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INTRODUCTION

The development and testing of energy�indepen�
dent high�access memory elements is one of the prior�
ity trends in the development of contemporary nano�
electronics [1]. A perspective element of such random
access memory is a memristor, viz., a bistable element
whose resistance changes upon the application of an
external field [2, 3]. A typical feature of the memristor
is its ability to preserve the value of the resistance after
the removal of the external field.

Carbon nanotubes (CNTs) belong to the promising
class of nanomaterials possessing unique properties. In
particular, vertically aligned carbon nanotubes
(VA CNTs) [4, 5] can be used in designing new devices
in nano� and microelectronics. The observation of the
memristor effect on monolayer semiconductor CNTs
aligned horizontally on a substrate and on gold�modi�
fied misaligned CNTs was reported in [6] and [7],
respectively. However, the memristor effect in both
cases was associated not only with the properties of
nanotubes themselves, but with additional imposed
conditions also. For example, the memristor effect in
[6] was induced by the interaction of a nanotube with
an insulating substrate and in [7], by the presence of
gold nanoislands on the CNT surface. The possibility
of a manifestation of the memristor effect due to the
properties of CNTs themselves has been investigated
insufficiently.

Scanning tunnel microscopy (STM) is a precision
method for analyzing the properties of nanomaterials
and nanostructures [8, 9]. The STM method is con�
tact�free and makes it possible to study the properties
of vertically aligned CNTs with a high resolution,

which cannot be achieved using other methods (in
particular, atomic force microscopy) in view of the
high mobility of VA CNTs during the interaction of the
probe with their surface [10, 11].

This work is aimed at analysis of the features of
interaction of a STM probe with the surface of the
VA CNT array based on the STM method.

1. EXPERIMENTAL

As the experimental sample, we used a VA CNT
array grown by plasma�enhanced chemical vapor dep�
osition (PECVD) from the gas phase at the multifunc�
tional complex NANOFAB NTK�9 (NT�MDT, Rus�
sia). As the substrate, we used a silicon plate with a
bilayer structure consisting of a 20�nm�thick titanium
film and a 10�nm�thick nickel film formed on its sur�
face. The reaction gas was acetylene. The regimes of
VA CNT growth are described in greater detail in [4, 5].

The geometrical parameters of the VA CNT array
(diameter, height, CNT number density in the
array) were estimated preliminarily using the Nova
NanoLab 600 scanning electron microscope (FEI,
the Netherlands).

The surface of the VA CNT array was studied
experimentally in the dc regime at a voltage U = 0.1 V
using the Solver P47 Pro scanning probe microscope
(NT�MDT, Russia). The role of the lower electrode in
the VA CNT was played by the conducting layer
formed on the silicon substrate surface after the
growth of the CNT, while the upper electrode was the
tungsten STM probe sharpened by electrochemical
etching; we used two STM probes with different radii
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of the tip. The geometrical parameters of the VA CNT
array were determined by statistical processing of the
resultant STM images using the Image Analysis 3.5
software package (NT�MDT, Russia).

2. RESULTS AND DISCUSSION

Analysis of the scanning electron microscope
(SEM) images (Fig. 1) shows that average VA CNT
diameter D is about 95 nm, the average CNT height L
is about 1 μm, and the average number density m in the
array is about 30 μm–2. The growth of VA CNTs fol�
lowed the vertex mechanism (see inset to Fig. 1); at the
vertex of each VA CNT, a catalytic nickel center in the
form of a cone with a base diameter of about 95 nm
and an average height above the VA CNT surface of
about 28 nm was located.

SEM analysis of STM probes (Figs. 2a, 2c) made it
possible to determine the radii of the probes (146 and
50 nm). The current—height characteristics (Figs. 2b,
2d) obtained in the STM�spectroscopy regime using
the prepared STM probes show that the effective probe
radius is 2.0 and 0.5 nm, respectively.

Analysis of the resultant STM images of the
VA CNT array (Fig. 3) revealed that individual VA CNTs
are combined into bundles under the action of an STM
probe.

Experimental studies of the effect of the CNT�
probe tip radius on the diameter of VA CNT bundles
formed has shown that a decrease in the tip radius
reduces the VA CNT diameter due to a decrease in the
area of the region of action of the field produced by the
STM probe. For example, when the VA CNT array is
scanned by a STM probe with a tip radius of 146 nm,
the bundle diameter was 1194 nm (Figs. 3a, 3b), while
the bundle diameter for STM probes with a radius of
50 nm was 436 nm (Figs. 3c, 3d).

Another feature of the interaction of the STM
probe with the surface of an array of VA CNTs is that
the average height of the CNT bundles determined by
the STM method (Figs. 3b, 3d) is much smaller than
the VA CNT height obtained by the SEM method.
This can be due to the limited depth of penetration of
the STM probe between the bundles during dc scan�
ning (Fig. 4a). The revealed features must be taken into
account in analysis of STM images of the VA CNT array
surface.

The process of bunching of individual VA CNTs
can be associated with the action of electric forces
emerging in the STM�probe/VA CNT�array systems
under the action of a nonuniform external electric
field. Analysis has shown that the main contribution to
VA CNT bunching comes from the surface force of
attraction between the STM probe and the nanotube,
which is directed towards the region of the highest
field strength (Fig. 4b):

(1)

where ε is the CNT permittivity, S is the CNT cross�
sectional area, and E is the field strength. When the
distance between the probe and the sample is 0.5 nm,
the probe tip radius is 50 nm, and the applied voltage
is 0.1 V, the field strength is 2 × 108 V/m, and the cor�
responding attractive force is Fat = 78.5 nN. The sur�
face attractive force between the VA CNT and the
STM probe can emerge due to the longitudinal polar�
ization of the VA CNT by the external electric field
[12, 13].

The action of the attractive force leads to the emer�
gence of the elastic force opposing it:

(2)

where ΔL is the VA CNT elongation, k is the elastic
modulus (k ≈ 0.15YD4/L3 [14]), Y is the VA CNT elas�
tic modulus, and D and L are the VA CNT diameter
and height, respectively. The Young modulus of the
VA CNTs under investigation was determined using
the technique developed earlier [10] and was Y = 1.33 ±
0.07 TPa. The average diameter and height of the
VA CNTs were determined using the SEM and STM
images and were found to be D = 95 nm and L = 1 μm.

Estimates show that the emerging attractive force
leads to the nanotube elongation ΔL = 65 nm (which
amounts to approximately 6% of the VA CNT height).
When the STM probe is displaced, the CNT is
deflected along the scanning line. For a high density of
the VA CNT array (of about 30 μm–2), a deflection of
a few nanometers is sufficient for an adjacent VA CNT
to get into the zone of field action and to be combined
with the previous nanotube.

Analysis of the mechanical stresses emerging in the
VA CNT bundle under the action of the attractive
force upon a displacement of the STM probe along the
scanning line shows that the force retrieving the nano�
tube to the initial position is Fx = Fycotβ = Fatcotβ,
where β is the angle of VA CNT inclination to the sub�

Fat 0.5εε0E2S,=

Fat Fel– kΔL,= =

500 nm

4 μm

Fig. 1. SEM images of the experimental sample with a
VA CNT array under a magnification of 200000×; the inset
shows the SEM image under a magnification of 160000×.
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strate (see Fig. 4b). Consequently, for β > 45°, we have
Fat > Fx (cotβ < 1), and the nanotube remains in the
field of action of attractive forces; for smaller inclina�
tion angles (cotβ > 1, Fx > Fat), the nanotube returns to
its initial position. Consequently, the maximal devia�
tion of the VA CNT under the action of surface attrac�
tive forces when the VA CNT is inclined directly from
the base is given by

(3)

The results of experimental investigations of the
VA CNT array show that the CNTs forming bundles
have an angle of inclination to the substrate exceeding
45° (Figs. 3b, 3d).

After the removal of the external field, the VA CNT
bundles do not disintegrate into individual tubes prob�
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Fig. 2. SEM images of tungsten probes and corresponding current–height characteristics: (a, b) probe with a tip radius of 146 nm
and an effective radius of 2 nm; (c, d) probe with a tip radius of 50 nm and an effective radius of 0.5 nm.
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ably as a result of action of the van der Waals forces
emerging between CNTs during the formation of a VA
CNT bundle. The van der Waals force acting between
two carbon atoms is given by

(4)

where Jc is the ionization potential, αc is the polariz�
ability, and r is the atomic spacing.

Then, the force of interaction between VA CNT
vertices is

(5)

where N is the number of carbon atoms participating
in the interaction. Preliminary estimation has shown
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that the van der Waals attractive forces acting between
the VA CNT vertices amount to FVdW = 50 μN for a
distance of 0.5 nm between the vertices and consider�
ably exceed the maximal force tending to retrieve the
nanotube to its initial position ((Fx)max = Fat). Analo�
gous calculations for nickel atoms have shown that the
van der Waals attractive forces acting between nickel
particles at the tips of a VA CNT amount to FVdW =
16 μN. After the removal of the external electric field,
the CNTs remain in the stressed state; as a result, the
geometrical shape of the VA CNT bundle is preserved.

Experiments show that the bunching of VA CNTs is
observed for the negative as well as positive polarity of
the probe, which is in conformity with the proposed
mechanism of combining individual nanotubes into
VA CNT bundles.
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Fig. 3. Results of analysis of the VA CNT method by the STM method: (a) STM image and (b) cross section profile obtained with a
probe having a tip radius of 146 nm; (c) STM image and (d) cross section profile obtained with a probe having a tip radius of 50 nm.
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Analysis of a VA CNT array by an STM probe with
a tip radius of 50 nm (see Fig. 3c) in the STM�spec�
troscopy regime has shown that the current–voltage
(I–V) characteristics obtained during investigation of
the tip of the VA CNT bundle by an STM probe at a
distance of 0.5 nm with a voltage signal depicted in
Fig. 5 formed a hysteresis loop. Typical I–V character�
istics averaged over eight measurements are shown in
Fig. 5. The shape of the I–V curves suggests the exist�
ence of the memristor effect in the structure based on
the VA CNT array. The ratio RLR/RHR of the resis�
tances in the low� and high�resistance states for the VA
CNT array under investigation at a voltage of 180 mV
amounts to 28. No hysteresis was observed on the I–V
curves obtained at the lateral walls of the VA CNT
bundle. The mechanism of the emergence of the
memristor effect in the VA CNTs is obviously complex
by nature and is probably associated with the polariza�
tion of the nanotube itself and with the formation of
space charges at the tip of the STM probe.

Analysis of the memristor effect on various VA CNT
bundles has shown that the ratio of the resistances in
the low�resistance and high�resistance states depends
on the geometrical parameters of bundles. Figure 6
shows the values of RLR and RHR for U = 180 mV for
different VA CNT bundles (see Fig. 3c), which indi�

cate that the value of RHR may change by almost two
orders of magnitude depending on the geometrical
parameters of the VA CNT bundle, while the value
of RLR changes by less than an order of magnitude.

Thus, when the vertices of VA CNT bundles are
investigated using STM spectroscopy, the memristor
effect depending on the geometrical parameters of
VA CNT bundles is observed. Additional experiments
are required for explaining the mechanism of the
emergence of this effect.

CONCLUSIONS

We have studied the features of interaction of an
STM probe with the surface of the VA CNT array
experimentally using STM method. It is shown that
when an external electric field is applied, individual
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Fig. 4. Schematic diagram of processes of (a) formation of
the STM image and (b) interaction of the VA CNT with
the STM probe under the action of the external field.
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VA CNTs are combined into bundles with diameters
determined by the radius of the STM probe tip and
independent of the polarity of the applied voltage. This
effect must be taken into account in analysis of the
properties of VA CNTs by the STM method.

Analysis of the VA CNT array by the STM�spec�
troscopy reveals the existence of the memristor effect.
The VA CNT bundles can be in the low�resistance or
high�resistance state depending on the applied volt�
age, which can be associated with polarization of car�
bon nanotubes and the formation of a space charge at
the tip of the STM probe. The ratio of resistances in
the low� and high�resistance states of the VA CNT
array was 28 at a voltage of 180 mV. It is shown that the
values of resistances RLR and RHR may change by
almost two orders of magnitude depending on the geo�
metrical parameters of the VA CNT bundle.

Our results can be used in the development of tech�
nological processes for preparing energy�effective
ultrahigh�access memory cells based on VA CNT
arrays for elements of vacuum microelectronics and in
analysis of geometrical and electrical properties of
VA CNT by scanning probe microscopy.
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