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Abstract. This paper establishes patterns of influence of ambient humidity on the piezoe-

lectric strain coefficient and the magnitude of the current generated by nitrogen-doped carbon 
nanotubes (N-CNTs) during their deformation. It is shown that at humidity up to 60%, stable 
current generation is observed during the deformation of N-CNTs; at higher humidity, the in-
stability of measurements increases and the spread of the generated current grows significantly, 
which is associated with a decrease in the N-CNTs piezoelectric strain coefficient.
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Аннотация. В данной работе установлены закономерности влияния окружающей 

среды на пьезоэлектрический коэффициент деформации и величину тока, генерируемого 
углеродными нанотрубками, легированными азотом (N-УНТ), в процессе их деформации. 
Показано, что при влажности до 60% наблюдается стабильное генерирование тока 
при деформации N-УНТ, при более высокой влажности возрастает нестабильность 
измерений и значительно увеличивается разброс генерируемого тока, что связано со 
снижением пьезоэлектрического модуля N-УНТ.
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Introduction

At present, implantable electronics is an actively developing field of science. Basically, various 
types of materials with piezoelectric effect are used to transmit “tactile” sensations, effectively 
converting mechanical impact into an electrical signal [1]. At the same time, the efficiency of 
energy conversion in such sensors is mainly determined by two factors: the electromechanical 
properties of the piezoelectric material and the design of the sensor itself. In addition, such 
designs can be used to create highly sensitive strain gauges or microphones [2,3]. Piezoelectric 
materials can become electrically polarized when an external voltage is applied or deformed 
in response to electrical stimuli. Thus, sensors based on the piezoelectric effect can be used as 
versatile sensors. Compared to other sensors or monitoring methods, piezoelectric sensors have 
numerous advantages such as small size, light weight, low cost, availability in various formats, 
and high sensitivity [4]. Nitrogen-doped vertically aligned carbon nanotubes (N-CNTs) with 
anomalous piezoelectric properties can be one of the promising functional materials with high 
piezoelectric strain coefficient and mechanical strength [5]. However, for an instrument N-CNTs, 
it is important to understand how environmental parameters can affect the characteristics of the 
device and limit its scope of application. In particular, changes in atmospheric humidity can not 
only increase the parasitic capacitance, for example in pressure sensors, but also “glue” CNTs 
together, as well as affect the piezoelectric strain coefficient of the array. At the same time, many 
works have been devoted to studies of the influence of growth parameters on the properties of 
N-CNT [6, 7] However, there are no studies on the effect of environmental humidity on the 
piezoelectric strain coefficient N-CNTs in the literature. In view of this, this paper presents the 
results of a study of the influence of ambient humidity on the magnitude of the piezoelectric 
strain coefficient of nitrogen-doped carbon nanotubes to create strain sensors.

Materials and Methods

The experimental sample was an array of vertically aligned carbon nanotubes grown by 
plasma enhanced chemical vapor deposition method (C2H2 + NH3). In this case, ammonia 
added during the growth process acts as a source of nitrogen defects. The growth was carried out 
at a temperature of 550 °C for 30 min and a pressure of 600 Pa. The plasma power was 40 W. 
Nickel (15 nm) deposited on a molybdenum sublayer was used as a catalyst. The piezoelectric 
properties of vertically aligned N-CNTs were studied by piezoelectric force microscopy (PFM) 
method of atomic force microscopy (AFM). The main difficulty in such experimental research 
is that the PFM method is a contact AFM technique, which leads to the CNTs detaching 
from the substrate near its base. The piezoelectric response of N-CNTs was measured by AFM 
piezoelectric force microscopy. A commercial NSG10 cantilever with a conductive TiN coating 
was used as an AFM probe.

Air humidity was changed by creating a confined ambient using a hermetic box. A container 
with hot water was placed under the hermetic box, as a result of hot water evaporation humidity 
increased and was controlled by a humidity sensor. The air humidity varied from 25 to 90%.  
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In the process of air humidity change, the probe was withdrawn from the N-CNT array to prevent 
sticking in the “N-CNT/probe” system. After reaching a certain humidity level, the container 
with water was removed.

The crystalline perfection of the grown N-CNTs was assessed by Raman spectroscopy on a 
Renishaw InVia Reflex (Renishaw plc, UK) with a wavelength of 532 nm. It was found that for 
the obtained N-CNT samples the positions of D-, G-peaks correspond to frequencies ~1365 and 
~1593 cm–1, which is characteristic of multilayer carbon nanotubes (Fig. 1). The ratio of ID/IG 
peaks intensity = 1.06 shows high defectivity of N-CNTs, which is associated with the introduction 
of nitrogen atoms into the CNT structure and the graphite lattice disordering, as well as with the 
peculiarity of the spectra acquisition technique, in which the laser beam is incident along the 
normal to the sample surface (i.e., parallel to the N-CNTs). The formation of bamboo-like bridge 
in the N-CNT structure causes symmetry violations of the graphite layer with sp2 hybridization 
of carbon atoms and leads to an increase in the intensity of the D-peak. There is also a 2D band 
(2550–2700 cm–1) on the spectrum, which is characteristic of multi-wall CNTs and is associated 
with the occurrence of a second-order double resonance of two iTO phonons [8, 9]. In pure 
graphene, this band consists of a single narrow peak, while in multi-walled N-CNTs, the shape 
of the line is deformed due to the presence of defects in the lattice and the influence of many 
layers in the CNT structure. In this connection, the band broadening is observed in the range of 
2250–3500 cm–1. Additionally, the contribution of luminescence is visible, which does not allow 
us to unambiguously identify the position of the 2D band at the used laser irradiation frequency. 
Indirectly, for multi-wall CNTs, the displacement of the 2D band can carry information about 
the change in the value of the Young's modulus of CNTs.

Fig. 1 Raman spectra of a N-CNT sample

Results and Discussion

The results of experimental studies showed that when the humidity increases from 30 to 60%, 
the value of the generated N-CNT current does not change significantly and is 7 ± 4 nA. With 
further increase in humidity up to 80%, the magnitude of the generated current increases to 12 
± 4 nA, and at 90% it decreases again to 5 ± 3 nA (Fig. 2, a and Fig. 3, a). This dependence 
is probably related to the change in the magnitude of the piezoelectric response of N-CNTs 
(Fig. 2, b and Fig. 3, b).

Thus, at a humidity of 30–55 %, the value of the piezoelectric strain coefficient of N-CNTs 
(Fig. 3, b) was 33 ± 14 pm/V, and then, when the humidity increased to 90%, it decreased to 0.5 
pm/V. This pattern is probably due to the formation of an adsorption layer of water on the surface 
of N-CNTs, leading to a decrease in the magnitude of its polarization.

It is worth noting that the piezoelectric effect in N-CNTs differs from the classical volume 
effect and is surface [10, 11], which significantly affects the dependence of the piezoelectric strain 
coefficient of an N-CNT on the quality of its surface.

Thus, from Figure 3, it is found that at humidity above 60 %, unstable current generation with 
high spread of values is observed in the process of deformation of N-CNTs, as well as a significant 
decrease in the piezoelectric properties of N-CNTs.
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Fig. 3. Patterns of the influence of ambient humidity on the magnitude of the N-CNT-generated 
current at an AFM probe clamping force of 25 µN (a) and the magnitude of the N-CNT piezoelectric 

strain coefficient (b)

a)

a)

Fig. 2. The results of experimental studies of the influence of ambient humidity on the magnitude of 
the current generated by the N-CNT from the pressure force of the AFM probe (a) and the magnitude 

of the longitudinal piezoelectric response (b)

b)

Conclusion

The paper establishes patterns of influence of ambient humidity on the piezoelectric strain 
coefficient and the magnitude of the current generated by N-CNTs during their deformation. 
It is shown that at humidity up to 60%, stable current generation is observed during the deformation 
of N-CNTs; at higher humidity, the instability of measurements increases, and the spread of 
the generated current grows significantly, which is associated with a decrease in the N-CNTs 
piezoelectric strain coefficient.

The research outcomes can be used in the development of mechanical energy converters: strain 
sensors or highly sensitive microphones.
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