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In the present paper, memristors based on an Al,O3/ZrO,(Y) dielectric bilayer with an Al,Os layer of 0, 3, 6
and 9 nm in thickness fabricated by magnetron sputtering, were investigated. The presence of the additional Al,O3
layer between the chemically active Ta electrode and the ZrO,(Y) functional dielectric allows localizing the sites
of rupture and subsequent restore of the filaments during cyclic resistive switching and leads to an improvement in
the stability of the resistive states of the memristor. The as fabricated memristor stacks with different thicknesses of
the AlOs can be either in the conductive state or in the non-conductive one. The stacks being in different resistive
states initially and subjected to electroforming or ,antiforming“did not demonstrate significant differences in the
values of switching currents and voltages during subsequent measurements. The results obtained can be applied in
the development of the ,.forming-free“ memristors, which are relevant for their CMOS integration.
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Introduction

Memristors are key elements of the new component base
of micro- and nanoelectronics and the basis for both digital
devices of Resistive Random Access Memory [1] and analog
devices used for hardware implementation of neuromorphic
information and computing systems based on the principles
of brain functioning [2]. The development of reliable (with
reproducible and stable characteristics) memristors is one
of the most urgent scientific and technical tasks that need
to be reached for creating the above-mentioned devices and
computing systems.

It is necessary to ensure compatibility of the materials
used and the operating parameters of memristor devices
with the parameters of control elements and CMOS circuits
for successful integration of memristors into the manufac-
turing process of complementary structures metal-oxide—
semiconductor (CMOS). In addition, they should ensure a
large number of resistive switching (RS), low dispersion and
stability of resistive states over time, as well as low power
consumption.

One of the most serious problems of memristor electron-
ics, which limits widespread practical implementation, is the
low reproducibility from cycle to cycle and from device to
device of the key parameters of RS memristors [3], such
as RS voltages and current values through the device in a
state with high (HRS, high resistance state) and low (LRS,
low resistance state) resistance, as well as their degradation
during operation. The variation of RS parameters has

a fundamental origin, namely, it is associated with the
stochastic nature of the processes underlying it [4].

The need to reduce the voltage of electroforming is an
important task for the practical use of memristor devices,
especially in conjunction with low-power CMOS devices [5]
when a soft (reversible) breakdown of a functional dielectric
occurs, and ideally the creation of memristor devices that
demonstrate RS without electroforming [6,7].

The so-called filamentous RS mechanism is implemented
in most of the developed memristor designs to date, which
consists in the restoration and destruction of conductive
cords (filaments) under the action of an electric field be-
tween the electrodes of the memristor structure. Filaments
are formed, as a rule, from oxygen vacancies in metal oxide-
based memristors [8]. Usually, the memristor is switched
from the LRS to the HRS (RESET process) and back
(SET process) by rearranging the vacancy structure of the
filament near the boundary with one of the electrodes (at
a distance of about several nanometers). At the same
time, the diameter of the filament can also be several
nanometers. Thus, the switching processes occur in a
small volume of material (on the order of several cubic
nanometers) regardless of the size of the memristor itself
near the interface of the filament with one of the electrodes,
and a small (countable) number of ions (oxygen vacancies)
is involved in the switching process. In this case, each ion
jump to an adjacent vacancy changes the structure of the
filament (and, consequently, its conductivity). The main
way to improve the characteristics of memristors is based
on a materials science approach and consists in choosing
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the optimal materials and manufacturing technology for
memristor structures.

The papers [4,5,9-15] showed earlier that the use of
two-layer (multilayer) structures as a functional dielectric
is one of the ways to stabilize the RS parameters and
improve the characteristics of memristors. A significant
number of studies have been carried out to date in which
aluminum oxide AlOs (or AlOy) was used as an additional
insulating layer material, and HfO, was used as a functional
dielectric [16-25]. Special attention was paid to the role
of the thickness of the additional layer and its position in
memristor structures obtained by atomic layer deposition.
In particular, the paper [24] demonstrated the effect of
the thickness of layer of AL,Os (0, 5 and 10nm) on the
stability of RS parameters in TiN/Al,O3/HfO,/Pt structures.
A decrease of switching voltages Vsgr and Vrgsgr and
their spread is observed, as well as stabilization of the
resistance values Ryrs and Rygrs in the structure with 5nm
thick Al,O; film. It was found in Ref [25] that the layer
AlOy in the ITO/AlO«/HfO,/AlOx/TiN structure already at
a thickness of 0.5nm performs the function of a diffusion
barrier at both the lower and upper interface and stabilizes
the current carrying capacity of the filament, which leads to
low switching voltages and significantly increases the RS
quantity. It is noted that AlOy influence changed with
an increase of thickness of its layer from 2 to Snm— in
addition to the role of the tunnel barrier, it began to take
an active part in RS, which manifested itself in an increase
in the spread of RS parameters. It was found in Ref. [26]
that the presence of an additional 3 nm thick layer of Al,O3
at the interface with the lower and/or upper electrode in
memristor structures of Pt/Al,O3;/HfO,/Al,O3/Ti leads to
an increase of Rprs/Rirs ratio by almost an order of
magnitude, which allows for multi-level switching in such
structures.

There is no unified understanding in the literature about
the causes of such an influence despite a significant number
of results demonstrating the effect of additional insulating
layers and their thickness on the parameters of RS mem-
ristor structures. As a rule, the authors agree that a single
filament of oxygen vacancies is formed in different layers of
the multilayer structure, but its fragments located in these
layers are destroyed and restored in different ways during
the RS process. Moreover, there are opposing opinions on
this matter. In particular, it is assumed that in two-layer
and multilayer structures of Al,O3/HfO, the restoration and
destruction of the filament in the RS process occurs in the
layer Al,O3 [18,24], since the electric field in Al,O3 is about
3 times greater than in HfO, due to the difference of the
permittivity of the layers [26]. At the same time, other
papers claim that the destruction of the filament occurs at
the boundary of the Al,O3 layer with a functional dielectric
layer (TiOx [11], TaOx [16] or HfOx [22]), while the part
of the filament formed in the Al,O; layer is preserved
during cyclic switching due to the limited diffusion of
oxygen vacancies in Al,O3 [27]. It should be noted that
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the characteristics of memristor structures based on two-
layer (multilayer) oxide dielectrics depend not only on the
combination of dielectric layers, but also on the choice of
electrode material [28] and the technology of manufacturing
of memristor structures [29,30].

This paper presents the results of an experimental study
of the effect of an additional insulating layer Al,O3 and its
thickness (0, 3, 6 and 9nm) on the parameters of resistive
switching of memristors based on a two-layer dielectric
Al,03/ZrO,(Y) obtained by magnetron deposition.

The choice of yttrium-stabilized zirconium dioxide
(ZrOy(Y)) as a functional layer of the memristor structure is
associated with favorable conditions for the implementation
of RS in this material: high mobility of oxygen ions [31],
as well as the ability to control the concentration of
oxygen vacancies by changing the amount of a stabilizing
additive Y,0s3;. The energy of formation of an active
(mobile) oxygen vacancy in ZrO, (12.5mol.% Y,03) can
have a relatively small value of 0.6eV [32]. The high
mobility of oxygen ions in ZrO,(Y) compared with other
oxides is also associated with a relatively low activation
energy of oxygen ion migration through oxygen vacancies
Ea = 0.58—0.65eV [33,34]. The possibility of effective
use of memristors based on ZrO,(Y) for the creation
of neuromorphic electronics devices is demonstrated in
Ref. [35], therefore, it is a promising material for creating
memristor devices.

1. Materials and methods

The paper studied the structures of Pt(20 nm)/Ta(40 nm)/
AL, 05(0, 3, 6, 9nm)/ZrO»(Y) (20 nm)/Pt(40 nm)/Ti(10 nm)
formed by magnetron deposition on oxidized silicon
substrates of SiO,/Si metallized with TiN/Ti layers. The
Torr International 2G1-1G2-EB4-TH1 thin film deposition
vacuum system was used to form multilayer memristor
structures.

ZrO,(Y) and Al,O; films were applied by high-frequency
magnetron sputtering at substrate temperature of 250°C.
A target compressed from a mixture of powders ZrO,
(88 mol.%) and Y,03; (12mol.%) was used for application
of ZrO,(Y) films. The bottom electrodes (Pt) with an
adhesive layer (Ti), as well as the top electrodes (Ta)
with a protective layer (Pt) were applied by direct current
magnetron sputtering at a temperature of 200°C.

The upper electrodes with a protective layer were
formed through a shadow mask with holes for electrical
measurements. The area of the upper electrodes was
S~ 1.3-10"3cm? Structures with continuous layers of
the upper electrode and the protective layer were made for
studies using X-ray photoelectron spectroscopy (XPS).

The electrical characteristics of the structures were mea-
sured using the Agilent BIS00A semiconductor device pa-
rameter analyzer using the EverBeing EB-6 analytical probe
station. The voltage sign on the structures corresponded
to the potential of the upper electrode (Ta) relative to
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Figure 1. Concentration distribution profiles of elements (a¢—d) and chemical compounds (e,f) depending on the etching time of the
structures Ta/ZrO,(Y)/Pt (a, ¢, e) and Ta/Al,O3 (6 nm)/ZrO,(Y)/Pt (b, d, f), measured during the layered analysis by the XPS method.

the potential of the lower electrode (Pt). The current
limitation (I cc) was implemented using the Agilent B1500A
software for measuring the current-voltage curve.

The phase analysis of memristor structures was carried
out by the XPS method using the Multiprobe RM system
(Omicron Nanotechnology GmbH, Germany). The depth
profiling was carried out by etching with Ar" ions at an
energy of 1keV. The maximum detectable concentration
of elements is 0.5,at.%. The error of determination of
the depth did not exceed 2—3nm. See [36] for a more

detailed description of the technique. Photoelectronic lines
were recorded to determine the concentration of chemical
elements: O 1s, C 1s, Zr 3d, Y 3d, Pt 4f, Al 2s. The spectra
were analyzed using data on chemical shifts and positions
of photoelectron lines [37,38].

2. Results and discussion

Fig.1 shows the results of an XPS study of the el-
emental and chemical composition of the structures of

Technical Physics, 2024, Vol. 69, No. 11
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Figure 2.  Current-voltage curves, demonstrating the pro-

cess of ,antiforming” of the initially conductive structure of
Ta/ZrO>(Y)/Pt and the subsequent SET process (a), and the
process of electroforming of the initially non-conductive structure
of Ta/Al,O3 (6 nm)/ZrO,(Y)/Pt and the subsequent RESET pro-
cess (b). The initial resistance of the structures (Ry) was 200
and 1 M, respectively.

Ta/ZrO,(Y)/Pt and Ta/Al,03(6 nm)/ZrO,(Y)/Pt immedi-
ately after formation. It can be seen that the upper electrode
(Ta) of both structures is oxidized, as evidenced by the
distribution profile of the concentration of oxygen atoms
(Fig. 1,a,b). Moreover, the number of oxygen atoms in
the Ta electrode in the structure containing the Al,O3 layer
is almost 3 times less, and in there is an inflection of the
profile distribution of the concentration of oxygen atoms in
the area of localization of the Al,O3 layer (Fig. 1, b), which
indicates a restriction of oxygen diffusion into Ta electrode
from ZrO,(Y) by Al,Os layer.

A more detailed analysis of the distribution of chemical
elements on the heterogeneous boundary of the dielectric
layer with Ta (marked with black rectangles in Fig. 1,a, b)
is shown in Fig. 1,c,d. It can be seen that the detection
of Zr and Y begins at the site of signal growth from Al at
the Ta/Al,03/ZrO,(Y) heteroboundary, in addition, there is
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a feature in the Zr concentration distribution profile (step)
(fig. 1,d). The occurrence of a signal from ZrO,(Y) after
etching part of Al,Oj3 layer indicates the heterogeneity of the
layers in thickness, and the absence of signal growth from
Zr during the etching time from 215 to 225 min suggests
that ZrO, is concentrated in the aluminum oxide layer in
local areas, the area of which does not increase (or slightly
increases) during ion etching. After passing the step, the
concentrations of the elements Zr and Y monotonously
increase (Fig. 1,d), as well as in the structure without Al,O3
(Fig. 1,¢).

Grain boundaries may be local areas in which ZrO,(Y)
is concentrated in the Al,Os;. It was shown earlier using
high-resolution transmission electron microscopy in Ref. [39]
that ZrO,(Y) layers deposited by magnetron sputtering
have a columnar polycrystalline structure and a developed
upper boundary with irregularities of the order 1—5nm,
corresponding to the positions of the grain boundaries in
the ZrO,(Y) film.

The chemical analysis results shown in Fig. 1, e, f demon-
strate the presence of elementary Ta® and compounds of
TaO, and Ta,Os in the Ta layer. A similar result was
obtained in Ref [40-42], where it was shown that the
oxidation of the active ohmic electrode occurs from the
side of the oxide dielectric. Asignificantly higher amount
of TaO, is observed in a structure that does not contain
ALLO; (Fig. 1,e). This indicates partial oxidation of the
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Figure 3. Schematic representation of the initial conduc-
tive state, antiforming and SET process for structures of
Ta/ZrO>(Y)/Pt (a) and two initial states of two-layer structures
of Ta/A1,03/ZrO,(Y)/Pt (b, ¢).
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Figure 4. Typical series of 100 current-voltage curves of Ta/Al,O3/ZrO,(Y)/Pt structures with different thickness of additional insulating

layer of ALO3 — 0 (it a), 3 (itb), 6 (it c) and 9nm (d).

upper electrode due to the diffusion of oxygen atoms from
the ZrO,(Y) layer during the formation of the memristor
structure, as well as the fact that the additional Al,O3 layer
blocks such diffusion.

It should be noted that the initial resistance of oxide
memristor structures is determined by the initial concen-
tration of oxygen vacancies in the resistive layer, which
depends on many conditions, including the manufacturing
method. In particular, structures based on Al,O3/HfO,
obtained by atomic layer deposition [24,25,43] were ini-
tially in a non-conductive state and required preliminary
electroforming even with small thicknesses of resistive
layers (2—6nm). Whereas the two-layer structure of
AlOy(3nm)/TaOy(5nm) [44] grown by electron beam
evaporation demonstrated initial resistance ~ 200 2 and re-
quired the initial process of ,,antiforming™ at voltages slightly
higher than Vrgsgr during subsequent cyclic measurements
of the current-voltage curve.

The results of measurement of electrical characteristics
in this paper showed that all memristor structures with an
additional insulating layer of Al,O3; with thickness equal to
0 and 3nm, were initially in a conductive state. Fig. 2,a

shows typical curves of the first cycle of the current-voltage
curves of Ta/ZrO,(Y)/Pt structures, for which antiforming
was performed prior to RS (by applying negative voltage).
The results obtained can be interpreted as follows
(Fig. 3,a). It is assumed that the diffusion of oxygen
from ZrO,(Y) into the Ta electrode and its partial oxidation
during deposition contribute to an increase of the concen-
tration of oxygen vacancies in the ZrO,(Y) layer to values
sufficient for the formation of conductive channels in the
initial memristor structures (Initial state in Fig. 3,a), which
leads to the fact that initially the structures demonstrate a
conductive state (the initial resistance is 50—700 2). Al,O3
layer with a thickness of 3nm is presumably diffusionally
transparent and does not interfere with the oxidation of
the electrode Ta. The application of negative voltage to
the Ta electrode during antiforming leads to the drift of
oxygen ions from the TaOy layer into the ZrO,(Y) layer,
where they recombine with oxygen vacancies, increasing
the resistance of the memristor structure and converting it
to HRS. The process of filament formation begins when the
positive voltage is subsequently applied to the Ta electrode

Technical Physics, 2024, Vol. 69, No. 11
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in the result of which the structure enters into a LRS (the
SET process in Fig. 3,a).

About 50% of the studied memristors in 6 and 9 nm thick
structures with Al,O3; were initially in a non-conductive
state and required electroforming by applying a positive
voltage (Fig. 2,b). The average value of the electroforming
voltage (V) in structures with Al,O3 with a thickness of
6nm was +1.67V, and it was +2.33 V in structures with a
thickness of 9 nm. This is consistent with the literature data
according to which the electroforming voltage of memristor
devices varies directly proportional to the thickness of the
dielectric and inversely proportional to the square root of
the permittivity [45].

It is assumed that the initial conducting state in two-
layer memristor structures with 6 and 9nm thick Al,O3
is attributable to local areas of inhomogeneity of Al,Os
film and the grain boundaries of ZrO,(Y) polycrystalline
film (Fig. 3,b), which is confirmed by the XPS data.
The highest diffusion transparency and mobility of oxygen
ions are realized and the formation of conducting channels

Technical Physics, 2024, Vol. 69, No. 11

is most likely in the area of these particular structural
defects [38,46,47]. Fig. 3,b shows that the Ta electrode
is oxidized, simultaneously increasing the concentration of
vacancies in the ZrO,(Y) layer in this case at the area of
local thinning of Al,O3 films like in case of the absence of
an additional barrier layer. The difference from the structure
without the Al,Oj3 layer is that not the entire electrode area
is oxidized (Fig. 3,a), but the local area near the grain
boundaries of the ZrO,(Y) film (fig. 3,5). In this case,
Ta/Al,03/ZrO,(Y)/Pt structure initially also appears in a
conductive state. At the same time, the initial resistance
of the conductive structures increases with an increase of
the thickness of Al,O3 layer: ~ 7002 for 3nm thick film,
~ 1.5k — for 6 nm thick film and ~ 4.2k — for 9nm
thick film. It is necessary to perform the ,antiforming
process to implement RS in such memristors.

If AlLO;3 film under Ta electrode turns out to be het-
erogeneous and diffusionally opaque in case of application
of Ta electrode, (Fig. 3,c¢), then it blocks the diffusion of
oxygen into the active metal electrode, which does not
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lead to a significant change of the vacancy concentration in
the functional dielectric layer of ZrO(Y). Such structures
are initially in a non-conductive state and require electro-
forming.

An interesting feature should be noted — both types
of structures, which were initially in conductive or non-
conductive states and underwent antiforming and electro-
forming procedures, respectively, after several cycles of
current-voltage curve measurement, did not demonstrate
significant differences of the values of currents in LRS and
HRS and switching voltages Vsgr and VRgsgr.

The results of measurement of current-voltage curves of
Ta/Al,O3/ ZrO,(Y)/Pt structures with different thickness
of the additional insulating layer of Al,Os; are shown in
fig. 4. The switching voltages did not exceed the values
of £1.5-2V for all studied structures. Figure 5 shows
the results of statistical processing of the current-voltage
curve series in Figure 4. It can be seen that the switching
voltages Vsgr and their spread practically do not change in
case of addition of Al,O3, the voltage spread Vrgsgr slightly
increases with an increase of the thickness (in the case of 6
and 9nm thick Al,O; ) (Fig. 5,a). At the same time, the

presence of the Al,O3 layer significantly reduces the spread
of current values (Fig. 5,5, ¢), especially in LRS.

The variability of the resistive switching parameters from
device to device is shown in Fig. 6 and 7. It can be seen
that the switching voltages Vsgr and Vresgr slightly change
with the addition of an additional insulating layer of Al,Os.
It is necessary to note a significantly smaller spread of cur-
rent states in the structure of Ta/Al,O3 (6 nm)/ZrO,(Y)/Pt,
despite the smallest current corridor (Fig. 7).

5 structures Ta/ZrO,(Y)/Pt and Ta/Al,O3; (6 nm)/
ZrOy(Y)/Pt were tested for resistance to multiple RS. All
of them withstood over 1-10° RP cycles in pulse mode,
maintaining voltages of switching to high-resistance and low-
resistance states and current corridors.

The improvement of current stability in the LRS does
not depend on the initial resistive state of the memris-
tor structure. It is assumed that in the case of local
heterogeneity of the Al,O; layer (Fig. 3,b), part of the
filament can be localized in places of such heterogeneity,
which is associated with limited lateral diffusion mobility of
oxygen ions (oxygen vacancies) in aluminum oxide. This
helps to preserve the area of destruction and subsequent
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restoration of the filament during cyclic switching. In the
case of a homogeneous layer of Al,Os (Fig. 3,¢) initially
formed during electroforming in a two-layer structure of
Al O3/ZrO,(Y) part of the filament in the Al,O3 layer
may also be preserved due to limited diffusion of oxygen
vacancies in Al,Os. This is attributable to the high values
of the energy of formation of oxygen vacancies in Al,O3
(6—8eV [27,31]) and the activation energy of oxygen
ion migration along oxygen vacancies (1.3-1.7eV [28.31])
compared to the corresponding values for ZrO,(Y).

Conclusion

An experimental study of the effect of an additional
dielectric layer of Al,Os and its thickness (0, 3, 6 and
9nm) on the parameters of resistive switching of memristor
structures of Ta/Al,03/ZrO,(Y)/Pt.

It was found that memristor structures made by mag-
netron sputtering without a layer of Al,O3, as well as with
its small thickness (3 nm), are initially in a conductive state
and require antiforming at voltages for the onset of resistive
switching, practically not different from the voltages Vrgsgr
during subsequent resistive switching.

Structures with an additional 6 and 9 nm thick dielectric
layer of Al,Os3 can initially be in both conductive and
non-conductive states. It was found that both types of
structures, initially in different resistive states and having
undergone antiforming and electroforming procedures, after
several cycles of current-voltage curve measurement did not
demonstrate significant differences of the values of currents
and switching voltages during subsequent measurements.

The results of the study showed that the use of an
additional layer of Al,O3; improves the stability of current
states, which is most pronounced in case of 6 nm thickness
of Al,O3 layer. At the same time, the presence of an
additional layer of Al,O3 does not have a significant effect
on the values of switching voltages and their spread.

Pulse measurements demonstrate more than 10° of
resistive switching, which makes it possible to use structures
based on a two-layer dielectric Al,03/ZrO,(Y) as elements
of non-volatile resistive memory.

The results obtained can be used to fabricate ,non-
forming“ memristor structures, which is important for
CMOS integration of such devices.
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