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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-CNTSs) 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.

Keywords: carbon nanotubes, nanopiezotronics, piezoelectric response, piezoelectric force
microscopy, atomic force microscopy

Funding: This research was supported by the Ministry of Science and Higher Education of
the Russian Federation in the framework of the state task in the field of scientific activity, grant
number FENW-2022-0001.

Citation: Soboleva O.1., Il'ina M.V., Polyvianova M.R., Chefranov A.A., II'in O.I., Influence
of ambient humidity on the magnitude of the piezoelectric strain coefficient of nitrogen-doped
carbon nanotubes for the creation of strain sensors, St. Petersburg State Polytechnical Universi-
ty Journal. Physics and Mathematics. 17 (3.1) (2024) 210—214. DOI: https://doi.org/10.18721/
JPM.173.142

This is an open access article under the CC BY-NC 4.0 license (https://creativecommons.
org/licenses/by-nc/4.0/)

MaTepwuarnbl KoHbepeHLMn
YK 546.26; 537.226.86
DOI: https://doi.org/10.18721/IPM.173.142

BaAMsiHMe BNA)XXHOCTH OKpY)XKalolien cpeabl Ha BE/IMUUHY
Nbe303J/IeKTPUUECKOro MOA YN JIerMPOBaHHbIX a30TOM
yrnepoaHbiX HAHOTPY6GOK A1 CO3AaHUA CEHCOPOB Aedopmanum

O.N. Co6onera'=, M.B. UnbnHa', M.P. MonbiBiHOBA !,
A.A. YedbpaHoB', O.N. nbuH'

LHOHbIN heaepanbHbli YHUBEPCUTET,
WIHCTUTYT HAHOTEXHOMOI M, 3NEKTPOHMKIN 1 NPUBopoCTpoeHus, . TaraHpor, Poccus
™ osotova@sfedu.ru

AnHoTanusa. B maHHOI paboTe ycTaHOBJIEHBI 3aKOHOMEPHOCTH BIIMSHMS OKpYXKaroliei
CpeJibl Ha MTbe302JIeKTPUUECKUi KO3 GUITMEHT nechopMaliiy 1 BEJIMIMHY TOKa, TeHEPUPYEMOTO
YIJIepOIHBIMU HAHOTPpYyOKamu, JerupoBanHbiMu a30ToM (N-YHT), B mponiecce nx necopmaiuu.
[MokazaHo, yto mpu BiaaxHocTU OO0 60% HaGMIOmaeTCsl CTaOWJIbHOE TeHEpUPOBAHUE TOKa
npu nedopmauuu N-YHT, mpu Oojiee BBICOKON BIaXHOCTHM BO3pacTaeT HECTaOMIbHOCTH
M3MEPEeHUI M 3HAUYUTEIbHO YBEJIMUYMBACTCS pa3dpoOC IeHEpUPYEeMOro TOKa, YTO CBSI3aHO CO
CHMXKEHUEM Tbe3oajieKTpuueckoro Mmoayass N-YHT.
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KnoueBbie cioBa: yriepoaHble HAaHOTPYOKM, HAHOIBE3OTPOHUKA, IMbE303JIEKTPUYECCKUN
OTKJIUK, METOJl CUJIOBOM MUKPOCKOIUHU MbE300TKJINKA aTOMHO-CUJIOBON MUKPOCKOMUU
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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 (C,H, + NH,). 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™', which is characteristic of multilayer carbon nanotubes (Fig. 1). The ratio of I /I
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™') 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™!. 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.
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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. 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)
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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 uN (a) and the magnitude of the N-CNT piezoelectric
strain coefficient (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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