≈ 52/48 at the bottom electrode interface up to ≈ 54/46 in 

he vicinity of the Pt electrode could be revealed. The formation of 

his gradient is predicted and can be unambiguously justified by 

omparably lower Hf ionic mobility (compared to Ta) during the 

nodization process and is in agreement with available findings in 

he field [ 22 ]. 

HRTEM analysis has been fulfilled with the principle focus on 

he structural features in the anodic oxide layer. Fig. 9 d shows 

he enhanced image of the region marked with the blue cir- 

le in Fig. 9 a revealing a quasi-amorphous oxide layer embedded 

ith crystalline regions. Rigorously performed multiple through- 

hickness EDX line scanning in this area (designated with a dashed 

ed line) confirmed a slightly increased Hf to Ta content ratio at- 

ributed to the specific crystallite location (see the inset in Fig. 9 d). 

owever, it is worthy to note that assessed EDX measurement er- 

or allows stating the relative components ratio evolution only and 

ules out faithful quantitative chemical probing. Consequently, fast 

ourier transform (FFT) analysis has been systematically applied to 

he distinct sample regions for phases’ confirmation. To enhance 

he accuracy of quantification during image processing, a Pt grain 

ligned along the [110] zone axis in the polycrystalline Pt layer (re- 

ion I in Fig. 9 d), was used as an intrinsic reference for calibra-

ion [ 58 ]. Related FFT pattern could be found in the inset. Follow- 

ng this approach, the d -spacings of a crystallite entity of region II 

ere estimated to be 0.295 nm and 0.257 nm. These values are in 

ood correlation with {111} and {002} spacings of HfO 2 according 

o available crystallographic datasets [ 59 , 60 ]. Other possible candi- 

ates, such as Hf, Ta and Ta 2 O 5 were also checked but have not

atched. 

Considering the above-mentioned results and the confirmed 

ree-forming nature of zone II memristors, it can be suggested 

hat the observed HfO 2 crystalline regions were formed through 

elf-assembly of matter during the anodization process under a 

igh field. The particularities of the oxide growth are governed by 

he components’ concentration of a given Hf-Ta alloy and, conse- 

uently, by a competitive migration of constituents’ ions toward 

he electrolyte interface where O is found. However, further inves- 

igation of the anodic oxide formation process is still actual for un- 

evealing the full dynamic of the crystallite formation. At the same 

ime, these HfO 2 crystallites embedded in a quasi-amorphous ox- 

de layer likely play a key role in the general zone II memristor im- 

roved performance, enhanced stability, and highly uniform resis- 

ive switching (in contrast to the zone I devices presented in sup- 

lemental Fig. S3). This conclusion is in line with recent outcomes 

nd is supported by the chemical analysis of the oxides [ 61 , 62 ].

ccording to the authors’ approach [ 61 ], HfO 2 films were embed- 

ed with patterned highly ordered metal nanoparticles (NPs) ar- 

ays, which provided short circuit paths in an insulating layer and, 

n this manner, defined separate and distinct positions favorable 

or CFs formation. A similar effect was reported for Al 2 O 3 based 

emristors with embedded Ag NPs [ 62 ]. In line with these find- 

ngs, the locally enhanced electric fields along NPs promote oxy- 
12 
en vacancy generation and accumulation, drastically reduce the 

witching voltages and improve HRS/LRS ratio [ 62 ]. The CFs for- 

ation and rupture randomness was significantly decreased due 

o the seed effect, leading to better device stability. In this regard, 

fO 2 crystallites embedded in the quasi-amorphous anodic oxide 

ayer may have a similar effect. However, our knowledge of the 

lectro kinetical properties of HfO 2 compared with the surround- 

ng mixed oxide matrix is still scarce, especially at the nanoscale. 

espite it is believed that this difference should not be as dramatic 

s in the ‘metal nanoparticles – oxide matrix’ case, it could be sig- 

ificantly enhanced due to a size effect. Consequentially, deeper in- 

ights into the phenomenon are essential and will be addressed in 

he frame of upcoming investigations. 

. Conclusions 

In the current work, a compositional range producing enhanced 

nodic memristors in the Hf-Ta system was identified using com- 

inatorial screening. A co-sputtered Hf-Ta thin film library was 

nodized and memristive devices were fabricated on its surface 

y patterning Pt top electrodes. After electrical characterization 

f devices positioned at various locations along the compositional 

pread, three relevant compositional zones sharing common fea- 

ures were identified. A low-Hf containing zone did not feature 

ny memristive improvements compared to Ta 2 O 5 , while a high-Hf 

ontaining zone had extremely poor memristive behavior. Only a 

iddle region, with Hf concentration between 50 and 70 at% pre- 

ented anodic oxides with exceptional memristive qualities. Ratios 

etween resistive states exceeded 8 orders of magnitude, while re- 

ention and endurance testing were successful for more than one 

illion cycles. Memristors in this region are unipolar, forming-free, 

hile all other neighboring compositions, including pure oxides, 

re bipolar. Soft and hard X-ray photoelectron spectroscopy was 

sed for the chemical analysis of these oxides. An enrichment of Hf 

pecies close to the surface of anodic oxides was evidenced due to 

ery different ionic transport numbers of Hf and Ta competing for 

 during the anodic oxide formation. By combining soft and hard 

-ray photons it was found that the unipolar Hf-Ta anodic memris- 

ors have an in-depth homogeneous local chemical state of Hf and 

ower electronic polarizabilities for O and Hf. This is believed to be 

eneficial for the device’s endurance and retention performance. 

he unipolar character and switching stability are linked to the 

resence of HfO 2 crystallites embedded into an amorphous mixed 

xide matrix, as evidenced by transmission electron microscopy. 
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