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Abstract

®

CrossMark

Functionalized carbon nanotubes and graphene nanoribbons nanostructures, serving as the basis
for the creation of physical pressure and temperature nanosensors, are considered as tools for
ecological monitoring and medical applications. Fragments of nanocarbon inclusions with
different morphologies, presenting a disordered system, are regarded as models for
nanocomposite materials based on carbon nanocluster suspension in dielectric polymer

environments (e.g., epoxy resins). We have formulated the approach of conductivity calculations
for carbon-based polymer nanocomposites using the effective media cluster approach, disordered
systems theory and conductivity mechanisms analysis, and obtained the calibration dependences.
Providing a proper description of electric responses in nanosensoring systems, we demonstrate
the implementation of advanced simulation models suitable for real time control nanosystems.

We also consider the prospects and prototypes of the proposed physical nanosensor models
providing the comparisons with experimental calibration dependences.
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(Some figures may appear in colour only in the online journal)

1. Introduction

We focus our research on two important directions of real-
time control nanosystems addressed to ecological monitoring
and medical applications, both of which provide environ-
mental security for human society and every individual.
Ecological monitoring has been widely presented in [1]. For
individual application, it is necessary to develop nanodevices
with various functions for the human body, particularly, for
the control of health parameters, the enhancement of human
abilities, and prosthetics. Another course of development of
nanosensors, nanoactuators, nanotransducers, etc—is the
creation of artificial systems such as artificial intelligence or
artificial individual [2, 3].

5 Author to whom any correspondence should be addressed.
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Nanosensor systems constitute an essential functional
part of any modern device that provides information proces-
sing for information systems, engineering interfaces, health-
care and many others. The talk is about nanosensor systems
for various aspects of ecological monitoring and security. The
fundamental electronic devices are nanocarbon-based field-
effect transistors (FET) capable of providing high sensitivity
to various external influences of different nature. In particular,
changes of local electronic density of states correlate with
corresponding physical, chemical and bio-chemical influences
and lead to FET-device conductivity changes [3]. Conven-
tional schemes of nanosensoring systems are based on nano-
FET-type devices [1, 3, 4]:

(a) general nanocarbon-based FET-type devices: unper-
turbed FET based on carbon nanotube (CNT)- or
graphene nanoribbon (GNR)-based FETs are mainly

© 2017 IOP Publishing Ltd  Printed in the UK
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composed of the corresponding semiconducting carbon
materials suspended over two electrodes;

(b) physical nanosensors: a conducting threshold can be
altered when the tube or graphene ribbon is bent;

(c) chemical nanosensors: the same threshold can be altered
when the amount of free charges on the tube of
graphene ribbon surface is increased or decreased by
the presence of donor or acceptor molecules of specific
gases or composites;

(d) biological nanosensors: ensure monitoring of biomole-
cular processes such as antibody/antigen interactions,
DNA interactions, enzymatic interactions or cellular
communication processes, etc.

However, these types of nanosensors are oriented on local
external influences at atomic or molecular levels, when the
external agent has a direct contact with nanocarbon surface
atoms, like in FET-type nanosensors.

The current research is devoted to the modeling of
nanocarbon polymer nanocomposite-based physical nano-
sensors intended for pressure and temperature. The sensitivity
of the considered nanosensors in this case depends on per-
colation ability of a nanocomposite subdued to the changes of
physical factors (pressure or temperature). Attention should
be paid to the nanoscaled quantum mechanical phenomenon
of percolation ability among the neighboring nanocarbon
‘islands’ within a nanocomposite. Integrated ‘micro’ or
‘meso’-scale conductivity effects should also be evaluated as
a goal for calibration of a nanocomposite material as a mea-
surement tool for pressure or temperature.

2. Methods and models

We consider physical nanosensors (pressure and temper-
ature) based on functionalized CNTs and GNRs nanos-
tructures. The model of nanocomposite materials based on
carbon nanocluster suspension (CNTs and GNRs) in di-
electric polymer environments (e.g., epoxy resins) is regar-
ded as a disordered system of fragments of nanocarbon
inclusions with different morphologies (chirality and geo-
metry) in relation to a high electrical conductivity in a
continuous dielectric environment. The electrical con-
ductivity of a nanocomposite material depends on the con-
centration of nanocarbon inclusions (in fact, carbon
macromolecules) and corresponding morphologies. We
should evaluate the role of particular local conductivity
mechanisms in nanocomposites using the cluster approach
based on the multiple scattering theory formalism, realistic
analytical and coherent potentials, as well as effective
medium approximation (EMA) which we have effectively
used for modeling of nanosized systems, especially for
various nanointerconnects problems [5, 6]. We have found
during conductivity calculations in CNT-metal and GNR-
metal interconnects that the conductivity mechanism is very
sensitive to local morphological disordering [7-9].

2.1. Conductivity mechanisms

Considering models of physical nanosensors using CNTs-
and GNRs-based nanocomposites, we should discuss con-
ductivity mechanisms. In particular, in a medium with prac-
tically essential conductivity, it is useful to consider the
phenomenon through the contributions of scattering effects
that can take place in nanocomposite materials. We focus our
attention on the four possible ways (see figure 1) trying to find
the best description, in particular, for functionalized
nanocomposites.

The key parameter for the analysis is the mean scattering
length £, g, of an electron in the conductive matter. In gen-
eral, £._gen includes various contributions in accordance with
the well-known Matthiessen’s rule, stating:

LN SRS SR
[e—gen Zefe [e—a/phon ge—o/phon fe—o/phot
1 1 1
+ + + +... (D
[e—impurity [e—defecl le—boundary

where £._ is the electron—electron scattering length, £, /phon
is the acoustic phonon (emission and absorption) scattering
length, ..o pnon is the optical phonon emission scattering
length, is the optical phonon absorption scattering length, is
the electron-impurity scattering length, £e_q/phot is the elec-
tron-defect scattering length, £;_jmpurity is the electron scatter-
ing length with the boundary.

Hydrodynamical character of electric conductivity is the
fundamental property of certain metals at low temperatures
[10, 11]. This quality can be observed for such cases, when
the length of electron mean free path is the order of the
sample character size, namely, £ poundary ¢ L and l._. < L.

The last relation should be specified in cases of colli-
sional and non-collisional electronic plasma with concentra-
tions less than 10'7 cm™3. Hydrodynamical behavior of
electron liquid can be observed in some critical spaces of
metal-like graphene-based electronic devices [12].

Collisional mechanism is a more expanded conductivity
mechanism and takes place in most cases of typical normal
conditions, e.g., for metals and semiconductors. In this case
Le-phon X @ K L, where a is the character distance between
‘scatterers’—atoms. This mechanism for DC-conductivity is
described by the classical Drude model [13, 14]:

= w, where n is the electron concentration, e is the
electron charge, 7._phon is the time electron-phonon scattering,
m™ is the effective mass of electron.

Ballistic character of conductivity is characterized by
transport of electrons in a medium having negligible electrical
resistivity caused by scattering. Moreover, the scattering char-
acter is essentially elastic and the medium should be considered
ideally regular. The time of electron—phonon interaction is
negligible. This mechanism is observed, for example, in GNRs
and CNTs included in FET-type devices. The most popular
description of ballistic mechanism was given by Rolf Landauer
and is known now as Landauer—Biittiker formalism [15].
Landauer formula G(u) = GOZV, T,(), where G is the
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Figure 1. Review of general mechanisms of electron DC-conductivity.

electrical conductance, Gy = ¢2/(wh) ~ 7.75 x 107 Ohm
is the conductance quantum, 7,,(u) is the transmission eigen-
values of the channels, and the sum runs over all transport
channels in the conductor. The conductance can be calculated as
the sum of all the transmission possibilities that an electron has
when propagating with an energy E equal to the chemical
potential y. In fact, the phenomenon is similar to optical thin
films effect, when the transparency is achieved due to the
quantization of the wave length. However, it is impossible to
realize the remarkable conductivity property of GNRs and CNTs
without any contacts. Appropriate nanocarbon-metal inter-
connects are characterized as disordered regions with essentially
scattering mechanism of conductivity.

Hopping conductivity mechanism was proposed for dis-
ordered condensed systems (e.g., for composite amorphous
semiconductors and dielectrics) for the explanation of the
metal-insulator transition [16]. The talk is about the existence
of the electron hopping between the conductive clusters in the
dielectric, or between the impurity centers of localization. In
this model, the medium (insulator—metal) is represented by
the following pattern: there is a random distribution of the
nodal points related to each other by ‘conductivities’ expo-
nentially dependent on the interstitial distances. The hopping
conductivity model with a variable ‘jump’ length can be
considered the most general one Z;_jmpurity O @:

3/4 1/4
Gzaoexp(—%(‘k:rs) (%) ], )

where a is the characteristic ‘borous radius’ of the considered

‘doping’ center, ry is the characteristic radius of the doping
center or conductive region, W is the characteristic potential
barrier for electron tunneling, k is the Boltzmann constant, 7
is the sample temperature, ov ~ 0.70 is the empirical constant
which can be evaluated only using Monte-Carlo numerical
simulations [17], oy is the pre-exponential factor is calculated
taking into account the character of localization centers
distribution.

2.2. Models CNTs- and GNRs-based nanocomposites

We develop a set of prospective models of nanocarbon-based
nanomaterials and nanodevices having various interconnects
and interfaces. In particular, nanoporous and nanocomposite
systems are considered as complicated ensembles of basic
nanocarbon interconnected elements (e.g., CNTs or GNRs
with possible defects and dangling boundary bonds) within
the effective media type environment. Interconnects are
essentially local quantum objects and are evaluated in the
framework of the developed cluster approach based on the
multiple  scattering theory formalism as well as
EMA [3, 7, 18].

In cases when nanocarbon clusters are embedded in high
resistance media (instead of vacuum) we come to a nano-
composite material. The utilization of polymeric composite
materials (e.g., epoxy resins) supplemented with various
morphological nanocarbon groups of CNTs and GNRs allows
us to create effective pressure and temperature sensors.
Application of such nanocomposites as coatings can provide
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Figure 2. Model of composite polymer material with carbon
nanocluster inclusions of GMRs- and CNTs-types.

continuous monitoring of the mechanical strains in piping
systems (for example, in aircraft or automotive applications),
when the critical pressure values can indicate malfunctions of
the engine. The analysis of possible medical instruments for
real-time measuring human body temperature and blood
pressure can also be realized.

The interest in CNTs and GNRs-based polymer nano-
composites as prospective pressure and temperature nano-
sensor materials is based on the observed electric percolation
phenomena via the nanocarbon inclusions concentration. In
particular, the electrical conductivity of a nanocomposite
increases with the increasing CNT loading up to a critical
filler concentration, where a dramatic increase in conductivity
is observed. This critical filler concentration is called elec-
trical percolation threshold concentration. At percolation
threshold concentration, a filler forms a three-dimensional
conductive network within the matrix, hence electron can
tunnel from one filler to another and, in doing so, it over-
comes the high resistance offered by insulating polymer
matrix.

Consider the model of composite material with carbon
nanocluster inclusions of CNTs- and GNRs-types (see
figure 2).

The host material—is a flexible dielectric medium of
epoxy resin-type with high resistance [19]. However, a low
concentration of nanocarbon inclusions cannot change the
mechanical properties of the host material. At the same time,
high electrical conductivity of CNTs- and GNRs incorporated
in the host material can significantly affect the total con-
ductivity of the nanocomposite material. According to our
model, the mechanism of these changes is related to the
effects of percolation through the hopping conductivity (see
figure 3). This is the only mechanism that takes into account
the compliance with our analysis induced morphological
changes in the whole nanocomposite matrix. This is a single
mechanism which takes into account accordance with our

y
&

4

High-resisttiviity

A \ [
epoxy medium

A |
|} f/:
‘Nanocarbon |

| Nanocarbon |-
potential we

.

potential well
2a :

Meun

Figure 3. Potential wells model for hopping in polymer nanocom-
posistes, where 2a is the characteristic size of nanocarbon inclusion,
Twn 18 the length of the tunnel ‘jump’ of the electron.

analysis induced morphological changes in the whole nano-
composite matrix.

Thus, the model of nanocomposite materials based on
carbon nanocluster suspension (CNTs and GNRs) in di-
electric polymer environments (e.g., epoxy resins) is con-
sidered as a disordered system of fragments of nanocarbon
inclusions with different morphology (chirality and geometry)
in relation to a high electrical conductivity in a continuous
dielectric environment. Presumably, the electrical con-
ductivity of a nanocomposite material will depend on the
concentration of nanocarbon inclusions (in fact, carbon
macromolecules). Isolated nanocarbon inclusions will provide
conductivity due to the hopping conductivity mechanism
through dangling bonds up to the percolation threshold, when
at high concentrations (some mass %) a sustainable ballistic
regime appears, which is characteristic of pure carbon sys-
tems. The hopping mechanism is regulated by the electron
hopping between ‘nanocarbon macromolecules’ (see, (1) and
[3, 16, 18]:

4 (4o V4 Wo /4
7 = operp - 328 ] 7 (22) 7, 3)
3\ a kT
where ry, is the length of the tunnel ‘jump’ of the electron
equal to the distance between ‘nanocarbon’ clusters, oy is the
pre-exponential normalization factor, which means the con-

ductivity of monolithic dielectric medium. This factor can be

evaluated following the relationship:
16¢%rn

7\'wa
tion centers, in our case, nanocarbon inclusions concentration.

For arbitrary distribution of localization centers
r N = 0.24 [22].

Added to this is the effect of intrinsic nanocarbon cluster
conductivity, which is dependent on its morphology. The
electric conductivity will also depend on the spatial orienta-
tion of nanocarbon inclusions. It will be greater for the
longitudinal electric field orientations and lower for the
transverse ones. Of course, any spatial orientations are tech-
nologically possible. If we introduce the volume part as an
indicator of the nanocarbon inclusions concentration:

N . . .
oy = , where N is the concentration of localiza-

3
R .
n= (ﬁ) , where is the average nanocarbon macro-
0+ iun

molecule radius, R is, as earlier, the statistically averaged
width of the potential barrier between the nearest nanoclus-
ters, which is responsible for percolation ability of the model
nanocomposite. We should also diminish the hopping
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Figure 4. Typical statistically averaged morphology of CNT-polymer nanocomposite: (a) structural model; (b) the hopping conductivity
correlation via the average nanocarbon macromolecules volume part within continuous dielectric medium.

Figure 5. Principle equivalent scheme of nanocomposite model for resistance calculation.

phenomena and percolation probability taking into account
the nanocarbon macromolecule orientation within a hypo-
thetical sphere embedded into high resistance dielectric
medium. Based on this definition, we can obtain a contrib-
ution of potential nanocarbon clusters to nanocomposite
conductivity as follows (see also figure 4):

3/4 1/4
1n(i) = —i(4—aR0(77*1/3 - 1)) (%) .

4
oo 303 kT ( )

The overall conductance of nanocomposite material is eval-
uated using equivalent electric scheme (see figure 5 and [19]):

N
Y& Y+ Sve, Sve = DL R)7,

i=1

N; N;
—1 _
R, =A g [anano,ik + § (Neff,ikao-ijp,ik) 1]’
k=1 k=0

&)

where N—is the number of conductivity channels, N~ is the
number of nanocarbon clusters in the conductivity channel,
Nt is the number of effective tunneling bonds including the
contact region, ¥, = (Rp)~! is the conductance of dielectric
medium, oy, is the conductivity nanocluster, ojymp—is the

hopping conductivity of the effective bond, which creates
interconnect for large nanocarbon inclusion concentrations.

Basic nanocomposite models for simulation are presented
in figure 6.

3. Simulation of stress- and temperature-induced
resistance of carbon-based nanocomposite
sensors: results and discussions

The basic dimensions of nanocarbon clusters (CNTs and
GNRs) are as follows: the diameter of the CNT—S5 nm, the
height—10 nm, the width of the expanded CNT, i.e., the
width of the GNR = 7 - 5 &~ 15.6 nm. The total height of
model sensor is accepted as 100 nm.

The average statistical distance between nanocarbon
clusters is —5 nm. This is the key distance for the mechanism
of hopping conductivity. Nanocarbon cluster is considered as
a potential well with a typical size 2a. Neighboring potential
wells are separated by a distance ry,. These two parameters
are ultimately determine the morphology of the nanocompo-
site material. For modeling it also necessary to recalculate a
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Figure 6. Models of nanocarbon-based functionalized polymer nanocomposites: CNT configuration 1, CNT configuration 2, GNR

configuration 1, GNR configuration 2, I— electric field direction.

microscopical parameter of relativive jumpimg length to
macroscopic strain parameter ¢ = AL/L in Hook’s law
o = Ee, where L is the total sample length. In cases of

longitudinal orientation of CNTs (configuration CNT 1) the
recalculation looks as: € = % ~ % . '1

YAy
[ is the CNT length (close to 2a) and n is the number of CNT

inclusions along the line (current direction). For transversal
CNTs orientations (configuration CNT 2) the similar recal-

. AL A 1 .
culation looks as: ¢ = -~ Tr e where d is

1+ /n) r

- where

the diameter of the CNT.
In cases of longitudinal orientation of GNRs (config-

uration GNR 1) the recalculation looks as
AL Ar 1 . .
=T~ 1 where 2 is the GNR height
1+d/n) r

(close to 2a) and 7 is the number of GNR inclusions along the
line (current direction).

For transversal GNRs orientations (configuration GNR 2)

& ~ ﬂ’ where d is

r

the similar recalculation looks as: ¢ =

the diameter of the GNR.

The proposed model of hopping conductivity for current
percolation in carbon-based epoxy-resin nanocomposite takes
into account basically the percolations along the nanocluster
sets which are located along the stress direction. Interactions
between the neighboring sets are not considered for a low
general concentration of nanocarbon inclusions.

Figure 7 demonstrates resistance correlations via static
stresses for ideal morphologies of a nanocomposite when
CNTs and GNRs are oriented pure longitudinally, pure
transversely. Configurations CNT 2(min) and CNT 4(max)
correspond to the minimal and maximal tunneling (jumping)
distances due to the angle deviation of CNTs relatively
longitudinal orientation.

From the technological point of view, it is not so simple
to provide such ideal orientations for host polymer materials
similar to epoxy resins. The first problem of the nano-
composite morphology is the selection of CNTs and GNRs

with identical parameters. The second problem is the poly-
mer-nanocarbon mixture creation when we evidently should
expect a homogenous random distribution of nanocarbon
orientations.

Figure 8 demonstrates the marginal rotational disordering
of CNTs inclusions from ‘ideal’ longtitudinal orientation.
Deviations of orientations give the characterictic intercluster
distances of 3.82 (see figure 7(a), Configurations 2, 3) and
7.02nm (see figure 7(a), Configurations 4) taking into
account basic 5 nm in the ideal case.

Figures 7 and 8 present the full-scale simulation of CNTs
orientation deviations within a host material. The results show
various sensitivity of the model nanocomposite as a potential
pressure nanosensor in dependence of its morphology. Con-
figurations of the 4th type (see, figure 6) are more sensitive
and, evidently, more practically preferable.

The model uses morphologically compatible carbon
nanoconfigurations with the same number of carbon atoms,
the same surface area of model CNTs and GNRs, and the
same chirality. In this way, the model CNTs and GNRs are
interconnected by a simple topological transformation from a
cylinder to a rectangular fragment.

3.1. Modeling and experimental results

In this section, we will discuss the correlation of simulation
results for pressure and temperature nanosensors with the
experimental data of the particular prototype of similar
devices [20], where the developed technology of functiona-
lized nanocomposite based on epoxy resin (ED-20, GOST
10587-84. Epoxy-Diane Resins Uncured, elasticity modulus
E = 3.05GPa, mass density py, = 1.16-1.25gcm ) with
multi-wall CNTs inclusions was applied. The testing of the
mentioned nanosensors with various CNTs morphologies
(longitudinal and transverse) and mass concentrations (1%,
2%, 3%) was carried out.

When testing the pressure sensor, the load ranged from 0
to 500 N, which corresponds to the change in pressure from 0
to 30 Bars. The pressure test was carried out on a machine
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Figure 7. Simulation of nanocarbon composites resistances via strain: (a) CNTs configurations, (b) GNRs configurations.
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Instron 5942. The typical dependence of the sensor resistance
on the pressure changes, as compared with the simulation
results, is shown in figure 9(a). Small deviations are con-
nected with technological problems in the reproduction of
perfect morphology, which reduces the percolation limit of
the nanocomposite.

The typical dependence of the temperature sensor in the
temperature range of 27 °C-90 °C compared with the simu-
lation results is shown in figure 9(b). The temperature test was
carried out using a Brookfield TC-502 water bath. The sensor
sample was protected with a waterproof bag and placed in a
water bath. The discrepancy in behavior between the exper-
imental and theoretical dependencies is associated with
morphological imperfections of the real sensor induced the
orientation dispersion of CNTs. This effect can diminish the
hopping mechanism efficiency, especially, for the higher
temperatures.

Modeling of resistivity dependence via weight fraction of
CNTs is presented in figure 10, where the sharp changes of
resistivity within the weight fraction interval (0.08-0.12) is
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Figure 10. Comparison of resistivity of developed model CNT-based
nanocomposite via weight fraction of CNT with the experimental
data [21].

observed. Evidently, this phenomenon can be explained by
the increase in the percolation processes under the growing
CNTs weight fraction.

4. Conclusions

The prototypes of nanocomposite pressure and temperature
nanosensors have been simulated. The hopping conductivity
mechanism gives the adequate description of possible
nanosensor qualities. An important problem in manufactur-
ing sensors based on CNTs and GRNs is nanocarbon
inclusions orientation, which determines the electrical
properties of the future nanosensors. Various nanocomposite
morphologies are considered and computer simulation

results for pressure and temperature nanosensor models are
presented in comparison with the experimental nanodevice
prototype. A good correlation between the proposed nano-
composite-based sensor model and the experimental one was
shown. The developed mathematical model can be applied
to polymer nanocomposites with inclusions of different type.
Various morphologies of resistive network models can be
realized for evaluation of the total resistance in different
nanosensor prototypes.
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