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Abstract

This chapter presents the results of experimental studies of the electrical, mechanical 
and geometric parameters of vertically aligned carbon nanotubes (VA CNTs) using 
scanning probe microscopy (SPM). This chapter also presents the features and difficul-
ties of characterization of VA CNTs in different scanning modes of the SPM. Advanced 
techniques for VA CNT characterization (the height, Young’s modulus, resistivity, 
adhesion and piezoelectric response) taking into account the features of the SPM 
modes are described. The proposed techniques allow to overcome the difficulties 
associated with the vertical orientation and high aspect ratio of nanotubes in deter-
mining the electrical and mechanical parameters of the VA CNTs by standard meth-
ods. The results can be used in the development of diagnostic methods as well as in 
nanoelectronics and nanosystem devices based on vertically aligned carbon nanotubes 
(memory elements, adhesive structures, nanoelectromechanical switches, emission 
structures, etc.).

Keywords: nanotechnology, carbon nanotube, scanning probe microscopy, resistivity, 
Young’s modulus, adhesion, piezoelectric response

1. Introduction

Precise parameters of vertically aligned carbon nanotubes (VA CNTs) control geometric 

parameters, resistivity, Young’s modulus, adhesion, strength, and so on, and are a prereq-

uisite for the devices of nanoelectronics and nanosystems creation on their basis with repro-

ducible and stable characteristics [1–4]. However, the determination of these parameters in 
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the carbon nanotubes (CNTs) by standard diagnostic methods is difficult due to the vertical 
orientation and the high aspect ratio of the nanotubes.

Thus, the application of traditional experimental methods for determining mechanical parameters 

(direct tensile load, pulsed dynamic method, etc.) is complicated due to the size of the VA CNT and 

also because of the need to fasten nanotubes on the substrate. In addition, as shown by the analysis of 

published data, the Young’s modulus (one of the main mechanical parameters of CNTs) has a wide 

range of values in the range 0.4–6.85 TPa [5–13]. The values of the Young’s modulus obtained experi-

mentally are 2–3 times smaller [5, 7–10] calculated on the basis of theoretical models [11–13]. This 

may be due to the fact that the Young’s modulus of CNTs depends essentially on the thickness of the 

CNT wall, which in practice is several times larger than values used in theoretical calculations [14].

The most widely used methods for investigating the electrical properties of microstructures 

require the formation of contact areas of several micrometers in size at the tops of the VA 

CNTs. This fact significantly limits the possibilities of using these methods to determine the 
electrical parameters of individual vertically aligned nanotubes because of their small trans-

verse dimensions [15]. The work on quantitative evaluation and study of VA CNT adhesion to 

substrate is not numerous due to the complicated nature of interaction between the substrate, 

the catalytic center and the nanotube during the growth of the carbon nanotubes and also the 

need to manipulate individual nanotubes during experimental studies [16–18].

Thus, the tasks associated with development of new nanodiagnostic techniques to determine 

the geometric, mechanical and electrical parameters of VA CNTs are relevant in connection 

with the need to control and study parameters of individual vertically aligned carbon nano-

tubes, elements and devices on their basis and also in connection with requirements for devel-

opment of metrological support for nanotechnologies.

A promising method for developing such nanodiagnostic techniques is a scanning probe micros-

copy (SPM) method [19–25]. This method does not require additional fixation of VA CNTs, spe-

cial sample preparation and formation of contact areas on their tops. However, the determination 

of quantitative values of individual carbon nanotube parameters based on results obtained by 

SPM requires analysis of measurement process and development on its basis of techniques for 

determining parameters of CNTs taking into account the features of the SPM method.

This chapter describes unique techniques for determining the height, Young’s modulus, 

bending stiffness, resistivity and adhesion to a substrate of vertically aligned carbon nano-

tubes, based on the methods of scanning probe microscopy. Described techniques can be used 

for nanodiagnostics of parameters of individual vertically aligned carbon nanotubes and for 

creation of nanoelectronic elements and devices on their basis [1, 11, 21, 23, 25–29].

2. Scanning probe techniques for characterization of vertically 

aligned carbon nanotubes

2.1. Experimental samples and equipment

The experimental samples of vertically aligned carbon nanotubes were grown using the 

NANOFAB NTC-9 nanotechnology multi-functional complex (NT-MDT, Russia) using the 
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plasma-enhanced chemical vapor deposition (PECVD) method [2, 25, 30, 31]. A silicon 

wafer with a deposited titanium film and a nickel catalytic film with thicknesses of 20 and 
10 nm, respectively, was used as the initial substrate. Acetylene was used as the reaction 

gas. The growth of VA CNT arrays was carried out at a pressure of 4.5 Torr and a tem-

perature of 750°C. The growth parameters for experimental samples were characterized by 

the growth time, the acetylene feed rate and current flowing in the system. The structural 
analysis of the VA CNT arrays was conducted by the transmission electron microscopy 

(TEM) using Tecnai Osiris (FEI, Netherlands) and the Raman spectrometer Renishaw InVia 

Reflex (Renishaw plc, UK). Analysis of TEM images and Raman spectra showed that the 
experimental samples were multi-walled carbon nanotubes [3]. Surface investigations of 

the obtained VA CNT arrays were carried out using a scanning electron microscope (SEM) 

Nova Nanolab 600 (FEI Company, Netherlands).

Experimental studies of geometric, mechanical, electrical and adhesive properties of VA CNT 

arrays were carried out using the Ntegra probe nanolaboraty (PNL) (NT-MDT, Russia). To pro-

cess the experimental data, the ImageAnalysis application package was used. A commercially 

available silicon cantilever of the NSG 20 brand was used as the probe of the atomic force micro-

scope in developing the technique for determining the height of the VA CNT array. Investigations 

of the mechanical properties of carbon nanotube were carried out at Ntegra PNL by an integrated 

scanning hardness nanotester. The indenter was a diamond triangular pyramid of Berkovich 

with an angle at the vertex between the edge and height θ = 70°. Investigations of the electrical 

parameters of VA CNTs were carried out by scanning tunneling microscopy (STM) method in 

spectroscopy mode with a distance between the STM probe and the VA CNT top equal to 0.5 nm. 

A tungsten probe made by an electrochemical method was used as a STM probe. Experimental 

studies of the VA CNT adhesion to a substrate were carried out by atomic-force microscopy 

(AFM) in current spectroscopy mode, with a distance between CNT top and an AFM probe equal 

to 1 nm. Experimental studies of piezoelectric response of VA CNT were performed by the AFM 

method in force spectroscopy mode. A commercially available silicon cantilever with a platinum 

coating of NSG11/Pt brand with a tip radius of 20 nm was used as an AFM probe.

2.2. A technique for determining the height of a vertically aligned carbon nanotube 

array

One of the promising methods for studying nanoscale structures is the atomic force micros-

copy, which allows one to determine the parameters of nanostructures without special sample 

preparation and to modify them by probe nanolithography methods [25]. The main difficulty 
in the study of VA CNT arrays by the AFM method is the mobility of nanotubes in their inter-

action with the probe. In addition, at a high density of carbon nanotubes in the array, the depth 

of penetration of the AFM probe between the individual nanotubes is limited by the param-

eters of the probe itself (the radius of curvature and aspect ratio of tip sides), which can lead 

to the display on AFM images of nonindividual nanotubes in the array and their bundles [25].

The study of influence of AFM scanning mode (contact, semi-contact and noncontact) on the 
quality of the image obtained on the surface of VA CNT array (with a diameter D = 80 nm, 

length L = 2 μm and density of nanotubes in the array n = 30 μm−2) shows that the carbon 

nanotubes “detach” from substrate-surface VA CNTs in AFM contact mode (Figure 1a). As 

a result, the AFM contact mode cannot be used for nanodiagnostics and for determining the 
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Figure 2. The images of the VA CNT array obtained after scanning in a semi-contact mode with a pressing force of the 

AFM probe to surface more than 10 μN: (а) AFM images; (b) and (c) SEM images.

VA CNT geometric parameters [25]. The study of the VA CNT array in the semi-contact mode 

shows that the individual VA CNTs are combined into bundles when the probe is exposed 

(Figure 1b). The main disadvantage of AFM images of VA CNT array obtained in a semi-

contact mode is the presence of a number of scanning artifacts caused by the high mobility of 

nanotubes during mechanical contact with the probe, and as a consequence, the relatively low 

resolution of this AFM mode (Figure 1b).

In addition, a partial destruction of the VA CNT array is possible when scanning in a semi-

contact mode with a pressing force of the AFM probe to surface more than 10 μN and scan-

ning frequency more than 1 Hz (Figure 2).

The usage of the AFM noncontact mode at which the probe interacts with the array surface 

only due to van der Waals forces [32] made it possible to obtain AFM images of bundles 

of vertically aligned carbon nanotubes with a higher resolution, without explicit artifacts 

(Figure 1c). In the noncontact mode, the individual nanotubes were also combined into 

bundles with a diameter of about 300 nm (Figure 1c) under the action of van der Waals forces 

[25]. Statistical processing of AFM images showed that the maximum height of the bundle 

was 2.52 μm, the average height was 1.27 ± 0.35 μm and the density of individual VA CNT 

bundles in the array was about 1.68 μm−2 [25].

Figure 1. AFM images of the surface of the VA CNT array obtained by AFM: (a) in contact mode, (b) in semi-contact 

mode and (c) in noncontact mode [25].
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Thus, it has been shown that the optimal scanning mode for determination of the geometric 

parameters of vertically aligned carbon nanotubes is the AFM noncontact mode, which allows 

one to obtain AFM images with a higher resolution resolving and without destroying the VA 

CNT structure. The results obtained by the AFM noncontact mode correlate well with the 

values of the geometrical parameters of the VA CNT determined by the SEM method.

Based on the obtained results, a technique for measuring a VA CNT array height was devel-

oped. This technique was based on sequential scanning in contact, then in semi-contact or non-

contact modes of a VA CNT array with different areas [25]. So, the VA CNT array were scanned 

with an area of 10 × 10 μm2 and then 30 × 30 μm2 (Figure 3a, b). The analysis of the profilogram 
of the scanning area allowed to determine the maximum height of the VA CNT array equal to 

1.98 μm and the average height of VA CNTs in the array equal to 1.12 ± 0.45 μm (Figure 3c).

The developed technique for measuring the VA CNT array height allows to determine the 

height value with a higher reliability than a semi-contact or noncontact mode in that the 

measurement of this parameter is made relative to substrate’s surface and not the greatest 

penetration depth of the AFM probe into the array. Moreover, the developed technique makes 

it possible to obtain and automatically process a statistical set of the geometric parameters’ 

values of carbon nanotubes in contrast to the SEM method.

2.3. A technique for determining the Young’s modulus and bending stiffness of 
vertically aligned carbon nanotubes

One of the promising methods for determining the Young’s modulus of vertically aligned 

CNTs is the nanoindentation method based on indenting a solid needle (indenter) into the 

array by applying an external load and obtaining the dependence of the penetration depth 

of the indenter into the array from nanoindentation force [11, 22]. A schematic process of 

nanoindentation of a vertically aligned carbon nanotubes array is shown in Figure 4. Initially, 

the indenter is in the approached state, then the load is applied and the indenter interacts with 

the array surface and touches the first VA CNT at the depth h
1
; with a further increase in the 

load, the first nanotube begins to bend and the indenter touches the second tube at the depth 
h
2
 (Figure 4a). At a given depth h, the indenter interacts with the i-number of VA CNTs, each 

of which is deflected by a distance w
0
 (Figure 4b), depending on the initial touch depth of the 

indenter with the i-tube and the geometry of the indenter [13]:

Figure 3. Measuring a VA CNT array height based on developed technique: (a) SEM image, (b) AFM image and  

(c) profilogram along the line [25].
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   w  
0  
 =  (h −  h  

i  
) tgθ.  (1)

On the other hand, the nanoindentation process can be considered using a micromechanical 

model. This model is based on the beam theory, according to which an individual vertically 

aligned nanotube is an elastic hollow cylindrical rod fixed at one end. In this case, the elastic 
deflection w

0
 of a carbon nanotube with an outer diameter D and a height L when an external 

load is applied is described by the equation [11]:

   w  
0
   =   T __ 

P
   (  

tgkL
 ____ 

k
   − L) ,  (2)

where P and T are the forces acting on the nanotube parallel and perpendicular to its axis, 

respectively (Figure 4a); k = (P/(YI)eff)
1/2, (EI)eff is the effective bending stiffness of a VA CNT 

with an effective moment of inertia equal to Ieff ≈ πD4/64 [11].

Earlier, a method was developed for determining the mechanical parameters of a VA CNT 

based on the nanoindentation using a micromechanical model [11]. The main shortcoming 

of this method was the use of bending stiffness as a rigidity parameter of theoretical and 
experimental dependencies, from which the value of the Young’s modulus of the VA CNT is 

calculated [11] This fact significantly reduced the reliability of the obtained results. To elimi-
nate this shortcoming, we proposed a technique for determining the bending stiffness (EI)eff 
for each i-tube interacting with the indenter using experimental dependences [22, 28, 29]. For 

this the force P acting on one CNT was represented as [22]:

  P =  ( P  
IND  

 −  P  
i
  )  cos θ / i,  (3)

where P
IND

 is the indentation force representing the vector sum of the forces P and T (Figure 4a), 

P
i
 is the indentation force corresponding to the depth hi of touching of the i-tube and i is the 

number of nanotubes interacting with the indenter at the P
IND

. The values of the P
IND

 and P
i
 

forces are determined from the experimental dependences obtained in the nanoindentation 

process of the VA CNT array.

Figure 4. Schematics of the nanoindentation process of the VA CNT array: (a) the deflection of the first nanotube and the 
touching of the second nanotube of the indenter with increasing applied force; (b) the interaction of the indenter with i 
nanotubes at depth h [29].
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Thus, Young’s modulus is determined from the following expression based on the technique 

developed by us [22]:

  Y =   
64 ( P  

IND
   −  P  

i
  )  cos θ

  _____________ π  iD   2   k   2 
  .  (4)

The number of nanotubes i interacting with the indenter for a given indentation force is 

defined as the product of the total interaction area of the indenter S at penetration depth h 
and density of the VA CNTs in an array. The total area S is the sum of the cross-section area of 

the indenter S
ind

 at depth h, the interaction area by the perimeter of indenter S
per

 and the cross-

sectional area of the nanotube S
CNT

. Due to the fact that the Berkovich indenter is a regular 

triangular pyramid with the angle at the vertex θ = 70°, the height of the triangle lying at the 

base of the pyramid is a = 1.5 h∙tg70° and the value of the edge of the base is c = 2a∙tg30°. The 

interaction area of the indenter S at the penetration depth h with one tube is [22]:

  S = i / n =  S  
ind

 
  +  S  

per
 
  +  S  

CNT

   = 9.853  h   
2

  + 14.355  hD  
0
   + 3.141  D  

0
  2  / 4.  (5)

This dependence allows us to determine not only the number of tubes interacting with the 

indenter at a depth h but also the depth h
i
 at which the indenter touches the i-tube.

The technique proposed by us technique makes it possible to calculate the Young’s modulus 

of individual VA CNT directly from a set of the experimental dependences obtained in the 

nanoindentation process [22] The limits of applicability of the technique are determined by 

the aspect ratio of vertically aligned carbon and the nanotube deflection value. The maximum 
value of the deflection of CNTs in the nanoindentation process, in which the interaction of the 
indenter with the VA CNT array is still described by the beam theory, depends on the length 

of the carbon nanotube and is determined by the following expression [22]:

   w  
max

   =  (0.2L −  h  
1
 
 ) tgθ,  (6)

where 0.2 L is the maximum penetration depth determined from the experimental dependences.

For the approbation of the developed technique, three experimental samples of VA CNT 

arrays with various geometric parameters were studied (Figure 5). Analysis of SEM images 

made it possible to estimate the diameter and height of carbon nanotubes, as well as the 

density of nanotubes in the array. The values of these parameters are presented in Table 1.

Using the obtained values of the geometric parameters of carbon nanotubes, their mechanical 
properties were investigated by the developed technique. The maximum value of an indenta-

tion force was 100 μN. The nanoindentation was carried out at six different points separated 
from each other by a distance of about 5 μm for each VA CNT array. Figure 6 shows the 

experimental dependences obtained for three arrays of VA CNT.

Analysis of the dependences showed that the curve of the penetration depth of the indenter 

into the array on the indentation force is nonlinear. Two sections of the curve can be distin-

guished: the elastic (from 0 to 250 nm for the first mass, from 0 to 175 nm for the second mass, 
and from 0 to 250 nm for the third one) and inelastic (from 250 to 330 nm for the first array, 
from 175 to 275 nm for the second one and from 250 to 600 nm for the third one) interaction. 

Therefore, only the first section of the curves was used to calculate the Young’s modulus of 
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VA CNTs as the beam theory describes only small elastic deflections. Based on this, the total 
penetration depth of the indenter into the first array h was 250 nm, into the second one was 

175 nm and into the third one was 250 nm. The corresponding indentation forces of Р
IND

 were 

about 8, 10 and 3 μN, respectively (Figure 6).

Using the developed technique, the bending stiffness and Young’s modulus were determined 
for each i-nanotube of the VA CNT interacting with the indenter at a depth h and the average 

values of these parameters were obtained for each VA CNT arrays. The results are shown in 

Table 2. The obtained values of the mechanical parameters of the VA CNT correlate well with 

the literature data [5–7, 9, 11, 22, 28].

An analysis of the results showed that the Young’s modulus of a VA CNT increases with the 

increase in its length. This fact can be associated with decreasing the structural defects of the 

nanotube with increasing length. Analysis of the bending stiffness values showed that the value 
of this parameter increases with increasing diameter of the nanotubes. This is probably due to 

an increase in the number of inner layers in multi-walled carbon nanotubes and an increase 

in Van der Waals forces between layers, which leads to an additional resistance of the carbon 

nanotube to bending deformations during indentation [14].

Thus, the developed technique can be successfully used to measure the mechanical parameters 

of vertically aligned carbon nanotubes by the nanoindentation, as well as to study the effect 
of the geometric parameters of VA CNT on their Young’s modulus [22, 28]. The developed 

technique can be used to determine the mechanical properties of nanotubes and nanowires 

from other materials [21].

Parameter VA CNTs No 1 VA CNTs No 2 VA CNTs No 3

Height L, nm 650 1210 930

Diameter D, nm 44 36 51

Aspect ratio H 15 34 13

The VA CNTs density in array n, μm−2 82 72 69

Table 1. Geometric parameters of the VA CNTs determined by the SEM method.

Figure 5. SEM images of the investigated arrays of vertically aligned carbon nanotubes: (a) VA CNTs No 1, (b) VA CNTs 

No 2 and (c) VA CNTs No 3.
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2.4. A technique for determining the resistivity of vertically aligned carbon 

nanotubes

Scanning probe microscopy is a precision method for studying the electrical properties of 

horizontal carbon nanotubes [33–35]. However, the study of vertically aligned carbon nano-

tube has difficulties due to the mobility of nanotubes upon contact with the SPM probe and 
the formation of VA CNT bundles on the application of an electric field [36]. In addition, the 

determination of the VA CNT resistivity based on the current–voltage characteristics (CVC) 

obtained by the SPM method requires an analysis of the measuring process the CVCs and 

the development of a technique taking into account the features of the SPM [23]. Earlier, it 

was shown that the value of the VA CNT resistivity obtained on the basis of CVCs obtained 

by the AFM method is higher [23] than the value presented in the literature [37]. This is 

due to the influence of contact of the AFM probe on the VA CNT top and the appearance 
of additional resistance in the measuring system. In addition, as a result of preliminary 

scanning of the VA CNT array in an AFM semi-contact mode, nanotubes form bundles, 

which makes it difficult to localize the probe over an individual VA CNT top and to study 
its electrical properties. The determination of the resistance of an individual VA CNT by the 

scanning tunneling microscopy (STM) method allows to overcome these difficulties because 
the resistance of the tunnel contact of the STM probe with the VA CNT top at a voltage of 

Figure 6. Experimental dependences obtained by the nanoindentation of the VA CNT arrays.

Mechanical parameters VA CNTs No 1 VA CNTs No 2 VA CNTs No 3

Bending stiffness, N∙nm2

Young’s modulus, TPa

0.112 ± 0.004

1.15 ± 0.05

0.106 ± 0.005

1.29 ± 0.08

0.195 ± 0.007

0.59 ± 0.12

Table 2. The geometrical and mechanical parameters of the nanotubes in the VA CNT array determined by the AFM and 

the nanoindentation.
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more than 1 V becomes insignificant and does not significantly affect the overall resistance 
of the system “STM probe/VA CNT/conductive layer/VA CNT array/contact.” In addition, 

the formation of VA CNT bundles does not occur during the preliminary scanning by the 

STM method [23].

The schematic and the equivalent circuit of the measuring system of the VA CNT by the STMs 

method are shown in Figure 7. According to Figure 7b, the total resistance of the system   R  
tot

  STM   

is [23]:

   R  
tot

  STM  =  R  
0
  STM  +  R  

CNT/sub
   + R  

CNT
   +     R  

tun
  ,  (7)

   R  
0
  STM  =  R  

Me
   +  R  

CNTs/Me
   + R  

CNTs
   +     R  

CNTs/sub
   +  R  

sub
   +  R  

p
  STM ,  (8)

where   R  
0
  STM   is the total resistance of the conductive layer R

sub
, the contact materials R

Me
 and the STM 

probe   R  
p
  STM  , as well as the array of nanotubes under contact R

CNTs/Me
 + R

CNTs
 + R

CNTs/sub
, determined 

by STM spectroscopy of the array area without the VA CNTs (Figure 7c, d); R
tun

—resistance of 

the tunnel contact between the STM probe and VA CNT; R
CNT

 + R
CNT/sub

 is the total resistance of 

an individual vertically aligned carbon nanotube and the contact between the VA CNT and the 

conductive layer [23].

Earlier, it was shown that the contribution of the resistance of the tunnel contact decreases 

with increasing electric field strength and at large values of the strength one can take R
tun

 ~ 0 

[38], where the total resistance of the individual VA CNT and the contact to the conductive 

layer can be taken as [23]:

   R  
CNT

  STM  =  R  
tot

  STM  −  R  
0
  STM .  (9)

The resistance   R  
tot

  STM   was determined on the basis of the CVC obtained by STM spectroscopy 

on an individual VA CNT. The resistance   R  
0
  STM   was determined on the basis of the equivalent 

circuit for R
tun

 ~ 0 (Figure 7d) and the CVC obtained at the modified area of the VA CNT array. 
The resistivity of an individual VA CNT was defined as ρ

el
 =   R  СNT  

STM  ∙S/L.

The experimental approbation of the proposed technique was carried out on an experimental 

sample of VA CNT array (D = 70–120 nm, L = 2.2 μm, n = 8 μm−2). The distance between the 

Figure 7. Measurement of the electrical parameters of the VA CNT by the STM method: (a, b) a schematic and equivalent 

circuit of measuring the total resistance; (c, d) a schematic and equivalent circuit without resistance of the VA CNT and 
its contacts [23].
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STM probe and the VA CNT top was 0.5 nm. To localize the probe at the VA CNT top, a pre-

liminary scanning of the array surface was performed using the STM method. The resulting 

STM image and the CVC of the VA CNT (solid line) are shown in Figure 8. The resistance of 

the “STM probe/conductive layer/VA CNT array/contact“ system (Figure 7c) was measured 

additionally to exclude the resistance of the STM probe, the conductive layer, the contact 

material and the nanotube array below it from the total resistance system. To measure this 

resistance, the VA CNT array was previously scanned in the AFM contact mode using the 

technique presented in Section 2.2. The CVC of the modified area is shown in Figure 8b 

(dashed line).

Analysis of the obtained STM image of the VA CNT array showed that individual nanotubes 

are not combined into bundles due to the low density of VA CNTs in the array (Figure 8a). 

It allows investigating the electrical properties of individual VA CNTs. The diameter of the 

VA CNT is 118 ± 39 nm. The height of the VA CNT is not displayed correctly on the STM 

image due to the peculiarities of measuring the VA CNT array by the STM [36]. Based on the 

CVC of the individual VA CNT (Figure 8b), it can be concluded that the individual VA CNT 

exhibits two conduction states: high resistance when the voltage is varied from 0 to 10 V and 

low resistance when the voltage varies from 10 to 0 V, which is due to the manifestation of 

a memristor effect in VA CNT [3, 26, 29, 39, 40]. The low-resistance state of the VA CNT was 

used to determine the resistance of the nanotube, since there is no additional resistance in VA 

CNT associated with the internal electric field in the nanotube [3, 40].

The resistance of   R  
tot

  STM   was determined on the basis of the CVC, an individual VA CNT in low-

resistance state, and was 108 kΩ (Figure 8b). The resistance   R  
0
  STM   was determined on the basis of 

the CVC obtained at the modified area of the VA CNT array (Figure 8b) and was 41 kΩ. From 
there, the total resistance of the individual VA CNT and the contact to the conductive layer   R  СNT  

STM   

was 67 kΩ. It was previously shown that a transition electrical resistivity of the contact of the 
VA CNT with the conducting layer is about 118.6 kΩ nm2 (1.186∙10−9 Ω cm2) [23]. Therefore, the 

resistance of the contact for the VA CNTs under study changes in the range R
CNTs/sub

 = 4.1–12.8 Ω. 
Thus, we have R

CNTs/sub
 < <   R  СNT  

STM   and this resistance weakly contributes to the resistance of VA 

CNTs determined by the STM technique. Taking into account the geometric parameters of VA 

Figure 8. Investigation of the VA CNT array by the STM method: (a) 3D STM image of the VA CNT array; and (b) CVCs 
of an individual nanotube (solid line) and substrate (dashed line) [23].
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CNT, the resistivity of VA CNT was (8.32 ± 3.18)∙10−4 Ωm. The obtained value of the resistivity 
of multi-walled VA CNT correlates well with the literature data [41].

2.5. A technique for determining the adhesion of vertically aligned carbon nanotube 

to a substrate

The adhesion of VA CNT to a substrate W
a
 quantitatively characterized by the work of break-

ing the adhesive bond per unit area was assumed to be equal to the work of the internal elastic 

forces arising at the base of the VA CNT at the moment of detachment from substrate [42]:

   W  
a
   = σ   

Δ  L  
0
  
 ___  x  

0
      x  

0
   = σΔ  L  

0
  ,  (10)

where σ = kΔL
0
/S—mechanical stress arising in a VA CNT as a result of elongation; ΔL

0
 is a VA 

CNT elongation at the point x
0
 = 0.01 L at t = t

0
.

From a practical point of view, the adhesion strength and the corresponding detachment force 

(the maximum force that can be applied along the axis of the nanotube without detaching it 

from the substrate) are of great importance. These parameters allow optimizing the design 

and operating parameters of emitters and memory elements based on VA CNT to prevent 
a VA CNT detaching from the substrate. The adhesion strength f

0
 was defined as the force 

required for breaking the adhesive bond of the VA CNT with the substrate referred to the 

area of the adhesive contact. The value of adhesive strength is sensitive to the determination 

method and depends on the type of external load causing destruction of the adhesive contact. 

When applying a mechanical load to the VA CNT, the external force is expended on the defor-

mation of VA CNT (F
x
) and the break of the adhesion bond with the substrate (F

a
 = W

a
∙S/ΔL

0
), 

and the adhesion strength of the VA CNT bond to the substrate is determined as [42]:

   f  
0
   =  ( F  

x
   (L,  t  

0
  )  +  F  

a
  )  / S =  F  

0
   / S.  (11)

When applying an external electric field, the adhesive strength   f  
0
   '   is higher than adhesion 

strength f
0
 by applying a mechanical load due to the attraction force F

at
(t) arising under the 

action of an external electric field which is expended not only on the deformation of VA CNT 
and the break of adhesive bond with the substrate but also on the polarization and creation of 

the conduction current VA CNT. The adhesive strength   f  
0
   '   is determined as [42]:

   f  
0
  '   =  F  

at
   ( t  0  )  / S.  (12)

Thus, the value of the maximum force that can be applied to the “VA CNT/substrate” system 

without its destruction will be different for devices functioning in the field of mechanical 
loads of high electric field.

Experimental studies of adhesion were carried out on a VA CNT array (D = 70—120 nm, 

L = 2.2 μm and n = 8 μm−2) when voltage pulses U were applied with an amplitude of 10 V to 
30 V and duration of 1 s. The detachment of the VA CNT from the substrate was fixed by the 
absence of current on the reverse branch of the CVC (with the voltage from the maximum value 

to zero) obtained in the “substrate/VA CNT/AFM probe” system in the AFM spectroscopy mode 

(Figure 9). The nanotube is retained on the surface of the AFM probe by the van der Waals forces 
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after removal of the external electric field [19]. This effect was used to create critical-dimension 
atomic-force microscopy (CD-AFM) probes by depositing a carbon nanotube from a VA CNT 

array on the tip [19]. As shown by experimental studies, the detachment of a vertically aligned 

carbon nanotube from the substrate did not occur at U = 10 V; a single nanotube was detached 
with a reproducibility of about 30% at U = 15 V; a constant detachment of one or two VA CNTs 
was recorded at U = 20 V; several nanotubes were detached at U > 20 V. The voltage at which 
the detachment of a single VA CNT from the substrate was observed was likely to vary with the 

diameter of the nanotube. It should be noted that only van der Waals forces (~ 15 nN [3]).

Further, a modeling of the VA CNT deformation under the action of an external electric field was 
carried out to determine the quantitative values of the adhesion of VA CNTs to the substrate [3, 29, 

40]. The results of the modeling showed that the VA CNT deformation increases with increasing 

voltage from 10 V to 30 V. So the elongation at the VA CNT base (x = 0.01 L) ΔL
0
 is 0.037, 0.0391, 

0.0404, 0.0419, 0.0441 and 0.0445 nm for a VA CNT with D = 70, 80, 90, 100, 110 and 120 nm, respec-

tively, at corresponding voltage at the detachment (Figure 10). The elongation at the VA CNT top 

(x = L) ΔL
max

 is 1.25, 1.31, 1.36, 1.41, 1.48 and 1.49 nm, respectively (Figure 10). An analysis of the 

dependence of the elongation of a vertically aligned carbon nanotube (at x = L) on its diameter 

showed that at a voltage of 15 V ΔL
max

 of the VA CNT with a diameter of 70 nm is 1.24 nm and the 

ΔL
max

 increases to 1.49 nm with an increase in the diameter of VA CNT to 120 nm. Thus, voltage at 

the detachment of a VA CNT with D = 80 nm is equal to 16.3 V; with D = 90 nm, U = 17.5 V; with 
D = 100 nm, U = 18.7 V; with D = 110 nm, U = 19.6 V and; with D = 120 nm, U = 20 V (Figure 10) [42].

Taking into account the results of modeling, the adhesion of VA CNT (D = 70—120 nm) W
a
 increases 

from 0.55 to 1.19 mJ/m2 with the increase in diameter according to Eq. (10). This fact probably con-

nected with the increase in the number of carbon atoms interacting with the substrate per unit 

area of the adhesive contact, when the diameter of the VA CNT is increased and as a result of the 

increase in the layers of the multi-walled carbon nanotube. The corresponding adhesion force F
a
 

of the individual VA CNT with increasing diameter varied from 92.5 nN to 226.1 nN. According 

to Eq. (11), the adhesive strength of the VA CNT to the substrate f
0
 is 714.1 ± 138.4 MPa when a 

Figure 9. A CVC of the VA CNT during detachment from the substrate by AFM current spectroscopy.
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Figure 10. Dependence of the VA CNT elongation with a diameter of 70–120 nm (at x = L) on the voltage at time t = t
0
. The 

dotted line indicates an elongation at which the VA CNT can be detached from the substrate [42].

mechanical load is applied. The corresponding detachment force F
0
 varies from 1.93 to 10.33 μN 

depending on the diameter of the VA CNT (Figure 11, dependence 1).

The detachment force F
0
 exceeds the adhesion force F

a
 by tens of times due to the considerable 

internal elastic forces arising in VA CNT under tension. According to Eq. (12), the adhesion 

strength of the VA CNT to the substrate   f  
0
   '   is 1.43 ± 0.29 GPa when applying the external 

electric field. The corresponding detachment force is equal to the attractive force F
at
(t
0
) at the 

moment of nanotube detachment from the substrate (varies from 3.83 μN to 20.02 μN for VA 

CNT with a diameter of 70–120 nm) (Figure 11, the dependence of 2) [42].

Figure 11. Dependence of the maximum force that can be applied along the axis of VA CNT without its detachment from 

the substrate, on the diameter of the nanotube: 1—When applying a mechanical load; and 2—When applying an external 
electric field. The points correspond to the values calculated on the basis of experimental and theoretical data; the solid 
line is the approximation of the obtained values [42].
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Thus, the adhesion strength of a VA CNT to the substrate when applying an external electric 

field   f  
0
   '   exceeds by almost two times the adhesion strength when applying mechanical load f

0
. 

It allows using a VA CNT with diameter from 70 to 120 nm grown by PECVD in the devel-

opment and creation of emitters and memory elements with an electric field strength up to 
1010 V/m. The calculated adhesion force and adhesion strength are well correlated with avail-

able literature data [17, 18], which confirms the reliability of the results obtained.

2.6. A technique for determining the piezoelectric response of vertically aligned 

carbon nanotubes

Recent work in the field of investigation of electromechanical properties of carbon nanostruc-

tures has shown the possibility of manifesting flexoelectric and piezoelectric effects in them 
[3, 43–46]. In this connection, an urgent task was the development of a technique for determin-

ing the piezoelectric response of vertically aligned carbon nanotubes because the use of the 

piezoresponse force microscopy in this case is difficult.

To study the piezoelectric response of VA CNT, we proposed a technique based on AFM 

power spectroscopy with parallel detection of a current flowing in the “lower electrode/VA 
CNT/AFM probe” system using an AFM oscilloscope. As a result, deformation of VA CNTs 

was formed in the AFM force spectroscopy mode by mechanical pressing of the probe to its 

top and the current value generated by VA CNT was detected at a known mechanical load. 

Schematic of the measurement process is shown in Figure 12a.

The results of study of the VA CNT array (D = 34 ± 3 nm, L = 370 ± 40 nm and n = 47 μm−2) 

on the basis of the proposed technique showed that the current in the “lower electrode/VA 

CNT/AFM probe” system did not flow when an AFM probe is approached to an individual 
nanotube; with increasing the pressing force of the probe from 0 to 0.5 μN, a current appeared 
the value of which varied from 0 to −24 nA, respectively; the current value decreased back to 
zero at the subsequent removal of the pressing force (Figure 12b).

To exclude the influence of the measurement system and the substrate on the measurement 
results, it is also necessary to carry out similar measurements on a substrate mechanically 

purified from VA CNT using the AFM contact mode. For this sample, the measurements of 

Figure 12. Study of the piezoelectric response of the VA CNT: (a) schematic of the measurement process; and (b) current-
time dependence of a VA CNT and the corresponding AFM force spectroscopy [46].
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the substrate showed the absence of a piezoelectric response when it deformed. The current 

flowing in the measurement system was constant and amounted to about 60 pA, which can be 
attributed to the systematic error of the PNL Ntegra measurement system.

Thus, the developed technique allows us to experimentally estimate the value of a current gen-

erated by deforming a carbon nanotube as a result of a direct piezoelectric effect. The obtained 
results correlate with the experimental and theoretical studies carried out by us earlier [3, 44].

3. Conclusion

Thus, unique techniques for nanodiagnostics of geometric, mechanical, electrical and adhe-

sion properties of vertically aligned carbon nanotubes have been developed. The developed 

techniques were used for experimental investigations of the VA CNT. The obtained values 

of Young’s modulus, bending stiffness, resistivity and adhesion of VA CNTs correlate well 
with the published data [5–7, 9, 11, 17, 18, 22, 28, 41], which confirm the reliability of the 
developed techniques. The developed techniques do not require additional sample prepara-

tion and can be used as express techniques for quality control of grown VA CNTs and ele-

ments of nanoelectronics and nanosystems based on them. The obtained results can be used 

for the development of nanodiagnostic methods, as well as for the design and fabrication of 

resistive energy-efficient memory elements with a high density of cells, adhesive structures, 
nanoelectromechanical switches and emission structures based on vertically aligned carbon 

nanotubes. Application of the developed techniques at the stage of interoperational control of 

the technological process of manufacturing such devices will increase reproducibility of their 

parameters and stability of operation.

The results were obtained using the equipment of Research and Education Center and the 

Center for collective use “Nanotechnologies” of Southern Federal University.

Acknowledgements

This work was financially supported by Russian Foundation for Basic Research (project 
No. 16-29-14023 ofi_m) and Internal grant of the Southern Federal University (project No. 
VnGr-07/2017-2026).

Conflict of interest

The authors declare no conflict of interest.

Atomic-force Microscopy and Its Applications64



Author details

Marina V. Il’ina1*, Oleg I. Il’in1, Vladimir A. Smirnov1, Yuriy F. Blinov1, Boris G. Konoplev2 

and Oleg A. Ageev2

*Address all correspondence to: mailina@sfedu.ru

1 Southern Federal University, Institute of Nanotechnologies, Electronics and Electronic 
Equipment Engineering, Taganrog, Russian Federation

2 Southern Federal University, Research and Education Center “Nanotechnologies”, 
Taganrog, Russian Federation

References

[1] Choi WB, Bae E, Kang D, et al. Aligned carbon nanotubes for nanoelectronics. Nano-
technology. 2004;15:S512-S516. DOI: 10.1088/0957-4484/15/10/003

[2] Chen H, Roy A, Baek JB, Zhu L, Qu J, Dai L. Controlled growth and modification of 
vertically-aligned carbon nanotubes for multifunctional applications. Mater Sci Eng R 

Reports. 2010;70(3-6):63-91. DOI: 10.1016/j.mser.2010.06.003

[3] Il’ina MV, Il’in OI, Blinov YF, et al. Memristive switching mechanism of vertically aligned 

carbon nanotubes. Carbon. 2017;123:514-524. DOI: 10.1016/j.carbon.2017.07.090

[4] Lefebvre J, Antonov RD, Radosavljevic M, Lynch JF, Llaguno M, Johnson AT. Single-
wall carbon nanotube based devices. Carbon. 2000;38(11-12):1745-1749. DOI: 10.1016/

S0008-6223(00)00050-6

[5] Lourie O, Wagner HD. Evaluation of Young’s modulus of carbon nanotubes by micro-

Raman spectroscopy. Journal of Materials Research. 1998;13(9):2418-2422. DOI: 10.1557/

JMR.1998.0336

[6] Ding W, Calabri L, Kohlhaas KM, Chen X, Dikin DA, Ruoff RS. Modulus, fracture strength, 
and brittle vs. plastic response of the outer shell of arc-grown multi-walled carbon nano-

tubes. Experimental Mechanics. 2007;47(1):25-36. DOI: 10.1007/s11340-006-9344-6

[7] Wong EW, Wong EW, Sheehan PE, Lieber CM. Nanobeam mechanics: Elasticity, 

strength, and toughness of nanorods and nanotubes. Science. 1997;277(5334):1971-1975. 

DOI: 10.1126/science.277.5334.1971

[8] Salvetat J-P, Kulik AJ, Bonard J-M, BGA D. Elastic modulus of ordered and disordered 
multiwalled carbon nanotubes. Advanced Materials. 1999;11(2):161-165. http://ipn2.epfl.
ch/CHBU/papers/ourpapers/Salevtat_AdvMater99.pdf

Scanning Probe Techniques for Characterization of Vertically Aligned Carbon Nanotubes
http://dx.doi.org/10.5772/intechopen.78061

65



[9] Treacy MMJ, Ebbesen TW, Gibson JM. Exceptionally high Young’s Modulus observed 

for individual carbon nanotube. Nature. 1996;381(6584):687-680

[10] Poncharal P, Wang ZL, Ugarte D, De Heer WA. Electrostatic deflections and electro-

mechanical resonances of carbon nanotubes. Science. 1999;283(5407):1971-1973. DOI: 

10.1126/science.283.5407.1513

[11] Qi HJ, Teo KBK, Lau KKS, et al. Determination of mechanical properties of carbon nano-

tubes and vertically aligned carbon nanotube forests using nanoindentation. Journal of the 

Mechanics and Physics of Solids. 2003;51(11-12):2213-2237. DOI: 10.1016/j.jmps.2003.09.015

[12] Zhou X, Zhou J, Ou-Yang Z. Strain energy and Young’s modulus of single-wall car-

bon nanotubes calculated from electronic energy-band theory. Physical Review B. 

2000;62(20):13692-13696. DOI: 10.1103/PhysRevB.62.13692

[13] Pantano A, Parks DM, Boyce MC. Mechanics of deformation of single- and multi-wall 

carbon nanotubes. Journal of the Mechanics and Physics of Solids. 2004;52(4):789-821. 

DOI: 10.1016/j.jmps.2003.08.004

[14] Chen X, Liu L, Cao G. Mechanisms of nanoindentation on multiwalled carbon nanotube 
and nanotube cluster. Journal of Nanomaterials. 2008;2008:1. DOI: 10.1155/2008/271763

[15] Chiodarelli N, Masahito S, Kashiwagi Y, et al. Measuring the electrical resistivity and 
contact resistance of vertical carbon nanotube bundles for application as interconnects. 

Nanotechnology. 2011;22(8). DOI: 10.1088/0957-4484/22/8/085302

[16] Deng J, Sun P, Ping Z, Cheng G. Adhesive enhancement improved field emission char-

acteristics of carbon nanotube arrays on energetic ion pre-bombarded Si substrates. 

2011;483:589-594. DOI: 10.4028/www.scientific.net/KEM.483.589

[17] Xia Z, Liang J. Multiscale Modeling of carbon nanotube adhesion for dry adhesives. 
Materials Research Society Symposium Proceedings. 2007;975:1-8. DOI: 10.1557/PROC- 

975-0975-DD10-09

[18] Lahiri I, Lahiri D, Jin S, Agarwal A, Choi W. Carbon nanotubes: How strong is their bond 

with the substrate? ACS Nano. 2011;5(2):780-787. DOI: 10.1021/nn102900z

[19] Ageev OA, Bykov AV, Kolomiitsev AS, et al. Study of modification methods of probes 
for critical-dimension atomic-force microscopy by the deposition of carbon nanotubes. 

Semiconductors. 2015;49(13):1743-1748. DOI: 10.1134/S1063782615130023

[20] Ageev OA, Blinov YF, Il’in OI, et al. Study of the resistive switching of vertically aligned 

carbon nanotubes by scanning tunneling microscopy. Physics of the Solid State. 2015;4: 
807-813. DOI: 10.1134/S1063783415040034

[21] Ageev OA, Konoplev BG, Rubashkina MV, Rukomoikin AV, Smirnov VA, Solodovnik 
MS. Studying the effect of geometric parameters of oriented GaAs nanowhiskers on 
Young’s modulus using atomic force microscopy. Nanotechnologies Russ. 2013;8(1-2): 

23-28. DOI: 10.1134/S1995078013010023

[22] Ageev OA, Il’in OI, Kolomiitsev AS, et al. Development of a technique for determin-

ing Young’s modulus of vertically aligned carbon nanotubes using the nanoindentation 

method. Nanotechnologies Russ. 2012;7(1-2):47-53. DOI: 10.1134/S1995078012010028

Atomic-force Microscopy and Its Applications66



[23] Ageev OA, Il’in OI, Rubashkina MV, Smirnov VA, Fedotov AA, Tsukanova OG. Deter-

mination of the electrical resistivity of vertically aligned carbon nanotubes by scanning 

probe microscopy. Technical Physics. 2015;60(7):1044-1050. DOI: 10.1134/S10637842150 

70026

[24] Umemura K, Komatsu J, Uchihashi T, et al. Atomic force microscopy of RecA–DNA com-

plexes using a carbon nanotube tip. Biochemical and Biophysical Research Communi-

cations. 2001;281:390-395. DOI: 10.1006/bbrc.2001.4333

[25] Ageev OA, Balakirev SV, Bykov AV, et al. Development of new metamaterials for 

advanced element base of micro- and nanoelectronics, and microsystem devices. In: 

Parinov IA, Chang S-H, Topolov VY, editors. Advanced Materials – Manufacturing, 

Physics, Mechanics and Applications. Switzerland: Springer International Publishing; 
2016. pp. 563-580

[26] Il’ina MV, Il’in OI, Rudyk NN, Konshin AA, Ageev OA. The memristive behavior of 
non-uniform strained carbon nanotubes. Nanosyst physics. Chem Math. 2018;9(1):76-78. 

DOI: 10.17586/2220-8054-2018-9-1-76-78

[27] Ageev OA, Blinov YF, Il’in OI, et al. Study of the resistive switching of vertically 

aligned carbon nanotubes by scanning tunneling microscopy. Physics of the Solid State. 

2015;57(4):825-831. DOI: 10.1134/S1063783415040034

[28] Ageev OA, Ilin OI, Kolomiytsev AS, Rubashkina MV, Smirnov VA, Fedotov AA. Investi-
gation of effect of geometrical parameters of vertically aligned carbon nanotubes on their 
mechanical properties. Advances in Materials Research. 2014;894:355-359. DOI: 10.4028/

www.scientific.net/AMR.894.355

[29] Ageev OA, Blinov YF, Il’ina MV, Konoplev BG, Smirnov VA. Resistive switching of 
vertically aligned carbon nanotubes for advanced Nanoelectronic devices. In: Tiwari A, 

Mishra YK, Kobayashi H, Turner APF, editors. Intelligent Nanomaterials. 2nd ed. NJ: 
John Wiley & Sons; 2017. pp. 361-394. DOI: 10.1002/9781119242628.ch11

[30] Il’in OI, Il’ina MV, Rudyk NN, Fedotov AA, Ageev OA. The growth temperature effect 
on vertically aligned carbon nanotubes parameters. Nanosyst Physics, Chem Math. 

2018;9(1):92-94. DOI: 10.17586/2220-8054-2018-9-1-92-94

[31] Klimin VS, Il’Ina MV, Il’In OI, Rudyk NN, Ageev OA. Research of influence of the 
underlayer material on the growth rate of carbon nanotube arrays for manufacturing 

non-volatile memory elements with high speed. Journal of Physics Conference Series. 

2017;917(9). DOI: 10.1088/1742-6596/917/9/092023

[32] Bunch JS, Rhodin TN, McEuen PL. Noncontact-AFM imaging of molecular surfaces 

using single-wall carbon nanotube technology. Nanotechnology. 2004;15(2). DOI: 

10.1088/0957-4484/15/2/016

[33] Ichimura K, Osawa M, Nomura K, Kataura H. Tunneling spectroscopy on carbon nano-

tubes using STM. Physics B. 2002;323:230-232

[34] Meunier V, Lambin P. Scanning tunneling microscopy and spectroscopy of topo-

logical defects in carbon nanotubes. Carbon. 2000;38(11):1729-1733. DOI: 10.1016/

S0008-6223(99)00296-1

Scanning Probe Techniques for Characterization of Vertically Aligned Carbon Nanotubes
http://dx.doi.org/10.5772/intechopen.78061

67



[35] Bobrinetskii II, Nevolin VK, Stroganov AA, Chaplygin YA. Controlling electrical trans-

port through bundles of single-wall carbon nanotubes. Russian MicroElectronics. 2004; 
33(5):292-297. DOI: 10.1023/B:RUMI.0000043045.98569.10

[36] Ageev OA, Blinov YF, Il’in OI, et al. Memristor effect on bundles of vertically aligned 
carbon nanotubes tested by scanning tunnel microscopy. Technical Physics. 2013;58(12): 

1831-1836. DOI: 10.1134/S1063784213120025

[37] Di Bartolomeo A, Scarfato A, Giubileo F, et al. A local field emission study of partially 
aligned carbon-nanotubes by atomic force microscope probe. Carbon. 2007;45(15):2957-

2971. DOI: 10.1016/j.carbon.2007.09.049

[38] Won H, Willis RF. A STM point-probe method for measuring sheet resistance of ultra-

thin metallic films on semiconducting silicon. Surface Science. 2010;604(5-6):490-494. 

DOI: 10.1016/j.susc.2009.11.028

[39] Ilina MV, Blinov YF, Ilin OI, Klimin VS, Ageev OA. Resistive switching of vertically  
aligned carbon nanotube by a compressive strain. Proceedings of SPIE. 2016;10224: 

102240U. DOI: 10.1117/12.2266762

[40] Ageev OA, Blinov YF, Ilina MV, Ilin OI, Smirnov VA. Modeling and experimental 

study of resistive switching in vertically aligned carbon nanotubes. Journal of Physics 

Conference Series. 2016;741:12168. DOI: 10.1088/1742-6596/741/1/012168

[41] Fathi D, Forouzandeh B. Interconnect challenges and carbon nanotube as interconnect in 

Nano VLSI circuits. In: Marulanda JM, editor. Carbon Nanotubes. Rijeka: InTech; 2010. 
DOI: 10.5772/39430

[42] Ageev OA, Blinov YF, Il’ina MV, Il’in OI, Smirnov VA, Tsukanova OG. Study of adhe-

sion of vertically aligned carbon nanotubes to a substrate by atomic-force microscopy. 

Physics of the Solid State. 2016;58(2):309-314. DOI: 10.1134/S1063783416020037

[43] Kundalwal SI, Meguid SA, Weng GJ. Strain gradient polarization in graphene. Carbon. 
2017;117:462-472. DOI: 10.1016/j.carbon.2017.03.013

[44] Ilina MV, Blinov YF, Ilin OI, Rudyk NN, Ageev OA. Piezoelectric effect in non-uni-
form strained carbon nanotubes. IOP Conf Ser Mater Sci Eng. 2017;256:12024. DOI: 

10.1088/1757-899X/256/1/012024

[45] Wang X, Tian H, Xie W, et al. Observation of a giant two-dimensional band-piezoelectric 
effect on biaxial-strained graphene. NPG Asia Materials. 2015;7(1):e154. DOI: 10.1038/

am.2014.124

[46] Il’ina MV, Il’in OI, Blinov YF, Konshin AA, Konoplev BG, Ageev OA. Piezoelectric response 
of multi-walled carbon nanotubes. Materials. 2018;11:638. DOI: 10.3390/ma11040638

Atomic-force Microscopy and Its Applications68


