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The regularities of the influence of the growth temperature on the geometrical parameters, the concentration of

the dopant nitrogen and the type of defects formed in carbon nanotubes grown on a molybdenum sublayer are

established in this paper. It is shown that the best piezoelectric and resistive properties are observed in nitrogen-

doped carbon nanotubes (N-CNTs) grown at a temperature of 525◦C, which is due to the highest concentration of

dopant nitrogen and high aspect ratio of nanotubes. Based on the results of thermodynamic analysis, the dependence

of the dopant nitrogen concentration and the defect type on the tendency to form molybdenum nitrides and carbides

during the growth of N-CNTs is shown. The obtained results can be used in the development of nanopiezotronic

devices based on arrays of vertically aligned N-CNTs: nanogenerators, strain sensors and memory elements.
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Introduction

Recent studies show that nitrogen-doped carbon nan-

otubes (N-CNT) are promising materials for the devel-

opment of devices for converting and storing electrical

energy [1–4]. This is due to the fact that the introduction of

nitrogen atoms into the CNT structure leads to a significant

change in its electrical properties and an increase in the

catalytic activity of N-CNT [5,6]. In addition, in 2018, it

was experimentally established that N-CNTs can also exhibit

anomalous piezoelectric properties [7,8], which opened up

great prospects for their application in nanopiezotronics —
the direction of electronics using the internal piezoelectric

field of deformed nanostructures to control the process of

foaming charge carriers in them in order to implementation

of a new generation of energy-efficient memory elements,

nanogenerators and sensor devices [9]. The main advantage

of nanopiezotronics devices is the ability of piezoelectric

nanostructures to efficiently convert the mechanical energy

of the environment into electrical energy, which ensures the

independence of their operation. Thus, it is expected that

self powered sources based on piezoelectric nanogenerators

can become an alternative to modern batteries that have

a limited service life and have a negative impact on

the environment due to the presence of lithium in their

composition.

N-CNTs are one of the promising materials for the

implementation of nanopiezotronics devices due to the

combination of unique mechanical, piezoelectric and chem-

ical properties of [10]. At the same time, the vertical

orientation of the nanotubes relative to the substrate is

preferable for high sensitivity (the ratio of the generated

electric potential to the external mechanical force) N-CNT

to external mechanical influences. The method of plasma-

enhanced chemical vapor deposition [11] is used for

growing vertically aligned N-CNTs. At the same time, the

geometric and structural parameters of vertically aligned

N-CNTs are significantly influenced by the material of the

sublayer acting as the lower electrode of nanopiezotronics

devices based on them. So, earlier we showed that

N-CNTs grown on a molybdenum sublayer [12] have the

greatest piezoelectric response. This dependence was

associated with a sufficiently high concentration of dopant

nitrogen (about 12%) in N-CNTs, caused by slight nitrogen

diffusion into the Mo sublayer during the growth of

nanotubes [12]. On the contrary, active formation of the

corresponding nitrides was observed on the Ti, TiN and

Cr sublayers during the interaction of ammonia with the

sublayer material, which reduced the concentration of free

nitrogen capable of embedding into the crystal lattice of the

nanotube [12]. In addition, we found that the piezoelectric

strain coefficient of N-CNTs decreases with an increase in

the growth temperature (from 615 to 690◦C) due to a

decrease in the concentration of defects [13]. However, the
growth of N-CNTs on molybdenum at lower temperatures

was not studied, and this study will address this.
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The impact of the growth temperature (below 600◦C)
on the geometric parameters, concentration and types of

nitrogen dopant introduction in vertically aligned N-CNTs

grown on a molybdenum sublayer is theoretically and

experimentally studied in this paper.

1. Methods and approaches

The experimental samples of vertically aligned N-CNTs

grown using the method of plasma-enhanced chemical va-

por deposition (PECVD) at a growth temperature from 475

to 600◦C. The flow C2H2 was 70 cm3/min, the flow

NH3 was 210 cm3/min. The pressure in the reactor during

the process was maintained at 4.5 Torr. p-Si(100) was used

as a substrate, on the surface of which a Mo film with a

thickness of 100 nm and a Ni film with a thickness of 10nm

were deposited by magnetron sputtering using AUTO 500

(BOC Edwards, UK). The geometric parameters of N-CNTs

were studied by scanning electron microscopy (SEM) at

the Nova Nanolab 600 facility (FEI, the Netherlands),
and the chemical composition was determined by X-ray

photoelectron spectroscopy (XPS) at the K−Alpha Thermo

Scientific spectrometer (Thermo Fisher Scientific).
The piezoelectric and resistive properties of N-CNTs

were studied by atomic-force microscopy in the mode of

piezoelectric force microscopy and current spectroscopy,

respectively. A commercial NSG10 probe with a TiN

conductive coating was used as the upper electrode. The

piezoelectric strain coefficient d33 was determined based

on the slope angle tangent of the dependence of the

nanotube deformation on the amplitude of the applied

alternating voltage U = UDC + UAC(sinϕt) at UDC = ±10V

and UAC = ±3V with a frequency of ϕ = 5 kHz. The

current-voltage curve (CVC) of N-CNTs were measured

by applying a sawtooth voltage pulse with an amplitude

of ±4V. The ratio of N-CNT resistances in the high- and

low-resistance states (HRS/LRS) was calculated at a reading

voltage of 1V. The pressing force the AFM probe to the top

of the nanotube during the measurement of the CVC was

about 2µN.

The thermodynamic parameters of chemical reactions

occurring between the materials of the catalytic layer

of nickel, the lower electrode and the silicon substrate

(p-Si) during the PECVD were calculated using special-

ized software FactSage 6.2 (GTT Technologies, Germany).
The parameters of chemical reactions were evaluated by

analyzing phase diagrams and temperature dependences of

the change in Gibbs free energy 1G(T ), determined by the

difference in enthalpy 1H(T ) and the product of the change

in entropy 1S(T ) and the process temperature T .
The calculations took into account the thickness of

the films of the catalytic nickel layer (10 nm), the lower

electrode (100,nm) and the substrate (380µm), as well

as the possibility of oxidation of the catalytic nickel layer

in the air atmosphere and the possibility of formation of

compounds between the materials of the catalyst and the

lower electrode. The calculations also took into account

stoichiometric coefficients of chemical reactions, which are

not given in this paper for the convenience of information

perception.

As is known, the process of growing N-CNTs using the

method of PECVD consists of four stages: heating of the

sample, activation of catalytic centers, growth of N-CNTs,

cooling of the sample. At the heating stage, a mixture of

argon (Ar) gases with a flow of 40 cm3/min and ammonia

(NH3) with a flow of 15 cm3/min is fed into the chamber

of PECVD, while the pressure in the chamber is maintained

at 4.5 Torr. At this stage, the fragmentation of the initial film

structure of the catalytic layer occurs with the formation

of catalytic centers (CC), whose geometric dimensions,

density and chemical composition affect the parameters of

the grown N-CNTs. At the activation stage, the formed CC

are subjected to additional exposure in the ammonia stream

(210 cm3/min) at a given temperature, resulting in partial

or complete reduction of the CC metal. Carbonaceous

gas C2H2 and nitrogen-containing gas NH3 are fed into

the reaction chamber at the growth stage. At this stage,

an important task is to maintain the optimal concentration

of free carbon atoms and nitrogen atoms on the surface

of the CC, responsible for the degree of doping and the

ratio of forming defects of carbon substitution with nitrogen

between pyridine, graphite and pyrrole types [4].

2. Thermodynamic analysis

2.1. Reactions at the heating stage

Thermodynamic analysis has shown that an oxidation

reaction with the formation of NiO is possible when the film

of the catalytic nickel layer is located outside the chamber,

as well as in the residual atmosphere of the chamber at the

heating stage. In addition, taking into account the small

thickness of the Ni (10 nm) film, it can be assumed that

NiO is formed along the entire thickness of the catalytic

layer, as a result of which oxidation of the lower electrode

material is possible when interacting with NiO.

The analysis of reactions at the heating stage in the struc-

ture with Mo showed that both oxidation of molybdenum

MoO2 and its binding to the catalyst material to form MoNi3
is possible. At the same time, the growth of MoO2 and

MoNi3 films deep into the structure leads to the possibility

of a chemical reaction with the Si substrate, resulting in

the formation of molybdenum disilicide (MoSi2). At the

same time, it is impossible to exclude the blocking of

oxygen access to the volume of the molybdenum film by

the oxidized upper layer and a change in the composition

of the film in depth.

2.2. Reactions at the activation stage

At the activation stages, the ammonia can be decomposed

into hydrogen and nitrogen at temperatures above 40◦C.

The resulting hydrogen can interact with NiO, reducing it to
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Figure 1. Temperature dependences of the Gibbs free energy change of the reactions of the interaction of the molybdenum sublayer

with acetylene (a) and the phase diagram of the interaction of the molybdenum sublayer with ammonia (b).

metallic nickel with the formation of water vapor removed

by the vacuum system. At the same time, nickel and

molybdenum compounds formed at the heating stage do

not interact with ammonia at the activation stage.

However, it is possible to recover molybdenum from

MoO2 and MoSi2 both when interacting with ammonia and

with hydrogen produced in case of dissociation of ammonia:

MoO2 + NH3 → Mo + H2O + N2,

MoSi2 + NH3 → Mo3Si + Si3N4 + H2,

as a result, compounds with nickel MoNi3 remain on

the surface of the lower molybdenum electrode after the

activation stage, and reduced molybdenum and its disilicide

are present in the depth of the film.

3. Reactions at the growth stage

Nickel does not react chemically with acetylene at the

growth stage in the considered temperature range and at a

given pressure, but leads to its thermal dissociation:

Ni + C2H2 → Ni + C + H2.

In this case, atomic carbon is produced, which, dissolving

in the CC, leads to their supersaturation with carbon atoms,

the release of carbon atoms to the surface of the CC and the

formation of CNTs. Hydrogen atoms and molecules formed

directly on the surface of the CC contribute to the removal

of excess carbon atoms.

When acetylene interacts with a molybdenum sublayer,

molybdenum carbide is formed (Fig. 1, a). The most likely

reactions are

MoNi3 + C2H2 → MoC + Ni + C + H2,

Mo + C2H2 → MoC + H2,

as a result of which part of the free carbon is drawn to the

lower electrode to form molybdenum carbide, which leads

to an increase in the ratio of free nitrogen and carbon and

the predominant formation of pyrrole type nitrogen [4].
When ammonia interacts with a molybdenum sublayer at

temperatures below 500◦C, the following reactions are most

likely to occur:

MoNi3 + NH3 → Mo2N + Ni + H2,

Mo + NH3 → Mo2N + H2.

With an increase in temperature, the generation of

molybdenum nitrides is not observed either for MoNi3 or

for Mo (Fig. 1, b).
Thus, a change in the growth temperature led to a

redistribution of the ratio of free nitrogen and carbon

necessary for the growth of N-CNTs, as a result of a change

in the probability of the formation of molybdenum nitrides

and carbides.

4. Results of experimental studies

Analysis of SEM images of arrays of vertically aligned

N-CNTs showed that at 475◦C, only the rudiments of

N-CNT growth were formed, which is probably due to the

insufficient rate of carbon diffusion to the growth center at

low temperature (Fig. 2, a). The growth of vertically aligned

N-CNTs was observed (Fig. 2, b−d) at growth temperatures

over 500◦C. The dependences of the diameter and length

of grown N-CNTs on the growth temperature are shown in

Fig. 3.

It is shown that the diameter of nanotubes increased on

average from 55 ± 9 nm to 66± 23 nm with an increase

in temperature from 500 to 600◦C (Fig. 3, a), which is

attributable to an increase of the rate of surface diffusion

of nickel atoms and, as a consequence, an increase in the
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Figure 2. SEM images of N-CNTs obtained on a molybdenum sublayer and growth temperature: a — 475, b — 500, c — 550, d —
600◦C.

diameter of the CC due to the merging of small catalytic

centers. At the same time, the length of the N-CNT changed

non-linearly with the increase of the temperature (Fig. 3, b),
which may be attributable to changes in the concentration

and types of defects of the dopant nitrogen [14].
The analysis of the XPS spectra showed that the maxi-

mum concentration of nitrogen (14 at.%) was observed in

N-CNTs at a growth temperature of 525◦C, then a decrease

of the concentration of nitrogen dopant in N-CNTs to 11.2%

(Fig. 4, a) was observed with an increase of the growth

temperature. This dependence is attributable to the impact

of two processes: a decrease in the probability of the

formation of molybdenum nitride at a temperature above

500◦C, leading to an increase in the concentration of free

nitrogen, and a decrease in the probability of the formation

of molybdenum carbide, leading to an increase in free

carbon (Fig. 2).

The redistribution of the concentration ratio of free

carbon and nitrogen atoms also led to the redistribution

of nitrogen defects formed between pyridine, pyrrole and

graphite types (Fig. 4, b). Thus, the maximum concentration

of pyrrole-type nitrogen (30.8 at.%) and the minimum

concentration of pyridine-type nitrogen (43.3 at.%) were

observed at a temperature of 550◦C. The concentration of

pyrrole-type nitrogen decreased to 11 at.%, and the con-

centration of pyridine-type nitrogen increased to 66.1 at.%

with a further increase of the temperature (Fig. 4, b).
The concentration of pyrrole-type nitrogen was 23 at.%,

the concentration of pyridine-type nitrogen was 54 at.%

at a temperature of less than 550◦C. This dependence

is attributable, on the one hand, to the redistribution of

the ratio of free carbon and nitrogen atoms, and on the

other hand to the greater energy of the formation of

pyridine-type nitrogen than pyrrole-type [15–17]. As a
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result, the concentration of pyrrole-type nitrogen sharply

decreased with an increase of the growth temperature to

575◦C and more. It should be noted that the change of

the length of the N-CNT correlated with a change of the

concentration of pyrrole-type nitrogen, which is consistent

with the previously established dependence of the decrease

of the length of the nanotube with an increase of pyrrole-

type nitrogen [14].

A change of the dopant nitrogen and pyrrole-type

nitrogen, in particular, with an increase in the growth

temperature of N-CNTs, led to a nonlinear change of their

piezoelectric and resistive properties (Fig. 5). Thus, the

maximum values of the piezoelectric strain coefficient of

N-CNTs d33, quantitatively characterizing the deformation

of the nanotube under the impact of external electric

field and, conversely, the magnitude of polarization during

deformation, and the resistance ratios in the high- and low-

resistance states (HRS/LRS), were observed for N-CNTs

grown at 525◦C (Fig. 5). The value of d33 was 23.8 pm/V,

and the value of HRS/LRS was 22 at a reading voltage

of 1V. Then, the value of d33 decreased to 18.3 pm/V,

and the value of HRS/LRS — to 4 with an increase of

the growth temperature. The change of the piezoelectric

and resistive properties of N-CNTs with an increase of the

growth temperature correlates well with the change of the

dopant nitrogen (Fig. 4, a). At the same time, a significant

increase of d33 at a temperature of 525◦C is probably due to

the maximum ratio of the length of the nanotube to the di-

ameter (about 57) [10]. An increase of d33, in turn, led to an

increase of the HRS/LRS ratio, since the reason for resistive

switching in the N-CNT is the formation and subsequent

redistribution of the piezoelectric potential formed during

deformation of the nanotube [18]. The established pattern

is consistent with the previously proposed mechanism of

resistive switching in N-CNT [18,19] and can be used for

the development of non-volatile memory elements.
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Conclusion

The regularities of the impact of the growth temperature

on the geometric (diameter and height) and structural

(concentration and types of defects of nitrogen dopant)
parameters of N-CNTs grown on the lower Mo electrode are

determined in the paper. Thermodynamic analysis of chemi-

cal reactions in the Ni/Mo/Si structure during the growing of

N-CNTs by the method of plasma-enhanced chemical vapor

deposition at the growth temperatures from 475 to 600◦C

was performed. It was shown that the best piezoelectric

and resistive properties are observed in N-CNTs grown at a

temperature of 525◦C, which is attributable to the highest

concentration of nitrogen dopant and the high aspect ratio

of nanotubes. The results obtained can be used for the

development of nanopiezotronics devices based on arrays of

vertically aligned N-CNTs: nanogenerators, strain sensors

and memory elements.
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