nanomaterials

Article

Threshold Switching in Forming-Free Anodic Memristors
Grown on Hf-Nb Combinatorial Thin-Film Alloys

Ivana Zrinski 100, Janez Zavasnik 20, Jiri Duchoslav 32, Achim Walter Hassel 14 and Andrei Ionut Mardare 1-*

check for
updates

Citation: Zrinski, I.; Zavasnik, J.;
Duchoslav, J.; Hassel, A.W.; Mardare,
AL Threshold Switching in
Forming-Free Anodic Memristors
Grown on Hf-Nb Combinatorial
Thin-Film Alloys. Nanomaterials 2022,
12,3944. https://doi.org/10.3390/
nano12223944

Academic Editor: Alexandru

Mihai Grumezescu

Received: 22 October 2022
Accepted: 5 November 2022
Published: 9 November 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Institute of Chemical Technology of Inorganic Materials, Johannes Kepler University Linz,
Altenberger Street, 69, 4040 Linz, Austria

Jozef Stefan Institute, Jamova Cesta 39, 1000 Ljubljana, Slovenia

Center for Surface and Nanoanalytics, Johannes Kepler University Linz,

Altenberger Street, 69, 4040 Linz, Austria

Danube Private University, Steiner Landstrasse 124, 3500 Krems-Stein, Austria
Correspondence: andrei.mardare@jku.at

Abstract: The development of novel materials with coexisting volatile threshold and non-volatile
memristive switching is crucial for neuromorphic applications. Hence, the aim of this work was to
investigate the memristive properties of oxides in a Hf-Nb thin-film combinatorial system deposited
by sputtering on Si substrates. The active layer was grown anodically on each Hf-Nb alloy from
the library, whereas Pt electrodes were deposited as the top electrodes. The devices grown on Hf-45
at.% Nb alloys showed improved memristive performances reaching resistive state ratios up to a
few orders of magnitude and achieving multi-level switching behavior while consuming low power
in comparison with memristors grown on pure metals. The coexistence of threshold and resistive
switching is dependent upon the current compliance regime applied during memristive studies.
Such behaviors were explained by the structure of the mixed oxides investigated by TEM and XPS.
The mixed oxides, with HfO, crystallites embedded in quasi amorphous and stoichiometrically
non-uniform Nb oxide regions, were found to be favorable for the formation of conductive filaments
as a necessary step toward memristive behavior. Finally, metal-insulator-metal structures grown
on the respective alloys can be considered as relevant candidates for the future fabrication of anodic
high-density in-memory computing systems for neuromorphic applications.

Keywords: anodic memristors; valve metals; combinatorial analysis

1. Introduction

The development of computing and information technology is progressing rapidly
considering that an extensive amount of daily generated data has to be processed and
stored [1,2]. Nowadays, computing systems rely on von Neumann computing architectures
with separated processing and memory units [1,3]. Evidently, this can justify the fact that
conventional memory technology has already reached its scaling and processing speed
limits [4].

Memristors are foreseen as the most promising candidates for the next generation of
non-volatile memories due to their simple structure, high switching speed, scalability, and
low power consumption [2,5]. The selection of bottom and top electrodes plays a crucial
role in resistive switching based on the formation of conductive filaments (CFs) inside
of an active layer, this being the basis of the metal-insulator-metal (MIM) structure [6,7].
Memristors based on transitional metals have shown reliable volatile threshold and non-
volatile switching characteristics [8-10]. While the non-volatile switching mechanism is
dominated by CF formation due to the movement of O and electrolyte species inside of
the oxide, threshold switching relies on the thermal formation/dissolution of metallic
CFs [11,12]. The diffusive dynamics of metallic species mimic the dynamics of biological
synapses in terms of synaptic plasticity regulated by Ca** dynamics. An increase or decay
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of the current response by applying threshold voltage values is similar to the decay of
the ion concentration while releasing neurotransmitters in a neuron [13]. This emphasizes
the relevance of threshold switching for a neuromorphic application but also as a selector
device due to I-V nonlinearity [5,14-18] Synaptic weight and storage possibilities can be
obtained by the implementation of non-volatile multi-level resistive switching [11-13].
Clearly, devices with co-existing memristive and threshold switching characteristics are
desirable for the relevant applications of memristive devices [8,19-23]. Considering that
anodic memristors have shown promising resistive switching characteristics, the further
development and optimization of such devices are highly relevant [24-26].

Hence, the non-volatile properties of Hf memristors and threshold switching behavior,
observed in Nb-based devices, were the motivation for the current study [27,28]. Addi-
tionally, it has already been observed that NbOx-based devices are forming-free since the
stability of CFs can be affected by applying an electric field controlling the alignment of O
species in the oxide [29,30].

Both materials, Hf and Nb, were mixed to produce bottom electrodes based on their
alloys. It has been already proven that alloy-based memristors have the potential for the
large-scale implementation of memristors integrated into crossbar arrays due to their stable
and controllable performance. This benefits programming capabilities while consequently
reducing the cost of device fabrication and broadening the range of memristive materials
for neuromorphic applications [31,32]. Moreover, the selection of the active memory layer
is crucial considering that it is responsible for the switching characteristics and device
performance. It should be also noted that the possible future applications of these devices
have to be considered when selecting the materials for an active layer [32]. Dynamic
synaptic characteristics have been demonstrated for transition metal oxide (TMO) devices,
including those based on HfO,, with these devices consuming low power and switching at
numerous resistive levels [33]. Oxide-based synapses have also been used as 3D vertical-
structured parallel devices meeting low-cost criteria and a high integration density [34].
Hence, this work focused on mixed oxides grown anodically on Hf-Nb alloys as active
layers. Electrochemical oxidation is not only an advantageous oxide fabrication method
due to its simplicity and low cost but also due to the possibility of already forming in situ
CFs during oxide growth. In this way, forming-free memristors can be fabricated and defect
engineered by the simple tuning of the electrochemical parameters [35]. This agrees with
the described requirements for synaptic device optimization, while allowing controllable
resistive switching in the memory layer grown on alloys [32]. Finally, the properties of
anodic memristors grown on a Hf-Nb library were investigated for the first time in the
current study. This is of high relevance for the development of neuromorphic systems
applied for neuromorphic vision, sensors, wearable electronics, or similar [36-38].

2. Materials and Methods
2.1. Fabrication of Memristors

A Hf-Nb thin-film library was co-deposited by sputtering in an ultra-high vacuum
system (Mantis Deposition, United Kingdom) onto thermally pre-oxidized Si wafers (950 C,
24 h). The base pressure was in the range of 107 Pa, while the deposition of Hf~-Nb thin
films was accomplished in DC mode at 5 x 10~! Pa in an Ar atmosphere from high-purity
Hf and Nb targets (99.95% Demaco Holland BV, Noord-Scharwoude, The Netherlands). The
total compositional spread of the Hf-Nb system was tailored by the power levels applied to
Hf and Nb targets, ranging from 25 W to 80 W, and by their positioning. More details about
bottom electrode deposition by sputtering can be found elsewhere [35]. After the fabrication
of bottom electrodes based on a 300 nm thick Hf-Nb library, the metallic thin films were
transferred into an SEDX chamber (20 keV electron beam and spot size of 500 pm), without
breaking the vacuum, for compositional analysis by a scanning energy-dispersive X-ray
spectroscopy (SEDX) system connected to the same vacuum chamber cluster [39]. Following
that, the electrodes were electrochemically oxidized to grow an active memristive layer. The
process of anodization was conducted in a classical three-electrode system that contained
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an Hf-Nb system as a working electrode, a Hg/Hg>SO4/sat. K;SO4 electrode (0 V vs.
Hg/Hg,SO4 = 0.640 V vs. SHE) as a reference, and a graphite foil (0.5 mm thick, 99.8 %
Thermo Fisher Scientific, GmbH, Dreieich, Germany) as a counter electrode, connected
to a CompactStat potentiostat (Ivium Technologies, Eindhoven, The Netherlands). The
surface oxide film was grown potentiodynamically in a high-field regime by applying cyclic
voltammetry to sweep the potential from 0 V to 7 V (vs. SHE) at a scan rate of 100 mV s~ 1.
Citrate buffer solution (CB) was selected as the electrolyte and prepared as recommended
by standard procedures for 0.1 M CB, pH = 6.0 [40]. Chemicals were of analytical grade
(citric acid monohydrate (C¢HgO7) and trisodium citrate dihydrate (C¢H9Na3zOy7)) and
used as purchased (Merck, KGaA, Darmstadt, Germany).

A typical metal-insulator-metal (MIM) structure was completed by top electrode
patterning through a pre-attached Ni shadow mask foil (Mecachimique, Pierrelaye, France)
by sputtering from a Pt target (99.95% Demaco Holland BV, Noord-Scharwoude, The
Netherlands) at room temperature. In total, approximately 300 memristors (grouped in
5 x 5 electrode clusters within each 3 x 3 mm? surface area) were produced.

2.2. Electrical Characterization of Memristive Devices

Using a combinatorial approach, various electrical characteristics could be examined
at the same time for memristors based on different alloys. The electrical screening of the
Hf-Nb system was conducted using a Gantry robot connected to a source meter (Keithely
2450). Such a system was self-developed and controlled via LabView® software specifically
programmed for typical memristive characterization experiments (I-U sweeps, endurance,
and retention measurements). The setup is described in detail in previous studies [27,41].
All measurements were performed in environmental conditions (22 °C, 55% RH) while
contacting the top electrodes with a W needle (10 um tip diameter) with a constant force
kept at 20 £ 2 mN and the bottom electrodes by a stainless-steel needle. The metallic thin
films on Hf-Nb were polarized, whereas the Pt electrodes remained grounded. The pulsed
voltage stress (PVS) approach was used to test the endurance of the devices at a frequency
of 260 Hz while limiting the current up to 10 Ma. The data retention was investigated by
reading the resistance values for the current corresponding to a polarization voltage of
10 mV in identical conditions. In both cases, up to 10 devices were tested for each alloy
indicating memristive behavior from [-U sweeps.

2.3. Microscopic and Spectroscopic Analysis

The samples for transmission electron microscopy (TEM) were prepared by a site-
specific focused ion beam technique (FIB, Helios NanoLab 650i, FEI BV, Eindhoven, The
Netherlands). The thin lamella was cut from a selected memristor sample, welded onto a
Cu support, and thinned by Ga ions until a final thickness of <100 nm. The microstructure
and crystallography analyses were performed by conventional TEM (JEM-2100, JEOL Inc.)
and scanning TEM (STEM, ARM-200CEF, JEOL Ltd., Tokyo, Japan), both operating at 200 kV.

A Theta Probe system (Thermo Scientific, East. Grinstead, UK) was used for XPS
measurements. The system was controlled by the Avantage software (version 5.9925)
package provided by the system manufacturer (Thermo Scientific, East Grinstead, UK).
The samples were analyzed with monochromatic Al Kx X-ray radiation (1486.6 eV), being
focused into 400 pm diameter spots. Survey spectra were acquired with a pass energy of
200 eV and a binding energy step of 1 eV. A pass energy of 20 eV with an energy step of
0.05 eV was applied for the high-resolution spectra. A dual flood gun was used for the
charge compensation accumulated on the surface. The measured spectra were calibrated to
the C1s peak of the adventitious carbon found to be at 285.0 eV.

3. Results
3.1. Combinatorial Screening of Memristive Behavior in Hf~Nb System

The relevance of the combinatorial approach as well as the simplicity of thin-film
library fabrication has been already confirmed in many previous studies [42-46]. However,
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only recently has the combinatorial screening of memristive properties been proven as a
useful tool for the identification of high-performance memristors [35,47]. This is crucial for
the development of anodic memristors with the potential for industrial implementation,
assuming a large amount of data is collected within only one library scan. In this respect,
the memristive and electrical characteristics of the anodized Hf-Nb system, with a total
compositional spread of 74 at.%, were investigated for the first time in this work. Alloys
with compositions ranging from Hf-18.5 at.% Nb to Hf-92.5 at.% Nb were spread over three
pre-oxidized Si wafers. The properties of these alloys, with the amount of Hf ranging from
7.5 at.% to 81.5 at.%, were compared with the properties of pure Nb and Hf thin films, these
representing reference samples. Based on studies of memristors grown on pure metals in
different electrolytes, citrate buffer solution was selected for the anodization since both Hf
and Nb memristors exhibited the best performance in the respective solutions [27,28].

As described in the experimental section, a lateral compositional resolution in the range
of 0.2 at.% mm~! was calculated for the entire Hf-Nb library based on SEDX mappings.
Nevertheless, the compositional precision was estimated to be 1 at.% assuming the assessed
error of the SEDX analysis, thus defining each alloy by one cluster of 5 x 5 electrodes
on a surface of 5 x 5 mm?. Taking into account that each cluster represented one alloy,
more than 200 clusters, each with 25 devices, were analyzed on each Si substrate. Hence, a
systematic screening along the compositional gradient and perpendicular to it was relevant
to identify the devices based on alloys with different or identical compositions, respectively.
This allowed the extraction of cycle-to-cycle and device-to-device variabilities, which are
recommended parameters for studying memristive behaviors [48].

Unlike previous studies based on different binary systems, the memristors found in
the Hf-Nb library could not be grouped in compositional zones according to their common
memory or electrical characteristics [35,47]. No regular trend in memristive properties was
observed along the compositional gradient. Nonetheless, the devices based on several
specific alloys demonstrated improved behaviors as compared to the anodic devices based
on pure metals, as is discussed further.

3.2. General Micro- and Nano-Scale Characterization

The overall MIM structures grown on the Hf-Nb library system are visible in Figure 1
as formed on the Si wafer covered by 500 nm of amorphous SiO;. The thickness of the
Hf-Nb metallic thin film was in good agreement with the initial 300 nm estimation (from
the sputtering conditions), whereas the anodic oxide was approximately 20 nm thick. The
stack was covered by a 250 nm crystalline Pt top electrode with a columnar structure
(Figure 1a,b). On the one hand, no voids or layer spallation on the interfaces were observed.
The interface between the SiO, and Hf-Nb alloy was sharp and well-defined. On the other
hand, the alloy—oxide interface seemed uneven, and the oxide film appeared to occasionally
protrude into the metal (marked with a dashed line in Figure 1c). This may be related to the
anodization process, where both Hf and Nb ions originating from the alloy competed for O.
This dynamic responsible for the formation of these protrusions was especially enhanced
here since species producing both crystalline and amorphous oxides were used [42]. The
transition between oxide and Pt was sharp, and the Pt layer followed the topography of
the underlying oxide and alloy. The Pt grains/columns extended throughout the whole
thickness of the layer, being about 50 nm wide and preferentially oriented in the <110>
direction (Figure 1a—d). The chemical analysis by EDX of the layers presented in Figure 1e
revealed that both Nb and Hf were present in the oxide layer. The Pt covering electrode
did not protrude into the oxide or vice versa. The oxidation of the Hf-Nb metallic thin
film resulted in an uneven 3D surface, which contributed to small thickness variations in
the oxide layer. The Nb-M line overlapped the Pt-M line, hence the less intensive Nb-L
characteristic energy peak was used for visualization.
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Figure 1. General outline of the phases present in the sample Nb-45 at.% Hf and Nb-50 at.%Hf. (a,c)
BF-STEM and (b,d) HAADF-STEM micrographs of top Pt electrode with columnar structure, inter-
mediate oxide layer, and underlying Hf~Nb metal. (e) EDX map of principal chemical components,
where both Nb and Hf were present in the oxide layer; (f) bulk Hf-Nb showed preferential pillar-like
growth with nano-scaled Hf exsolutions. (g) SAED of same region, indexed for Hf~Nb and (encircled)
for Hf.

Variation in the phase contrast on the high-resolution micrographs indicated a certain
chemical inhomogeneity of the Hf-Nb alloys (Figure 1f), likely resulting from the atomically
mixing deposition process. The analysis of the crystal structure via selected area electron
diffraction (SAED) patterns showed the existence of a cubic Hf-Nb alloy, confirming
previous studies [42]. The measured d-values, if following Vegard’s law, corresponded to a
Hf-depleted mixture when compared to the initial composition. Indeed, when carefully
examining the SAED pattern, one could identify additional weak subordinate diffraction
peaks, corresponding to hcp Hf (Figure 1g). Such nano-scaled oriented Hf domains were
not precipitates, but most likely resulted from the alloy deposition procedure.

3.3. XPS Analysis

The composition of the oxide grown on Hf-45 at.% Nb was investigated by XPS
(Figure 2). The presence of C, O, Hf, and Nb was confirmed at the surface of the anodic
oxide grown in CB. As visible in Figure 2b, three chemical forms of C were identified
from the C 1s high-resolution spectra. The adventitious C was related to the C-C/C-H
carbon type, with a peak at 285.0 eV. The second peak found at 288.9 eV was assigned
to a carboxylic functional group (O=C-O), while the peak at 286.8 eV stood for carbon
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bonded with a single covalent bond to oxygen (C-O) [49,50]. Both, the O=C-O- and C-O-like
carbon peaks were attributed to a citrate ion. Similarly, two different chemical forms of O
were distinguished based on the O 1s spectrum (Figure 2c). These forms were assigned
to peaks at 532.0 eV and 530.3 eV as O bound in oxide and O from the carboxylic group,
respectively [49-51]. A single chemical form of Hf is visible in Figure 2c as a Hf 4f scan.
Furthermore, the Hf 4f;/, peak at 16.8 eV represents its oxide, HfO,. The same refers
to peaks found at 213.1 eV (Hf 4ds5,,) and at 18.5 eV (Hf 4f5,,) in Figure 2 [51]. This
confirmed a stoichiometric amount of O to Hf. In the case of Nb, the Nb 3p scan described
in Figure 2a,e specifies a single form of Nb, while peaks detected at 209.9 eV (Nb 3d3,,)
and 207.2 eV (Nb 3d5,;) indicate an oxidized Nb form as NbyOs [52]. A shift of BE was
observed with increasing probing depth as shown in the spectrum in Figure 2f. Peaks
positioned at 13.44 eV (Hf 4f;/,) and at 201.9 eV (Nb 3d5/,) identified single forms of Hf
and Nb, respectively [53,54]. This determined a nominal bulk composition of the alloy as
Hf-43 at.% Nb, confirming the initial EDX measurements. Additionally, the BE shift of the
Nb 3d3,, peak at 204.6 eV was indicative of NbO; [52]. Hence, the formation of oxide in
CB may have resulted in different oxide stoichiometries at the surface and in the bulk of
the oxide. This was further linked to the switching characteristics of the memristors grown
of Hf-45 at.% Nb exhibiting a forming-free threshold and non-volatile behavior at the same
time [55,56]. It may be assumed that the NbO, layer, responsible for threshold behavior,
acted as an interfacial layer between the reactive bottom electrode and the mixed oxide
that increased the selectivity of NbO, towards O species, thus supporting the observed CFs
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Figure 2. (af) XPS survey and (b-e) high-resolution spectra of Hf-45 at.% Nb samples prepared
in CB.

3.4. Memristive Switching of Anodized Hf-Nb Library

Memristive switching in the Hf-Nb system was investigated by performing I-U
sweeps for 25-100 devices defined for a specific alloy. The maximum voltage sweeping
from —3 V to 3 V was conducted under current limitations in the range from 0.1 mA to
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30 mA to prevent irreversible switching to LRS. The sweeping is exemplified in Figure 3 for
the anodic oxides grown on different Hf-Nb alloys. The metal-insulator-metal structures
showing memristive characteristics were forming-free, suggesting low power consumption
since it was not necessary to apply additional voltage to form the CFs. In addition, forming-
free memristors are desirable since a CFs size and positioning are predictable due to their
intrinsic formation during the anodization process [35,47]. Additionally, the ratio between
HRS and LRS values (each measured from the slopes of linear parts in the [-U sweeps)
defines an important characteristic describing the memory window and expected power
consumption of a device [6]. Accordingly, the higher the difference between resistive states,
the larger the memory window and the lower the power consumption.

/
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Figure 3. Representative memristive switching hysteretic I-U curves plotted in logarithmic current
scale for selected memristors defining different memristive characteristics along the Hf-Nb com-
binatorial library: (a) bipolar switching characteristics of MIM structures grown on Hf-enriched
alloys, (b) unipolar switching characteristics of MIM structures grown on Hf-enriched alloys, (c,d)
unipolar and bipolar reversible threshold switching for high-performing MIM structures grown on
Hf-45 at.% Nb and Hf-50 at.% Nb alloys, (e,f) irregular switching characteristics for MIMs grown on
Nb-enriched alloys.

As can be seen in Figure 3, typical hysteresis loops demonstrating memristive be-
havior were exemplified for the different alloys along the entire library. Additionally, the
supplemental Figure S1 presents representative R-U sweeps. The devices grown on alloys
containing a low amount of Nb (exemplified by Hf-18.5 at.% Nb in Figure 3a) showed
bipolar threshold switching characteristics with resistive state ratios (HRS/LRS) up to
100. The resistive state ratio increased with the amount of Hf in the alloys, reaching seven
orders of magnitude at much higher Hf contents. However, a transition was observed
for the alloys around Hf-30 at.% Nb, which showed unipolar switching in the positive
direction (Figure 3b). At the same time, applying different current limitations did not result
in switching at different resistive levels. Multi-level switching characteristics are one of
the most important parameters for neuromorphic applications due to the possibility of
building high-density memory [57]. Increasing the Nb concentration above 30 at.% resulted
in the recovery of the bipolar switching behavior, as exemplified in Figure 3c, where the
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memristive behavior was enhanced. The devices grown on Hf-45 at.% Nb alloys showed
bipolar threshold switching characteristics (Figure 3c) at several resistive levels. The ob-
served bipolar—unipolar-bipolar transition at around 30 at.% Nb was likely related to the
structural and electrical characteristics of the mixed anodic oxides grown in this region [35].
It has previously been reported that both the oxide formation factor and dielectric constant
show a maximum in the vicinity of the Hf-30 at.% Nb [42]. Since the dielectric constant was
related to the polarizability of the mixed oxides (which may directly affect the formation of
CFs and the switching mechanism), it was likely responsible for the unipolar behavior of
the oxides grown on this particular Hf-Nb alloy [35,42].

Similarly to Hf-45 at.% Nb, the devices formed on the Hf-50 at.% Nb alloys demon-
strated threshold switching up to five different resistance levels (Figure 3d). The resistive
state ratio reached 10% and 10° in the case of the Hf-50 at.% Nb and Hf-45 at.% Nb alloys,
respectively. This already indicated the improved performance of the devices grown on
these alloys in comparison to devices grown on the alloys with other compositions. The
switching characteristics of the devices formed on the alloys containing Hf-75 at.% Nb
showed similar features in the low-voltage range (Figure 3e). However, different resistive
switching levels were not distinguishable. Hence, the switching at different resistance
levels could not be fully controlled by applying different current compliances in the de-
vices formed on the Hf-50 at.% Nb alloys, as opposed to the devices grown on Hf-45 at.%
Nb. Additionally, the highest amount of Nb in the alloys resulted in devices with a low
HRS/LRS ratio (Figure 3f).

The trend of important electrical and memory characteristics with the respect to the
total compositional spread of the Hf-Nb system is presented in Figure 4. The resistive state
ratio increased with the amount of Hf in the alloys, with a maximum for the composition
of Hf-30 at.% Nb (Figure 4a,b). However, the devices grown on Hf-30 at.% Nb did not
show high reproducibility regarding their lifetime and data retention, which are important
parameters, as is discussed further. A switching voltage range of up to 2 V was found for
these MIM structures in addition to irreversible switching from the unipolar to bipolar
mode. This behavior was further observed for the alloys containing between 30 and 40
at.% Nb in a wider switching voltage range from —3 V to 3 V (Figure 4c). In contrast, the
MIM structures formed on the alloys containing more than 45 at.% Nb switched in a lower
voltage range (Figures 3 and 4c). Moreover, a maximum of five different switching levels
were achieved for the MIM structures grown on the alloys containing between 45 and
75 at.% Nb, which represented an improvement in comparison with the anodic memristors
formed on pure Hf [27,58].

In addition to the switching at several resistive levels, the common characteristic of
all the devices was threshold switching. In this case, typically one state is volatile, while
the other resistive state behaves as non-volatile. The switching to a HRS or LRS state,
defining the RESET or SET process, respectively, is automatically induced by removing the
externally applied electric field [48]. The coexistence of non-volatile and volatile behavior
has already been reported for active layers based on Nb, which depends on the O content.
While Nb,Os shows memristive switching, threshold switching was evidenced for devices
with NbO, [22,59-61]. On the one hand, threshold behavior is commonly observed for tran-
sition metals due to thermally induced insulator-to-metal transition (IMT) [62-65]. On the
other hand, non-volatile memristive behavior is related to CF formation and rupture, their
number, and their size [2,41]. Taking into account these facts, it may be assumed that the
threshold switching of the current Hf-Nb system was influenced by Nb and O species con-
tained in the mixed oxides of the analyzed devices. Following that, Hf and the incorporated
electrolyte species may have affected the non-volatile behavior, as confirmed in previous
investigations. Hence, the formation of CFs was directly dependent upon the composition
of the alloys [9]. Enhanced memristive performances, such as the highest resistive ratio and
lowest controllable switching voltages at several resistive levels, (Figure 4b-d) suggested
that a slightly higher amount of Hf in the alloys may have favored the stability of the CFs.
This was exemplified by the metal-insulator-metal structures grown on the alloys at Hf-45
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at.% Nb and Hf-50 at.% Nb presented in Figure 3c—-d. The memristive effect, based on
metallic CF formation/rupture (see Section 3.6), was also likely supported by the negative
differential resistance (NDR) effect. This was defined by the current density decreasing
with the increase in the electric field (Figure 3a). Memory effects accompanied by the NDR
effect have already been demonstrated for devices operating at room temperature, showing
potential for the development of multifunctional electronics [66]. The co-occurrence of
memory and the NDR effect is related to different conduction mechanisms such as Schottky
emissions, hopping, direct tunneling, and Ohmic conduction. Hence, the switching mecha-
nism can be also discussed by fitting the typical I-U sweeps using these conduction models.
In addition, photovoltaic theory suggests the movement of electrons and holes according
to the different work functions of different electrode materials [66]. Therefore, the switch-
ing mechanism is a synergy of different effects and conduction mechanisms as already
reported in previous research [27]. Not only were multi-level switching tests performed by
applying different current compliances (I..), but also the switching modes were studied.
It was observed that unidirectional or bidirectional switching depended upon the current
limitation range (Figure 3b—d). Generally, the memristors grown on the different alloys
showed bidirectional switching when applying an I up to 5 mA, whereas unidirectional
switching appeared for an I in the range of 10 mA or higher. Switching in a positive
direction was observed for the memristors grown on Hf-30 at.% Nb (Figure 3b), while
the memristive devices formed on the alloys containing more than 45 at.% Nb switched
in the negative direction for a current limitation set at 10 mA (Figure 3c,d and Figure 4c).
Generally, the MIM structures grown on Nb enriched alloys, switched in a bipolar mode for
current compliances up to 10 mA. Hence, only the bipolar switching characteristics for the
memristive devices formed on the alloys with more than 45 at% Nb are shown in Figure 4c.
Such observations were easily explained by the fact that unipolar switching is a thermally
induced process in which the dissolution of defects or local oxidation/reduction appears
due to Joule heating induced by an electric field, thus causing the formation/disruption
of CFs in a violent manner. The ionic drift of O or electrolyte-based species through an
oxide induces electrochemical redox reactions allowing the formation of CFs, which de-
fines the bipolar switching mode [67]. Since more heat is generated under a higher I
regime, unipolar switching is more likely to appear than bipolar switching, as was detected
herein [68]. The switching mechanism will depend upon the voltage polarity. As can be
seen in Figure 3, the switching to LRS (SET process) was achieved by applying voltages
up to the threshold voltage value of negative (or positive) polarity, when mobile species
drifted to the cathode interface where the reduction of CFs appeared. Oppositely, when
applying positive (or negative) voltage values or lower than the hold voltage values, the
species drifted toward the anode interface, leading to the oxidation of CFs, thus switching
to HRS (RESET process). This additionally confirmed the threshold switching behavior,
in which a gate voltage value (threshold voltage) should be reached to switch a device
from HRS to LRS. Oppositely, values lower than the hold voltage (the minimum voltage
necessary to be applied for a device to maintain a current resistive state), should be reached
to switch the device back to HRS. In this case, HRS is described as volatile, since reaching
a voltage of 0 V defines the RESET process [69]. In other words, by removing an external
electric field the memristor is spontaneously switched to HRS.
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Figure 4. Compositional mapping in the Hf-Nb library system describing anodic memristors: (a) high
and low resistive state values, (b) resistive state ratio, (c) switching voltage values, (d) number of
switching levels.

3.5. Electrical Characteristics of H~Nb Anodic Memristors

As already mentioned, the device lifetime and data retention were investigated by
performing endurance and retention tests for up to 10 MIM structures formed on the
alloys indicating memristive behavior. The switching voltages, determined during I-U
sweeping, were applied in both cases. Cycle-to-cycle and device-to-device variabilities were
empirically assessed from the measurements for a given alloy. The representations of the
statistical range for both cycle-to-cycle and device-to-device variabilities were conducted
by the colored confidence bands as shown in Figure 5 and Figure S2.

In general, no relevant differences in device lifetime and data retention were detected
for the devices based on the alloys exhibiting memristive behavior. However, the memris-
tors grown on the alloys with either a low or high content of Hf did not reach a reasonable
number of writing or reading cycles (maximum 100 cycles). The memristors grown on
Hf-45 at.% Nb and Hf-50 at.% Nb demonstrated improved performance, while those grown
on Hf-75 at.% Nb showed significant lifetime and data retention capabilities (see Supple-
mental Figure S2a,b), especially in comparison with the reference samples based on pure
metallic films. The endurance and retention measurements for the MIM structures on
Hf-45 at.% Nb and Hf-50 at.% Nb reached more than 107 cycles, as presented in Figure 5a,b.
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Typical I-U sweeps recorded after each cycles order of magnitude during the writing
procedure are shown in Figure 5c. It should be noted that an HRS/LRS ratio smaller
than 10 is considered the end of the device lifetime. As is visible in Figure 5, the HRS
values became gradually more conductive, while the LRS values became more insulating
during the writing process. Oppositely, the LRS values decreased, while the HRS values
further increased during the reading process. This was explained by O depletion at the
oxide/electrode interfaces as a result of stronger or weaker CF formation due to the con-
tinuous loss of O to the bottom and top electrodes [70]. Thus, the accumulation of O or O
vacancies appeared at both electrode interfaces simultaneously. Accordingly, an increased
concentration of O vacancies in the oxide, thickening the CFs or the sensitivity of the CFs
to thermal disturbances led to retention failure (Figure 3b) [71]. In addition, cycle-to-cycle
and device-to-device variabilities were mild in comparison to the devices based on the
alloys with high or low content of Hf (Figure 3a,b,f). Both variabilities even reached a
few orders of magnitude for LRS and HRS (Figure 52a,b), whereas the variabilities for the
devices grown on Hf-45 at.% Nb and Hf-50 at.% Nb were up to one order of magnitude
(Figure 5a,b). Since these devices switched at several resistive levels, the variabilities are
shown only for the writing and reading procedures recorded at current compliances of
5 mA due to the simplicity of the representation. Overall, the device lifetime, memory, and
cycle-to-cycle and device-to-device variabilities were likely affected by the CF size, shape,
number, and positioning [27,28,35,41,58].

5 2
Endurance l 10 Retention| l 1 TR
HRS 1072 5 C ) ;
10* 4 7 \ 7,
| pesmn Sesm S S Sonm Cong, ca?® 4 HRS RS oo 107 cycles \
oems® \ |/
copmit SoumR ©omun oo é 10 4 -.‘\ \ 1
¢ 10° 4 - I
- —~ N f
= 105 ] 1theycle \ I,
o L ILRs W I
10§
u—o-.—._.-o-i'“ R Com o ot G Ot o) 10° 4
LRS
HI - 45 at. % Nb 0 HI - 45 at. % Nb 0 Hf - 45 at. % Nb
: . : . . : . . - . : : . T T T T T T T T
1w 1t 1w o w10t 10t 107 10 1w 10 1w 1wt 108 10° 107 220 -5 -0 05 00 05 10 15 20
Cycles / 1 Cycles /1 U/lv

Figure 5. (a,b) Endurance and retention measurements recorded for MIM structures with improved
memristive properties, (c) [-U sweeps recorded during consecutive writing procedure (endurance
measurements).

3.6. Nanostructural Characterization of H~Nb Anodic Memristors and CF Formation

The best-performing samples from the Hf-Nb library (the Hf-45 at.% Nb and Hf-50
at.% Nb alloys) were selected for TEM analysis to characterize the nanostructure of their ox-
ides. By employing STEM, a detailed view showed that the oxide layer formed between the
Hf-Nb thin film and the Pt top electrode was a combination of amorphous and crystalline
structures (Figure 6). The identification of crystalline HfO, was based on HAADF-STEM
atomic-scale micrographs (Figure 6¢). The amorphous phase inside of the oxide was related
to darker accumulation regions as visible in Figure 6b. Such regions formed at the surface
of the oxide were due to its anodic growth in the citrate buffer solution affecting the CF
formation [27,28].

It was also found that the crystallites were larger, extending throughout the oxide, for
the samples grown on Hf-45 at.% Nb (Figure 6a—c) as compared to those of the oxide grown
on the Hf-50 at.% Nb alloys. In the last case, only several randomly oriented crystals were
detected (Figure 6d—f).
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a sample 45

d sample 50

Figure 6. Nanostructural characterization of the Hf~Nb oxide layer, top: sample Hf-45 at.% Nb and,
bottom: sample Hf-50 at.% Nb. (a,d) BE-STEM and (b,e) HAADF-STEM micrographs of crystalline
and amorphous oxide layer; orange arrows mark amorphous regions. (c) Sample Hf-45 at.% Nb:
large HfO, crystallites extending through whole width of the oxide layer. (f) Sample Hf-5 at.% Nb:
smaller HfO, randomly oriented crystallites.

As already mentioned in the previous sections, the structure of anodic oxides plays a
crucial role in resistive switching due to CF formation/rupture inside of it. These events
are not only associated with the oxide structure but also with the structure of the electrode
material and the species incorporated in the oxide [68]. Figure 7 illustrates the high-
resolution mixed anodic oxides grown on the Hf-45 at.% Nb and Hf-50 at.% Nb alloys.
Crystallites of HfO, were seen as embedded throughout the entire mixed oxide. These
HfO, crystallites were surrounded by a mixed anodic oxide matrix, which was in contact
with nano-scale oriented Hf domains (Figure 7a—d). Nevertheless, amorphous Nb;Os
regions and inhomogeneities (CFs) were identified and are marked by orange dashed
lines and arrows, respectively. Similar structures have already been reported in previous
memristive studies when mixing amorphous and crystalline oxides [35]. Such regions may
be favorable for CF positioning, ensuring their constant number and size. Consequently,
this may benefit the device lifetime, retention, and lower cycle-to-cycle as well as device-to-
device variabilities. Such regions may also explain the unipolar resistive switching mode,
this being also characteristic in this case for an I of 10 mA (Figure 1c) [27,28,35,41,58].

The co-existence of unipolar and bipolar switching modes was justified by the pres-
ence of HfO, crystallites embedded in the oxide matrix, as well as several CFs partially
connecting the bottom and top electrodes, as seen for the MIM structure grown on the
Hf-45 at.% Nb and Hf-50 at.% Nb alloys (Figure 7). The formation of HfO, crystallites
during the anodization process confirmed that forming-free memristors could be grown
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while improving their performance due to the enhanced stability of the CFs positioned
in such regions [27,35]. Conductive filament concurrency has already been observed for
anodic memristors grown on pure Hf thin films, in which non-disrupted, disrupted, and
amorphized CFs were imaged in the oxide [27,35]. Their formation or rupture was dictated
by O vacancy accumulation regions at the Pt/oxide interface (Figure 7c), while their spatial
pinning was justified by the incorporation of electrolyte species [27]. Additionally, the
coexistence of a forming-free threshold and non-volatile resistive switching was explained
by the non-uniformity of the oxides in terms of stoichiometry, as has also been proven in
previous reports [28]. Typically, device-based non-stoichiometric Nb oxides demonstrate
volatile threshold switching, while non-volatile resistive switching is usually observed
for devices based on stoichiometric Nb oxides [55,56]. Moreover, the presence of NbO, at
the bottom electrode/oxide interface, confirmed by XPS, could additionally explain the
fact that these memristors were forming-free. It has already been reported that a Nb(O)
electrode can adsorb O, thus depleting the NbOx layer via an applied electric field. In such
a case, an active layer based on NbOx is defined as a mixture of insulating Nb,Os and
conducting NbO,. Hence, the forming-free threshold memristive switching is affected by
the alignment of conductive phases when applying an electric field or by the alignment of
O vacancies within the oxide impacting CF formation [29,30].

Figure 7. HR-TEM micrographs of Hf~Nb oxide layer. (a,b) Sample Hf-45 at.% Nb, (¢,d) sample Hf-50
at.% Nb. Crystalline HfO, was sporadically interrupted by amorphous Nb,Os regions (outlined
with a dashed orange line). The conductive filaments emerging from metal layers are marked by
orange arrows.
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4. Conclusions

Following the screening results of the anodic memristors grown on a Hf~Nb combi-
natorial library, the coexistence of threshold and non-volatile memristive switching was
observed for metal-insulator-metal structures grown on Hf-45 at.% Nb and Hf-50 at.%
Nb alloys. At the same time, improved performances regarding resistive state ratios, low
voltage switching ranges, or multi-level switching characteristics, were demonstrated for
the respective MIMs. In addition, the memristive switching in the bipolar or unipolar
mode was identified to be dependent upon the current compliance applied during the I-U
switching. Unipolar switching characteristics were found at a higher current compliance
range, while bipolar ones were evidenced at a lower current compliance range. This was
explained by Joule heating typically released for the higher current compliance range. The
mixed switching behavior for the MIMs grown on the Hf-45 at.% Nb and Hf-50 at.% Nb
alloys was also justified by HfO, crystallites embedded in the mixed oxides, facilitating the
formation of CFs and was related to the non-uniformity of the Nb oxides’ stoichiometry. Fi-
nally, a regular trend in resistive switching could not be recognized by the high-throughput
screening of the anodized Hf-Nb system. Nevertheless, the screening outcome indicated
that MIMs grown on Hf-45 at.% Nb and Hf-50 at.% Nb alloys may be considered for the
fabrication of high-density in-memory computing systems for neuromorphic applications.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/nano12223944/s1, Figure S1: Representative R-U sweeps along
the Hf-Nb anodic memristors. Figure S2: (a,b), Endurance and retention measurements recorded
for metal-insulator-metal (MIM) structures grown on Hf-75 at.%Nb alloys, (c) R-U sweeps for
MIMs formed on Hf-50 at.%Nb, (d) representative I-U sweep recorded for MIMs formed on Hf-50
at.%Nb alloys.
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