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Abstract—The results of studying the self-organization of TiO2–Al2O3 memristive cells using the anodic oxi-
dation of an aluminum–titanium structure are presented. Original approaches to this process make it possible
to precisely control the thicknesses of the functional layers of aluminum and titanium oxides. To form the
upper electrode, the use of catalytic chemical deposition is proposed, which allows the porous structure to be
filled and an array of conductive buses to be organized on the surface. Measurements of the individual and
group electrophysical properties of memristive cells confirm the operability of such structures as part of
devices with crossbar addressing.
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INTRODUCTION
Scientists around the world are showing interest in

the phenomenon of resistive switching in thin metal
and semiconductor films. This is due to the possibility
of scaling memristive cells into a deep submicron
region when using crossbar-type addressing systems
[1, 2]. Another important quality is their energy inde-
pendence. However, such structures containing only
memristive cells between conductive buses are charac-
terized by one big drawback: the presence of errors
when reading and writing the state of a cell [3]. This is
due to the f low of parasitic currents through three
adjacent cells characterized by a lower electrical resis-
tance [4]. To solve this problem, complex highly sen-
sitive electronic processing circuits can be used; how-
ever, this negates the advantages of miniaturizing a
memristive assembly. Many people use a combination
of one memristor–one transistor (1T1R RRAM) to
provide individual addressing [5]. However, this
approach doubles the number of elements used and
significantly complicates the architecture of the
resulting device. More attractive is the use of combi-
nations of one memristor–one diode (1D1R RRAM).
Similar structures were proposed by researchers in
2003 to implement memory based on classical micro-
integration technology [6, 7]. An interesting solution
is the integration of a Schottky diode into each mem-
ristive cell [8]. This approach allows the passage of

parasitic currents through adjacent cells to be avoided
and ensures correct operations of writing and reading.
The disadvantages are the limitation of the number of
buses in the crossbar grid, as well as the difficulties
when using a bipolar power supply. The most applica-
ble method for ensuring the correct operation of a
memristive crossbar is the use of diodes that operate
on the effect of quantum mechanical tunneling [9].
They represent continuous dielectric layers with a
thickness from 1 to 2 nm. Such layers are formed by
atomic-layer deposition [10] or, for example, by mag-
netron sputtering [11].

Within the framework of this study, an original
solution for the self-organization of memristive struc-
tures with nonlinear current–voltage characteristics
(I—V characteristics) using anodic oxidation of alumi-
num–titanium structures is proposed. This is a simple
and cheap process for producing metal oxides, which
is carried out at room temperature and allows precise
control of the geometry and composition of the result-
ing films.

EXPERIMENTAL
Ni/Al2O3/TiO2/Ti memristive structures were

formed as follows. A SiO2 layer with a thickness of
0.4 μm was formed by thermal oxidation on the sur-
face of a KDB-12 silicon wafer with the (100) orienta-
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Fig. 1. Distribution of the thickness of the aluminum layer
after selective removal of the oxide over the surface of the
substrate.
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Fig. 2. Kinetic dependences of the voltage of the process of
anodic oxidation of (a) two-layer aluminum–titanium
structure, (b) the transition of the oxidation front across
the interface, and (c) a TEM image of a two-nanometer
layer of aluminum oxide.
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tion. A titanium layer with a thickness of 0.3 μm was
deposited on its surface using magnetron sputtering.
The titanium layer was modified into an array of con-
ductive 4-μm wide buses with contact pads using pho-
tolithography. An aluminum layer with a thickness of
2 μm was applied to the surface of the titanium buses.
Anodic oxidation was carried out in sulfuric acid in the
galvanostatic mode at a current density of 2 mA/cm2.
Double anodizing [12] and temperature compensation
of the voltage [13] were used to order the structure, as
well as to ensure the same pore shape throughout the
NANOBIOTECHNOLOGY REPORTS  Vol. 16  No. 6 
thickness of the oxide. Aluminum residues on the sur-
face were removed with an etchant of copper chloride
diluted in an aqueous solution of hydrochloric acid. To
organize the upper conductive buses, a layer of nickel
was applied to the pores of aluminum oxide and to its
surface using chemical catalytic deposition. For this,
the structures were sensitized for 1 min in a solution of
3 g/L of SnCl2⋅2H2O and 3 mL/L of HCl, and then
activated for 3 min in a solution of 0.1 g/L of PdCl2 and
0.1 mL/L of HCl. The nickel layer was deposited from
an aqueous solution of NiSO4 and NiCl2 with the
addition of sodium acetate and sodium hypophos-
phite. After that, the nickel layer was modified using
photolithography and chemical etching into an array
of conductive buses arranged perpendicular to the
lower ones. The samples were examined using atomic
force, transmission and scanning electron microsco-
pies (TEM and SEM). Measurements of the electro-
physical parameters were carried out using a previ-
ously created automated setup.

RESULTS AND DISCUSSION

It is known that porous ordered oxide nanostruc-
tures self-organize during the anodic oxidation of alu-
minum in electrolytes based on sulfuric, oxalic and
orthophosphoric acids [13]. Under the same condi-
tions, titanium and other valve metals form dense
oxides [12]. Memristive layers are successfully fabri-
cated on the basis of such oxides [14]. During the
anodic oxidation of two-layer aluminum–titanium
structures, the oxide of the latter penetrates into the
pores of aluminum oxide and forms an array of
nanowires. The mechanism of this process is
described in detail in [12]. Within the framework of
this work, the task was to study in detail the passage of
the oxidation front through the aluminum–titanium
interface. To accurately control the thicknesses of the
obtained oxides, the oxidation front at any moment of
the process must be parallel to the surface of the wafer,
on which the functional layers are applied. This is
ensured by the invariability of the main factors of
anodic oxidation: voltage, current density and tem-
perature [13]. To check the correctness of the method,
the process of oxidation of aluminum deposited on the
SiO2 layer was carried out. Figure 1 shows the graphs
of the thickness distribution of the aluminum layer
over the surface of the wafer.

Figure 2 shows a schematic representation and the
characteristic kinetic curves of the process including
the passage of the oxidation front through the alumi-
num–titanium interface.

As noted above, aluminum oxidation is accompa-
nied by constant voltage (1). When the oxidation front
reaches the titanium surface, an increase in voltage (2)
is observed increasing with an increase in the volume
of titanium oxide (3). In this case, the dissolution of
the barrier layer of aluminum oxide occurs [15]. The
 2021



838 BELOV et al.

Fig. 3. SEM image of the Ni/Al2O3/TiO2 – x/Ti structure.
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Fig. 4. (a) Current–voltage characteristic and (b) depen-
dence of the resistive state on the number of pulses of the
Ni/Al2O3/TiO2 – x/Ti memristive cell.
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contact of the electrolyte with the titanium oxide sur-
face also affects the behavior of the voltage curve (4).
In fact, the ratio of the thicknesses of the layers of alu-
minum and titanium oxides is determined by the time
when the oxidation process stops in the third stage.

Figure 3 shows a micrograph of the
Ni/Al2O3/TiO2 – x/Ti structure. To simulate the func-
tioning of the cells in a crossbar, four memristive cells
with a contact area of 4 × 4 μm with different thick-
nesses of the aluminum-oxide layer were formed. It
can be seen from the figure that nickel fills the porous
layer of aluminum oxide and provides a stable electri-
cal contact to the Al2O3/TiO2 – x cell. The measure-
ments were carried out both individually for each
memristor and as part of a group with interconnec-
tions. Figure 4а shows the typical I—V characteristics
of a memristive cell (1) without an Al2O3 layer and
(2) with 2-nm- and (3) 8-nm-thick oxide layers. As
one can see, when two-nanometer aluminum oxide
appeared in the structure, the electrical resistance of
the structure increased by at least an order of magni-
tude, while the character of the I—V characteristic
remained unchanged on the whole. When the thick-
ness of this layer is increased to 8 nm, the currents are
units of nanoamperes, and the hysteresis loop is barely
observed. Similar conclusions were reached in [9]
during a detailed analysis of the potential barrier in a
tunnel diode based on an ultrathin alumina film.

To test the operation of the formed structures as
part of a crossbar, the resistive states of memristive
cells were investigated both individually and as part of
a cross connection. To increase the conductivity of the
cell (potentiation), rectangular pulses of positive
polarity with an amplitude of 2 V and duration of 5 μs
were successively applied to it. The rising and falling
fronts were 10 ns. To decrease the conductivity
(depression), negative pulses were applied. To mea-
sure the current state, two pulses of different polarity
were applied with a delay of 10 μs, and the magnitude
of the current was measured. Figure 4b shows the
characteristic dependence of the cell conductivity on
the number of pulses.
NANOB
To check the stability of the states, four cells were
switched to the minimum crossbar having previously
written a state of ~10–5 S to one of them, and of 8 ×
10–5 S in the other three. Next, 20 positive pulses were
applied to the buses corresponding to the high-resis-
tance cell and the conductivity of each one was mea-
sured separately. As a result, the conductivity of the
low-resistance cells remained unchanged, while in the
high-resistance cells it increased to 3 × 10–5 S. In the
first approximation, this indicates the operation of
such structures and the possibility of using them in
new-generation memory devices, as well as in artificial
neural networks.

CONCLUSIONS
An original method for the self-organization of a

superdense storage medium containing an array of
nanoscale TiO2–Al2O3 memristive cells with an
IOTECHNOLOGY REPORTS  Vol. 16  No. 6  2021
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addressing system of crossbar–conducting buses was
demonstrated. The possibility of controlling the size of
an ultrathin aluminum-oxide film in the process of
anodic oxidation of a two-layer aluminum–titanium
structure was shown. For this, the mechanism of
anodic oxidation of these structures was studied in
detail, in particular, at the interface between the metal
layers. The method of the chemical catalytic deposi-
tion of nickel, which makes it possible to densely fill
the pores of aluminum and form an upper metalliza-
tion system, was proposed to be used. The results of
studies of the I—V characteristics, as well as the resis-
tive states of the cells, make it possible to confirm the
operability of such systems and their applicability in
nonvolatile memory devices of a new generation, as
well as in artificial neural networks.
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