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An approach to calculating the integral conductivity of a model refractory nanotube/dielectric
composite system is considered. The conductivity of a random network of nanotubes formed in a
dielectric medium was simulated taking into account the tunneling conductivity between
individual nanotubes located in close proximity and taking into account the internal conductivity
of the nanotubes. It is established that the “solid core” model can be effectively used to predict the
parameters of the manufactured composite, which is an important step towards creating a material
with the desired properties. It is shown that the conductivity in the composite system deteriorates
at using nanotubes with a larger diameter. This is due to the reduction of the percolation effect for
such nanotubes.
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Introduction. Systems characterized by a network of randomly arranged carbon
nanotubes (CNTs) formed in the volume of the matrix are promising refractory materials for
modern electronics [1-3]. However, the creation of CNT-based devices for real applications is
a complex multi-step process that requires not only complex experimental procedures, but also
thoughtful planning [4-6]. Therefore, it is advisable to start the design of a nanocomposite
device with numerical calculations. This allows to establish the main characteristics of the
system and the influence of the most important parameters of the model (technological
parameters of the device under development) on these characteristics.

At forming a network of nanotubes inside a non-conducting matrix, an important
phenomenon is percolation (percolation threshold) [7,8], characteristic of this type of stochastic
systems [9]. In the theory of percolation, the connection of a very large number of elements is
considered, provided that the connection between neighboring elements is completely random.
Such systems are crystalline semiconductors with impurities, composites consisting of two
materials - a conductor and a dielectric, for example, an insulating polymer and CNT fillers.
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The phenomena described by the theory of percolation are classified as critical
phenomena characterized by a critical point, after which the properties of the system change
radically. The physics of critical phenomena is peculiar and has common features, the most
important of which is that near the critical point. The system breaks up into blocks with
different properties, while the size of these blocks grows steadily.

Percolation is influenced by a number of different factors, for example, the arrangement
of elements [10] or specific features of the base matrix [11]. An issue to be addressed is that
the conductivity of the nanotube network within the composite varies with nanotube
concentration, alignment and geometric factor. Taking this into account, numerical modeling
also allows to evaluate the possibilities of using such structures in sensor devices [4,5,12].

There are different approaches to modeling composite structures with formed networks of
nanotubes. These include the use of analytical models to predict the macroscopic properties of
nanocomposite [13] and the use of neural networks to simulate the effect of nanotubes on the
properties of the base material [14]. Computer experiments showing the effect of CNT
agglomeration on the conductivity of composite-based polymer were described in [15,16].

New applications and corresponding numerical models require powerful computing
resources. Therefore, one should always look for ways to optimize rough calculations and use
high-performance computing systems for computer experiments [17].

Although, as shown above, many works are devoted to simulation of nanocomposites,
there are practically no systematic studies that use three-dimensional statistical modeling
taking into account the various physical processes of conduction in the junctions of adjacent
nanotubes. In this work we present peculiarities of tunneling effect affects the integral
conductivity of a hanocomposite system defined as a dielectric matrix randomly filled with
CNTs.

Nanocomposite conductivity simulation method. A composite based on CNTs can be
represented as a three-dimensional 3D parallelepiped filled with randomly placed conductive
nanotubes (Fig. 1).

Fig. 1. General view of the modeled system with conductive path between two opposite planes of the
parallelepiped.
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Such a three-dimensional sample of the composite is connected to the model electric
circuit with the help of two electrodes located on its opposite palnes.

Nanotubes can touch each other connecting to each other. Taking into account that the
position of these tubes is random, the presence or absence of connection between two
particular nanotubes are also random events. The peculiarity of such system is that it is
impossible to predict the connections between its individual elements, but for a large collection
of such objects. It is possible to calculate the parameters of the system with fairly high
accuracy, which directly depend on the presence of connections between nanotubes - the
percolation threshold of the system.

The model of the system does not allow the intersection of nanotube volumes and the
electrical contact between them exists due to the tunneling effect, which plays an important
role in electrical interactions between nanoscale objects.

A nanotube is described as a hollow cylinder with hemispheres at the ends. The geometric
axis of such tube starts at point A with (x4, y1, z1) coordinates and ends at point B(Xz, Y2, 22). The
process of generating and placing nanotubes in space consists of several phases. First, the
coordinates of the starting point are defined as [18]:

x, =randxL,, @
y, =randxL,, @
z, =rand xL,, 3)

where rand is a random number from the interval [0,1], Ly,Ly,L, are the dimensions of the
parallelepiped. The direction from point A is randomly set, which is described by two angles o
and f:
o =2nxrand, , 4
B=2nxrand,. 5)

Using this direction and the coordinates of the starting point of nanotube, the coordinates
of the end point are calculated as:

X, = X, +lengthx cos(a) cos(B) , (6)
Yy, =Y, +lengthxsin(a)cos(B) , )
z, =z, +lengthxsin(B) . (8)

If point A is outside the parallelepiped, then the protruding part of the nanotube is cut-off
by one of the planes of parallelepiped. This procedure is performed so that all the tubes fall
completely inside the parallelepiped.

Although such model distribution of the filling elements in simulated volume is quite
sufficient to satisfactorily describe the experimentally observed percolation threshold. It is
important to take into account physically reasonable dispersion and intersection criteria for
nanotubes in the simulation volume. The physical contact of any two nanotubes actually means
that they are still separated from each other by a small distance dictated by the van der Waals
interaction. Therefore, the direct overlapping of tubes or their parts is not implemented in
practice, except in the case when the ratio of the length of the tubes to their diameter is
sufficiently large. The generally accepted approach in this direction involves the application of
the “hardcore” model concept, which prohibits the overlap of the volumes of nanotubes and,
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accordingly, should take into account the effect of electron tunneling [18]. Thus, when
modeling the behavior of a CNT network in an insulating matrix, it is necessary to take
quantum effects into account.

In th mentioned model of solid-state tubes (“hard core” model), it is necessary to ensure
that the tubes do not cross each other. For this, immediately after generating the coordinates of
a new tube, the minimum distances between the central axes of the newly generated nanotube
and the tubes already contained in the system are checked. If this distance is smaller than the
diameter of the nanotubes in the system, it means that the tubes intersect. In this case, the
newly generated tube is discarded and will not be added to the system. The process of adding
new tubes continues until the desired volume concentration of tubes in the system is reached.

Electrical contact between any two nanotubes is said to exist if the shortest distance
between them is less than the threshold distance of the tunneling effect. A Union Find
algorithm with path weighting and compression was used to find a conducting (percolation)
cluster extending between opposite electrodes [19].

To calculate the equivalent electrical conductivity of the nanotube system, we used the
model of a random network of resistors. In order to convert a set of interconnected nanotubes,
which form the conducting cluster of the system, into a random network of resistors, it is
necessary to determine the coordinates of all contact points between the tubes.

To describe the contact between the tubes [20], the concept is shown in Fig. 2. Each point
of contact between two connected tubes is represented as a pair of “intersection points”: one of
them is located on the central axis of the first tube and the other on the axis of the second tube,
respectively. At the same time, a pair of “crossing points” placed on the same tube delimits a
segment of the nanotube with length Is through which the current passes between the places of
the tube junctions.

J CNT
N — i —
. r 7
|
] L
a
CNT 4
P V4
\ 57 tunelling
A\ . effect
C

Fig. 2. Main 3D parameters of CNT (a), definition of location and orientation of a CNT (b) and possible
contact between CNTs and tunneling effect (c).
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Let’s describe a process that will allow us to find the shortest distance between CNTs and
the actual coordinates of these “joining” points. The coordinates of point on the CNT axis can
be described by the following expression:

p+od, )
where p is the point of the start of the CNT, d is the directional vector of the CNT and o is a
variable coefficient (o €[0,1]), whose concrete values define the points located on the CNT
axis.

Let p,+od, and p,+pd, are arbitrary points on the first and second CNTs,
respectively, and the distance between these segments must be found. Then
(p,+od,) — (p, +pd,) is the vector that connects these two points. The minimum distance
between CNTSs can be obtained as the norm of this aforementioned vector:

D | (p, +oud,) — (p, +Bd,) I (10)

Taking into account the property of the scalar product (a,d) =J| @ ||*, we can conclude that

in order to find the values of the coefficients, it is necessary to find the values that provide the
minimum scalar product of the vector by itself. So, after some transformations, we get the
following expressions for finding the coefficients a.and f .

Auxiliary designations:

A= (al'al)’ A = (allaz):
B = (JZ’al)' B, = (az’az)n

C,=(p,~py.dy), (10)
Cl = (pz - pl!az):
D= (Ai'Bz - Bl'Az)-

The values of the coefficients:
o= (Cl'Bz B Bl'Cz) ’
D

_(CA-CoA)
—Sh)

(1)
p

If the values of the found coefficients a and B do not belong to the interval [0,1], then
their values should be reduced to the nearest values from this interval. Only then will these
coefficients represent points located within the nanotube.

In the proposed model two types of conductivity are considered in the model:
conductivity between CNTs at the points of their contact and intrinsic conductivity of
nanotubes. The conductivity of the connection between the tubes is based on the tunnel effect.
Two CNTs are treated as the connected ones, when the shortest distance between them is
shorter than some preset value of the cut-off distance d

cutoff *
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Let’s define a part of the CNT by a pair of points located on its axis. Suppose the length
of this segment is equal to |, (see Fig. 2). Then the intrinsic resistance of this part of CNT can
be calculated by the equation [18]:

4,

Rintrinsic = m' (12)

where o, is the intrinsic electrical conductivity of the CNT, and d is the diameter of the

CNT.

The contact resistance between pair of nanotubes is caused by the tunneling effect at the
“junction” points. Assume that the shortest distance between a pair of nanotubes is equal to
dy,, where d, is less thand Then the contact resistance can be estimated using the

Landauer-Biittiker formalism [21-24]:

cutoff *

h 1
R =——, 13
contact 2e2 NP ( )
exp(—dvﬂ) for 0<d,, <d+d,,
P= oy (14)
exp(-—2—) for d+d,y, <d,, <d+dgy,

tunnel

g h 1
tunnel 27_[ \/M'

where h is Planck’s constant; P is the probability of electron transfer to tunneling between
CNTs; N is the number of conduction channels, (a dimensionless quantity related to the
diameter of the CNT [22]); e is electron charge; dyaw is van der Waals distance [25,26], which
limits the minimum distance between a pair of CNTS; dwnne iS characteristic length of
tunneling; m, is electron mass; AE is the height of the energy barrier [27].

At modeling, a network of random resistors is represented by a matrix of conductivity
between all “joint” points. After applying Kirchhoff's law, a system of linear equations is
created. Since the “joint” point has only a few connections with other points, the resulting
matrix is sparse. Therefore, a special sparse solver is used to achieve good simulation
performance. The SuperLU library [28-30] was used to solve the system of linear algebraic
equations and obtain the electric potential values at all “joints”. After that, the equivalent
conductance of the random resistance network is calculated.

(15)

Simulation of electrical conductivity of nanocomposite system within the framework
of the percolation model. Software was developed to simulate the conductivity of the
nanotube-dielectric composite using the “hard core” model. The simulation was to investigate
the influence of the tunneling effect on the overall conductivity of the nanocomposite described
by the “hard core” model for CNTs. For comparison, the “soft core” model was also
implemented.
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The very first task we face is, obviously, the comparison of our computer simulation
results with experimental measurements, which are available, for example, in [18]. To achieve
this goal, the parameters of the simulated system were set as shown in Table 1.

As can be seen from Fig. 3, the conductivity of CNTs increases with an increase in the
content of the volume fraction, both for the case of “hard core” and for the case of “soft core”.
The data shown in Fig. 3 for the “main” part coincide with the experimental results [18] both
qualitatively and quantitatively. Difference in the actual values of the simulation results can be
seen between the “soft core” and “hard core” models, but the behavior of both models evolves
in the same way as the volume fraction changes.

Table 1. Parameters of simulation for CNTs

Parameter name Value
RVE size 1000 nm 1000 nm 100 nm
CNT diameter (denr) 2nm
CNT length 200 nm
CNT aspect ratio 100
CNT intrinsic conductivity 10*S/m
Tunnel cut-off distance 1.9 nm

The results of the simulations for various CNTs volume fractions are shown on Fig 3.
100+

hard core

soft core
104

Electrical conductivity, S/m

10 12 14 16 1.8 2.0 22 24
CNT volume fraction, %

Fig. 3. Composite conductivity both “soft core” and “hard core” models.

Dependency of composite conductivity on tunneling cut-of distance of 1.5 nm, 2 nm, 2.5
nm and 3 nm is shown in Fig. 4. Composites with a tunneling distance of 1.5 nm are
characterized by the lowest electrical conductivity at the same values of the volume fraction of
CNTs. It is logical that with larger values of the tunneling distance, the electrical conductivity
also increases. In this case, the CNT diameter was 2 mn. So, from the histograms in Fig. 4, we
can conclude that the change in the maximum distance at which there is a tunnel effect does
not change the nature of the electrical conductivity of the system, it depends on the
concentration of nanotubes. In turn, this distance significantly affects the value of the total
electrical conductivity of the CNTSs.
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Fig. 4. Dependency of composite conductivity on tunneling cut-of distance.

Dependence of composite conductivity on volume fraction at different CNT diameter (1,
2, 3, 4 and 5 nm) is shown in Fig. 5. The best electrical conductivity at a small CNT volume
fraction is characterized by the use of nanotubes with a minimum size of 1 nm. In the case of
CNT diameter of 2 nm, a decrease in conductivity is observed, while a larger number of
nanotubes is required to achieve the percolation effect. The results of modeling when using
nanotubes with a diameter of 3.4 and 5 nm demonstrate a further decrease in electrical
conductivity and the need to increase the content of CNTs to achieve percolation. However,
when using CNTs with a size of 5 nm, it is difficult to achieve percolation, the electrical

conductivity is close to zero.
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Fig. 5. Dependence of composite conductivity on volume fraction at different CNT diameter.
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Conclusion. The influence of the tunneling distance parameter on the conductivity of the
CNTs system was investigated. The simulation results agree with experimental data obtained
by other researchers, and also indicate a difference for the cases of overlapping nanotubes
(“soft core” model) and non-overlapping nanotubes (“hard core” model). Comparison with the
measured results shows that the “solid core” model can be effectively used to predict the
parameters of the fabricated composite, which is an important step towards creating a material
with the desired properties.
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PosrnsgHyTO miAXiA [0 poO3paxyHKY IHTErpajbHOI MPOBIXHOCTI MOJENBHOI BOTHETPUBKOL
KOMITO3UIIIIHOI CHCTEMH HAaHOTPYOKa/IieNeKTPHUK. Y 3amporoHOBaHIi MpoaHalli30BaHO J1Ba THITH
MIPOBIHOCTI: MPOBITHICTE MK HAaHOTPYyOKaMH y TOYKax iX KOHTAKTy Ta BIAaCHA MPOBITHICTH
HaHOTPYOOK. IIpoaeMOHCTPOBaHO, IO ENEKTPUYHA TMPOBIAHICTH 3'€IHAHHS MDK TpyOKamu
0a3yeThbcsl Ha TYHEITbHOMY eeKTi.

Po3pobieno mporpamHe 3abe3neueHHs IS MOJENIOBAHHSA MPOBITHOCTI KOMIIO3UTY
HaHOTPYOKa-/ieeKTPUK 3 BUKOPHCTAHHSM MOJEINI «TBEPAOTO siapay». MOAeNOBaHHS MOJISraio B
JOCITI/DKEHHI BIUTMBY e(eKTy TyHeTIOBaHHS Ha 3arajbHy MpPOBIJHICTh HAHOKOMIIO3UTY,
omucaHoro mMozemto «hard core» s HaHOTpyOOK. JIyist MOPIBHAHHS TakoXk Oynia pearnizoBaHa
Mozenb «soft corey.

3MOJEeNbOBAHO  TPOBIJHICTH  BHIAJKOBOI  Mepexki HAHOTPYOOK, c(hOpPMOBaHHX Y
TIENeKTPHYHOMY CEpE/IOBHI, 3 YypaxXyBaHHSAM TYHENIHHOI MPOBITHOCTI MiX OKPEMHMH
HaHOTPYOKaMH, pPO3TAIIOBAaHUMH B Oe3mocepesHiil OMM3bKOCTI, Ta 3 ypaXyBaHHSIM BHYTPIIIHBOT
HPOBIAHOCTI HAaHOTPYOOK. I[IpOJEMOHCTPOBAaHO, IO MPOBIJHICTH HAHOTPYOOK 3pPOCTAE MPH
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301IbIICHHI BMIiCTY iX 00’€MHOI 4acTKH sIK NMPH BUKOpHcTaHHI mogeni «hard corew, Tak i «soft
core». Ilokaszano, mo wmojens «hard core» Moxe OyTH e(hEeKTHBHO BHKOpUCTaHa JUIs
MPOTHO3YBaHHS MTApaMETPiB BUTOTOBICHOTO KOMIIO3HTY, L0 € BaXKJIMBUM KPOKOM 10 CTBOPEHHS
MaTepiaiy 3 6a)KaHUMHU BIACTUBOCTSAMH IS 32aCTOCYBAHHS y €JIEKTPOHIL.

JlocmimkeHo BIUIMB IapaMeTpa BiACTaHI TYHEIIOBaHHS Ha MPOBLAHICTh CUCTEMH HaHOTPYOKa-
JeneKTpUK. Pe3ynbTaTH MOJENIOBAHHS Y3TOMXKYIOTBCS 3 CKCIICPUMEHTAIbHUMH JaHUMH,
OTPUMAaHHNMH iHIINMH JOCTIJHAKAMH, a TAKOXK BKa3yIOTh Ha PI3HUIIO JUIS BUNAIKIB HAHOTPYOOK,
II0 MEepeKPUBAIOTHCS (MOJIENB «soft core») i HAHOTPYOOK, 110 He mepeKpuBarThest (Moneis «hard
corey). IlopiBHSHHS 3 pe3yJbTaTaMH BHMIpIOBaHb MOKa3ye, IO MOJETb <OGKOPCTKOTO SIIpay
MOXKHa e(EeKTUBHO BHKOPUCTOBYBAaTH JUI1 NPOTHO3YBAaHHS IIapaMETPiB  BHTOTOBJIEHOTO
KOMITIO3UTY, IO € B&KJIMBUM KPOKOM JO CTBOPEHHS MaTepiany 3 OaKaHUMH BIIACTHBOCTSIMU.
[okazaHo, O NMpHU BUKOPUCTAHHI HAHOTPYOOK OUTBIIOrO TiaMeTpy MOTIpIIy€eThCS MPOBIAHICTD Y
KOMIO3UTHI cucteMi. lle 3yMOBICHO 3MEHIICHHAM e(eKTy MepKOIALii Ui HAaHOTPYOOK
OlIBIIOTO JiaMeTpy.

Knwouoei cnosa: HaHOKOMIIO3WT, HAHOTPYOKa, TyHENbHAa TPOBIAHICTh, KOMIIIOTEPHE
MOJIEITFOBaHH.
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