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Influence of oxygen vacancy concentration on the resistive switching
parameters of ZrO,(Y)-based memristor structures
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The effect of oxygen vacancy concentration on the parameters of resistive switching in the memristors based
on yttria stabilized zirconia ZrO,(Y) was studied. The concentration of oxygen vacancies inside the ZrO,(Y)
film and in the region of resistive switching (metal/dielectric interface) varied by changing the doping impurity
concentration (8 or 12mol.% Y,03) as well as by changing the oxygen exchange conditions by using different
active electrode materials having different oxidation properties (Ta, W, or Ru). X-ray photoelectron spectroscopy
and conductive atomic force microscopy have revealed the presence of a region saturated with oxygen vacancies
and the formation of conductive channels during the manufacture of the memristor stacks that makes it possible
to create the memristors, which do not require forming. Electrical measurements have shown that the stacks
based on ZrO,(Y) films with the Y,O3 concentration of 8 mol.% demonstrated gradual resistive switching, smaller
current state spread, and may be interesting for neuromorphic applications. The stacks with Ta and W electrodes
demonstrated similar resistive switching parameters and good CMOS integration capabilities, while the stacks with
Ru electrodes demonstrated the parameters incompatible with CMOS requirements.
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Introduction

Memristors are considered promising candidates to be ap-
plied in a nonvolatile computer memory and neuromorphic
computing devices [1,2]. Despite significant progress in their
research in recent years [3,4], there are only few studies ded-
icated to memristors that are integrated with complementary
symmetry metal-oxide-semiconductor (CMOS) structures
and demonstrate high indicators of resistance and stability
of multiple resistive switching (RS) [5,6].

It is believed that wide practical introduction of the
memristors is prevented by a significant spread of switching
parameters, which has a fundamental origin, ie. a
stochastic nature of processes in its base. In the most
cases, in the memristors based on oxide films (Oxide-
based Resistive Random Access Memory, OxXRRAM) [7,8]
resistive switching is based on electrochemical reactions of
oxidation and reduction of a dielectric thin film, which are
localized in the area of one or more conducting channels
(filaments) [9]. Switching between the various resistive
states of the memristor occurs as a result of initial formation
(across the entire thickness of the dielectric film (with
subsequent destruction/restoration)) of a nanoscale filament
with relatively high electron conductivity due to high
concentration of defects in its composition. Usually, these
defects in OXRRAM are intrinsic defects of the dielectric
film, which are oxygen vacancies [10]. Resistive switchings

of the memristor are realized as a result of a transition from
the High Resistance State (HRS) into the Low Resistance
State (LRS), i.e. the so-called SET-process and vice versa -
from LRS into HRS, i.e. the so-called RESET process. The
RS process includes cyclic restructuring of the filament’s
vacancy structure within the area of an interface with
an electrode made of a chemically active metal, which
occupies a volume of several cubic nanometers [11,12],
while during the switching process a countable number of
the vacancies is moved. At the same time, a flip of the
oxygen ion to an adjacent vacancy changes the filament
structure and, respectively, its electron conductivity. Thus,
the concentration of the oxygen vacancies determines a
value of the electron current and other RS parameters.

One of the widespread methods of improving resistance
and stability of resistive switching is selection of optimal
materials of the dielectric and the electrodes.  One
of the promising dielectrics that are considered as an
insulator material is yttrium-stabilized zirconium dioxide
ZrOy(Y) [13-15], which is related to the fact that a value of
the concentration of the oxygen vacancies can be controlled
by varying the concentration of the Y,Os; dopant [16].
When adding Y,O03 to ZrO,, the Y>* ions replace the Zr*+
ions. At the same time, the oxygen vacancies originate
to ensure electrical neutrality of a crystal and a process
of their formation can be described as an equation of the
quasi-chemical reaction (in accordance with Kroeger-Wink
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designations):

Y,05 222, 0¥ 4+ 308 + V.

Thus, two Y31 ions in the cation sublattice create one
positively-charged vacancy in the anion sublattice (V).
Origination of additional vacancies promotes ion conductiv-
ity of ZrO,(Y). It should be noted [17,18] that at the higher
temperature, with increase of the dopant concentration ion
conductivity increases only in a small area of the concentra-
tions of Y203 (3—9 mol.%), while at the high concentrations
of Y203 (9—20mol.%) conductivity decreases. Increase of
the dopant content results in increase of a number of the
oxygen vacancies, thereby facilitating diffusion of the O?~
ions. But further increase results in formation of associates
of the vacancies with the Y>* ions [19-22], which, in turn,
complicates diffusion of the O?~ ions and, respectively,
decreases ion conductivity. The literature has no data about
the dependence of ion conductivity of ZrO,(Y) at the room
temperature and at the temperatures that are typical for
magnetron deposition of layers of memristor stacks.

High mobility of the oxygen ions is related to relatively
small energy of formation of the active (mobile) oxygen
vacancy (as compared to other oxides) (0.6eV in ZrO,
(12.5mol.% Y,03) [20]) as well as low energy of activation
of migration of the oxygen ions along the oxygen vacancies
(0.58—0.65¢V in ZrO, (12mol.%Y,03) [23,24]). Mean-
while, the effect of vacancy concentration on the resistive
switching parameters in this material is still unstudied.

It should be noted that an alternative method of affecting
the concentration and dynamics of the vacancies within the
area of the metal/dielectric interface and, consequently, the
resistive switching parameters is to vary oxygen exchange
by using reactivity-different electrode materials. The ex-
perimental results [11,25-28] indicate an active role of the
electrode material in the resistive switching process in the
OxRRAM devices. Oxygen exchange reactions occur both
during initial formation of the filament (an electroforming
process) and the resistive switching process in each cycle.
Meanwhile, it is essentially required that the electrode can
oxidize in the SET process and reduce in the RESET
process. The paper [25] has shown that dynamics of
oxygen exchange with the dielectric is affected by reactivity
of a metal, which is characterized by a standard oxide
formation Gibbs energy (A¢G°). Stabilization of resistive
switching (reduction of the spread of the resistive switching
parameters) and increase of resistance to multiple resistive
switchings require selection of the materials of the dielectric
film and the electrode, which have similar values of the
Gibbs energy. It is optimal when processes of oxidation and
donation of oxygen by the metal are equally probable in
the process of cyclic switchings. Then resistive switchings
occur at relatively low voltages (compatible with CMOS-
logic levels) with the least spread of the values of voltages
and currents [11,26]. Therefore, an experimental study of
a combination of ZrO,(Y) with various materials of the
electrodes is of high practical interest. Thus, achievement
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of the best resistive switchings parameters and successful
integration of the memristors into a CMOS technological
process are possible due to optimal selection of the materials
and engineering of the interfaces in their structure.

The present paper presents results of experimental
study of the effect of oxygen vacancy concentration on
the resistive switching parameters in the ZrO,(Y)-based
memristor stacks, which has been done by means of X-
ray photoelectron spectroscopy (XPS), conducting atomic-
force microscopy (AFM) and electrophysical measurements.
The value of oxygen vacancy concentration in a resistive
switching area is changed by varying the concentration
of the dopant (12 or 8 mol.% Y,03) or changing oxygen
exchange due to using different electrode materials (Ta, W,
Ru).

1. Materials and methods

The research objects were stacks
Pt(20 nm)/Me(40 nm)/ZrO,(Y) (20 nm)/Pt(40 nm). Ta,
W or Ru were used as chemically active electrodes (Me).
The stacks were formed on the oxidized silicon substrates
Si0,/Si that were metallized by the TiN/Ti layers. The
Torr International 2G1-1G2-EB4-TH1 thin film deposition
vacuum system was used to form the multilayer memristor
stacks.  The ZrO,(Y) films were deposited by high-
frequency magnetron sputtering at the substrate temperature
of 250°C. The ZrO,(Y) films were applied using targets
compressed from a mixture of the powders ZrO, and Y,0;
(88 mol.%/12mol.%—ZrO,(12Y) or 92mol.%/8 mol.%—
Zr0,(8Y)). The lower electrodes (Pt) as well as the upper
electrodes (Ta, W, Ru) with a protective layer (Pt) were
applied by direct-current magnetron sputtering at the tem-
perature of 200 °C. For the electrophysical measurements,
the upper round electrodes of the diameter of about 100 um
with the protective layer Pt were formed through a shadow
mask. Stacks with continuous layers of the upper electrode
and the protective electrode were made for the XPS studies.

The electrophysical measurements of the stacks were
carried out using the Agilent BIS00A semiconductor device
parameters analyzes using the EverBeing EB-6 probe
station. The voltage sign on the stacks corresponded to
a potential of the upper Me (Ta, W or Ru) electrode
relative to a potential of the lower (Pt) electrode. The
compliance current (lcc) was limited using the Agilent
B1500A software.

The composition of the memristor stacks was analyzed
by the XPS method using the Multiprobe RM system
(Omicron Nanotechnology GmbH, Germany). The layer-by-
layer profiled was carried out by etching with Ar" ions at
the energy of 1keV. The following photoelectron lines were
recorded — O 1s, C 1s, Zr 3d, Y 3d, Pt 4f, Ta 4f, W
4f. Since carbon is only in a thin subsurface area and is of
no interest in the present study, the line C 1s is not shown
in the figures. The maximum detectable concentration of
the elements was 0.5 at.%. An error of determination of the
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Figure 1. Profiles of distribution of concentration of the elements (a, ¢) and the chemical compounds (b, d) in a dependence on the
etching time of the ZrO,(8Y)-based stacks with the upper electrodes made of Ta (a, b) or W (c, d), which are obtained in layer-by-layer

analysis by the XPS method.

depth did not exceed 2—3 nm. See the papers [29-31] for a
more detailed description of the technique.

The initial state of the memristor stacks after ion off-
etching of the upper metal electrode was studied using
the conducting AFM method [32-34]. A morphology of
the sample surface and a spreading resistance images were
studied by means of a Ntegra Prima AFM produced by
»NT-MDT* (Zelenograd, Russia). The measurements were
carried out using the probes ETALON HA_HR_DCP with
a conducting diamond coating and a tip curvature radius of
~ 100 nm.

2. Results and discussion

2.1. Results of the XPS studies

In the present study, the XPS method was taken to
investigate the composition of the ZrO,(8Y)-based stacks
with the upper electrodes made of different chemically
active metals (Ta, W). The results are shown in Fig. 1.
In both the stacks, the active metal electrode is partially
oxidized — a oxidation degree of the Ta electrode was about

12 at.%, and that of the W electrode was ~ 14 at.%. Thus,
when the electrode is deposited, the oxygen ions transit
from an oxide layer near the interface into the electrode
material to oxide it, while the oxygen vacancies remain at
a location of the ions that passed from the oxide into the
metal.

Previously, it was also shown by the XPS method in the
paper [15] that when the memristor stacks were formed
by magnetron sputtering the Ta electrode in contact with
Zr0,(12Y) is oxidized (up to ~ 27 at.%). By comparing the
XPS results obtained from the stacks with the Ta electrode
and the dielectric ZrO,(8Y) (Fig. 1,a) and ZrO,(12Y) [15],
it can be noted that decrease of a doping degree from
12 to 8 mol.% results in reduction of the oxidation degree
of the Ta electrode (from 27at% to 12at%). It can
be related to reduction of mobility of oxygen ions along
the oxygen vacancies due to their smaller concentration
in the stack with the lower content of Y (3.1-10?! cm™—3
and 2.1-10?! cm~3 respectively in the stacks with 12 and
8 mol.% of Y,03).

Results of chemical analysis demonstrate that the Ta layer
has elementary Ta® and the compounds TaO, and Ta,Os
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(Fig. 1,b). It is known that unlike the TayOs dielectric
phase [36,37] the TaO, phase is conducting [35]. In both
the stacks (ZrO(8Y) and ZrO,(12Y)) the tantalum amount
in the TayOs dielectric phase is approximately the same
(4at.%). The metal amount in the TaO, conducting phase
in the stack with ZrO,(12Y) [15] turned out to be in 4 times
more than in the case of the stack with ZrO,(8Y) (12 at.%
and 3 at.%, respectively).

It should be noted that the W electrode (Fig. 1,¢,d) as
well as the Ta electrode is partially oxidized (there are W
and W,03), but with a large amount of the oxidized metal
(~ 14 at.%). This result is of applied importance, as, based
on the values of standard free energy of formation of the
metal oxides (see Table) it could be expected that the W
electrode would be oxidized in a lesser degree than in the
case with the Ta electrode.

This difference can be explained by the following cir-
cumstances. First of all, the tabular values of the Gibbs
energy are known only for a limited set of oxides —
for our used metals there are data for WO, and Ta,0s,
whereas the experiment has exhibited formation of W,0s,
TayOs and TaO,. It can be expected that the values of
At G® for W,03 and TaO; significantly differ from those for
WO, and Ta,Os. Secondly, the tabular values of A¢G°
are obtained for bulk materials, whereas the studies are
carried out on nanoscale metal films that are formed by
magnetron sputtering and subsequently oxidized due to
oxygen exchange with ZrO,(Y).

The XPS data also indicate diffusion of atoms of the
protective layer (Pt) and the active electrodes (Ta, W)
inward an insulating layer of the memristor stack. It is
known [39] that the atoms of the electrodes can diffuse
through the oxide layer in the memristor stack. It can result
in formation of conductivity channels along metal bonds
and, consequently, a mixed nature of conductivity (jump
conductivity along the vacancies and metal conductivity
along the metal bonds). However, current-voltage curves of
the stacks with the Ta and W electrodes have been analyzed
herein to show no specific features of resistive switching,
which were related to the metal nature of conductivity.

2.2. Results of the study by the conducting AFM
method

Results of determination of the initial resistive state of the
memristor stacks have shown that they could be both in
a non-conducting state and a conducting state [15]. The
stacks based on the dielectric with the high content of
the oxygen vacancies (12mol% of Y,03;) demonstrated
the initial conducting state with low resistance, thereby
making it possible to create memristors that do not require
forming. It was assumed in the work [15] that the stacks
had the initial conducting state since the insulator film had
conducting channels that were generated during formation
of the stacks, along which electron conductivity was realized.

The present study includes investigation by the con-
ducting AFM method in order to establish the presence
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of such conducting channels. For this purpose, before
investigation, the upper electrode with the protective layer
(Pt/Ta) was removed from the stack Pt/Ta/ZrO,(8Y)/Pt by
an ion etching methods An off-etching depth was controlled
by the XPS method by a signal from Zr and Ta as well as
by the AFM method by a height of a step formed as a result
of off-etching.

The conducting AFM probe was placed in two areas on
the surface of the ZrO,(8Y) film (Fig. 2,a): in the area 1,
which initially had no upper electrode, and in the area 2
under the off-etched upper electrode. The AFM probe
was grounded and the lower electrode (Pt) of the studied
structure was energized voltage within =10 V.

In the area 1, the current image was uniform and the
signal value did not exceed the noise level (0.2nA) up
to the voltages £10V (Fig. 2,b). In the area 2, when
applying the read-out voltage +0.15V, there were many
round current spots of the maximum diameter of about
100 nm and the current amplitude of up to 19nA (Fig. 2,¢),
which we relate to current channels formed along grain
boundaries in the dielectric. A study previously performed
by us by the high-resolution TEM method [40] has shown
that the ZrO; layers with 12 mol.% of Y,0O3; grown by high-
frequency magnetron sputtering in similar conditions had a
polycrystalline structure and were in a cubic phase. Grains
of the size ~ 10 —20nm are oriented perpendicular to
planes of the electrodes. At the same time, it is well known
that it is grain boundaries that are paths of predominant
formation of the conducting filaments [41-43]. However, it
is impossible to unambiguously compare a position of the
current channels with specific features (grain boundaries)
on the image of the surface morphology due to a large
(~ 100 nm) rounding radius of the used conducting probe.

It was also found that during the second scanning of
the same area the value of the current signal was reduced
up to complete disappearance (Fig. 3). Thus, at the
probe radius of 100 nm even small applied voltage (0.15V)
results in formation of the conducting channel (generated
during manufacturing of the stacks) due to displacement
(dissipation) of the oxygen vacancies under effect of the
electric field.

The current images of the small size (1 x 1um) clearly
exhibited asymmetry of current contrast (Fig. 3,a) that
consisted in the fact that the spots of increased conductivity
were horizontally extended (along a direction of fast AFM
scanning). It is assumed that this specific feature is
related to the above-said destruction of the initial conducting
channels when scanning the sample surface.

2.3. Results of electrophysical measurements

Fig. 4 shows current-voltage curves (CVC) of memristor
structures based on ZrO;(12Y) and ZrO,(8Y) with Ta-
electrode, measured at the same value of the clamping
current (I¢c). Minimum value of |¢c, when the structures
based on ZrO,(8Y) demonstrate RS, was equal to 500 uA,
and RS in case of the structures based on ZrO,(12Y) may
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Figure 2. Diagram of investigation of the initial resistive state of the memristor stacks by the conducting AFM methods within the area 1,
which initially had no upper electrode, and within the area 2 under the off-etched upper electrode (a). Current images of the surface
of the ZrO,(8Y) film within the area 1 (b), as obtained under voltage of +10V, and within the area 2 (c), as obtained under read-out
voltage of +0.15V.
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Figure 3. Current images of the surface of the ZrO,(8Y) film within the area 2, as obtained in the first (a) and the second () scanning.
The images are obtained at the read-out voltage of +0.15V.
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12mol.% (a) and 8 mol.% (b). The graphs show series of 100 current-voltage curves (in black) and the averaged curves (in red).

be implemented at lower values of ¢ [15]. It is assumed
that such difference is related to lower concentration of
oxygen vacancies necessary to develop the conducting
filament in the structures based on ZrO,(8Y). It is also
found that in case of the ZrO,(12Y)-based stacks sharper
resistive switchings are realized, whereas it is not always
possible to determine voltages of the SET process (Vsgr)
and the RESET process (Vrgsgr) for the ZrO,(8Y)-based
stacks due to smoothness of the resistive switching process.
It is assumed that in case of the ZrO;(12Y)-based stacks,
filaments with the higher current-carrying capacity are
formed due to higher concentration of the oxygen vacancies
(ie. with the stack that is more saturated with the oxygen
vacancies). This, in turn, can determine the nature of
resistive switching.

Fig. 5 shows results of statistical processing of the series
of the current-voltage curves shown in Fig. 4, namely,
cumulative distribution functions of current states of the
memristor, which are calculated at the read-out voltage of
+0.15V. Tt is found that in case of the ZrO,(8Y)-based
stacks there is a significantly lower spread of the current
states. At the same time, one should not a difference in the
value of the currents in LRS (I rs) and HRS (lyrs) — the
Zr0,(8Y)-based stacks demonstrate a lower value of |ygs
and a higher value of lygrs and, respectively, the smaller
difference in the ratio of these currents (I rs/lurs) — on
average, this ratio is 4.4 in case of the ZrO,(8Y)-based
stacks and 11 in case of the ZrO,(12Y)-based stacks.

The difference in the obtained results for the ZrO(Y)-
based stacks with the different concentration of the dopant
can be related to several circumstances. As said above, in
case of the ZrO,(12Y)-based stacks, the large concentration
of the oxygen vacancies as caused by higher equilibrium
concentration of the vacancies due to yttrium doping and
higher local concentration of the vacancies near the active
electrode due to a higher oxidation degree of the Ta

Technical Physics, 2025, Vol. 70, No. 9

electrode can result in formation of the filaments that are
more saturated with the oxygen vacancies. Therefore,
electron conductivity and, respectively, a value of the current
in the current-voltage curve in LRS have higher values in
case of the ZrO;,(12Y)-based stacks.

The large spread of the current states in case of the
ZrO,(12Y)-based stacks can be related to the Current Over-
shoot Effect [44], which is observed when l¢cc = 500 uA
(Fig. 4,a). This effect means that physically a current
limitation unit (of a software or general-circuit type) has
not enough time to limit the current that flows through the
memristor in the SET process. Consequently, the current in
LRS has a higher spread, which, in turn, results in increase
of the current spread in HRS, as the same voltage sweep
results in switching from the more conducting LRS into
the more conducting HRS and, vice versa, from the less
conducting LRS into the less conducting HRS.

Alternative explanation of the spread of the current states
can be related to a different crystal structure of the stabilized
zirconium dioxide films. It is known that ZrO,(12Y) at the
room temperature has a cubic phase [45], whereas along
with the cubic phase ZrO;(8Y) can also have inclusions
of a tetragonal phase [46]. It can result in concentration
of an electric field in a region of grains with the different
structure [47], which, in turn, results in localization of the
filament and reduction of the spread of the current states.

Fig. 6 shows the current-voltage curves of the ZrO,(12Y)-
based memristor stacks with the electrodes made of the
different chemically active metals (Ta, W and Ru), which
are measured at the same value of | ¢c, which is 1 mA and
corresponds to the minimum value of lcc, at which the
stacks with the W or Ru electrode demonstrate resistive
switching.

The stacks with the Ta and W electrode demonstrate
close resistive switching parameters (currents and switching
voltages) which are compatible with CMOS-integration
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requirements. In terms of stability of the switching the Ta electrode (Fig. 6, a); moreover, they start operating at
parameters, the best characteristics belong to the stacks with significantly smaller limitation currents, thereby potentially
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meaning smaller energy consumption of these memristors.
The stacks with W as the upper active electrode (Fig. 6, b)
demonstrate less stable resistive switchings — they have a
larger spread of both the switching voltages (Fig. 7) and the
current states (Fig. 8).

The stacks with Ru as the upper electrode demonstrate
the worst characteristics. The switchings are realized only
at high limitation currents 1-2mA and occur at high
voltages £5 V. The spread of the current states is the largest
among all the used materials of the active electrode. At
the same time, the maximum currents achievable in the
RESET process can exceed the values of 10 mA, which is
incompatible with the CMOS requirements.

The observed effect of the electrode material on the
resistive switching parameters is related to variation of
oxygen exchange in the resistive switching area and can
be qualitatively explained by a difference of the values of
A¢G® (see Table). The value of A¢G°® for Ru is close
to zero, therefore, it can absorb only a small number of
the oxygen ions. Therefore, formation of the filament
in the ZrO,(12Y) film requires high voltage, which is
why a large spread of the resistive switching parameters
is observed (Fig. 6,¢). The value of A;G® for Ta or W
is comparable to that for Zr, that is why the Ta or W
electrode in the resistive switching process serves as an
effective container for oxygen ions. Therefore, oxidation-
reduction processes are realized at smaller voltages, while
the resistive switchings occur with preservation of a main
part of the filament, thereby contributing to the significantly
smaller spread of the resistive switching parameters.

Conclusion

It is shown in the present study for the memristor stacks
based on stabilized zirconium dioxide that the resistive
switching parameters (currents in the various resistive states
and their spread, switching voltages, etc.) can be monitored
by controllably changing the concentration of the oxygen
vacancies, especially in the resistive switching area, — a
local area between a tip of the filament and one of the
electrode, by varying the concentration of the ZrO, dopant
(8 and 12 mol.% of Y,03) or changing the oxygen exchange
parameters due to using the different electrode materials
(for example, Ta, W or Ru).

In particular, it is found by the XPS method that the metal
electrodes made of Ta and W oxidize during formation
of the ZrO,(Y)-based memristor stacks with generation of
TaO,, Ta,Os and W,03. As a result, the insulator/electrode
interface has an area saturated with the oxygen vacancies
formed. Due to quite large equilibrium concentration of
the oxygen vacancies, which is formed due to doping
zirconium dioxide with yttrium oxide, in the initial state
(before the electrophysical measurements) the ZrO,(Y)
layer has conducting channels formed, along which electron
conductivity is realized. Locations where these channels go

Standard free energy of formation of the metal oxide (the standard
formation Gibbs energy formation A¢G°) as calculated per O, [38]

RuO4 WOz
At G°, kJ/mol -75 —533

Ta205 ZI‘OZ
—778

—1100

out to the ZrO,(Y) surface are recorded by the conducting
AFM method.

It is shown that the stacks produced using the smaller
concentration of the dopant demonstrate smooth resistive
switching and the smaller current ratio in the resistive
states and can be interesting for neuromorphic applications.
The stacks with the Ta electrode demonstrate the CMOS-
compatible values of currents and switching voltages as well
as the least spread of these parameters. At the same time,
the stacks with the W electrode demonstrate the similar
resistive switching parameters, but a larger spread thereof.
The stacks with the Ru electrode have the worst resistive
switching parameters (high values of the resistive switching
voltages and the currents as well as their significant spread),
which are incompatible with the CMOS requirements.

Thus, correct selection of materials of the insulator and
the electrodes is a key to successful integration of the
memristor devices into the standard CMOS process and
to subsequent wide introduction of the memristors into
microelectronic products.

The obtained results can be recommended to be used
when designing and developing the memristor devices
with reproducible electrophysical characteristics for creating
CMOS-compatible nonvolatile elements of resistive memory
and neuromorphic applications.
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