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Anodic memristors obtained by electrochemical anodization of Ta in phosphate, borate and citrate buffer so-
lutions are studied. Memristive behaviour is demonstrated by electrical switching between high and low
conductive states. The endurance and retention of devices are analysed. The use of phosphate leads to 4
switching levels and the highest ratio between high and low resistive states. All studied oxides are stoichiometric

TayOs and only P is detected inside anodic memristors. The improved memristive characteristics of oxides
anodized in phosphate are attributed to an increase of O vacancies due to the presence of Ta oxyphosphate,
which is believed to mediate spatial pinning of conductive filaments positions during read/write. The anodic
memristors show high stability, enhanced endurance and retention that combined with their active layer low
fabrication cost makes them ideal candidates for industrial implementation.

1. Introduction

Tantalum oxide-based memristors fabricated in a metal-insulator-
metal (MIM) geometry, with Ta bottom electrode, TayOs active layer
and Pt top electrode have multiple applications. They are essential in
Resistive Random Access Memory (ReRAM) [1-3], sensors [4] or as
building blocks for neural networks and neuromorphic applications
[3,5,6]. The electrically induced resistive switching mechanism, be-
tween a high resistive state (HRS) and a low resistive state (LRS), is
based on field and temperature-assisted ion migration. This leads to the
formation of conductive paths in the insulating oxide layer, which
coupled with local redox processes result in an overall resistance change
[7]. The reduction reaction is responsible for the formation of a
conductive filament (CF) connecting both metallic electrodes, while its
partial re-oxidation increases the device resistance. Switching from the
usually insulating HRS (OFF or RESET state) to the conductive LRS (ON
or SET state) is assumed to be done by movement of O vacancies within
the filament by a direct contribution of mobile cations and additional O
vacancies forming the CFs in high electric fields [8,9]. The nature of the
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Tay05 regarded as a solid electrolyte in memristive devices strongly
depends on the fabrication route. Even though most studies focus on
sputtered Tas0s5 [3,10,11,44] due to high film quality and reproduc-
ibility, the anodic formation of metallic oxides recently started to be
explored as a prominent approach for industrial implementation
[12,13]. However, the deposition by sputtering remains an excellent
choice for the production of metallic bottom and top electrodes, such as
Ta and Pt, in memristive devices. The memristive function is defined by
the oxide (active) layer and its anodic formation may offer additional
tuning parameters, thus enlarging the range of possible fabrication
methods [14]. The main motivation of anodization is the use of a simpler
and easier controllable fabrication technique, as an alternative to sput-
tering, atomic layer deposition and similar methods that require more
complex processing parameters control [15-17].

The current work focuses on the use of electrochemically grown
Tay0s for anodic memristors fabrication. The reported Ti, Hf/Nb and Ta-
based anodic memristors [18-20] reached endurances up to 4500, 10°
and 10° cycles, respectively, while retention times up to 10%s were
specified for Ta anodic memristors. Moreover, memristors based on
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anodic TayOs showed multi-level switching, which promises superior
application properties. However, the effect of different electrolytes on
the performance characteristics of TayOs memristors is still far from a
brimming comprehension. Properties of the anodic oxide films (thick-
ness, morphology, chemical and structural composition) are tuned by
controlling the process parameters (voltage, anodizing time and elec-
trolyte composition) [21-23]. Thus, the number of oxygen vacancies
and cation contribution may vary with the use of different electrolytes,
leading to the formation of CFs with different sizes and shapes at
different positions within the active layer [24,25]. In this way, the
electrical properties may be strongly affected and the electrolyte selec-
tion may become highly relevant for industrial implementation. Finally,
the goal was to find the optimal conditions for the fabrication of the
insulating layer, in which CFs could form at constant positions
improving the stability of memristive devices.

For these reasons, in the frame of the current investigation, Ta
metallic thin films are electrochemically anodized in phosphate, citrate
and borate buffer electrolytes. Incorporation of citrate anion, phosphate
and borate ions in anodic oxide layers were previously reported with
significant effects on their characteristics [21,26,27]. Additionally,
potentiodynamic anodization at varying rates of potential increase was
designed here specifically for testing the electrolyte incorporation effect
on memristive properties of TagOs.

2. Experimental section
2.1. Fabrication of anodic Ta oxide memristors

Metallic Ta thin films were deposited by sputtering using an ultra-
high vacuum system (Mantis Deposition, United Kingdom) with a base
pressure in the range of 10~ Pa. Tantalum thin films with a thickness of
approximately 300 nm were deposited on thermally pre-oxidized Si
wafers at 950 °C from a high purity Ta target (99.95% Demaco, The
Netherlands). The Ta film deposition was performed at room tempera-
ture in Ar atmosphere with a pressure of 5 « 10~! Pa using DC power of
80 W. For ensuring thickness uniformity, the substrate was rotated at 5
rpm during deposition.

Following the Ta film deposition, the substrates were electrochemi-
cally anodized at ambient conditions in three different electrolytes:
phosphate buffer (PB), borate buffer (BB), and citrate buffer (CB) solu-
tions. In order to prepare buffer solutions, standard protocols were fol-
lowed [28]. The detailed information about reagents used for the buffer
preparation is given in the supplementary materials. Anodic oxide
growth was carried out potentiodynamically at 10 mV s}, 100 mV s~ 2,
and 1000 mV s~'. The cyclic voltammograms were recorded for two
groups of samples, by driving the potentials up to 4 V or 8 V (vs. standard
hydrogen electrode SHE) and back to 0 V using each of the buffered
solutions. A CompactStat potentiostat (Ivium Technologies, The
Netherlands) connected to a three-electrode cell was employed in this
process, in which a graphite foil 0.5 mm thick (99.8% ThermoFisher,
Germany) served as counter electrode, a Hg/Hg,SO4/sat. KoSO4 elec-
trode (0 V vs. Hg/Hg>SO4 = 0.640 V vs. SHE) as reference electrode and
Ta thin film as the working electrode.

Following the anodic oxide formation on Ta, the samples were
brought back into vacuum for top electrode patterning using a 30 ym
thick Ni shadow mask foil (Mecachimique, France) placed in intimate
contact with the TapOs surface. The fabrication of the memristive de-
vices was finalized by sputtering 100 nm thick Pt electrodes (200 um in
diameter) from a high purity target (99.95%, MaTeck, Germany). in Ar
atmosphere (50 W, 5« 107! Pa) at room temperature. Following this
procedure, the emerging memristive devices have Ta as the bottom
electrode, Pt as the top electrode and TazOs as solid electrolyte sand-
wiched between the two metallic electrodes.
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2.2. Electrical characterization

Electrical measurements were performed using a Keithely 2450
SourceMeter Unit (SMU) connected to a Gantry robot developed in-
house. The robot itself containing high precision XYZ translation
stages is equipped with two microscope cameras (Bresser, Germany) for
allowing top (normal) and side (45° angle) viewing of the Pt electrodes
to be contacted. A force sensor attached to the Z stage holds a W needle
with a tip diameter of 10 um used for soft contacting the top electrode of
the measured memristor. This occurs while keeping the force at a con-
stant value of 20 £+ 2 mN. The bottom metallic film was contacted by a
stainless steel needle in hard contact to the Ta thin film at the edge of the
Si wafer. The whole system was controlled by LabView® software self-
developed for performing current-voltage (I-U) sweeps, endurance and
retention tests. All experiments were performed in ambient conditions
(22 °C, 55% RH) and the voltage was applied to the Ta bottom electrode
while the top Pt electrode was grounded. Using the SMU, I-U sweeps
were recorded with the compliance current being controlled in the mA
range, depending on the fabrication conditions of the memristors (sup-
porting electrolyte, oxide thickness). Endurance and retention tests were
done up to 10° cycles by biasing first the memristors at their voltages
corresponding to switching between the LRS and HRS (Uset and Ureset)
with a frequency of 260 Hz. The device resistance was always read by
applying a voltage of 0.1 V. The values of Uget and Uyeser ranged between
+0.5 and +2.0 V.

2.3. Imaging and analysis techniques

High resolution and scanning transmission electron microscopy
investigation (HRTEM, STEM) of memristors cross-sections was per-
formed via JEOL JEM-2200FS (JEOL, Japan) equipped with in-column
Q-filter and operated at 200 kV acceleration voltage. Specimens were
prepared by focused ion beam (FIB) milling using a Zeiss Crossbeam
1540XB (ZEISS, Germany). Element characterization of specimens was
done in STEM mode by energy-dispersive X-ray spectroscopy (EDX)
using the detector from Oxford Instruments (UK) and dedicated Aztec
software. (HR)TEM data analysis was done with Gatan Microscopy Suite
and JEMS simulation software. In order to investigate the chemical
composition of the Ta oxide thin films, X-ray photoelectron spectroscopy
(XPS) measurements were conducted on all oxides produced by anod-
ization in various electrolytes. The system employed for these in-
vestigations was a ThetaProbe XPS system (Thermo Scientific, UK) using
a monochromated Al K, X-ray source (1486.6 eV). The spot size was 400
um in diameter. Survey spectra were acquired with a pass energy of 200
eV and a binding energy step of 1 eV, whereas for the high-resolution
spectra, pass energy of 20 eV with an energy step of 0.05 eV were
used. A dual flood gun was used to compensate for charges accumulated
on the surface. When sputtering for surface cleaning was performed, a 2
x 2 mm? spot was bombarded for 10 s with Ar" ions, leading to the
removal of surface layer contamination. The measured spectra were
corrected with respect to C1s peak coming from adventitious carbon and
considered to have a binding energy of 285.0 eV. The spectra were
evaluated using the Avantage software package from the manufacturer
of the XPS equipment.

3. Results and discussion
3.1. Anodic memristor structure and composition

Throughout this study, all memristive devices analysed have a
straightforward MIM structure defined by superimposed Pt/Ta;Os/Ta
layers. A schematic description of the experimental arrangement is
presented in Fig. 1(a) where the position of the electrical contacts and
the measurement strategy is described. In Fig. 1(b) several top elec-
trodes are imaged by SEM allowing an accurate observation. One can see
well-defined Pt top electrodes and no diffuse edges or distorted shapes
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Fig. 1. (a) Experimental arrangement for memristive testing, (b) SEM top-view image of the electrodes, (c) snapshot of the TEM lamella, e-Pt corresponds to the FIB

capping layer.

could be found. This emphasizes that high electrode reproducibility is
possible by using affordable thin shadow masks in applications where
the extra chemical treatment of surfaces (i.e. during lithographic pro-
cesses) is undesirable. Additional images of top electrodes and mem-
ristor cross-section structure are presented in supplemental Fig. S1.

Unfortunately, the typical resolution of SEM is unsatisfactory for a
closer observation of the anodic ultrathin oxide film [29]. Utilizing TEM
imaging of the entire memristor device (Fig. 1(c)) one can observe no
cracks, voids, or mechanic failures of any kind neither at the interfaces
nor within the layers. From microstructural point of view, all memristive
devices analysed in this work are robust, adherent to the substrate, and
no mechanical defects at interfaces were observed.

The chemical composition of the anodic oxides under study is

Ta L series

relevant for concluding upon the effect of electrolyte incorporation on
final memristive behaviour. In Fig. 2 cross-section STEM-EDX image of
an anodic memristor (for the case of PB electrolyte) is presented. In part
(a) of the figure the high-angle annular dark-field (HAADF) STEM image
and corresponding EDX mappings are provided. The location of Pt, O
and Ta clearly depicts the nano-scale morphology of the anodic mem-
ristor with a well-defined anodic oxide layer sandwiched between Pt
(top) and Ta (bottom) electrodes. The possibility of electrolyte species
trapped inside the oxide during anodization was also explored here.
Unfortunately, the resolution of EDX was not sufficient to distinguish
electrolyte incorporation reliably. A small-area EDX measurement was
performed in the region of the anodic oxide and the results are presented
in Fig. 2(b) together with the corresponding map sum spectrum. It is

B Map Sum Spectrum
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Fig. 2. (a) HAADF STEM image and EDX cross-section mapping of the typical anodic memristor grown in PB at 8 V, 100 mV s, (b) bright-field (BF) STEM image
and EDX measurement in the anodic oxide layer area together with corresponding map sum spectrum. The Cu peaks correspond to the TEM grid.
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worth mentioning though that the EDX peak corresponding to P (K se-
ries) strongly overlaps with the Pt (M series) peak, making its recogni-
tion in the memristor grown in PB practically impossible. However, one
can estimate the Ta/O atoms ratio in the oxide layer. This assessment
(£3 at.%) shown in part (b) of Fig. 2 together with colour-coded
compositional mappings of Ta and O gives roughly 21 at.% of Ta in
the anodic oxide. Nevertheless, additional oxidation of the lamella
during transfer to TEM is possible and should not be excluded. Thus, one
can see also the minor presence of O in the Pt and Ta layers (Fig. 2(a)).

Since STEM-EDX can only provide a qualitative chemical analysis of
anodic memristors on Ta (as exemplified in Fig. 2), XPS was performed
for all memristors before Pt top electrode deposition to make a step
towards in-detail quantitative analysis. The relevant XPS spectra are
shown in Fig. 3(a—c) as measured in oxides grown in various electrolytes.
The surface surveys show the various peaks of Ta, O, C, and Na. A small
amount of Na (<1.5 at.%) was detected in all memristors due to its
presence in all electrolytes used for the formation of the Ta oxide layer.
Traces of Zn (<0.6 at.%) were as well detected on samples grown in CB
and PB, and they were attributed to trace impurity found in the pre-
cursors used for the electrolytes production. The C peaks (C 1s and C KLL
Auger peak) are generated by the adventitious carbon adsorbed from the
environment (as was evidenced by the peaks disappearance after a short
sputtering cleaning process).

For the anodic oxide grown in BB (part (a) of Fig. 3), no peak
belonging to B (binding energy for B 1s at 187.3 eV) could be found. This
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indicates the absence or extremely low amounts of B species incorpo-
ration from the electrolyte into the Ta oxide film. This conclusion was
confirmed by high-resolution spectra acquired between 180.3 and
196.3 eV, where also no peak was visible. The literature reports about
the incorporation of B3* ions from the electrolyte at a depth of only 10%
from the total oxide thickness [21]. In the present study, where the total
layer thickness is 15 nm maximum, it is likely that the amount of B>* is
sufficiently low for being outside the XPS detection limit. The anodic
oxide grown in CB, with the XPS spectra presented in Fig. 3(b), shows a
very similar behaviour to the one grown in BB. No clear indications of
electrolyte incorporation could be concluded here as well. In contrast,
when Ta was anodized in PB (part (c) of the figure) the presence of P
could be clearly observed and it was quantified to approximately 5.5 at.
%. The P 2s peak found at approximately 134 eV was reported in the
literature to represent a P-O bond, confirming the incorporation of P
into the oxide as a charged (PO4)3’ oxyanion [30], in agreement with
reports based on electrochemical studies [21].

High-resolution spectra of Ta 4f doublet (presented in supplemental
Fig. S2) suggest that all Ta oxides are stoichiometric. Moreover, no
significant shifts were observed when comparing the doublet position
from anodic oxides grown in different electrolytes with the position of
Tay05 sputtered in identical conditions from a stoichiometric oxide
target. No additional peaks at binding energies in the vicinity of the 4f;
peak (26.0 eV) are present, demonstrating the absence of Ta species in
an oxidation state other than 5+ [31]. High-resolution spectra of O 1s

® CB &
o
g
— 2 -
o L s
@ g
~—
=
=
)
<
~
=
2
g
3
~
Name c/at.%
Ols 716
Tadf 284
T T T T T T
1400 1200 1000 800 600 400 200 0
Binding energy / eV

(@

Fig. 3. XPS survey spectra and composition of Ta oxides grown in different electrolytes (a—c) and the model of the atomic structure of TaOPO, in Ta;Os matrix (d).
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peaks are presented in the supplemental Fig. S3. In all cases, a small
shoulder normally attributed to O in bridge positions was observed, and
this shoulder was shifted toward lower energies only in the case of ox-
ides grown in PB [32]. Again, this indicates the presence of the Ta
oxyphosphate as previously discussed. The quantifications for the sam-
ples grown in BB and CB lead to an approximate concentration of 29 at.
% Ta and 71 at.% O which also points toward the formation of stoi-
chiometric TapOs. This holds true also for the PB sample, for which no
additional peak in the high-resolution spectrum of Ta 4f was found,
indicating the formation of a phosphate-containing compound, which
respects the 5+ valence of Ta. This compound forms simultaneous with
Tay0s5 and it is most likely Ta oxyphosphate [31,33]. Visualization for
Electronic and Structural Analysis software (VESTA) was employed to
visualize and to observe the amount of incorporated (PO4)3_ based on
the atomic concentrations obtained from XPS [34]. Since the oxides are
amorphous [35], only short-order atomic arrangement was simulated.
The TaOPO4 embedded in a Ta;Os5 matrix is shown in Fig. 3(d). The ratio
of P to Ta atoms as obtained from XPS is approximately 6 to 24, which
translates into one P atom per 4 atoms of Ta and further leading to
roughly 2 TaOPOy for every 3 TazOs. The proposed proportion could be
additionally testified by the O and Ta atoms ratio which is 25/8 and
agrees well with the XPS data presented in Fig. 3(c). This indicates a
relatively high amount of oxyphosphate incorporation into the anodi-
cally grown thin film, a fact which is expected to have an influence on
the memristor properties. As it will be shown further by electrical testing
the presence of electrolyte species inside the active layer in the case of
PB increases the stability of the memristor. It could be assumed that
phosphate assists the redox processes occurring during the hi-low states
memristive transition. The O vacancies in this case have increased
effective mobility since their number is higher due to the phosphate
presence.

Description of the Ta anodic oxidation process in phosphate-
containing electrolyte was recently updated by a quantitative point
defect model (PDM) describing the formation of a bi-layered oxide (the
thicknesses of the oxides were ranging from 7 nm to 30 nm). The sug-
gested model is explaining point defect generation and annihilation
reactions at the metal/oxide and oxide/electrolyte interfaces and sup-
ports the present expectation for improved memristive behaviour [36].
It was confirmed that the produced mobile O vacancies at the metal/
oxide interface, which were also reported as responsible for enhancing
the memristive effect, are controlling the formation of the inner layer
grown into the metal. The outer layer is distinctly formed at the oxide/
electrolyte interface by hydrolysed Ta interstitials and anions [36]. In
the current work, the oxide layer was formed in aqueous solutions of
NapHPO4 and NaH,PO4 resulting in a mixture with acidic character.
Therefore, it can be assumed that the growth mechanism of anodic oxide
is equivalent to the reported findings considering that phosphate-
containing electrolyte with acidic character was used. The acidic char-
acter is due to the HPOZ ™~ ion defining a weak acid and the larger driving
force of HyPO4 ion to dissociate rather than hydrolyse. Such an elec-
trolyte environment could possibly assist the formation of Ta oxy-
phosphate, which is usually used as a solid acid catalyst obtained in the
reaction with C4HgOg and TasOs as a source of Ta [33,34,36]. In the case
of 1 M PB solution, Randall et al. already concluded that the anodic film
is a mixture of TapOs and Ta oxyphosphate [33]. In the current work, the
presence of Ta oxyphosphate additionally confirmed by XPS is assumed
to lead to conservation of the original position of O atoms relative to the
metal interface, as previously discussed by Pringle and Amsel, thus
leading to CFs pinning [36-38]. Considering this argument, a pinned CF
will not change its 3D location during its redox cycle (HRS-LRS
switching). In this way, the position of CFs will be pre-defined by the
anodic oxide growth leading to their improved stability by simply tuning
the electrochemical parameters and electrolyte selection. Incorporation
of species from the electrolyte (which are not complexing agents but
solution-phase species originating from the phosphate) will improve the
stability of the oxide layer, which in turn may impact the electrical
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stability and overall quality of PB memristors.
3.2. Effect of potentiodynamic anodization rate on memristive behaviour

In order to assess the electrolyte influence on the final memristive
behaviour of TayOs, different electrolytes were used for potentiody-
namic oxide formation at different rates of potential increase (scan
rates). Examples of typical current-voltage (I-U) sweeps performed on
anodic memristors (oxidized at up to 8 V vs. SHE) in PB, CB, and BB at
various scan rates are presented in Fig. 4(a—c). The sweeps were recor-
ded under limiting current conditions using different compliance values
up to 5 mA. Generally, increasing the voltage range resulted in an
irreversible dielectric breakdown of the TasOs. For this reason, in the
entire study the voltage range never exceeded the +2 V limit. The
switching was accomplished in cycles as illustrated by the insets of Fig. 4
(a—c). The sweep direction is indicated by arrows, always starting from
0 V and moving in positive direction first until switching from HRS to
LRS occurs. The LRS and HRS are observable in each case through the
changing slope of the I-U curves. As previously mentioned, these define
the SET (ON) and RESET (OFF) processes, respectively, when the charge
transport through the memristor changes. The resulting hysteresis
clearly defines a bipolar memristive switching, which is in agreement
with previous reports [39]. At lower current compliances (see PB curve
in Fig. 4(a)) the curves are asymmetric and the symmetry increases as
soon as more current is allowed to pass through TapOs. Memristive be-
haviours were identified for all studied cases and the influence of
different scan rates can be directly noted.

The HRS and LRS values directly measured from the I-U slopes for
different scan rates are plotted in Fig. 4(d), while in Fig. 4(e) the HRS/
LRS ratios are given for different anodization speeds. The differences
between HRS and LRS for devices with oxides formed at 10 mV s ! in
different electrolytes (Fig. 4(a, d)) are small, except the PB case where
the HRS/LRS ratio is almost 100 (Fig. 4(e)). Overall, BB electrolyte
produced the most conductive memristors while anodization in PB
resulted in the highest ohmic value for HRS. Increasing the scan rate to
100 mV s~ ! resulted in TayOs memristors with more consistent values of
HRS close to 10 kQ. Only BB electrolyte showed slightly more con-
ducting HRS, just above 1 kQ. When compared to the 10 mV s ! case,
the differences between HRS and LRS are much stronger for 100 mV s ..
Increasing the scan rate to 1000 mV s~ * produced unstable memristive
effects for all electrolytes. Even though memristive switching was
possible (Fig. 4(c)), the reproducibility of CFs formation was very low.
Generally, no reliable data was obtained from anodic memristors grown
at the fastest scan rate of 1000 mV s~ .

The values of LRS (except the PB 10 mV s~! case) were constant
regardless of the scan rate and electrolytes used for anodization but HRS
values decreased for the highest scan rate. This may indicate that the
overall electrical conductivity of devices increases for scan rates above
100 mV s~ ! or that the charge carrier transport is enhanced for devices
grown at 1000 mV s '. According to the switching mechanism of
memristors, additional vacancies might be generated during the for-
mation of the oxide layer at higher scan rates [40]. The middle and
lower scan rate values were reported as forming more stable anodic
oxides for valve metal [41]. In this case, the stability refers to uniform
thickness and slower dissolution of the oxide layer at lower scan rates, a
higher degree of order with denser structure and increased barrier
height for ion migration. Previous studies showed that amorphous
anodic films on Ta are formed at almost 100% current efficiency in all
electrolytes and demonstrated extraordinary chemical stability [26,38].
Generally, the anodic oxide growth may be affected by defects or non-
uniformities in the barrier layer due to the presence of stress-causing
local crystalline regions, cracks, or corrosion. The composition and pH
of the electrolyte, scan rate, or other electrochemical parameters will
play a crucial role in these outcomes. As proven, the oxide layer formed
herein was uniform in thickness without any failures, but its properties
were influenced by electrolyte and scan rate, thus influencing the



L Zrinski et al.

Applied Surface Science 565 (2021) 150608

6.0
0] 5.0 -
4.0 4 4.0 1
3.0 3.0
2.0 2.0
1.0 4
E 0.0 < 107
= 1.0 E 007
~ 2.0 ~1.04
-3.0 -2.04
.:g - -3.0
6.0 -4.0
7.0 100 mV s! 5.0 1000 mV s™
_ 05 00 05 10 15 10 05 0.0 05 10 15
U/vV U/vV
10%
10°4(d) (Ol I PB
I BB
. I cB
4 e
10% 4 &
(@] ~
~ 101 o
o) ]
= 10° 5 g ]
T
102 _
10° -
10 100 1000 10 100 1000
v/mV s v/imVs!

Fig. 4. Typical memristive switching curves for anodic memristors grown at 8 V in various electrolytes with different rates of potential increase (a-c). Values of HRS

and LRS (d), and the HRS/LRS ratios (e).

memristive behaviour. It is suggested that at lower scan rates, more
ordered oxides are grown benefiting the more stable CFs to form at
constant positions However, too low rates may lead to enhanced
chemical stability suppressing an efficient filament formation. In the
current study, the most stable devices were formed at 100 mV s~}
favouring the highest difference between stable HRS and LRS [42,43]
(Fig. 4(e)). For this reason, only this scan rate was taken as optimal and
further used for an in-detail analysis of all electrolytes effect.

3.3. Effect of final anodization potential on memristive behaviour

According to the high field theory, the oxide growth factor for anodic
TayOs is a material constant, and in the current study it was measured as
1.8 nm V! in good agreement with previous electrochemical studies
[35,45,46]. A relevant fact is that a constant behaviour during poten-
tiodynamic oxide formation was previously reported, indicating a
typical valve metal behaviour at potentials up to 8 V when barrier-type
oxides are formed [47]. One of the goals of the present work is to
compare memristive features of devices containing anodic films formed
in various electrolytes applying different potentials, particularly 4 V
(Tap0s5 thickness ~ 8 nm) and 8 V (Tay0Os thickness ~ 15 nm). It is
relevant to note that the formation factor of the oxide growth for valve
metals at the potentials below 50 V is reported to change by less than 0.1
nm V! when using different electrolytes. For that reason, it is safe to
assume that the resulting variation of the oxide layer thickness is below
5% [48,49].

An effect of oxide layer thickness on the achieved memristive per-
formance is also expected. Short CFs may be easier to form, but multiple-
level switching may require longer CFs. An optimal thickness value
needs to be found for improving the memristive performance [50]. Fig. 5
(a)-(f) shows I-U sweeps of anodic memristive devices fabricated by
anodization of Ta in various electrolytes. Each set of curves are plotted
for different relevant current compliance values and the resulting
memristive behaviours are directly observable in the figure. All three
devices are showing bipolar switching and up to 4 distinguishable
switching states were observed. However, the switching voltage range
depends on the electrolyte used in the anodization process. The almost

constant voltage values triggering the SET and RESET processes (for all
analysed memristors) suggest good switching reproducibility for anodic
Ta oxides, independent of electrolyte selection.

For all graphs collected in Fig. 5, the current is plotted in logarithmic
scale for facilitating the observation of different memristive states, as
given by various current levels for one fixed voltage. One can see a clear
influence of the oxide layers thickness (8 and 15 nm for 4 and 8 V,
respectively) for different electrolytes on memristive switching charac-
teristics. Fig. 5(a, b) represent switching capabilities of anodic mem-
ristors formed in PB at potentials of 4 and 8 V. Memristive switching was
successful for two different values of current compliances (Fig. 5(a))
when the thinnest oxide was used as active layer. The use of higher
compliances resulted in an irreversible dielectric breakdown of the
anodic memristors. Thicker oxide layers showed at least four different
switching levels depending on the compliance (Fig. 5(b)). This is an
important result linked to ReRAMs devices which may simulate an
analog behaviour (storage of more than one bit per cell) allowing the
variability of the programmed resistance states [51,52]. In contrast, a
tendency of increasing multi-level switching states for thinner active
layers is noticed for oxides grown in BB (Fig. 5(c)), while devices formed
in CB showed two levels for both thinner and thicker oxide layers (Fig. 5
(e, ). Hence, the thickness of the oxide layers combined with electro-
lyte selection has influenced the memory characteristics of memristors
dramatically. Devices formed in different electrolytes require thickness
optimization to examine the possibility of multi-level switching.
Nevertheless, the most superior performance was confirmed for mem-
ristors anodized in PB at 8 V, suggesting that incorporation of phos-
phorous confirmed by XPS measurements (Fig. 3(c)) may benefit
electrical and memory characteristics of Ta devices.

A comparison between HRS and LRS can be easily done using data
presented in Fig. 5 for different memristors and the highest HRS/LRS
ratio (up to 3 orders of current I magnitude) is hinted for oxides grown in
PB electrolyte. The second largest ratio can be attributed to the use of BB
electrolyte, where still one order of magnitude can be seen. The use of
CB electrolyte proved to be the least favourable in terms of the HRS/LRS
ratio where the values dropped below 10. Such findings are somehow
surprising given that most of the previous literature reports
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Fig. 5. I-U sweeps of anodic memristors grown in different electrolytes (100 mV s™') at different anodization potentials (anodic oxides with different thicknesses).

communicate a ratio slightly above 10 for Ta oxides grown in BB or PB
electrolyte [19,20]. This is clearly pointing out the crucial role the
electrolyte plays in the electrical behaviour of the anodic memristor.
Changing anodization parameters directly affects the dynamic of oxide
growth impacting its performance in solid-state devices [53].

3.4. Electrolyte incorporation influence on device lifetime

One of the most relevant characteristics of a memristor is its
endurance, defined by the maximum number of HRS to LRS switching

cycles before irreversible dielectric breakdown occurs. Endurance
testing for all anodic memristors under study was performed by direct
measuring HRS and LRS values as a function of switching cycles.
Additionally, if full switching can be regarded as a “write” procedure (a
term borrowed from ReRAMs) a “read” procedure will be described by a
pure electrical assessment (usually at low voltages) of the present state/
resistance value. In other words, after SET or RESET the memristor
resistance is measured (without state switching) many times in a row
and the result is presented also as HRS or LRS value depending on read
cycles. This characterizes the retention of the anodic memristor and is an
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important parameter to consider for the quality assessment of a device.
The fact that the read cycle does not change the information contained
in one storage cell is an important advantage of memristive devices
when compared to magnetic hard disks or transistor-based storage cells
which need to be rewritten after each single read cycle.

Endurance and retention performance of anodic TapOs memristive
devices oxidized at 8 V (100 mV s~ ! scan rate) are presented in Fig. 6.
The electrolyte and the write/read procedure are specified for each
graph. Endurance up to 10° cycles without degradation of LRS and HRS
was clearly identified for memristors formed in PB. As described before,

1(a)
1A AdMS Asin AMMS AdMn AdsN A
10°4 HRS

~10° 4
3
10" 0 comm coump coump comm comm comm
1LRS ,
1 PB / Write
10° 10} 10° 10° 10* 103 10°
Cycles / 1
10° ©
A
A A
104 _ HRS
AA 4
o AA AL 4

Z10°{A Aaa A‘AA%A*
]
‘5\“

Al
© *tuup comuD commp oot coumD oD
N BB / Write
10° 10! 10? 10° 10* 10° 108

Cycles / 1

1(e)
A4
RN MA‘ sk g

1HRS aLs
1 -4

G

& 10° E A
: S A 4
10 oottt AP o N Loan o o

0] LRS

3 CB / Write
10° 10} 10? 103 10* 10° 106

Cycles / 1

Applied Surface Science 565 (2021) 150608

more than two orders of magnitude can be easily calculated for the HRS/
LRS ratio, the memristor changing its resistive state from below 100 Q to
more than 10 kQ. The memristor with the oxide grown in BB showed
stronger instabilities for both HRS and LRS values. The HRS/LRS ratio is
smaller, but resistance values for both states are distinguishable. The
HRS becomes more conductive with increasing switching cycles
approaching LRS values above 10° cycles and defining a rather limited
lifetime in these conditions. Endurance testing of oxides grown in CB
allowed switching up to 10* cycles. However, in this case, the HRS/LRS
ratio was much larger as compared to the BB case and the switching
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Fig. 6. Endurance (writing) and retention (reading) testing on anodic memristors grown in different electrolytes (100 mV s tat8V).
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occurred in ohmic ranges similar to the memristors grown in PB elec-
trolyte. After 10* cycles the HRS degrades becoming indistinguishable
from the LRS, most likely indicating irreversible dielectric breakdown.

Retention tests were performed on separate devices grown in the
same conditions as those assessed for their endurance. A direct com-
parison and/or correlation can be done in Fig. 6 where the “read” pro-
cedure is indicated together with the electrolyte. In all cases, the
retention test of HRS was performed immediately after the retention test
of LRS on the same device and the resistance was always read by
applying a very low voltage. Excepting the BB memristor, at least up to
10° read cycles confirmed the retention of HRS without degradation. A
significant decrease in resistance stability appeared after 10° cycles for
the PB anodized Ta, when the device could not discriminate the states
anymore. The case of using BB electrolyte resulted in instabilities,
similar to those observed during the write procedure. Despite the sudden
increase of the LRS values which were observed only after 10 cycles, the
maximum number of read cycles was in the range of 10°. These varia-
tions were reported to be triggered by thermodynamic instabilities of
CFs manifested as a sudden increase of LRS during the retention time
[50]. The sample anodized in CB exhibited the highest reading stability
for both LRS and HRS (more than 10° cycles). As previously reported,
the anodic oxides grown in CB demonstrate excellent stability and uni-
formity showing n-type semiconducting behaviour [26]. It may even be
argued that this is beneficial for the stability of HRS and LRS of the
devices which are not suffering from thermal disturbance of CFs as in the
case of devices formed in BB. However, the current findings suggest that
such oxides may not provide enough mobile species to be transported
through the conductive pathway, as given by the HRS/LRS ratio when
compared to the oxides formed in PB and BB. In fact, the overall
conductance of the device was not increased suggesting that the oxygen
vacancies concentration was constant. Otherwise, the retention failure
would have happened sooner [50]. Following this reasoning and ac-
cording to the literature, the mobility values of electrolyte species
incorporated in the anodic oxides may be appreciated as the highest for
PB, smaller for BB, whereas inconclusive for CB electrolyte [21]. As it
was previously discussed in the current work, only P incorporation was
confirmed by XPS (Fig. 3(c)). Furthermore, it was also concluded that
the oxides formed at optimally low scan rates, depending on the elec-
trolyte composition, may have more ordered structures. Accordingly,
devices with the oxides formed in PB and CB at 100 mVs~! showed the
highest HRS/LRS ratio (see Fig. 4e). Due to the Ta oxyphosphate for-
mation in oxides grown in PB, the anodic oxide atomic arrangement may
be affected, thus benefiting CFs positioning and writing stability.
Additionally, this may be supported by higher mobility of O vacancies
moving through CFs. However, such a structure of the oxide layer is
more complex. Once the devices are left in HRS or LRS for a number of
reading cycles, the reading stability may be limited due to the sudden
diffusion of O vacancies nearby the Ta oxyphosphate formation regions
[50]. Since no electrolyte species incorporation was confirmed in anodic
oxide layers grown in CB, it may be assumed that such events were
avoided resulting in better retention performance. This can be better
illustrated with the switching mechanism based on the consecutive
oxidation - reduction reactions at the metal/electrolyte interface,
responsible for CFs formation (see Section 3.6). The higher the amount
of mobile O vacancies, the easier is their movement through CFs and
consequently easier switching from HRS to LRS and vice versa. In this
regard, it is expected that device lifetime ends up sooner if an unlimited
amount of O vacancies is outsourced into CF at random positions in the
oxide leading to its irreversible rupture. Additionally, O vacancies may
interfere with the species of complex structure in defined CFs regions by
Ta oxyphophate, which makes the reading of a current resistance state
more difficult. In other words, the presence of CFs pinning decreases the
probability of irreversible CFs rupture. Even though CB appears to be the
best electrolyte choice for high retention times, the lower endurance
(due to CFs formation at random locations between consecutive
switching cycles) would limit the device lifetime. As the best
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compromise, PB electrolyte should still be preferred for devices due to
its longest endurance in spite of shorter retention.

3.5. Conductive filaments imaging

For deeper insights into the memristor structure peculiarities,
rigorous TEM investigation has been fulfilled. Since only anodic mem-
ristors grown in PB have incorporated electrolyte species, their imaging
was performed. Before imaging, the PB memristor was switched to the
HRS. In Fig. 7 TEM imaging of the sample preliminary characterized
chemically in Fig. 2 is presented. An overview of the layers morphology
in cross-section geometry is provided in part (a) of the figure com-
plementing the SEM (Fig. S1) and TEM images briefly discussed previ-
ously in Fig. 1(c). One can see that initially, Ta film had a rather wavy
surface (in the nm range) that could be considered from the shape of the
interface between the anodic oxide layer and the Pt one grown after
oxidation. Such morphology is predicted and expected considering the
columnar structure of Ta film (visible in Fig. 7(a)) usually obtained by
sputtering. In detail imaging of the TayOs layer reveals some special
areas such as one marked with a red square and presented in Fig. 7(b).

The HRTEM image shows that both metallic electrodes (Pt on top and
Ta below) have polycrystalline characteristics with distinguishable
grains while the anodic oxide is amorphous. Tilting the sample allows
highlighting the crystalline droplet-shaped region with the location of
three filaments radially connected to it (area designated with a blue
square in Fig. 7(b)). Such filaments are much easier observable in
polycrystalline oxides, such as TiO9 as was previously reported [54]. In
the case of TayOs, the amorphous character of the filaments due to
switching to HRS and the surrounding amorphous anodic oxide makes
visualization of their location challenging, but not impossible. In order
to address this challenge and ease CFs observation, an FFT analysis of
the region of interest has been performed and the results are presented in
Fig. 7(c). Thus, one can see the general FFT pattern of the blue square
region. Then the special mask has been applied. The main idea behind
this mask was first - to highlight crystalline structure by selecting the
distinct reflexes and second - to minimize the so-called salt-pepper
contrast specific to an amorphous phase. The IFFT image constructed
using the mentioned mask is provided in the inset. For better visuali-
zation, the pairs of red lines, connecting the Pt protrusion with the
bottom Ta layer, highlight the regions in which CFs are localized.
Regardless of the amorphous Ta oxide, the charge passing through fil-
aments during the HRS/LRS transition has an influence on the local
atomic order around the conductive paths, and close observation of the
TEM images enhanced by the applied FFT analysis could reveal them.

The next step of analysis that must be performed is the unraveling of
the crystalline droplet-shaped region structure. This analysis is partic-
ularly important since recent findings in anodic Hf memristors describe
such interfacial zones as accumulation regions from which CFs grow
[55]. The resolution of EDX mapping applied in the frame of the study
was not enough to distinguish the material located there in a faithful
manner. In this regard, FFT analysis can provide more reliable data.
Indexed FFT pattern together with IFFT in the inset (green frames) re-
veals a crystal structure correspondent to Pt [56]. This observation could
bring more light to the specification of favourable sites for CFs forma-
tion. Many grain boundaries in the polycrystalline Ta bottom layer are
visible in Fig. 7(a). However, considering that only a few prominent CFs
regions were found, it can be assumed that the preferred positions for
CFs formation are determined by the conjunction of multiple factors and
are not governed solely by the grain-boundary locations. Consequently,
gathering more statistics on the observed phenomenon is crucial for
deeper insight and would be addressed in the frame of future studies.

In general, the memristors containing Ta;Os as an insulating layer
behave as valence change memories (VCM) [57]. The conductive fila-
ments formation and rupture are described as a consequence of oxida-
tion - reduction reactions at the metal/electrolyte interface, thus
generating O species migration. In this way, an O deficient CF is formed
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e

Fig. 7. TEM image of anodic memristor in HRS grown at 8 V, 100 mV s~! in PB electrolyte. Overview BF image of a layered MIM structure (a) and HRTEM image of
the amorphous oxide layer sandwiched between polycrystalline Pt and Ta (b). FFT analysis of the region designated with blue square revealing a Pt protrusion
(yellow dashed line) and several conductive filaments (localized in the regions between red dashed lines) (c). (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

and present during the resistive switching to LRS, whereas its re-
oxidation/dissolution causes the event of switching to HRS. This pro-
cess is schematically described in Fig. 8. However, the movement of
cations may support the switching mechanism as well [7,20]. In the
current work, the formation of Ta oxyphosphate may benefit the CFs
pinning and explain the higher endurance of anodic memristors formed
in PB.

As it was mentioned previously, the average TayOs layer thickness
grown in PB at 8 V is ~15 nm, while in the vicinity of these Pt pro-
trusions the oxide layer seems to be thinner (=11 nm). That may affect
the concurrency of CFs formed at constant positions. However, this
thickness is still bigger than the one in the 4 V anodization potential case
(8 nm), thus it could be assumed to provide ‘enough space’ for CFs
concurrency. Such concurrency was recently identified in anodic
memristors grown on Hf as well [55], and is probably responsible for the

CF formation

observed multi-level switching in Fig. 5b. At the same time, to avoid
ambiguity, further comprehensive investigation of the CFs formation
sequences together with the effect of oxide layer thickness on the ach-
ieved memristor properties is still vital. According to the results showing
high performance of memristors fabricated in PB, the formation of
concurrent CFs at the constant positions may prevent device failure due
to the sudden diffusion of oxygen vacancies during switching between
HRS and LRS in cycles [49] as already explained in Section 3.1.

3.6. Electrolyte selection

In order to decide which conditions are the best for memristor
fabrication, both electrical and memory characteristics should be
considered. The relevant characteristics are summarized in Fig. 4(e) and
Fig. 5 where the HRS/LRS ratio and the number of distinguishable

Fig. 8. Schematic of the memristive switching mechanism in anodic Ta oxide memristors grown in PB electrolyte. The guiding red dotted lines highlight CFs
localization (similar to Fig. 7). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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switching levels are seen for each electrolyte and each anodization
condition. Regardless of the rate of potential increase, the HRS/LRS
ratio always depended on the chosen electrolyte decreasing in the order:
PB, BB, and CB. The absolute values, however, are conditional on the
anodization rate and the highest ratios are observed for 100 mV s~}
when the use of PB electrolyte led to the HRS/LRS ratio of more than
100. The slowest and fastest anodization rates generally produced
similar results, except the PB case when only fast anodization resulted in
very small ratios, which are adverse for memristor performance. One
can remind once again that the utilization of PB produced four levels
while BB produced up to three and CB produced maximum two distin-
guishable switching levels. The number of switching levels can be
evaluated from Fig. 5.

In order to better follow these arguments, Fig. 8 summarizes different
relevant aspects of memristors formed in PB. For closer observation of
the HRS/LRS cycling process, exemplifying switching curves recorded
during endurance testing are presented in Fig. 9(a). For a current
compliance of 10 mA, up to 10* switching cycles did not substantially
affect the HRS/LRS ratio. However, this ratio is slightly smaller for the
first cycle, when the LRS is not sufficiently conductive, and for the last
cycle, when the HRS is not sufficiently insulating. Fig. 9(b) represents
classical I-U sweeps immediately after formation (the cycling direction is
shown in the inset) confirming four distinguishable switching levels.
Different slopes can easily be observed when comparing the curves.
However, variations of the four switching levels were observed between
different devices. Fig. 9(c) is a representation of LRS values for these
levels extracted from endurance measurements of randomly chosen
devices up to 10° cycles. The error bars are empirically determined by
observing inter-device variations. If the lowest and highest resistive
levels are well reproducible from one memristor to the next, the inter-
mediate ones have overlapping confidence bands, in spite of their
reproducible switching for one given device. This emphasizes the
importance of initial memristor formation that includes certain material
fatigue, usually obtained after a few full switching cycles.

The end lifetime for a memristor is defined by the presence of a more
conductive HRS due to formation of irreversible CFs resulting from
material fatigue. Following this reasoning and the findings of the current
research it can be concluded that the most promising multi-level anodic
memristor with the highest HRS/LRS ratio, should be grown in PB
electrolyte at 100 mV s~'. This is supporting the statement about the
beneficial effect of Ta oxyphosphate formation allowing CFs pining at
the constant positions inside the anodic oxide layer. This finding may
play a crucial role in the possibility to predict CFs positioning during the
memristor formation step. Therefore, further studies of Ta anodic oxide
formed in PB such as pH and concentration optimization and imaging of
CFs may improve anodic Ta memristors in the way that their operation
may reach the level of Ta memristors fabricated via more demanding
methods (e.g. sputtering or ALD).
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4. Conclusions

The current study compares the electrolyte influence on the mem-
ristive behaviour of anodic Ta oxide grown in different conditions
directly on Ta serving as the bottom electrode. Patterning Pt top elec-
trodes after anodization of Ta thin films finalizes a straightforward de-
vice fabrication procedure. The findings presented and discussed allow
assuming that the electrochemical parameters during potentiodynam-
ical anodization directly influence the electrolyte species incorporation
inside the anodic oxide, and thus permit tuning the device properties. A
great improvement in the performance and memory characteristics of Ta
anodic memristors is attributed to the phosphate electrolyte used for
their fabrication at 100 mV s~ 1. Conductive filaments in HRS and the
structure of the oxide layer were successfully observed by high-
resolution TEM and highlighted applying FFT analysis. The enhance-
ment of memristive behaviour of oxides anodized in PB could be
consistently justified by a higher number of O vacancies due to the
formation of Ta oxyphosphate. The suggested bipolar switching mech-
anism was supported by the oxyphosphate formation which is strongly
believed to cause spatial pinning of conductive filaments positions
during the redox read/write process. Hence, it can be concluded that the
properties of Ta anodic memristors fabricated in a simple and cost-
effective manner, can be considered as strong candidates for further
ReRAMs applications.

Impact statement

Understanding the role of electrolyte incorporation (borate, citrate,
or phosphate) in anodic Taz0s memristors allows a proper selection for
applications. Phosphates incorporation enhances memristive charac-
teristics due to the presence of Ta oxyphosphate, while no additional
fabrication requirements are necessary.
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