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The memristive behavior of non-uniform strained carbon nanotubes
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It is shown that the non-uniform elastic strain is the memristive switching origin in carbon nanotubes (CNT). The dependence of the resistance

ratio in high- and low-resistance states of the non-uniformly strained CNT on the value strain is obtained. The process of the strain redistribution

and its effect on the conductivity of CNT under action of the external electric field strength is studied. The obtained results can be used to

develop memristor structures with reproducible parameters based on non-uniformly strained of carbon nanotubes.
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1. Introduction

The evolution of electronic devices creates a constant demand for the development of new technologies and
of operation principles for non-volatile memory. One of the promising development directions in this area is the
creation and investigation of memristor structures based on aligned carbon nanotubes (CNT). Previously, we have
experimentally shown that vertically aligned CNTs exhibit a memristive switching associated with their strain and
polarization [1–3]. Analysis of the literature [4–6] has shown that non-uniform strain in carbon nanostructures
can lead to the appearance of a piezoelectric effect and the corresponding internal electric field in them. We put
forward a proposal that the non-uniform strain of the CNT acts as an additional source of resistance which depends
on the value of the current flowing. The application of an external electric field to the non-uniformly strained
nanotube can lead to the redistribution of the strain and a reproducible switch of nanotube resistance.

The aim of the research is to study a memristive behavior of carbon nanotubes at different non-uniform strain
values.

2. Experimental studies

The experimental sample of the aligned carbon nanotube array was created by plasma-enhanced chemical
vapor deposition (PECVD). CNT array images were obtained by scanning electron microscopy (SEM) Nova
NanoLab 600 (FEI, Netherlands) and scanning tunneling microscopy (STM) using probe nanolaboratory Ntegra
(NT-MDT, Russia) are shown in Fig. 1. The study of the sample by the Raman spectrometer Renishaw InVia
Reflex (Renishaw plc, UK) showed the presence of D-, G-, and G

′
-modes, which is typical for multi-walled

aligned carbon nanotubes [7].
The memristive behavior of the individual strained CNT with diameter (D) of 92 nm and length (L) of

2.2 µm was investigated by the STM in the current spectroscopy mode at applying a sawtooth voltage pulse with
amplitude U from ±1 to ±10 V. The localization of the STM probe over the individual nanotube top was carried
out after the scanning of the CNT array in the constant current mode of STM (Fig. 1b). The upper electrode was
a tungsten probe with a radius of 146 nm. The lower electrode was a conducting layer on the substrate surface.
The non-uniform elastic strain ∆L(x) in the nanotube was created under the action of an external electric field
before the measuring the current–voltage characteristics (CVCs). The strain value ∆L(L) from 0.2 to 3.0 nm was
controlled by the STM feedback system. The surface potential of strained nanotubes was obtained by the Kelvin
Probe method (nanolaboratory Ntegra probe).

3. Results and discussion

The dependence of resistance ratio in high- and low-resistance states (RHR/RLR) of the individual strained
CNT (D = 92 nm, L = 2.2 µm) on the strain value is shown in Fig. 2. This dependence was obtained based on
the CVCs of the CNT at U = 8 V and the reading voltage at 1 V. It was found that the maximum value of the
RHR/RLR corresponded to the ∆L(L) = 1.2 nm, a decrease or increase in this value ∆L(L) led to decrease in
the ratio RHR/RLR (Fig. 2). This was due to the fact that strain ∆L(L) = 1.2 nm corresponds to the condition
of the compensation of the initial internal electric field of the non-uniform strained CNT by the piezoelectric field
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FIG. 1. The experimental sample of the CNT array: SEM image (a) and STM image (b)

that occurred at applying an external electric field. The resistance of the CNT having small strain (> 0.5 nm)
changes insignificant (∼48 MΩ, RHR/RLR ≈ 1) at applying an external electric field due to low value of the
internal electric field of the nanotube. Increasing the strain ∆L(L) to 3 nm leads to the fact that the value of the
arising piezoelectric field becomes insufficient to compensate substantially increased internal electric field in the
strained CNT. As a result, the resistance of the strained CNT increases to 252 MΩ and the ratio RHR/RLR ≈ 1
(Fig. 2).

The results for investigation of the strain redistribution process and its effect on the conductivity of CNT at
∆L(L) = 1.0 nm are shown in Fig. 3.

FIG. 2. The dependence of CNT RHR/RLR on the strain value at U = 8 V

Analysis of the obtained CVCs of the strained CNT (Fig. 3) showed that at low voltage pulse amplitude values
(U ≤ 4 V), the ratio RHR/RLR was also close to 1. This is due to the insufficient external electric field strength
value for the strain redistribution in the nanotube under the action of a piezoelectric effect. A further increase in
the voltage pulse amplitude led to an increase in the external electric field strength and the gradual redistribution
of the CNT strain and a change in its internal electric field. As a result, the ratio RHR/RLR began to increase
with increasing the amplitude value.

The study of the strained carbon nanotubes by the Kelvin probe method confirmed on their tops the presence
of a positive surface potential from 3 to 78 mV depending on the magnitude of the tension. The cause of surface
potentials at the nanotube tops may be the non-uniform elastic strain and piezoelectric effect [6].
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FIG. 3. The CVCs of the nanotube with ∆L = 1.0 nm at different value of the U

4. Conclusion

Thus, the strain in the nanotube acts as a source of additional resistance and the redistribution of this strain
caused by an external electric field leads to a change of nanotube resistance and the emergence of current–voltage
curve hysteresis. The resistance ratios in high- and low-resistance states of the non-uniformly strained CNT are
determined by strain values and the external electric field strength.

The conducted researches are directed to development of the interdisciplinary scientific direction – straintronics,
which studies the change in the physical properties of nanostructures due to elastic strain arising under the action
of controlled external influences. The results obtained can be used to develop promising elements of nanosystems
and nanoelectronics based on non-uniformly strained carbon nanotubes, in particular, memristor structures with
reproducible parameters.
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