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Recent studies have shown that nitrogen doping of carbon nanotubes (CNTs) can lead to the formation of piezoelectric properties 
in them, not characteristic of pure CNTs. In this work, nitrogen-doped CNTs were grown by plasma-enhanced chemical vapor 
deposition and the effect of the aspect ratio of the nanotube length to its diameter on its piezoelectric coefficient d33 was shown. 
It was observed that as the aspect ratio of the nanotube increased from 7 to 21, the value of d33 increased linearly from 7.3 to 
10.7 pm/V. This dependence is presumably due to an increase in curvature-induced polarization because of an increase in the 
curvature and the number of bamboo-like “bridges” in the nanotube cavity formed as a result of the incorporation of pyrrole-like 
nitrogen into the nanotube structure. The obtained results can be used in the development of promising elements of nanopiezotronics 
(nanogenerators, memory elements, and strain sensors).
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1.  Introduction

Carbon nanotubes (CNTs) are one of the promising mate-
rials for modern nanoelectronics and nanosystem technol-
ogy due to their high conductivity, hardness, elasticity, and 
scalability.1–7 In addition, recent studies have shown that the 
modification of CNTs properties by incorporating nitrogen 
atoms into the structure of a nanotube opens up new possi-
bilities for their application in making catalysts for lithium- 
ion batteries, supercapacitors and nanogenerators.8–12 In this 
case, the scope of nitrogen-doped CNTs (N-CNTs) depends 
on the type of nitrogen incorporation into the hexagonal lat-
tice of CNTs. The incorporation of graphite-like nitrogen 
in N-CNTs leads, on the one hand, to an increase in con-
ductivity due to the formation of a local donor level, and, 
on the other hand, increases their catalytic activity due to 
the formation of charged nitrogen centers on the surface. 
A similar increase in the catalytic activity and surface reac-
tions facilitating the adsorption of reagents is also observed 
with predominant formation of pyridine-like nitrogen in 
N-CNTs.9,13–16 In this case, pyridine-like nitrogen acts as a 
more active center for reagents desorption and adsorption due 
to the formation of additional acceptor-like electron state in 
the form of a vacancy.9,13,14 As a result, active research on the 
effect of graphite-like and pyridine-like nitrogen on the elec-
trochemical properties of N-CNTs is carried out to develop 

efficient catalysts and supercapacitors.9,17 The formation of 
pyrrole-like nitrogen in nanotubes leads to the manifestation 
of anomalous piezoelectric properties of N-CNTs associated 
with the formation of bamboo-like defects in the nanotube 
cavity.12 The bamboo-like defects are graphene sheets formed 
into the CNT cavity. The formation of such defects is caused 
by the formation of pentagonal defects in the hexagonal lattice 
of the nanotube, which lead to the curvature of the graphene 
sheets into the nanotube and the formation of “bridges”. In 
this case, the value of the piezoelectric strain coefficient of 
N-CNT can reach up to 200 pm/V,18 which exceeds the values 
for the main piezoelectric nanomaterials (ZnO,19,20 BaTiO3,21 
PVDF22) and is comparable with the values for ceramic 
material based on the PZT system.23,24 It should be noted that 
we published our first works on the presence of piezoelec-
tric response in CNTs in 2017.25,26 Later, it was shown that 
the value of the piezoelectric coefficient increased with an 
increase in the defectiveness of CNTs caused by a decrease in 
the growth temperature.27 It was only in 2022 when we pro-
posed a mechanism for the occurrence of piezoelectric effect 
in CNTs that was associated with doping with nitrogen in the 
pyrrole-like state and the formation of bamboo-like defects.12 
The possibility of efficient conversion of N-CNT nanoscale 
deformations into a surface potential of up to hundreds of mV 
and a current of up to hundreds of nA was also shown.12,28 

‡Corresponding author.

This is an Open Access article published by World Scientific Publishing Company. It is distributed under the terms of the Creative Commons Attribution 4.0 
(CC BY) License which permits use, distribution and reproduction in any medium, provided the original work is properly cited.

2241001.indd   1 12-29-22   15:43:24

https://dx.doi.org/10.1142/S2010135X22410016
mailto:mailina@sfedu.ru


M. V. Il’ina et al. J. Adv. Dielect. 12, 2241001 (2022)

2241001-2

FA WSPC/270-JAD 2241001 ISSN: 2010-135X

The results obtained suggest that N-CNTs are highly promis-
ing for creating nanopiezotronic devices (memory elements, 
nanogenerators and strain sensors). However, the technologi-
cal implementation of these devices requires further study of 
the influence of growth modes of N-CNTs on their piezoelec-
tric properties.

This work is a logical continuation of the abovemen-
tioned studies and is aimed at characterizing the piezoelec-
tric response in N-CNTs obtained by plasma-chemical vapor 
deposition (PECVD) at different heating times of the nickel 
catalytic film at the stage of catalytic centers formation in 
order to create promising nanopiezotronic devices based on 
them.

2.  Methods and Materials

2.1.  Growth of N-CNTs

Nitrogen-doped carbon nanotubes were grown by plasma- 
enhanced chemical vapor deposition in acetylene (70 sccm) 
and ammonia (210 sccm) flows acting as carbon and nitro-
gen precursors, respectively.29 A silicon wafer was used as a 
substrate. A TiN film with 100 nm thickness was deposited 
on the silicon wafer by magnetron sputtering to form the 
lower electrode. Next, a film of catalytic nickel with thick-
ness of 15 nm was deposited. Then, the Ni/TiN/Si structure 
was scribbled into 5 × 5 mm2 substrates and placed in a 
PECVD chamber, where heating was carried out to 660°C 
for 14, 16 and 18 min in argon (40 sccm) and ammonia (15 
sccm) flows. As a result, Ni catalytic centers were formed for 
the subsequent growth of vertically aligned N-CNTs.30 The 
growth time was 15 min. And, the plasma power was 43 W 
(430 V, 0.1 A).

2.2.  Characterization of N-CNTs

Geometric parameters of the N-CNTs were defined with the 
help of scanning electron microscopy (SEM) using Nova 
NanoLab 600 (FEI, Netherlands). The surface composi-
tion and chemical state of the N-CNTs were determined by 
X-ray photoelectron spectroscopy (XPS) using the K-Alpha 
ThermoScientific equipment with a monochromatic X-ray 
source Al Kα (hν = 1486.6 eV). The structural analysis of the 
N-CNTs was conducted by the transmission electron micros-
copy (TEM) using Tecnai Osiris (FEI, Netherlands).

The study of the piezoelectric properties of the N-CNTs 
was performed by piezoresponse force microscopy (PFM) in 
jumping (or hybrid) mode. The piezoresponse distribution 
map was built on the basis of a set of force curves when an 
alternating voltage (1 V, 5 kHz) was applied at the moment 
the probe touched the sample. We used HA_NC probe with 
a conductive Pt coating with a force constant of 12 N/m, a 
resonant frequency of 235 kHz and a tip diameter of 20 nm. 
Jumping mode of the PFM is a more sparing research tech-
nique and does not lead to the separation of vertically aligned 

N-CNTs from the substrate during scanning, similar to how 
it is observed for contact methods of atomic force micros-
copy.31 The piezoelectric strain coefficient d33 of N-CNTs was 
determined on the basis of the dependence of the mechanical 
vibration amplitude of the nanotube on the value of the alter-
nating voltage pulse U = UDC + UAC(sin (jt)) with UDC of ± 8 
V, UAC of ± 1.0 V and j of 5 kHz. The magnitude of the piezo-
electric strain coefficient N-CNTs was determined as d33 = 
k·dA/dUDC,32 where A is the displacement amplitude of the 
AFM probe under the action of the applied voltage, k is the 
proportionality factor that determines the that relates the mea-
sured vibration amplitude in nA to the surface displacement 
in pm. The proportionality factor k was pre-calibrated for this 
PFM measurement system and is equal to 18.81 pm/nA.

3.  Results and Discussion

Analysis of SEM images of N-CNTs experimental samples 
showed that the heating time of the nickel catalytic layer 
influenced the geometric parameters of nanotubes (Fig. 1).

Thus, with an increase in heating time from 14 to 18 min, 
the diameter of N-CNTs decreased from 106 ± 26 to 59 ± 
18 nm, and the length increased from 830 ± 102 to 1254 ± 
95 nm (Fig. 1). In this case, a decrease in the diameter of 
nanotubes led to a corresponding increase in the density of 
nanotubes in an array from 12 to 28 µm−2. This pattern is 
probably associated with an increase in the heating rate and, 
as a result, with an increase in the rate of surface diffusion of 
nickel during heating of the Ni film, which led to the coag-
ulation of small catalytic centers into larger centers and an 
increase in the uniformity of their distribution over diameters 
with a decrease in heating time. A change in the diameter 
of the formed catalytic centers, in turn, led to a subsequent 
change in the diameter of N-CNTs. The effect of temperature 
and heating time on the formation of catalytic centers was 
described in detail in Ref. 30.

Analysis of the XPS spectra showed that the experimen-
tal samples had similar chemical composition and contained 
57  atomic percent (at.%) of carbon, 19 at.% of oxygen, 
11.4 at. % of nitrogen, 10.6 at.% of titanium and 2 at.% of 
nickel. The high nitrogen concentration is due to the influ-
ence of the signal detected from the TiN sublayer. At the 
same time, the analysis of the high-resolution spectra of Ti2p 
and N1s showed that about 8% of nitrogen was in the TiN 
sublayer, the remaining 3.4% of nitrogen was incorporated 
into the nanotube structure. The analysis of the high-reso-
lution spectrum C1s showed (Fig. 2(a)) that there were 
energy peaks for the C=C bond (284.6 eV) characteristic 
of sp2 hybridization of carbon and for the C–C bond (284.8 
eV) caused by the presence of adsorbed adventitious carbon 
and defects in the two-dimensional structure of the graphene 
sheet. A significant amount of bonds (about 18 at.%) of car-
bon with nitrogen, which are characteristic of nitrogen-doped 
CNTs, were also detected. The presence of an adsorption 
layer of atmospheric oxygen on the surface of N-CNTs led to 
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the formation of C–O (286.1 eV) and C=O (288.5 eV) bonds 
with oxygen (about 10%). An energy peak (283.6 eV) was 
also observed, corresponding to nonstoichiometric nickel 
carbide (about 3 at.%), which was formed during the growth 
of N-CNTs on the surface of the catalytic Ni particle.

The high-resolution spectrum N1s showed that there were 
intensity peaks associated with signal detection from the TiN 
sublayer and its oxide (397.5 and 396.5 eV, respectively) and 
intensity peaks associated with nanotube doping (Fig. 2(b)). 
An analysis of the peaks corresponding to the incorporation 

of nitrogen into the nanotube structure showed that nitro-
gen was predominantly (35%) in the pyridine-like form 
(398.5–398.8 eV13,16,33), which led to the formation of vacan-
cies in the hexagonal lattice of the nanotube. The oxidized 
form of pyridine-like nitrogen (403.2 eV) was also present, 
the concentration of which was 14%. The concentration of 
graphite-like nitrogen (401.1 eV13,16,33), which replaced car-
bon atoms at the sites of the CNT hexagonal lattice, was 
23%. The concentration of nitrogen in the pyrrole-like form 
(400.1–400.2 eV13,16,33), which corresponded to the substi-
tution of carbon atoms at lattice site with the formation of 
pentagonal defects and led to the formation of bamboo-like 
structural defects,15,34,35 was 15%. The process of incorpo-
ration of the pyrrole-like nitrogen with the formation of a 
pentagonal defect competes with the incorporation of the 
graphitic-like or pyridine-like nitrogen with the formation of 
a regular hexagon due to different rates of surface diffusion 
of new carbon and nitrogen atoms to the “catalyst-graphene 
sheet” growth boundary of the nanotube.12–15 The formation 
of pentagon defects is observed when the flux of surface 
diffusion of carbon atoms decreases and the characteristic 
time of arrival of a new carbon atom at the growth boundary 
becomes longer than the characteristic time of formation of a 
pentagon defect.35 This process can be controlled by chang-
ing the growth temperature and the ratio of process gas flows 
of acetylene and ammonia.12–14 The mechanism of the for-
mation of bamboo-like defects in CNTs is described in more 
detail in Refs. 15, 34 and 35.

PFM studies of the samples showed that a significant ver-
tical piezoresponse was detected at the tops of the N-CNTs 
(Figs. 3(a)–3(c)). Analysis of the vertical piezoresponse 
phase signal (Fig. 3(d)) suggests the direction of polarization 
along N-CNTs: the polarization vector is directed from the 
top to the base of the nanotube. The magnitude of the lateral 
piezoresponse of N-CNTs was 5–6 times less than the verti-
cal piezoresponse (Fig. 3(d)), with the predominant direction 
of the longitudinal polarization vector from the center to the 
side surface of the nanotube. The analysis of PFM images 
allows us to speak about the predominant direction of polar-
ization along the nanotube axis.

To quantify the vertical piezoresponse of N-CNTs, piezo-
electric strain coefficient d33 values were calculated for all 
samples (Fig. 4). It was found that the value of d33 increased 
from 7.3 ± 0.2 to 10.7 ± 0.9 pm/V with an increase in the 
heating time of the Ni/TiN/Si structure from 14 to 18 min 
(Table 1). The calculated values of d33 were lower than in 
Refs. 12 and 18, which was associated with a lower concen-
tration of pyrrole nitrogen.

The dependence of the piezoelectric strain coefficient of 
N-CNTs on the heating time of the Ni/TiN/Si structure is 
probably due to a change in the diameter and length of the 
nanotubes as a result of a change in the geometric parame-
ters of the Ni catalytic centers (Table 1). Thus, we previously 
established that the occurrence of the piezoelectric effect in 
carbon nanotubes is due to the incorporation of pyrrole-like 

Fig.  1. SEM images of N-CNTs arrays grown on a Ni/TiN/Si 
structure subjected to different heating times at the stage of catalytic 
centers formation.
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nitrogen into their structure, which leads to the formation of 
bamboo-like defects.12 In turn, bamboo-like defects are the 
source of curvature-induced polarization36 caused by the cur-
vature of the graphene sheet, which forms a characteristic 
“bridge” in the cavity of N-CNTs (Fig. 5).

As a result, an increase in the diameter of N-CNTs leads 
to a decrease in the curvature of the graphene sheet sur-
face, which forms a bamboo-like “bridge”, thus causing 
a decrease in the electric dipole moment pi.37 Hence, the 
piezoelectric strain coefficient of N-CNTs decreases with 
an increase in a nanotube diameter (Table 1). On the other 
hand, the total value of curvature-induced polarization P 
is the ratio of the sum of pi formed by each bamboo-like 
“bridge” of a vertically aligned nanotube to its volume 
(Fig. 5). This fact leads to an increase in the piezoelectric 
strain coefficient of N-CNTs with an increase in its length, 
since the sum of the dipole moments increases significantly. 
To simultaneously consider these dependencies, it is con-
venient to use such a characteristic of carbon nanotubes as 
the aspect ratio of their length to diameter. The dependence 
of the piezoelectric strain coefficient of the N-CNTs on the 
aspect ratio is shown in Fig. 4(b). It can be seen that with 
an increase in the aspect ratio of N-CNTs, the value of d33 
increases linearly. At the same time, it should be noted that 
an increase in the density of N-CNTs in an array with a 
decrease in their diameter does not affect the value of the 
d33. However, there may be an increase in the piezoelectric 
response, which is the current detected during the nano-
tube deformation, with an increase in the N-CNT density 
in the array.12 This fact is due to an increase in the num-
ber of N-CNTs in contact with the probe during the mea-
surement. The obtained pattern is in good agreement with 
the previously proposed mechanism for the occurrence of 
piezoelectric effect in nitrogen-doped carbon nanotubes12 
and fundamental theory of nanopiezotronics.38

Thus, the aspect ratio of N-CNTs is a significant factor 
influencing their piezoelectric response under the condition 
of an equal concentration of nitrogen defects. At the same 
time, it should be noted that it is the value of the concentra-
tion of nitrogen defects, primarily pyrrole-like nitrogen, that 

(a) (b)

Fig. 2. High-resolution XPS spectrum C1s (a) and N1s (b) of the N-CNTs grown on a Ni/TiN/Si structure after 14 min of heating.

Fig. 3. (a) SEM image (top view) with size 5 × 5 µm2 and PFM 
study: (b) Topography image with size 5 × 5 µm2, (c, d) vertical 
piezoelectric response and (e, f) lateral piezoelectric response of the 
N-CNTs grown on an Ni/TiN/Si structure after 14 min of heating.
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is the main factor determining the value of the piezoelectric 
strain coefficient of N-CNTs.12

4.  Conclusion

Thus, we have shown that the piezoelectric strain coefficient 
of the N-CNTs increases linearly with the aspect ratio of their 
length to diameter. In this case, the value of the aspect ratio 

of N-CNTs depends on the heating rate of the nickel catalytic 
film at the stage of catalytic centers formation. A change in 
the heating rate makes it possible to vary the diameter of cat-
alytic centers, which subsequently determines the geometric 
parameters of nanotubes. At the same time, a change in the 
heating rate does not lead to a change in the concentration 
and type of nitrogen defects in N-CNTs. The results obtained 
make it possible to control the magnitude of the piezoelectric 
response of N-CNTs for a given amount of nitrogen doping. 
The established pattern can be used in the development of 
promising elements of nanopiezotronics, including energy- 
efficient nanogenerators and memory elements.
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