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Application of Probe
Nanotechnologies for Memristor
Structures Formation and
Characterization

Viadimir A. Smirnov, Marina V. Il'ina, Vadim 1. Avilov,

Roman V. Tominov, Oleg I. II'in and Oleg A. Ageev

Abstract

This chapter presents the results of experimental studies of the formation and
investigation of the memristors by probe nanotechnologies. This chapter also per-
spectives and possibilities of application of local anodic oxidation and scratching
probe nanolithography for the manufacture of memristors based on titanium oxide
structures, nanocrystalline ZnO thin film, and vertically aligned carbon nanotubes.
Memristive properties of vertically aligned carbon nanotubes, titanium oxide, and
ZnO nanostructures were investigated by scanning probe microscopy methods. It
is shown that nanocrystalline ZnO films manifest a stable memristor effect slightly
dependent on its morphology. Titanium oxide nanoscale structures of different
thicknesses obtained by local anodic oxidation demonstrate a memristive effect
without the need to perform any additional electroforming operations. This experi-
mentally confirmed the memristive switching of a two-electrode structure based
on a vertically aligned carbon nanotube. These results can be used in the develop-
ment of designs and technological processes of resistive random access memory
(ReRAM) units based on the memristor devices.

Keywords: nanotechnology, scanning probe microscopy, memristor, titanium oxide,
nanocrystalline ZnO films, carbon nanotubes

1. Introduction

Reducing the elements of integrated circuits (ICs) leads to an increase in the
speed of the processors and an increase in the amount of memory, but at the same
time the bandwidth between them varies only slightly. This is referred as the von
Neumann bottleneck and often limits the performance of the system [1]. One pos-
sible solution to this problem is the transition of computing systems to an archi-
tecture close to the structure of a biological brain, which is a set of elements of low
power connected in parallel neurons interconnected via special channels synapses
[1-4]. Processors built on this architecture have concurrent computing and will be
able to surpass modern computers in tasks related to unstructured data classifica-
tion, pattern recognition, as well as in applications with adaptable and self-learning
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control systems. One of the possible ways of implementing such an architecture is
to manufacture ICs based on neuromorphic structures, which are memory elements
in the form of cells (neurons) interconnected by data buses (synapses) and are
capable of changing their electrical resistance under the influence of an external
electric field (the effect of resistive switch) [1-5]. Such structures can maintain

cell resistance after the termination of the external electric field and are the basis

of non-volatile resistive memory (ReRAM). The advantages of ReRAM include
small size, high degree of integration, low power consumption, and high speed,
which allows on its basis to realize the mass parallelism and low power calculations
observed in the study of biological brain [6-8].

Currently, active theoretical and experimental studies of the effect of resistive
switching in nanomaterials and nanostructures are underway to create elements of
the ReRAM self-learning adaptive neuromorphic processor with high speed and low
power consumption. An analysis of the publications showed that for the manufacture of
ReRAM, films based on binary metal oxides (SiOy, TiO,, ZnO, HfOj, etc.) are promis-
ing from which amorphous titanium oxide and nanocrystalline zinc oxide can be distin-
guished, allowing for high response speed of the resistive switching process [8-10].

The creation of ReRAM elements for a neuromorphic processor is associated
with the development and research of the formation processes of structures with a
nanometer resolution. Existing lithographic methods of semiconductor technolo-
gies are approaching the limit of their resolution, characterized by a high degree
of complexity and cost of equipment. Therefore, there is a need for research and
development of new methods, the use of which will allow the creation of nano-
structures of ReRAM elements, including at the prototyping stage.

One possible way of ReRAM elements prototyping is probe nanotechnologies
usage, which is a combination of methods for nanostructures forming using a probe
tip with visualization and process control in situ. Promising methods of probe
nanotechnologies for ReRAM elements prototyping include local anodic oxidation
(LAO) and scanning probe nanolithography (SPN) of atomic force microscope.

The method of local anodic oxidation is promising for the manufacture of oxide
nanostructures (ONS) of titanium, which have reproducible memristor effect and
do not require forming [11-14]. The advantages of the LAO method also include
precision, the possibility of conducting research on electrochemical processes in local
areas up to the size of several nanometers in situ diagnostics of the results of the
formation of ONS on the substrate surface, the absence of additional technological
operations for applying, exposing, and removing photoresist, as well as the relatively
low cost of process equipment [15-20]. A variety of nanoimprint lithography is
scratching probe nanolithography, which allows using the tip of an atomic force
microscope probe to form profiled nanostructures in polymer films [21]. The sim-
plicity of the method implementation allows using it in the development and study of
promising design and technological solutions for prototyping ReRAM elements [22].

At the present stage of nanotechnology development, one of the most promising
methods for surface diagnostics is scanning probe microscopy (SPM). The use of
SPM methods allows the study of the local geometric, electrical, and mechanical
properties of the sample surface [23-26].

Of interest for creating ReRAM with high cell density are memristor structures
based on vertically aligned carbon nanotubes (VA CNTs) [27, 28]. The vertical
orientation of the nanotubes provides a significant reduction in the memory cell
area and the technology of producing VA CNTs based on the method of plasma-
enhanced chemical vapor deposition (PECVD) allows localized growth of nano-
tubes in a process compatible with silicon technology [29, 30]. In addition, the
use of VA CNTs as a storage element is expected to reduce the switching time to
picoseconds [28, 31].
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A promising method of probe nanotechnologies for creation and characteriza-
tion of memristor structures based on VA CNTs is the scanning tunneling micros-
copy (STM) [26]. This method allows you to create a controlled elastic deformation
in VA CNT, the presence of which is a prerequisite for the occurrence of the mem-
ristor effect in VA CNT [32]. The mechanism of memristive switching of strained
carbon nanotube is described in detail in [28].

This chapter describes application of scanning probe microscopy techniques for
determination of resistive switching effects in vertically aligned carbon nanotubes,
TiO, nanostructures, and ZnO thin nanocrystalline films. Described techniques can
be used for formation and nanodiagnostics of parameters of memristor structures
for creation of metal oxide and CN'T-based neuromorphic system.

2. Formation and investigation of memristor structures based
on titanium oxide by atomic force microscopy

2.1Investigation of resistive switching of titanium oxide nanostructures
formed by local anodic oxidation

The memristor effect study was carried out on titanium oxide nanostructures
(ONS) using AFM spectroscopy using SPM Solver P47 Pro. For this purpose, local
anodic oxidation (LAO) was carried out on the thin titanium film surface with a
20 nm thickness, and as a result, titanium ONS was formed with lateral dimensions
1 x 1 pm and 1.1 nm thick (Figure1).

Then, using the AFM, the current-voltage (I-V) characteristics of the
obtained structure were measured according to the scheme shown in Figure 1c
with the application of a triangular-shaped voltage pulse (Figure 2a inset). It
was shown that the titanium ONS obtained by the LAO exhibits a bipolar resis-
tive switching effect (Figure 2) without additional doping and electroforming
operations.

The analysis showed that the current-voltage characteristic type corresponds
to the switching mechanism due to potential barrier width modulation at the
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Figure 1.
Titanium oxide nanostructuves, formed by LAO: (a) AFM image; (b) profilogram along the line; and
(c) curvent-voltage characteristics measuring scheme.
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Figure 2.
Current-voltage characteristic of titanium ONS, formed by the LAO.

electrode/oxide interface described in [11, 12]. In this case, the potential barrier
modulation occurs alternately at both the electrodes boundaries.

Initially, the structure is in high resistance state (HRS) (1.3 GQ at 3.5 V) in the
forward bias region (region I in Figure 2), while at a negative voltage applied to
—5V, the structure is in low resistance state (LRS) (0.27 GQ at =3 V) (region Il in
Figure 2). Then, as the voltage rises in the reverse bias region from —6 to —10 V,
the structure is switched, resulting in a HRS state (3.4 GQ at —3 V) at the reverse
bias (region III in Figure 2) and LRS (0.35 GQ at 3.5 V) at up to 5 V direct bias
(region IV in Figure 2). With an increase in the applied voltage from 6 to 10 V,
the structure is switched to the initial state. In this case, the structure resistance
ratio in the HRS state to the LRS state for positive voltages is 3.6, and for negative
voltages is 12.6.

2.2 Investigation of influence of AFM probe pressing force on the resistive
switching in titanium oxide nanostructures

For the experimental study, titanium ONS with 2 x 2 pm lateral dimensions
and 6.8 nm thick was formed by LAO. Then, on its surface in the AFM contact
mode was performed a spectroscopic measurement of dependence of the feed-
back circuit current on the cantilever beam bending. The spectrogram showed
that with an increase in the feedback circuit current by 1.02 nA, the beam is
bent by 20.8 nm. Since the cantilever beam stiffness is 2.5 N/m, it is possible to
calculate the AFM probe pressing force to the ONS surface for a given feedback
circuit current Figure 3.

Then, current-voltage characteristics were measured on the ONS surface in
the +10 V range with the AFM feedback circuit current values from 0.01 to 2 nA
(Figure 4), after which the structure resistance values in the HRS and LRS states
were measured at 3.5 V.

Obtained dependences analysis showed that an increase in the AFM probe
clamping force to the surface from 0.51 to 102.8 nN leads to a decrease in the struc-
ture resistance in the HRS state from 1.12 x 10" to 9.63 x 10° Q and in the LRS state
from2.28 x 10 t0 1.38 x 10° Q.

This dependence can be explained by the fact that with a clamping force
increase, an increase in the contact area between the AFM probe and the oxide
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Dependence of feedback civcuit curvent from the cantilever beam bending.
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Figure 4.
Dependence of titanium ONS vesistance in the HRS and LRS states on the pressing force.

surface occurs. In further studies, 60 nN clamping force was used, ensuring reliable
contact of the probe with the structure.

2.3 Investigation of influence of top electrode materials on the resistive
switching in titanium oxide nanostructures

Literature analysis showed that the top electrode material has a significant
impact on the resistive switching of memristor structures. To study this effect, the
current-voltage characteristics were measured in the mode of current AFM spec-
troscopy on the surface of oxide nanostructures formed by the LAO method; AFM
probes with different conducting coating were used as the upper electrode. The
resulting characteristics are presented on (Figure5).

Obtained dependences analysis showed that the use of cantilevers with dif-
ferent coatings significantly affects the manifested memristor effect. So, when
using a cantilever with a Pt coating, a symmetrical I-V characteristic was obtained
(Figure 5a) with low current values, the structure resistance in the HRS state is
327 x 10° Q, and in the LRS state is 22 x 10° Q, while the resistance ratio in the high
resistance to low resistance is 15.

When using a cantilever with a TiN coating, an asymmetric I-V characteristic
was obtained (Figure 5b), while in the negative voltage region the memristor effect
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Figure 5.
Titanium ONS current-voltage chavacteristics, obtained using a cantilever coated by: (a) Pt; (b) TiN; and
(c) carbon.

is insignificant, the structure’s resistance in the HRS state is 4.65 x 10° Q, and in the

LRS state —0.39 x 10° Q, at the same time, resistance ratio in the high resistance to

low resistance is 12. In the case of using a carbon-coated cantilever, an asymmetric

I-V characteristic is also observed (Figure 5c), and there is no current through

the ONS when applying voltages less than +5 V in the case of a structure being in

HRS and applying a voltage less than +2 V in case of a structure being in LRS. The

structure’s resistance in the HRS state is 1.74 x 10° Q, and in the LRS state, it is

0.3 x 10° Q, and the resistance ratio in the high resistance to low resistance is 6.
Study results showed that the platinum-coated cantilever use as the top electrode

is characterized by a largest resistance ratio in the HRS and LRS states.

2.4 Investigation of influence of titanium oxide nanostructures geometric
parameters on their resistive switching

Another goal is to study titanium ONS thickness effect and applied voltage
pulses on the memristor effect. For this, four ONSs were formed with lateral
2 x 2 pm dimensions and 1.6-3.6 nm height, which, based on the expression describ-
ing the oxide height and depth ratio presented in [3], corresponds to 3.6-8.2 nm
thickness. The current-voltage characteristics were measured on these structures
surface by applying +2.4 voltage pulse (Figure 6).

Obtained expression analysis showed that with an increase in the ONS thick-
ness, a decrease in the current corresponding to the LRS state and an increase in the
resistance in this state are observed, to the extent that the memristor effect does not
manifest itself when the oxide thickness is 8.2 nm.

The results allowed us to obtain voltage of the switching structure in the HRS
state (Uyes) and in the LRS state (Ug) dependence, as well as the corresponding
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Figure 6.
Titanium ONS curvent-voltage chavacteristics with a thickness: (a) 3.6 nm; (b) 5.4 nm; (c) 7.2 nm; and
(d) 8.2 nm.

currents (I and L) on the titanium ONS thickness (Figure 7). In addition, the
dependence of the structure resistance measured in a HRS and LRS state on the
ONS thickness measured at 1.5 V was obtained (Figure 8).

It is shown that increasing the thickness from 3.6 to 8.2 nm increases the resis-
tance in the HRS state from 1.4 x 10" to 8.8 x 10'* Q, while the resistance in the LRS
state increases from 1.765 x 10° to 2.4 x 10'! Q, while the structure resistance ratio in
the high resistance to low resistance decreases from 79.4 to 3.6.

2.5 Investigation of influence of voltage pulses amplitude on the titanium
oxide nanostructures resistive switching

To study the applied voltage pulses amplitude effect on the memristor effect, an
titanium ONS with 2 x 2 pm lateral dimensions and 3.6 nm thickness was formed.
Then, its current-voltage characteristic was measured in the voltage range from +1
to +4 V (Figure9).

The analysis showed that when measuring the titanium ONS current-voltage
characteristics with 3.6 nm thickness in the voltage range + 1V, the memristor effect
is not observed, the structure shows the conductivity absence. When measuring
the I-V characteristic in the +2 V range, the structure also shows the conductivity
absence, however, a small current surge in the I-V characteristic is already observed.
When measuring the I-V characteristic in +3 and + 4 V range, this structure exhibits
a memristor effect. It is shown that in the case of measuring the I-V characteristic in
+3 V range, the structure resistance in the HRS state is 39.2 x 10° Q, and in the LRS

7
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state —1.4 x 10° Q, the resistance ratio in the HRS and LRS states is 27.4. In the case
of measuring the I-V characteristic in +4 V range, the structure resistance the in the
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Figure 7.
Dependence of electrical parameters of titanium ONS on the oxide thickness: (a) voltage and (b) current.

R,Q A
12
107 T ®
e ®
@
1
10 &
. ® HRS
10 + LRS
*
9
10 4 + + :
4 5 6 7 h,nm
Figure 8.
Dependence of titanium ONS resistance on the thickness.
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Figure 9.
Current-voltage characteristics of titanium ONS in the different voltage range: (a) +1 V; (b) +2 V; (c) +3 V;
and (d) +4 V.
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HRS state is 1.08 x 10° Q, and in the LRS state it is 0.14 x 10° Q, the resistance ratio
in the HRS and LRS states is 7.5.

Such a memristor effect dependence on the titanium ONS thickness and the
applied voltage pulses amplitude is explained by the electric field intensity influ-
ence in the oxide on the oxygen vacancies transfer in the oxide volume between the
electrodes and the titanium ONS switching between high-resistance and low-
resistance states.

3. Formation and investigation of memristor structures based on
nanocrystalline ZnO thin films by atomic force microscopy

3.1Investigation of resistive switching of nanocrystalline ZnO thin films

A resistive switching effect in thin oxide films is attractive for manufacturing
of neuromorphic system, which offers significant advantages over classical com-
puters, such as an effective processing of data recognition. ZnO is the one of the
promising materials, which is widely used in electronic element developments,
sensors, and microsystem technology. Also, ZnO demonstrates resistive switch-
ing, which has just one phase and is compatible with semiconductor technology.
To fabricate ZnO-based neuromorphic system, it is necessary to study resistive
switching in ZnO films and today there are insufficient experimental results
about it.
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Figure 10.
ZnO film surface: (a) AFM-image; (b) AFM cross-sectional profile on (a); and (c) phase.
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To investigate resistive switching Al,0;/ZnO:In (42.1 + 5.6 nm) as a wafer was
used. ZnO thin films were grown using pulsed laser deposition under the following
conditions: wafer temperature: 400°C, target-wafer distance: 50 mm, O, pressure:
1 mTorr, pulse energy: 300 ml. To provide electrical contact to the bottom ZnO:In
electrode, ZnO films were deposited through a mask.

Electrical properties of obtained ZnO films were measured by Ecopia HMS-
3000 equipment (Ecopia Co., Republic of Korea). Obtained ZnO films had electron
concentration 8.4 x 10* cm™, electron mobility 12 cm?/V-s, and resistivity 5.2 x 1073
Q-cm.

AFM-images of the ZnO film surface were obtained in semi-contact mode
using scanning probe microscope Solver 47 Pro (NT-MDT, Russia). The AFM-
image processing was performed using Image Analysis software. Figure 10 shows
experimental investigations of ZnO film morphology. It is shown that ZnO film
surface has a granular structure (Figure 10a and c) with 1.53 + 0.27 nm roughness
(Figure 10b). The ZnO film thickness was measured by ZnO/ZnO:In stair scanning,
and was equaled 32.3 + 72 nm.

Electrical measurements were taken using nanolaboratory Ntegra with W,C probes.
During the resistive switching investigation, ZnO:In film was grounded.

Current-voltage curves (CVC) were obtained from —3 to +3 V sweep for 15 cycles
at the same point and for 15 cycles at different points on ZnO surface (Figure 11a).
Based on the results obtained, resistance dependence on cycle number (uniformity
test) and resistance dependence on number point were built (homogeneity test).

It was shown Rygs and Ry gs were equaled to 0.68 + 0.07 GQ and 0.11 + 0.04 GL,
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Figure 11.

Investigation of vesistive switching in ZnO film: (a) current-voltage chavacteristic; (b) uniformity; and (c)
variability.
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respectively at the same point on ZnO surface. At different points, Rygs and Ry rs were
equaled to 0.75 + 0.13 GQ and 0.12 + 0.06 GQ. Ryrs/Rirs was equaled to 9.05 + 5.65 at
0.7 V. Resistance dispersion during uniformity test was more than resistance dispersion
during homogeneity test that can be explained by a granular structure of ZnO film.
Time stability of resistive switching in ZnO was implemented using Ntegra in
two stages. On the first stage, charge structure was formed on the ZnO surface at
+5V (Figure 12a). On the second stage, charged structure was scanned in Kelvin
mode in the interval from 5 to 30 minutes with a step 5 minute (Figure 12b and
c). It was shown that voltage decreased from 266 + 17 to 68 + 7 mV in 30 minutes
(Figure12a).

3.2 Investigation of scratching probe nanolithography regimes for memristor
structure formation

Resistive switching element manufacturing is associated with the development
and research of the formation processes of structures with a nanometer resolution.
Existing lithographic methods of semiconductor technologies are approaching the
limit of their resolution, characterized by a high degree of complexity and cost of
equipment. Therefore, there is a need for research and development of new meth-
ods, the use of which will allow the creation of nanostructures of resistive switching
elements, including at the prototyping stage. A promising method for the formation
of nanoscale structures that can be used to create resistive switching elements is
nanoimprint lithography based on the use of special dies and films of polymeric
materials. A type of nanoimprint lithography is scratching probe nanolithography
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Figure 12.
Investigation of ZnO film surface charge: (a) Kelvin mode image of charged structure; (b) AFM cross-sectional
profile on (a); and (c) time dependence of voltage.
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Profiled nanostructures on photovesist surface: (a) AFM-image; and (b) AFM cross-sectional profile on (a).
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Figure 14.
Investigation of scratching probe nanolithography regimes: (a) force of depth dependence; (b) velocity of depth
dependence.

(SPN), which allows using the tip of an atomic force microscope probe to form
profiled nano-sized structures in polymer films. It was decided to use photoresist
FP-383 as polymer film, because it is cheaper and has longer shelf life compared to
other types of polymer films.

The solution of photoresist/thinner (FP-383/RPF383F) at volume ratio of 1:10
was transferred onto Si substrate using the centrifugal method at the rotation
speed of a Laurell WS-400B-6NPP centrifuge at 5000 rpm. After the deposi-
tion of the film, the photoresist/thinner film was dried at a temperature of
90°C for 25 minutes. Thickness of the photoresist/thinner film was equaled to
321 + 4.7 nm.

Scratching probe nanolithography on the photoresist/thinner film was
performed using a Solver P47 Pro scanning probe microscope. Indentation was
performed by applying an AFM probe to the surface of a FP-383 film with a fixed
clamping force (the Set Point parameter in the AFM control program). Thus, arrays
of the seven profiled lines-grooves were formed at different nanoindentation forces
(Figure 13).

Analysis of the results obtained showed that nanoindentation force increase
from 0.5 to 3.5 pN leads to nanostructure-groove depth increase from 2.7 + 0.8
to 25.31 + 2.11 nm (Figure 14a), tip velocity increase from 0.1 to 5 pm/s leads
to nanostructure-groove depth decrease from 25.10 + 1.2 to 8.87 + 1.34 nm
(Figure 14b).
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Profiled nanostructure on FP-383 film surface: (a) AFM-image; and (b) AFM cross-sectional profile on (a).

The nonlinearity of the dependences obtained can be explained by the inhomo-
geneity of the viscoelastic properties of the FP-383 film. It should also be noted that
the nature of the contact interaction between the probe and the film is complex and
is largely determined by the elastic forces.
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Figure 16.
Resistive switching Al,O0,/ZnO:In/ZnO/Ti/W,C memvristor structure: (a) AFM-image; (b) AFM cross-
sectional profile on (a); and (c) phase.
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3.3 Fabrication and investigation of resistive switching of memristor structures
based on nanocrystalline ZnO thin films

To fabricate memristor structure, photoresist FP-383 thin film with thickness
21.4 + 3.1 nm was formed on Al,03/Zn0O:In/ZnO substrate. Then squared nanostruc-
ture-groove was formed on FP-383 film surface using scratching probe nanolithog-
raphy at nanoindentation force 3.18 pN (Figure 15). Thin Ti film was deposited
using BOC Edwards Auto 500 system. After that lift-off process was applied using
dimethylformamide. AFM-image of the Al,03/Zn0:In/ZnO/Ti resistive switching
structure obtained is shown in Figure 16. Analysis of the result obtained showed
that Ti film thickness was equaled to 4.1 + 0.3 nm (Figure 16b). Ripped edges of Ti
structures are result of lift-off process.

Figure 17 shows current-voltage characteristic of Al,03/Zn0O:In/ZnO/Ti/W,C
structure at —4 to +4 voltage sweep. It was shown that Al,O3/Zn0O:In/ZnO/Ti/W,C
structure has nonlinear, bipolar behavior when the electric potential gradient is the
dominant parameter of resistive switching.

Investigation of resistive switching of Al,05/Zn0:In/Zn0O/Ti/W,C structure
in the single point (uniformity test) shown that Ryrs was 8.23 + 1.93 GQ and Rygs
was 0.11 + 0.06 GQ (Figure 17b). At different points, Rygs and R gs were equaled
765 +2.83 GQ and 0.18 + 0.11 GQ, respectively (Figure 17c). It was shown, that
Rurs/Rirs coefficient was equaled 135.31 + 44.38 at 0.7 V.

In the end, it was shown that the use of Ti film allowed to increase Rygrs/Rirs
coefficient from 9.05 + 5.65 to 135.31 + 44.38 and to decrease the resistance disper-
sion of resistance switching (Figures 11 and 17). It can be explained by exception
for the influence of air oxygen in Al,03/Zn0O:In/ZnO/Ti structure that significantly
worsens the resistive switching.
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Figure 17.
Investigation of resistive switching in Al,0;/ZnO:In/ZnO/Ti/W,C structure: (a) current-voltage characteristic;
(b) uniformity; and (c) homogeneity.
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4. Investigation of resistive switching in vertically aligned carbon
nanotubes using scanning tunnel microscopy

4.1 Influence of voltage pulses amplitude on resistive switching of strained
carbon nanotubes

The dependence of the resistive switching of a vertically aligned carbon
nanotube on the voltage pulse amplitude was studied using the STM spectroscopy
using the probe nanolaboratory Ntegra. Figure 18 shows the current-voltage
characteristics of a strained carbon nanotube, obtained by applying a series of
voltage sawtooth pulses with amplitude of 1-8 V, duration of 1 second, and tunnel
gap of 1 nm. The diameter of a VA CNT of the investigated array was 95 + 5 nm,
length 2.3 + 0.2 pm, and density of nanotubes in the array was 18 pm™2. It should be
noted that the current-voltage characteristics are represented in the range from 0
to 50 nA, which relates to the peculiarities of the measuring system of the scanning
tunneling microscope.

The measurement results showed that resistive switching of the VA CNT does
not occur when the applied voltage amplitude is less than2 V (Figure 18a). This
is due to the insufficient value of the external electric field for the formation of a
low-resistance state in the nanotube [28]. The reproducible resistive switching was
observed with a further increase in amplitude to 4 V and more (Figure 18b-d).
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Figure 18.

CVCs of VA CNT upon application of a series of sawtooth voltage pulses with amplitude: (a) 2 V; (b) 4 V;

(c) 6 V;and (d) 8 V.
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The Rygs/Rygs ratio increased from 1 to 52 with an increase in the amplitude U from
1 to 8 V. This dependence is explained by the fact that the nanotube had the same
resistance values of Rygs, while the resistance of its low resistance state decreased
inversely to the increase in the applied voltage amplitude due to the compensation
of the internal electric field arising during deformation of the VA CNT with an
external electric field [28].

It should be noted that the values of Ryrs and Rygs of the VA CNT are 2-3
times lower at U < 0 than at U > 0. It is due to the fact that associated with the
occurrence of a piezoelectric charge, internal field of the nanotube [33, 34]
is co-directed with an external electric field, and accordingly, reduces the
resistance of the VA CNT when a negative voltage is applied and is oppositely
directed and increases the total resistance of the VA CNT when a positive volt-
age is applied.

4.2 Influence of deformation on resistive switching of strained carbon nanotubes

The studies of the influence of deformation on resistive switching of a VA CNT
were performed by the STM spectroscopy with a tunneling gapd = 0.2, 0.5, 1, and
2 nm. Controlled elastic deformation of VA CNT was formed on the basis of the
previously developed technique [32] and was equal to the tunnel gap. The value d was
determined on the basis of current-height characteristics and was controlled using
the STM feedback system. Figure 19 shows the experimental current-voltage charac-
teristics obtained by applying voltage sawtooth pulses with amplitudes of 4 and 8 V.

Analysis of the obtained CVCs showed that at U = 4 V, the Ry gg value initially
decreased and increased again at AL = d = 2 nm (Figure 19a). This is due to the
fact that the magnitude of the external electric field was not enough to compensate
the internal electric field of the nanotube at a deformation of 2 nm. This effect
disappeared as the voltage amplitude increased to U = 8 V due to an increase in the
external electric field (Figure 19b). The values of Rygs and Rigs of the VA CNT
decreased with increasing deformation (Figure 19b). The decrease in the of Rygs
and R; s of the VA CNT is due to the increase in the initial deformation AL ~ d
and the corresponding value of the piezoelectric charge, and is consistent with the
mechanism of memristive switching of VA CNT [28].

It was also shown that the Ryrs/R;rs ratio of the VA CNT does not depend
on the deformation value and is determined by the value of the applied voltage:
the RHRS/RLRS =2-3atU=4V (Figure 193) and the RHRS/RLRS >50atU=8V
(Figure 19b).

LnA

Figure 19.
CVCs of VA CNT at various values of deformation AL = d and at voltage sawtooth pulses amplitude: (a) 4 V;
and (b) 8 V.
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5. Conclusion

Thus, application of scanning probe microscopy techniques for fabrication and
determination of electrical parameters of memristor structures based on vertically
aligned carbon nanotubes, titanium oxide nanostructures, and nanocrystalline ZnO
thin films was presented. It is shown that titanium oxide nanostructures obtained by
local anodic oxidation have a memristor effect without additional electroforming.
The regularities of the manifestation of the memristor properties of oxide nanoscale
structures of titanium are established, and the effect of the thickness of oxide
nanoscale structures and the amplitude of applied voltage pulses on the displayed
memristor effect in them is shown. It was found that the oxide nanoscale structures
of titanium with a thickness of 1.6 nm have a resistance ratio in the high resistance
to low resistance equal to 79.4. By using scratching probe nanolithography was made
memristor structure based on nanocrystalline ZnO thin film obtained by pulsed
laser deposition. The results can be used for micro- and nano-electronic elements
manufacturing, as well as memristor structures, ReRAM elements using probe
nanotechnologies, and for metal oxide and VA CNT-based neuromorphic system
fabrication. The results of the study of resistive switching of vertical aligned carbon
nanotubes using scanning tunneling microscopy are presented.

The results were obtained using the equipment of Research and Education
Center and the Center for collective use “Nanotechnologies” of Southern Federal
University.
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