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A B S T R A C T   

Memristive devices exhibiting improved performance and memory characteristics are revealed by using a 
combinatorial screening approach. An Nb-Ta thin film library, with a total compositional spread ranging between 
13 and 80 at.% Ta, is co-sputtered as the bottom electrode, while their anodic oxides served as active layers. Such 
metal–insulator-metal (MIM) specimens under investigation are finalized with patterned Pt top electrodes. 
Memristors based on mixed Nb2O5-Ta2O5 have been grouped according to their common switching character-
istics in four different compositional zones. Reversible switching between threshold and non-volatile mode was 
observed for devices grown on Nb-39 at.% Ta alloy. The switching mode was dictated by applying different 
current compliances. Moreover, devices based on Nb-36 at.% Ta switch at minimum seven distinct resistive 
levels. Apart from the electrical measurements, the structure of samples and components distribution in cross- 
section geometry is studied via TEM techniques before and after electrical treatment. Electrolyte incorpora-
tion and the exact composition of the identified high-performance memristors (resulting from the combinatorial 
screening) are analyzed by HAXPES. The memristive devices based on the two singled-out Nb-Ta alloys show 
enhanced memory and electrical characteristics, thus being excellent candidates for neuromorphic applications.   

1. Introduction 

Computation directly in a memory unit is foreseen as a solution to 
overcome the limitation regarding the data transfer rate between the 
physically separated processing and memory units, known as a memory 
wall [1]. Memristors are one of the most promising candidates for the in- 
memory computing concept in the field of resistive random-access 
memories (RRAMs) [2]. Besides, memristors are rapidly exceeding the 
scaling limits and memory capacity of the conventional memory tech-
nology, which stands on complementary metal–oxide–semiconductor 
(CMOS) transistors [3]. Different resistive switching materials have been 
recently studied for the development of memristors. Devices based on 
transitional metals and their oxides such as Ti, Ta, Nb, Hf, and Zr have 
demonstrated excellent switching characteristics due to their thermal 
stability, controllable chemical composition and inexpensive production 

[4–9]. Memristive behavior is strongly affected by the selection of 
electrode materials and solid electrolyte or metal/oxide interface at 
which O vacancies accumulate [10,11]. The switching mechanism of 
memristors depends on the formation of conductive filaments (CFs) due 
to O species or metal cations electromigration inside the oxide sand-
wiched between metallic electrodes [11]. 

Niobium and tantalum oxide memristors exhibited reliable switch-
ing, thus reaching a long lifetime and data retention while consuming 
low power [12,13]. Niobium is a valve metal, which can be used as 
bottom electrode in a simple metal–insulator-metal (MIM) memristive 
structure showing dual switching behaviour [14,15]. When non- 
stochiometric Nb oxides are used as an insulating layer with a reactive 
top electrode, memristors exhibit volatile threshold switching. On con-
trary, devices with stochiometric Nb2O5 and inert top electrode 
demonstrated bipolar or unipolar non-volatile switching [16,17]. 
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Nevertheless, these devices suffer from low resistive state ratios, related 
to the semiconducting nature of Nb2O5. For that reason, Nb-based 
memristors were combined or doped with other materials such as Ti 
or Ta [5,10,18]. Besides, devices based on Ta2O5, which is an insulating 
high dielectric constant material, already showed excellent memory and 
electrical characteristics [19]. Besides, the use of mixed valve metals in 
memristive devices has already been proven as beneficial regarding 
their performance [20,21]. On one hand, this was mainly explained by 
the obtained structure of mixed oxides allowing CFs to position inside of 
crystalline or amorphous regions formed within the oxide layer. On the 
other hand, an active layer, constituted of several oxides different in 
stoichiometry, can favor CFs formation [20–22]. Thus, it may be ex-
pected that improved memristive switching behavior can be achieved by 
mixing Nb and Ta oxides. For this reason, the aim of this work was to 
investigate the memristive behavior of an anodized Nb-Ta thin film li-
brary. Additionally, the composition of alloys and their respective oxides 
as well as electrolyte incorporation in anodic oxides was studied by 
HAXPES, while peculiarities of the MIM structures were investigated via 
TEM. Microstructural and compositional studies are relevant for un-
derstanding the memristive performance. The investigation of electrical 
and memory characteristics of oxidized Nb-Ta alloys can lead towards 
identification of materials for high-performance memristors. In this 
screening process, the switching mechanism can be understood, which is 
crucial for the development of defect-engineered devices necessary to 
solve the issues of modern computing based on the von Neumann ar-
chitecture. Furthermore, the fabrication of the oxide layer, as the 
required solid electrolyte, was simplified by using the fast and efficient 
electrochemical anodization, as an attractive alternative to complex 
methods such as physical or chemical vapor deposition [23,24]. 

2. Experimental Section/Methods 

Bottom electrode fabrication: The co-deposition by sputtering of Nb-Ta 
combinatorial library was done in an ultra-high vacuum system (Mantis 
Deposition, United Kingdom) with the base pressure in the range of 10-6 

Pa. The Nb-Ta thin films were sputtered in DC mode, at a pressure of 
5•10-1 Pa in Ar atmosphere, from high purity Nb and Ta targets (99.95 % 
Demaco, The Netherlands) onto Si substrates that were thermally pre-
oxidized at 950 ◦C during 24 h. In order to maximize the compositional 
spread, the targets were positioned at opposite edges of the Si wafers, 
with a target – substrate distance of 13 cm. 

The total compositional range was tuned by applying powers to Nb 
and Ta targets (50 mm in diameter) between 25 W and 80 W. Addi-
tionally, Nb and Ta targets were used for the deposition of pure metals 
reference samples in the same conditions. The experimental procedure 
of pure Ta and Nb deposition by sputtering is also described elsewhere 
[12,22]. The thickness of the thin film was preliminary defined from the 
deposition rate as approximately 300 nm at the center of the Si wafer. 
This value was further measured via TEM. By simultaneous deposition of 
Nb and Ta, a continuous spread of alloys was formed on the substrate at 
the same time. The whole Nb-Ta compositional range defining the 
overall Nb-Ta library was divided between three Si wafer substrates for 
obtaining a compositional gradient of approximately 1 at.% per 3 mm. 

After deposition, the compositional gradient was determined by a 
scanning energy dispersive X-ray spectroscopy (SEDX) system, con-
nected to the same ultra-high vacuum chamber cluster. The system is 
equipped with a Si drift detector (SDD, remX GmbH, Germany) operated 
at 20 keV and uses an electron beam with a spot size of 500 µm. The 
SEDX was designed to scan the entire surface of the wafer automatically 
and map the alloys compositions utilizing IDFix software (remX GmbH, 
Germany). The wafers with metallic thin films were transferred to the 
SEDX chamber directly after co-sputtering without breaking the 
vacuum. 

2.1. Anodic oxide growth and top electrodes patterning 

An oxide film was grown anodically on the surface of each Nb-Ta 
compositional spread from the library in an electrochemical cell that 
contains the deposited film on Si wafers as working electrode, Hg/ 
Hg2SO4/sat. K2SO4 electrode (0 V vs Hg/Hg2SO4 = 0.640 V vs SHE) as 
reference and a graphite foil (0.5 mm thick, 99.8 % Thermo Fisher, 
Germany) as counter electrode. The cell was connected to a CompactStat 
potentiostat (Ivium Technologies, The Netherlands). Cyclic voltamme-
try was selected for potentiodynamic anodization in phosphate buffer 
solution (PB) from 0 V to 8 V (vs SHE) at a scan rate of 100 mV s− 1. The 
selection of the maximum potential value was based on the oxide for-
mation factors for both Nb and Ta [25]. This was chosen for all samples 
in order to grow approximately 20 nm thick oxides for all devices. 
Assuming the size and thickness of electrodes, a possible variation of 
only a few nanometers in oxide thickness, due to electrolyte species 
incorporation or similar factors, is expected to not affect memristive 
properties [26]. The electrolyte was prepared following the standard 
recipe for 1 M PB, pH = 7.0, using chemicals of analytical grade (sodium 
dihydrogen phosphate (NaH2PO4) and disodium hydrogen phosphate 
(Na2HPO4)) as purchased (Merck, Germany) [27]. The fabrication of 
memristors based on the Nb-Ta library was finalized by top electrode 
patterning through a Ni shadow mask foil (Mecachimique, France) by 
sputtering from a Pt target (99.95 % Demaco, The Netherlands). The 
deposition (5 × 10− 1 Pa, room temperature) resulted in 100 nm thick Pt 
round electrodes 200 µm in diameter. Finally, approximately 300 
memristors (grouped in 5 × 5 electrode clusters within each 3 × 3 mm2 

surface area) were fabricated on each Si wafer. This configuration 
together with the predefined concentration gradient allows achieving 
compositional uniformity within each cluster with a precision of 
approximately 1 at.%. 

2.2. Electrical characterization 

Different electrical variables can be monitored for each device from 
the high number of memristors produced using the combinatorial 
approach. This electrical screening was accomplished using a self- 
manufactured electrical setup connected to a source meter (Keithley 
2450), which was controlled via LabView® software programmed for I- 
U sweeps, endurance and retention measurements. Detailed information 
about the setup can be found elsewhere [12,26,28]. The memristive 
properties were extracted from I-U sweeps, endurance and retention 
tests performed in ambient conditions (22 ◦C, 55 % RH). The contacts to 
the bottom and top electrodes were established by metallic micro con-
tacting needles (10 µm tip diameter). The contact force applied to the 
top electrode was kept constant at 20 ± 2 mN for avoiding mechanical 
damage of the Pt film, while ensuring ohmic contact. During all types of 
measurements, the voltage was applied to Nb-Ta thin film, whereas Pt 
electrodes remained grounded. Endurance of devices was assessed using 
the pulsed voltage stress (PVS) approach at a frequency of 260 Hz while 
retention was tested by measuring the device resistance by applying a 
high number of successive low voltages (10 mV). The current compli-
ances were set up to 50 mA for both retention and endurance tests. The 
resistance values were always read at the current corresponding to a 
polarization voltage of 10 mV. Additionally, the endurance and reten-
tion data are presented using confidence bands defined based on 
maximum and minimum values recorded on at least 10 devices. 

2.3. Microscopic and spectroscopic analysis 

In the frame of the electrical performance evaluation, prominent 
specimens were selected for in-detail characterization via transmission 
electron microscopy (TEM). A ZEISS Crossbeam 1540XB (ZEISS, Ger-
many) field emission scanning electron microscope (SEM) with a 
focused ion beam (FIB) add-on, was used for a site-specific cross- 
sectional TEM lamella preparation. To trace possible structural 
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evolution caused by electrical treatment two lamellae, cut namely from 
the memristor region (with Pt top electrode) and from the neighboring 
area (pristine material), were prepared for each specimen with FIB. To 
avoid any detrimental sample illumination and keep the specimen sur-
face intact, a 30 nm thick Au protection layer was formed with 
magnetron sputtering utilizing Compact Coating unit CCU-010 HV 
(Safematic, Switzerland). Prior to lamellae cutting, the samples were 
additionally covered first with electron beam stimulated Pt deposits 
followed by an ion-stimulated Pt sacrificial layer to additionally protect 
the surface. The FIB was operated with gallium ions at an acceleration 
voltage of 30 kV for sample cutting and lift-out and at 5 kV for final 
thinning. TEM investigation was fulfilled utilizing a JEM-2200FS (JEOL, 
Japan) microscope equipped with an in-column Ω-filter, a TemCam- 
XF416 (TVIPS, Germany) CMOS-based camera, and operated at an ac-
celeration voltage of 200 kV. High-resolution (HR)TEM images were 
recorded applying zero-loss filtering. Energy dispersive X-ray spectros-
copy (EDX) analysis was performed in scanning (S)TEM mode for 
qualitative elemental characterization of specimens. For this purpose, 
the microscope is fitted with an EDX detector from Oxford Instruments 
(UK). Elemental maps were constructed and analyzed with Aztec soft-
ware (Oxford Instruments). 

The chemical composition of anodic memristors grown on different 
Nb-Ta alloys was quantitatively evaluated by X-ray photoelectron 
spectroscopy (XPS) and hard X-ray photoelectron spectroscopy 
(HAXPES). Depth profiling was performed by sputtering (1 keV energy 
on 2 × 2 mm2 areas) and the surface was analyzed using Al-Kα radiation 
with a beam diameter of 200 µm. The sputtering rate was determined to 
be 2.3 nm min− 1 on a 100 nm thick Ta2O5/Ta reference/calibration 
sample (Physical Electronics). Analysis using HAXPES and XPS was 
performed with a PHI Quantes spectrometer (ULVAC-PHI, Japan) 
equipped with a conventional Al-Kα X-ray source (1486.6 eV) and a high 
energy Cr-Kα (5414.7 eV) X-ray source. Both sources are high flux 
focused monochromatic X-ray beams that can be scanned across the 
sample surface selected area. The energy scale of the hemispherical 
analyzer was calibrated according to ISO 15,472 by referencing the Au 
4f7/2 and Cu 2p3/2 main peaks (as measured in situ for corresponding 
sputter-cleaned, high-purity metal references) to the recommended 
binding energy (BE) positions of 83.96 eV and 932.62 eV, respectively. 
Charge neutralization during each measurement cycle was accom-
plished by a dual beam system, employing low-energy electron and Ar 
ion beams (1 V bias, 20 mA current). The core level measurements with 
both sources were performed in high-power mode. The electron beam is 
scanned to deconcentrate heat dissipation. The step size and pass energy 
for core level measurements were 0.2 eV and 112 eV respectively, for 
both the Al-Kα and the Cr-Kα (power 100 W; beam diameter ~100 µm) 
sources (surveys were acquired at 0.5 eV step and 280 eV pass energy) 
[29]. The binding energy scale was corrected by aligning the C 1s peak 
to 284.8 eV for all the samples. The atomic concentrations were calcu-
lated from the peak areas after Shirley background subtraction using the 
predefined sensitivity factors in the MultiPak 9.9 software provided by 
ULVAC-PHI. 

3. Results and discussion 

3.1. Combinatorial screening strategies for different compositional zones 

The relevance of combinatorial screening is considerable due to the 
large amount of information provided within the library scan, thus 
facilitating the identification of peculiar materials with improved 
memristive performance. As previously indicated, the properties of 
numerous memristors based on different anodized Nb-Ta alloys were 
investigated, as fabricated in only three steps. Firstly, the Nb-Ta bottom 
electrode was deposited by co-sputtering, followed by its anodization 
and top electrodes patterning. A detailed schematic illustration of 
memristive specimens fabrication and screening process was already 
reported [21]. The phosphate buffer (PB) anodization electrolyte was 

selected based on preliminary investigations on Nb and Ta, which were 
used as reference samples. This choice was additionally motivated by 
previous studies, in which the electrolyte selection was recognized as an 
important factor strongly influencing anodic memristors behaviour 
[12,21,26,28]. Anodization of memristors grown on Ta thin films was 
carried out in PB and citrate buffer (CB), but the highest resistive state 
ratio and lowest switching voltages were observed when devices were 
grown in PB. These electrical characteristics were explained by P 
incorporation in oxide causing spatial pinning of conductive filaments 
[12]. Devices based on pure Nb did not show a dramatical change 
regarding electrical performance when grown in PB or CB, but lower 
cycle-to-cycle and device-to-device variabilities were obtained while 
measuring the endurance and data retention of memristors formed in PB 
[22]. For this reason, PB was selected as the electrolyte of choice in this 
work used for anodic oxide growth. 

While the motivation for the selection of the bottom electrode and 
electrolyte was presented, the top electrode material is an important 
parameter in memristive behavior, which remained constant over the 
studies. [12,21,22,26,28] Noble metals, such as Pt, are generally sug-
gested due to their high oxidation resistance. This is crucial, especially 
when working in laboratories without exhaustive air and humidity 
control [30]. 

The total compositional spread of the discussed Nb-Ta library was 67 
at.%, distributed over three Si wafers, containing alloys ranging from 
Nb-13 at.%Ta to Nb-80 at.%Ta. This is visible in the EDX scan of the 
entire library presented in Fig. 1. Compositional regions with even 
higher amounts of Nb or Ta showed very similar characteristics with 
devices fabricated on pure Nb or Ta, respectively, and were not included 
in this study. The composition of alloys at the edge of each neighboring 
wafer was tuned to overlap in order to avoid investigating devices where 
undesirable edge effects may appear and ensure results reproducibility. 
Using SEDX mappings, lateral compositional resolutions between 0.3 
and 0.4 at.% mm− 1 were calculated for the entire library. Nevertheless, 
assuming the assessed error of EDX analysis, the compositional precision 
in this study is considered to be 1 at.%. This is quite convenient since 
each alloy from the Nb-Ta system can then be defined by one memristor 
cluster (5 × 5 electrodes) formed on a surface of 3 × 3 mm2. 

The memristive behavior was screened both along the compositional 
gradient (horizontal in Fig. 1), where different alloys are present, and 
perpendicular to it (vertical in Fig. 1) in order to study memristors with 
identical composition systematically. In this way, the properties of de-
vices based on different alloys as well as data on device-to-device vari-
abilities could be collected. The data classification could be done only 
after stepwise screening. In the first step, the forming voltages were 
determined for each device with different composition. After electro-
forming, these devices were switched and endurance and retention 
testing were performed using the identified switching voltage values. 
The measurement strategies were crucial to complete the electrical 
screening of more than 200 clusters of 25 memristors (each cluster 
representing one alloy) per Si wafer. Finally, for simplifying the pre-
sentation of results, memristive devices were grouped into four different 
compositional zones as indicated in Fig. 1. The grouping is based on 
common switching characteristics of devices. Niobium enriched zone, 
which contains alloys from Nb-13 at.%Ta to Nb-30 at.%Ta was marked 
as zone I. Middle zone II covers the compositional range from Nb-31 at. 
%Ta to Nb-40 at.%Ta, while zone III covers alloys from Nb-40 at.%Ta to 
Nb-65 at.%Ta. Memristive devices grouped in the compositional zone IV 
were those with alloys ranging from Nb-66 at.%Ta to Nb-80 at.%Ta. It 
should be also noted that the electrical and memory characteristics of 
devices detected in zone II strongly differed from those observed in other 
compositional zones. 

Firstly, different voltage values were applied for the electroforming 
process for memristors formed in different compositional zones. The 
forming voltage values reached a maximum of ± 2 V keeping the current 
compliances constant up to 1 mA for memristors formed in zone I and II 
Memristors in zone III required voltage biases up to 4 V and current 
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compliances up to 5 mA for conductive filaments formation. The 
maximum voltage range was determined based on at least 50 devices 
representing one alloy. It can be already concluded that zone I and II are 
most favorable for device fabrication due to low power consumption 
during electroforming. 

The switching characteristics were investigated by recording I-U 
sweeps as those shown in Figs. 2, 3 and 4. At the same time, this was a 
determining step for device grouping in compositional zones. It should 
be noted that the used B-spline data representation shows the repre-
sentative switching trend based on each separate measurement recorded 
for at least 25 memristors formed in the respective zone in different 
current compliance ranges. In Fig. 2 exemplifying curves representative 
of each compositional zone are presented. Memristors of zone I are 

shown in Fig. 2a and 2b (red colored graphs), zone II in Fig. 2c and 2d 
(blue colored graphs), while those defining zone III and IV in Fig. 2e and 
2f, respectively (green colored graph and yellow colored graph). Addi-
tionally, representing I-U curves are shown with linear scale as a part of 
supplemental data (Figures S2 and S3). As can be seen, memristors of 
any compositional zone reached the switching voltage values of 
maximum ± 2 V and current compliance of 5 mA. Using higher voltage 
values or setting the current limitation to more than 5 mA would result 
in irreversible switching from an initially high resistive state (HRS) to a 
low resistive state (LRS). The switching to LRS (SET process) and to HRS 
(RESET process) are marked in Fig. 2a for alloys containing Nb-13at. % 
Ta, representing Nb enriched alloys in zone I (red colored graphs). As it 
is illustrated, the SET process is achieved by sweeping voltage in a 

Fig. 1. Composition of the Nb-Ta thin film combinatorial library spread over three Si wafers with definition of four relevant compositional zones.  

Fig. 2. I-U plots recorded for each analyzed memristor along the Nb-Ta library: hysteretic memristive I-U curve with sweep directions for memristors detected in the 
compositional zone I, red colored graphs (a,b), zone II, blue colored graphs (c,d), zone III, green colored graph (e) and zone IV, yellow colored graphs (f). (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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negative direction at higher current compliance values. The switching 
from LRS to HRS (RESET process) was obtained by sweeping the voltage 
in a positive direction. Such characteristics define a bipolar switching 
behavior, especially when the current limitation is set to 5 mA. How-
ever, the shape of I-U curves recorded at current limitations of less than 
5 mA shows irregularities/asymmetries, which are visible from the 
slopes corresponding to LRS and HRS. This behavior more likely de-
scribes threshold switching (Fig. 2b) [30]. As soon as higher current 
values were applied, allowing more charge to pass through the device, 

the non-volatile properties were enhanced (Fig. 2a). In compositional 
zone I the current limitation of 5 mA defined a transitional value from 
volatile to non-volatile characteristics. A similar trend was observed for 
alloys in zone II with compositions ranging between Nb-31 at.%Ta and 
Nb-40 at.%Ta (Fig. 2c and d, blue-colored graphs), which are repre-
senting zone II. The SET process is observed at negative polarities, while 
RESET – at positive ones. The transition from more volatile threshold 
switching to non-volatile resistive switching behavior can be observed 
for current limitations higher than 500 µA, which is a lower limit 

Fig. 3. Endurance and retention curves selected for compositional zone II (a, c) and the corresponding I-U sweeps recorded for cycles after each order of magnitude 
during a consecutive writing procedure (b). 

Fig. 4. I-U sweeps recorded after different current compliances regime in zone II confirming controllable threshold and non-volatile resistive switching (a), during a 
consecutive writing procedure for cycles after each order of magnitude (b), endurance and retention selected representative curves (c,d). 
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compared to memristors from zone I. In addition, one can see in Fig. 2c 
that threshold switching was achieved only for positive voltage values, 
pointing out that the memristive devices were unipolar. Such behavior is 
likely related to structural characteristics of an oxide with smooth bot-
tom and top electrode interfaces (i.e. with no protrusions) as further 
discussed in section 3.5. Additionally, this can be also supported by 
higher polarizabilities for component elements in alloys (see section 
3.4). This supports the fact that unipolar switching characteristics are 
based only on thermally induced O diffusion within oxide. Oppositely, 
bipolar switching behavior is dependent on a nano-ionic transport 
mechanism driven by redox reactions upon applying an external electric 
field which induces the formation of accumulation regions at electrodes 
interfaces [11]. It should be also noted that bipolar devices, formed by 
applying higher current compliances, exhibited stronger non-volatile 
behavior reflected by higher opening of the hysteresis loops and 
higher HRS/LRS ratio (Fig. 2c). Furthermore, memristors showing non- 
volatile properties formed in zone I and zone II demonstrated gradual 
SET and RESET processes. This can be easily observed for bipolar 
memristors of zone II (Fig. 2d) with non-volatile properties. Such 
characteristics indicate the presence of intermediate resistance levels 
[31,32]. It might be inferred that the probability for multi-level 
switching increased with the concentration of Ta for alloys containing 
up to Nb-40 at.%Ta. 

Memristors belonging to zone III (green-colored graphs) did not 
show a tendency for switching at more than two different resistance 
levels. Devices were successfully switched in a high current regime as 
indicated in Fig. 2e, while neither volatile threshold nor non-volatile 
resistive switching were observed for current limitations below 1 mA. 
From the shape of curves obtained by recording I-U sweeps, it was not 
distinguishable whether devices exhibited threshold switching or non- 
volatile memristive behavior. Therefore, the controllable resistive and 
threshold behaviors were not achieved for this specific zone III, which 
can limit the range of possible applications in this zone. In this regard, 
memristors found in Ta-enriched zone IV behaved in a similar manner. 
The mixture of both threshold and non-volatile switching can be 
observed, regardless of the current compliances set for their formation. 
The switching characteristics for the zone IV memristors (yellow-colored 
graphs), containing Nb-80 at.% Ta, are exemplified in Fig. 2f. The SET 
and RESET processes are not indicated with arrows in Fig. 2f since each 
of the I-U curves showed the switching to LRS or HRS in different di-
rections for both unipolar and bipolar devices. Despite the fact that the 
switching regime is not as controllable as for devices found in zone I and 
II, memristors have shown interesting properties. The resistive states 
ratio was reaching a few orders of magnitude. Besides, the memristors 
switched gradually, pointing to multi-level switching [31,32]. 

Overall, memristive devices formed in zone II showed improved 
performance regarding several aspects. However, even though devices 
were generally grouped according to their common memristive char-
acteristics in four different compositional zones, few alloys showed very 
specific switching behavior as well as tremendous improvement 
regarding their performance. In order to make a final review of their 
memristive properties and possible applications, several factors should 
be taken into account and discussed further. However, one can clearly 
see that the combinatorial approach can be a relevant tool for identifi-
cation of and discrimination between high-performance non-volatile 
and volatile memory devices. 

3.2. Electrical characterization of Nb-Ta system 

Memristive and electrical characteristics can be extracted using 
several methods. Resistive states ratio, data retention and device life-
time were investigated for each compositional zone. The switching 
voltages and current limitations applied during retention and lifetime 
studies were determined from I-U sweeps. Empirical evaluation of cycle- 
to-cycle and device-to-device variabilities was done by performing 
retention and endurance measurements for up to 10 devices per zone. 

The statistical range for both types of variabilities is shown by the 
colored confidence bands in Figs. 3 and 4. Such statistical approach was 
successfully employed for the same purpose in previous works 
[20,21,33]. Across 10 different devices, the maximum and minimum 
experimental values are observed and are used for defining the absolute 
maximum and minimum confidence levels, respectively. Following that, 
the experimental data inside 10 % from these extreme values define the 
useful confidence bands, thus excluding most of the experimental noise. 
It should also be noted that the confidence bands take into account the 
total number of switching cycles for all 10 devices as well as the 
switching range values at different resistance levels in case of retention 
measurements (Fig. 3c). For this reason, cycle-to-cycle variability for 
one device is shown as I-U sweeps recorded during consecutive 
switching (Fig. 3b and 4b), thus proving only small variations of resis-
tance values (less than 10 Ω excluding noise data points) as visible from 
data points presented in Fig. 3a, 3c, 4c and 4d. Several data points in 
Fig. 4c and 4d fall out from the confidence band of device-to-device 
variabilities since they essentially present the end of the lifetime for a 
specific device as it will be discussed further. Generally, device-to-device 
variabilities did not exceed one order of magnitude for HRS and less than 
3 times for LRS values. 

Assuming properties of memristors based on pure Ta or Nb, the 
coexistence of non-volatile and volatile reversible switching for specific 
compositional regions can be considered as a new insight covered in this 
work, based on which the grouping of memristors in zones was 
accomplished in section 2.1 [12,22]. Nevertheless, devices did not differ 
tremendously throughout the defined compositional zones regarding 
their lifetime or data retention. Hence, only representative examples 
will be discussed further. 

Fig. 3 shows writing and reading procedures recorded for memristors 
based on Nb-35 at% Ta from zone II. As one can see in Fig. 3a, the initial 
LRS values reach 104 Ω, while HRS reach values above 106 Ω, keeping 
the HRS/LRS ratio up to 100. Starting from the 10th cycle, both LRS and 
HRS decrease to 102 Ω and 104 Ω, respectively. As it has been reported in 
previous studies, such an event was usually considered as the end of 
device lifetime [34]. Herein, devices continued to operate with a con-
stant resistive state difference (≈ 200) and low cycle-to-cycle variability 
for more than 107 cycles. This is supported by I-U sweeps recorded at 
each order of magnitude during a consecutive writing procedure. The 
switching behavior transformed from volatile threshold to non-volatile 
memristive switching after 10 cycles. This is shown in Fig. 3b as the 
transition from typical unipolar volatile behavior at the 10th cycle, to 
bipolar memristive switching with the highest opening of the hysteresis 
loop of I-U sweep (red curve) at negative voltage values. The HRS values 
decrease at approximately 107 cycles, thus HRS/LRS ratio of less than 10 
is reached, which was considered as the end of the device lifetime. 
Device-to-device variabilities were much lower for LRS compared to 
HRS (Fig. 3a). However, device-to-device variabilities are shown as two 
separated confidence bands to simplify the data representation for this 
unique switching transition. Even though the current compliance of 5 
mA was applied during endurance measurements, it is clear that the 
switching regime was not strictly dependent only upon current limita-
tion, as observed during voltage sweeping (Fig. 2c and 2d). The 
switching mode can be controlled by current compliance only up to 10 
cycles. Eventually, all memristors will show irreversible non-volatile 
behavior after more than 10 switching cycles. On one hand, such 
switching behavior may be less controllable compared to the behavior of 
devices based on other alloys. On the other hand, eventual non-volatile 
switching can be beneficial for neuromorphic applications [35–37]. This 
can be also supported by retention records (Fig. 3c), which indicate that 
stored information remains unchanged for 107 cycles minimum. Addi-
tionally, cycle-to-cycle variabilities (as measured on up to 10 devices) 
were less than one order of magnitude, whereas all devices reached the 
retention of at least 107 cycles, pointing towards low device-to-device 
variability. 

The most controllable switching behavior was observed for devices 
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based on Nb-39 at.%Ta alloys (Fig. 4). These devices were previously 
grouped in zone II according to their switching behavior. Additionally, 
their lifetime and data retention characteristics were tremendously 
improved compared to other devices or other anodic memristors such as 
Ta, Hf, and Ta-Hf based memristors [12,21,26,28]. It is also relevant to 
note that no voltage needed to be applied for conductive filaments for-
mation, thus these devices were forming-free. In other words, mem-
ristors were formed during voltage sweep in positive and/or negative 
direction up to ± 2 V. Firstly, the optimal low and high current limita-
tion and voltage ranges were determined in order to prevent irreversible 
dielectric breakdown. The maximum current limitation range was up to 
5 mA as visible in Fig. 2c and 2d. Following that, the switching revers-
ibility was investigated by performing I-U sweeps sequentially under 
low and high current compliance in cycles for selected devices. The 
reversible switching between unipolar threshold mode and bipolar non- 
volatile mode is supported by the behavior presented in Fig. 4a. The 
devices were showing threshold switching characteristics under low 
current limitations (up to 50 µA) and non-volatile behavior for current 
limitations higher than 0.1 mA. They were let to operate up to a 
maximum of 100 cycles in high current compliance regime. Conse-
quently, they were switched under low current compliances recon-
firming threshold behavior. This is described in Fig. 4a in which the 
black I-U sweep is showing the first unipolar switching cycle under low 
current compliance. The red hysteresis loop represents the second 
switching cycle after adjusting the high current compliance and a third 
cycle was recorded in the low current regime and depicted as the blue 
unipolar curve. The magenta I-U loop shows the fourth switching cycle 
recorded in the high current compliance regime after operating for tens 
of cycles in the low current compliance one (blue curve). Hence, it can 
be safely concluded that these devices exhibited switching between 
threshold and non-volatile modes controlled by the selected current 
limit. 

The endurance and retention measurements (Fig. 4b, 4c and 4d) 
were performed at the current compliance of 5 mA due to optimal HRS/ 
LRS ratio achieved at this value. Memristors based on Nb-39 at.%Ta 
alloy reached the longest data retention and lifetime (Fig. 4c and 4d), up 
to 109 cycles, in contrast to devices formed in other compositional zones. 
A gradual decrease of resistive state ratio to less than 10 was considered 
as the end of device lifetime due to the gradual decrease of HRS values 
and/or increase of LRS values (Fig. 4d). Typically, the lifetime of devices 
based on pure Nb or Ta ends by a sudden drop of HRS value to LRS 
values or vice versa [12,22]. According to literature reports, such device 
failure can be the outcome of stronger or weaker CFs formation under a 
continuous loss of O to electrodes, hence an appearance of O depletion at 
the oxide/electrode interfaces [34]. Therefore, it may be assumed that O 
cations or O vacancies accumulation simultaneously occurred at both 
top electrode/oxide and bottom electrode/oxide interfaces. In addition, 
the formation of CFs may be dependent on the position of electrolyte 
species, incorporated in a mixed Nb2O5-Ta2O5, that may prevent 
random CFs distribution causing high cycle-to-cycle variability 
[12,21,26,28]. This is also supported by very low cycle-to-cycle and 
device-to-device variabilities (measured up to 10 devices) achieved 
during retention measurements shown in Fig. 4c. Considering all these 
facts, the relevance of combinatorial approach can be easily recognized 
due to the successful identification of high performance memristors 
based on the identified specific compositional region containing Nb-39 
at.%Ta. 

Device lifetime and data retention did not show a remarkable 
improvement for all other devices, especially those based on alloys 
containing more than 45 at.% Ta. In fact, the longest lifetime for all 
other measured devices was only up to 105 cycles. A similar trend was 
observed for retention measurements, showing less than one order of 
magnitude device-to-device and cycle-to-cycle variabilities, as opposed 
to endurance results with variabilities up to few orders of magnitude for 
both LRS and HRS measured before. The relevant data supporting this 
conclusion can be found in the supplementary material Figure S1. 

Despite the shorter lifetime or data retention, the devices found in 
compositional zones III and IV, demonstrated promising electrical and 
memory characteristics, such as high resistive state ratios up to 105 and 
switching at minimum 7 resistive levels (Fig. 2f). This is similar to de-
vices containing 36 at.% Ta (zone II) that switched at more than 7 
resistive levels. As shown in Fig. 5a and 5b, unipolar threshold switching 
was accomplished in low current regime up to 50 µA, while bipolar 
resistive switching was accomplished in higher current regime above 
100 µA. Similarly, devices were switched at four different resistive levels 
for alloys with more than 80 at.% of Ta. However, the current limitation 
range for the transition from threshold to non-volatile switching 
behavior slightly differed compared to devices based on Nb-36 at.% Ta 
(Fig. 5). Resistive levels can be also recognized as a change from HRS to 
LRS (SET process) and LRS to HRS (RESET process), which is clearly 
visible for black and blue colored I-U curves in Fig. 2f. The multi-level 
switching possibilities were confirmed by performing I-U sweep exper-
iments at different current compliances for the selected devices, as 
exemplified in Fig. 5. Enlarged I-U sweeps for the unipolar or bipolar 
switching behavior are shown as insets in Fig. 5a and 5b. For the 
simplicity of data representation, LRS were extracted from I-U sweeps 
and shown with the respect to current limitation values (Icc) in Fig. 5c. 
One can observe an increase of LRS values with current limitation from 
10 µA to 100 µA, followed by a sudden decrease of LRS values at a 
current limitation of approximately 1 mA. The LRS values remain 
similar for current limitations up to 10 mA. According to literature re-
ports, such behavior can be directly correlated with the CFs cross- 
sectional area or their volumetric density. As previously suggested, the 
volatile threshold switching mechanism is based on metallic CFs for-
mation [36,37]. Hence, it may be assumed that non-stable thin metallic 
CFs are formed at low current compliance ranges, while more stable or 
thicker and permanent CFs are formed at higher current compliance 
ranges. As already discussed, a non-volatile switching effect is based on 
permanent CFs formation and it was stronger for higher current com-
pliances. At the same time, this also justifies the irregular trend of the 
increase of LRS values with Icc up to 100 µA (volatile behavior) and their 
decrease with Icc in the range from 100 µA to 10 mA (non-volatile 
switching). 

All electrical and memory parameters of the studied library are 
summarized in Fig. 6. The resistance values, extracted from I-U sweeps 
for both LRS and HRS, as well as their ratio r are given in Fig. 6a and 6b. 
The lowest LRS values were found to be less than 100 Ω for memristors 
based on alloys from zone IV, while in the same zone the highest LRS of 
more than 104 Ω was also found. Taking into account the lowest values 
for LRS and the highest for HRS, the highest resistive state ratio was 
achieved for memristors grown on Nb-53 at.%Ta alloys. Such behavior 
may be expected since HRS and LRS values for devices based on pure Nb 
or Ta were in agreement with the values recorded for memristors grown 
on alloys with higher content of Nb or Ta (more than 50 at.%), respec-
tively. Consequently, the improved resistive state ratio was achieved by 
mixing Nb with Ta, likely due to the fact that mixing the semiconducting 
oxide of Nb and insulating one of Ta has favorized a decrease in LRS 
values and an increase in HRS values for devices formed in composi-
tional zones II and III. Hence, these devices exhibited the lowest power 
consumption or sneak path currents, which have been found as a com-
mon challenge for memristors in crossbar arrays [24]. This improvement 
can be also supported by Fig. 6c, in which the switching voltage values 
are shown with respect to the amount of Nb and Ta in alloys. The 
memristors found in zone II, especially those grown on alloys containing 
around 40 at.% of Ta, demonstrated the best improvement regarding 
power consumption. However, no special trend of switching voltage 
variation with composition was observed for the total compositional 
spread. All memristors exhibited low power consumption characteristics 
as confirmed by the maximum used voltage of ± 2 V. The variabilities 
shown within error bars represented for resistance values (Fig. 6a and 
6b) were the highest for devices with more than 70 at.% of Ta (difficult 
to observe in the figure due to the logarithmic scale used). 
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Memory characteristics related to multi-level switching are pre-
sented in Fig. 6d. Clearly, devices that could be switched at the greatest 
number of resistive levels were detected in zones II, and were based on 
alloys containing up to 64 at.% Nb. The same number of switching levels 
was achieved for pure Nb oxide memristors, while Ta memristors 

reached only 4. Hence, an improvement regarding multi-level switching 
is only reached as compared to devices based on pure Ta [12,22]. 

The switching mechanism of memristive devices is generally based 
on CFs formation inside the oxide layer due to the redox reactions 
inducing anion migration through it (VCM - the valence change 

Fig. 5. I-U sweeps recorded at different current compliances for the selected devices of the zone II (a,b), low resistance state values (LRS) extracted from I-U sweeps 
recorded at different current compliances Icc (c). 

Fig. 6. Compositional mapping in the Nb-Ta system showing values for the high (HRS) and low (LRS) resistive states (a), resistive state ratio (b), forming voltage 
characteristics (c), number of switching levels (d) in zones I - IV. 
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memory) or cation migration due to the oxidative interfacial dissolution 
of the active electrode (ECM - the electrochemical metallization mem-
ory) [11]. The main factors and driving forces that affect CFs formation 
and device switching mechanism are electron mobility, drift by electric 
field gradient, concentration gradient of different species (Fick diffu-
sion), and thermophoresis assisted by Joule heating [11]. Assuming the 
mobility of O, Ta, Nb and P electrolyte species, the switching mechanism 
of the memristors based on Nb-Ta alloys is complex [12,22]. Hence, the 
position, size and number of CFs will be dependent upon compositional 
zones, in which devices are formed due to different amounts of Nb, Ta 
and O in the specific alloys and their oxidized forms. Additionally, some 
memristors (zone I, III and IV) were switched bipolarly by applying 
voltage of different polarities, while memristive devices from zone II 
depended on both the polarity and amplitude of the applied voltage, 
demonstrating the co-existence of bipolar and unipolar switching. It is 
strongly suggested that unipolar switching is mainly driven by electric 
field induced Joule heating, whereas bipolar switching is associated 
with ionic diffusion due to redox equilibria, also driven by the external 
electric field [11,38]. Even though it is expected that the memristors will 
be switched unipolarly at higher current compliances readily generating 
Joule heating, the devices showed bipolar behavior. Thus, the amount of 
generated Joule heat could be sufficient at lower current compliances, 
while at higher currents the heating synergized with ionic drift of mobile 
cations and O, taking over the switching process. Such behavior was 
already observed for Nb memristors [22]. Furthermore, the controllable 
switching between threshold and non-volatile mode can be explained by 
the stability of CFs formation as depending on the structural charac-
teristics of the oxides, as previously discussed. 

3.3. Compositional analysis by XPS/HAXPES 

Both, hard X-ray photoelectron spectroscopy (HAXPES) and XPS 
techniques were involved in the chemical analysis of selected relevant 
memristors from compositional zone II, which have showed improved 
performances regarding controllable resistive switching, device lifetime 
and/or multi-level switching (as discussed in the previous section). The 
XPS survey spectra acquired for these samples are shown in Fig. 7. 

The surface elemental composition (up to 2 nm deep), reported as 
color-coded in the inlet of Fig. 7, shows an almost double amount of C for 
Nb-39 at.%Ta when compared with Nb-33 at.%Ta. Incorporation in both 
oxides of Na and P species from the anodization electrolyte is also evi-
denced. Moreover, the superficial Nb/Ta atomic percent ratio differ 
from the nominal parent metal alloy composition and from the in-depth 

oxide composition. This is in perfect agreement with previous results 
reported on anodic oxide growth on Nb-Ta thin film libraries, where 
alloys with Ta amounts in the region of 40 at.% showed a strong Nb 
surface enrichment [39]. This is mainly observed in the current study for 
the Nb-36 at.%Ta and may be directly linked to a strong decrease in the 
mixed oxide bandgap, previously reported in the same compositional 
region [40]. However, one should not neglect the fact that surface 
contaminants can also affect the amount of O and C on the surface. In 
order to derive the in-depth composition, sputtered depth profiles have 
been performed until the metallic substrate of both samples became 
visible. 

The spectra series for one of the representative zone II memristor are 
presented in the supplemental Figure S5 and the sputter depth profiles 
for both analyzed oxides are shown in Fig. 8. The overall oxide thickness 
is approximately 18 nm, in very good agreement with the TEM analysis, 
which will be presented in the following chapter. As expected, the 
elemental composition inside the oxide deviates from the composition of 
the parent metal alloys. This is most prominent for the Nb-39 at.% Ta 
anodic memristor, where a decrease in the amount of oxidized Ta can be 
observed also in depth. This behavior was previously reported as due to 
the kinetics of the anodic oxide growth, when under high electric fields 
both Nb and Ta metallic ions are competing for O. Additionally, the 
strong Nb surface enrichment observed for alloys very close to the 40 at. 
% Ta threshold likely plays also a strong role in the Ta depletion [39]. As 
a consequence, the decrease in the oxide bandgap will directly affect the 
CFs dynamics, probably increasing the overall number of filaments 
formed/used for memristive switching [40]. For both samples, the 
interface with the parent metal alloy is not sharp, indicating an inter-
mixing region typical to anodic oxidation. Moreover, an O content of 
approximately 10 at.% is observed inside the alloy films, likely incor-
porated during the sputter deposition processes due to the high O af-
finity of both Nb and Ta, in spite of the ultra-high vacuum base pressure 
level used. 

In order to gain some insight on the chemical state of the mixed 
oxides, an analysis of the Auger parameter (AP) was performed 
following HAXPES measurements in both oxides grown on Nb-36 at.%Ta 
and Nb-39 at.%Ta. Its value α, is extracted from the XPS/HAXPES 
spectra by summing the binding energy of a photoelectron (BEphoto) for a 
given element in the spectrum, with the kinetic energy of the Auger 
electron (KEAuger) as described by equation (eq. (1)):[41,42]. 

α = KEAuger +BEphoto (1) 

The value of the AP is sensitive to the polarization of electrons in the 
orbitals of neighboring ions towards the photo-ionized atom and is thus 
related to other optoelectronic properties of the material. The single 
greatest contribution to the value of AP is the extra-atomic relaxation 
energy (EEAR), and thus, differences in the value of AP for the same 
element in different compounds can be related to a change in the local 
electronic polarizability around the core-ionized atom in the photo-
emission process by the Wagner equation:[41,42]. 

Δα = 2ΔEEAR (2) 

Accordingly, the AP values of O (αO) in the oxides were determined 
by acquiring the O 1 s photoelectron and O KLL Auger lines, as measured 
with the Al-Kα source. The corresponding AP values of Nb (αNb) were 
derived from the Nb 3p photoelectron line, as measured with the Al-Kα 
source, and the Nb LMM Auger line, as measured with the Cr-Kα source. 
Similarly, Ta 4d photoelectron line and Ta LMM Auger line were also 
measured alternating the photon sources (photoelectron spectra are 
available in the supplemental Figure S4). The obtained AP values are 
summarized in Fig. 9. 

As it is evident from Fig. 9, both oxide films from the selected devices 
have the same O AP αO = 1041.8 eV, indicating a similar local chemical 
environment for O. This is very close to the AP of O measured in pure Nb 
and Ta reference oxides of 1041.8 and 1041.7 eV, respectively [21,22]. Fig. 7. XPS surveys spectra of selected anodic memristors from the Nb- 

Ta library. 
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Both analyzed devices have also similar Ta AP (αTa = 1956.7 eV) very 
close to the pure Ta oxide value of 1957.2 eV. However, the AP of Nb in 
the analyzed devices is of approximately αNb = 2390.7 eV, while in pure 
Nb2O5 a value of 2392.3 eV was measured. This difference of more than 
1 eV is significant, suggesting that the improved memristor performance 
for the selected oxide compositions is likely related to the lower elec-
tronic polarizabilities (and lower screening efficiencies) of Nb alloyed 
with Ta, when applying an external electrical field upon cycling. This is 
in agreement with recent results obtained for anodic memristors grown 
on a Hf-Ta library, where the improved switching performance was also 
associated with a lowering in polarizability of one of the component 
atoms [21]. Interestingly, it is the chemical state of Nb (and not of Ta) 
that seems to play a bigger role in determining the switching behavior, 
which is likely responsible for the co-existence of threshold and 
nonvolatile switching behavior. The larger polarizability of the chemical 
bond, i.e. the higher refractive index of the compounds, leads to larger 
Auger parameter shifts. Less polarizable oxides will have a lower value 
of the Auger parameter, such as the present case where the AP of Nb is 
more than 1 eV smaller than that of pure Nb oxide. 

3.4. Structural and qualitative compositional analysis by TEM techniques 

Rigorous and systematic electrical characterization of the entire Nb- 
Ta anodic oxide library gave ground to identify the compositional zone 
II as the one with the most prominent memristive properties. The alloys 
Nb-39 at.%Ta and Nb-33 at.%Ta from zone II were chosen for TEM 
analysis due to their performance regarding anodic memristors 
controllable resistive switching and device lifetime. A series of samples 

intended for (S)TEM inspection was prepared in line with the routine 
described in the experimental section. The summary of high-resolution 
(HR)TEM analysis together with the corresponding STEM EDX data is 
presented in Fig. 10. To trace the effect of the applied electrical testing 
on the MIM structure, the analysis was started with the pristine non- 
treated specimen Nb-39 at.%Ta covered with an Au protection layer 
(Fig. 10a). One can see that the Nb-Ta bottom electrode has a poly-
crystalline structure with a certain roughness corresponding to the 
initial roughness of the film before anodization, while the anodic oxide 
layer is continuous with an almost uniform thickness of 15–18 nm. This 
value is in good agreement with the XPS depth profiling information 
(Fig. 8). It is worth mentioning that the entire oxide layer has, as pre-
viously reported, an amorphous structure [39]. This fact can be readily 
observed by haloes in the corresponding fast Fourier transform (FFT) 
shown in the inset on the right-hand side of Fig. 10a. 

The corresponding elemental maps taken from the region high-
lighted with a green rectangle confirm the distinct layer structure. The 
general Nb/Ta ratio in the bottom electrode reaches 3/2 which, 
considering the assessed EDX usual measurements error of ± 1 at.%, is 
in good agreement with data obtained by the initial SEDX library 
mapping. However, the components distribution in the bottom layer 
seems to be nonuniform (Fig. 10a), thus consistent with an in-depth 
compositional gradient as previously reported [39]. 

In contrast to the previously described pristine specimen, the oxide 
layer in the electrically treated sample (see Fig. 10b) looks permeated 
with repetitive protrusions, which are dominant from the top Pt layer 
side. One can readily see a prominent Pt protrusion with a 5 nm-sized 
grain oriented along [111] zone axis (ZA) (Fig. 10b right-hand side 

Fig. 8. Sputter depth profiles of selected anodic memristors from the Nb-Ta library.  

Fig. 9. Auger parameter in Wagner plots of a) O, b) Ta and c) Nb for selected representative anodic memristors (Nb-36 at.%Ta and Nb-39 at.%Ta) from Nb-Ta 
compositional zone II. 
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Fig. 10. Summary of structural and qualitative compositional cross-sectional TEM analysis. Bright-field TEM images of the layered structure accompanied by HR 
snaps of the highlighted areas and compositional EDX mappings. a) pristine Nb-39 at.%Ta sample without electrical treatment, b) device based on Nb-39 at.%Ta and 
c) Nb-33 at.%Ta specimens after electrical testing. 
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HRTEM image and FFT inset). Interestingly, in the majority of cases, the 
protrusions from the top (Pt) and bottom (Nb-Ta) layers are paired. 
Likely, these may be related to the presence of two accumulation regions 
(at bottom and top electrode), as previously discussed for the zone II 
memristors, thus confirming the assumed failure mechanism at the end 
of device lifetime. The typical area is exemplified in Fig. 10b (Middle). 
Such a region is believed to be beneficial for CFs formation providing 
preferential short-circuit paths through an insulating oxide layer and has 
been observed previously while studying Ta-based memristors [12]. The 
color-coded elemental maps of the region highlighted with a red rect-
angle are presented in the bottom inset (Fig. 9b) and show no noticeable 
changes and components redistribution, the general Nb/Ta ratio (3/2) 
remains stable. 

Meanwhile, the Nb-33 at.%Ta specimen (Fig. 10c) exhibits an 
observably thinner oxide layer of 12–15 nm, most likely due to the 
specifics of the parent alloy anodization, as previously reported [39]. 
Generally, the layered structure and particularly the anodic oxide layer 
looks virtually intact after electrical testing. One can see the continuous 
amorphous oxide layer with no significant protrusions from both top and 
bottom layers (see Fig. 10c left-hand side). It must be emphasized, that 
no paired protrusion, the typical ones for Nb-39 at.%Ta specimen dis-
cussed above (Fig. 10b), were observed in the Nb-33 at.%Ta specimen. 
The representative layers’ configuration is shown in the HRTEM image 
(Fig. 10c Middle). One should mention though, that several distinctive 
traits represented by Pt protrusion penetrating the whole mixed oxide 
layer (Fig. 10c on the right-hand side), were observed. Despite the fact 
that these features are not numerous (1–2 per 1 µm of investigated 
interface area) they are believed to play a key role in the memristive 
device stability and to be responsible for the eventual failure in the 
frame of endurance and retention testing. Additionally, these fully 
developed protrusions can unambiguously justify the lowering of device 
resistivity in HRS (see Fig. 3). Bright-field STEM image along with 
compositional EDX maps is presented in the bottom inset (Fig. 10c) 
confirming the oxide composition. 

4. Conclusion 

The memristive behavior of the Nb-Ta system, deposited onto Si 
wafers, was studied by using combinatorial analysis. Metal-insu-
lator–metal structures showing remarkable memristive characteristics 
were identified by high throughput screening among high number of 
MIMs formed on different Nb-Ta alloys. The investigated structures 
exhibiting memristive characteristics were grouped in four different 
compositional regions according to their common resistive switching 
characteristics. Bipolar or unipolar switching characteristics as well as 
the co-existence of both unipolar and bipolar switching modes were 
recognized for devices grouped in different compositional zones. 
Namely, devices investigated in a compositional zone I demonstrated 
irregularities in behavior, while those from zones II-IV featured a co- 
existence of unipolar and bipolar behaviors, discriminated by the cur-
rent compliance setting during I-U sweeping. Several MIM structures 
formed on specific alloys of Nb-Ta thin film library showed enhanced 
memristive performances. Anodic memristors detected in the composi-
tional zone II demonstrated current compliance controllable switching, 
which is observed for the first time in Nb-Ta based anodic memristive 
structures. They were successfully switched from threshold to non- 
volatile mode and vice versa in a reversible manner. Memristors 
formed on Nb- 39 at.% Ta reached the longest lifetime and data reten-
tion in addition to reversible switching between threshold and mem-
ristive behavior. Hence, the range of possible applications can be 
broadened from selector devices to RRAM memories. Moreover, anodic 
MIM structures grown on Nb-36 at.% Ta switched at minimum seven 
distinct resistive levels, which is the most important characteristics 
regarding neuromorphic and artificial synapses applications. Finally, 
besides the exact compositions of the respective mixed oxides, deter-
mined by HAXPES, the incorporation of electrolyte species in mixed 

anodic oxides was confirmed. Conductive filaments presence typical for 
unipolar or bipolar resistive switching was addressed in the frame of 
TEM studies. In summary, the filamentary switching mechanism for 
MIMs coexisting threshold and non-volatile characteristics has been 
explained based on accumulation regions and protrusion regions within 
the active oxide layer. This may accelerate further improvement of 
materials used for memristors towards simplified defect-engineered 
devices. 
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[22] I. Zrinski, M. Löfler, J. Zavašnik, C. Cancellieri, L.P.H. Jeurgens, A.W. Hassel, A. 
I. Mardare, Impact of Electrolyte Incorporation in Anodized Niobium on Its 
Resistive Switching, Nanomaterials 12 (2022) 813, https://doi.org/10.3390/ 
nano12050813. 

[23] L. Assaud, K. Pitzschel, M.K.S. Barr, M. Petit, G. Monier, M. Hanbücken, 
L. Santinacci, Atomic layer deposition of HfO 2 for integration into three- 
dimensional metal–insulator–metal devices, Appl. Phys. A Mater. Sci. Process. 123 
(2017) 1–7, https://doi.org/10.1007/s00339-017-1379-2. 

[24] S.K. Nandi, X. Liu, D.K. Venkatachalam, R.G. Elliman, Threshold current reduction 
for the metal-insulator transition in NbO2-x-selector devices: The effect of ReRAM 
integration, J. Phys. D. Appl. Phys. 48 (19) (2015) 195105. 

[25] M.M. Lohrengel, Thin anodic oxide layers on aluminium and other valve metals: 
high field regime, Mater. Sci. 12 (1993) 243–294, https://doi.org/10.1016/0927- 
796X(94)90011-6. 

[26] I. Zrinski, C.C. Mardare, L.I. Jinga, J.P. Kollender, G. Socol, A. Minenkov, A. 
W. Hassel, A.I. Mardare, Electrolyte-dependent modification of resistive switching 
in anodic hafnia, Nanomaterials 11 (2021) 1–18, https://doi.org/10.3390/ 
nano11030666. 

[27] Sodium phosphate, Cold Spring Harb. Protoc. 2006 (2006) pdb.rec8303. https:// 
doi.org/10.1101/pdb.rec8303. 

[28] I. Zrinski, C.C. Mardare, L.-I. Jinga, J.P. Kollender, G. Socol, A.W. Hassel, A. 
I. Mardare, Phosphate incorporation in anodic hafnium oxide memristors, Appl. 
Surf. Sci. 548 (2021), 149093, https://doi.org/10.1016/j.apsusc.2021.149093. 

[29] M.P. Seah, Summary of ISO, TC 201 standard: VII ISO 15472, surface chemical 
analysis - x-ray photoelectron spectrometers - calibration of energy scales, Surf. 
Interface Anal. 31 (2001) (2001) 721–723, https://doi.org/10.1002/sia.1076. 

[30] M. Lanza, H.S.P. Wong, E. Pop, D. Ielmini, D. Strukov, B.C. Regan, L. Larcher, M. 
A. Villena, J.J. Yang, L. Goux, A. Belmonte, Y. Yang, F.M. Puglisi, J. Kang, 
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