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Super square carbon nanotube (SSCNT) lattice is a class of CNT networks that have unique mechanical and electrical
conductivity properties and can be applied in various modern devices. Two possible supercells of the SSCNT structure with
minimal sizes of a “window” were obtained in the result of mathematical modeling. These supercells, called SSCNT-I and
SSCNT-II, are distinguished by their topology and the number of non-hexagonal elements. On the basis of the analysis
of stress-strain state curves, it was established that the structure SSCNT-I with a smaller number of defects was stronger.
2D films with experimental dimensions were obtained by translation of supercells SSCNT-I and SSCNT-II. The resistances
of these films were calculated using the non-equilibrium Green function (NEGF) method: for SSCNT-I these values equaled
18.13 kQ in the Z direction and 42.74 kQ in the Y direction, for SSCNT-II — 65.86 kQ) in the Z direction and 60.17 kQ) in
the Y direction. The better conductivity of the structure with supercells SSCNT-I along both directions can be explained by
a less number of defects. Together with the better heat of formation and mechanical strength, it can be concluded that films
composed of SSCNT-I are more suitable for application in electronic devices. Calculations show that the resistance of SSCNT
films is higher than the resistance of CNT in 4-10 times, but they allow placing electrodes in both vertical and horizontal
directions that may be important for their use in wearable electronics devices.
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'CaparoBCcKuii TOCYapCTBEHHDI YHUBEPCUTET, Pusndeckuit paxynbreT, yi. AcTpaxanckas, 83, Caparos, 410012, Poccus,
“[TepBblit MOCKOBCKMIT TOCYAAPCTBEHHDI MeAUIMHCKII yHUBepcuTeT uM. V1. M. CeueHoBa, Jlaboparopus
OMOMERMIIVHCKIX TexHomoruii, yi. Tpy6erikas, 8 -2, Mocksa, 119991, Poccus

Pemetkn u3 yrrepopneix Hanotpy6ok (YHT) ¢ xBagparHbiMu sueitkamyu — ato kiaacc cereit YHT, xoropblt obmajgaer
YHUKQ/IbHBIMJ MEXaHIYEeCKVIMMU Y 9JIeKTPUYECKYIMU CBOICTBAMY IIPOBOAVMOCTI U IIPYIMEHSAETCA B PAa3/IMYHbIX COBPeMeH-
HBIX yCTpoOlicTBaX. MeTogaMy MaTeMaTU4ecKOro MOJieTMpOBaHyA ObUIN IIOJTy4eHbI JBe BOSMOXKHBIE CyIIepsSYeliKM IITIEHOK
u3 YHT c xBafipaTHBIMY S4YeiiKaMy C MUHYMa/IBHO BO3MO>KHBIMY pa3MepaMi «OKHa». DT CyIlepsdelikii, Ha3BaHHbIe HAMU
SSCNT-I n SSCNT-II, oTmMyaTCcA TOMONOTMEN ¥ KOMMIeCTBOM HETeKCAarOHATbHbIX 3/7eMeHTOB. Ha ocHOBaHMM aHanmm3sa
KPMBBIX HAIIPs>KEeHHO-J1e(pOPMIPOBAHHOTO COCTOAHNA YCTAHOB/ICHO, YTO CTpyKTypa SSCNT-I, 06majaomnas MeHbIINM KO-
JIM4eCTBOM Jie(eKTOB, ABJAeTCA 6oyee MPOYHOIL. 2D IIeHKM, COOTBETCTBYIOIIME SKCIEPUMEHTAIBHbIM pasMepaM, Oblin
nony4ensl TpancrAnueit cynepsdeek SSCNT-1 n SSCNT-II. ConporusieHNns 9THX IVIEHOK ObUIY pacCYMTaHbI B paMKax Me-
TOfla HepaBHOBecHBIX QyHkumy Ipuna: pra SSCNT-I atu 3HaueHus paBHAMNCH 18.13 KOM B HanpasneHyn Z u 42.74 kOM
B HanpasneHun Y, aia SSCNT-II — 65.86 kOm B Hanpasnenunu Z n 60.17 kOM B HanpasieHnn Y. Jlydias IpoBogyMOCTb
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cTpykrypsl ¢ cynepsiderikamy SSCNT-1 Brop 060ux HampaB/IeHUT MOXKeT OBIT 0OBsICHEHA HA/IMYMEM B Hell MEHBIIIETO
KO/IM4YeCTBa AeeKTOB. B COBOKYIHOCTN C /TydIleil SHTA/IbIIMEN PEaKIMM I MEXaHIIeCKOI IPOYHOCTBIO MOXKHO CHEIaTh
BBIBOJI, YTO IUIeHKH, cocrosiye 13 SSCNT-1, 60sblite TOAXOAAT [/Is1 IPUMEHEHMsI B 9/IEKTPOHHBIX YCTPOMCTBAX. PacdeTsl
IOKa3bIBAIOT, YTO COIPOTUB/IEHIE IVIEHOK U3 YIIepOogHbIX HaHOTPYOoK (YHT) ¢ KBafgpaTHbIMU siueiiKaMyl BBIIIE, YeM CO-
nporusnenne YHT B 4-10 pas, ofHaKO UX CTPYKTypa IO3BOJIAET pa3MelaTh 91€KTPOibl KaK B BEPTUKATbHOM, TaK I B IO-
PU3OHTA/IbHOM HAIlpaB/Ie€HMAX, YTO MOXKET MMETDb pellalolliee 3HaYeHNMe /I MX JMICIIO/Tb30BaHNUsA B YCTPOICTBAX HATE/IbHOI

9/IEKTPOHMKIL

KnroueBrbie cmoBa: yrinepogHbie HaHOpr6KI/I, CEeTU C KBaJIpaTHbBIMI sS4YerKaMu, MOJIEKY/IAPHOE MOJETMPOBaHNE, IIPOBOANMOCTD.

1. Introduction

In recent years, networks of carbon nanotubes (CNTs),
consisting of X-, Y-, and T-shaped junctions, are attracting
more and more attention in the field of nanotechnology..
Earlier it was reported that such structures can be created
by various chemical vapor deposition (CVD) methods, by
welding of CNTs and by chemical reaction [1]. Each of these
compounds has unique properties. Y-compounds exhibit a
unique electrical conductivity: they have an asymmetricI -V
characteristic (IVC) at branchpoints [2]. The dependence
of IVC on temperature shows that the mechanism of
conductivity in Y-SWCNT is determined by thermionic
emission at temperatures above 100 K and tunneling at
T'<100 K. Interesting mechanical properties were discovered
in X-compounds in the result of mathematical modeling [3].
It was established that the behavior of such structures under
unaxial strain and shear deformation is determined by
the location and orientation of the bonds at the junction.
X-junctions demonstrate anisotropic properties under
shear deformation. T-junctions provide a unique structure
that allows them to compare the quasi-zero-dimensional
QOD contact formed at the junction node with the quasi-
one-dimensional QID contact formed between the
semiconductingbarand thelithographically defined gold [4].
The above-mentioned unique properties of CNT networks
allow them to be used in the design of various devices.
Choi et al. synthesized a Y-SWCNT network demonstrating
a gating effect that indicates the similarity of its electrical
characteristics to an ambipolar field-effect transistor [5].
A piezoelectric sensor based on CNT networks demonstrates
excellent stability even after 3000 cycles of operation
at 100% deformation [6]. It has been shown that CNT
networks are a promising material for the manufacture of
supercapacitors [7]. The high sensitivity of semiconductor
CNT resistance to the addition of various impurities
opens up new horizons for the development of highly
sensitive biological and chemical sensors [8]. They can be
used to recognize nerve agents [9], glucose and hydrogen
peroxide [10].

Among a very large number of CNT networks, there is
a separate class that can be called “supernetworks”: in these
structures the C-C bond is replaced by CNT. There are
many works that study such structures at the atomic level by
mathematical modeling methods. In 2007, Romohera et al.
identified 4 types of topological options for the formation
of single-walled CNT networks: super-square CNT
(SSCNT) and super-graphene CNT refer to 2D networks,
while super-cubic CNT and super-diamond CNT are
examples of 3D networks [11]. Of particular interest is

the topological model of the 2D SSCNT lattice, which can
be obtained as a result of the orthogonal X-shaped unit
cell translation. Meng et al. [12] calculated the formation
energy of the X-junction as a function of the crossed tube
diameter by the molecular dynamics method based on the
Brenner potential. This work for the first time established
that the formation of an X-junction is accompanied by
the formation of pentagons, octagons and heptagons, the
number of which depends on the chirality of isolated CNTs.
Romocherra et al. [11] showed that the number
of non-hexagonal elements in such compounds is
completely determined by Euler's law in condition
that three bonds for each carbon atom are retained.
It was shown in the same manuscript that the conductivity
of the 2D SS lattice is determined by the conductivity of
CNT components. Orthogonal X-junctions formed by
semiconductive CNTs (10.0) demonstrate a band gap
about 0.8 eV, while orthogonal X-compounds formed
by metallic CNTs (6.6) retain metallic conductivity.
Using molecular structural mechanics, it was found that the
critical buckling forces decrease with the increasing pore
length [13]. Sun et al. showed that 2D SSCNT meshes are
promising as a water desalination membrane [14].

At the same time, there is no data on the numerical
evaluation of the electrical conductivity of the 2D SSCNT
networks, which could be used by technologists to develop
electrical devices with vertical and horizontal orientation
of the electrodes. In this regard, the goal of this work is to
obtain the minimum possible dimensions of an SSCNT
atomic supercell, to study its stress-strain state as well as
to analyze the electrical conductivity of films composed of
SSCNT supercells.

2. SSCNT supercell model

The SSCNT network unit cell was formed by four CNTs
with lengths L, L, L., L, and diameter D, two graphene
monolayers with a dimension of mxn (Fig. la,b,c) and
free carbon atoms. To create a seamless junction, four
CNTs, graphene layers and free carbon atoms were placed
into a periodic box with translation vectors L =L +D+L,
and L =L +D+L, (red lines in Fig. 1a,b,c; the translation
is carried out only in the Y and Z axes). The formation of
an orthogonal X-junction was performed within the force
field AIREBO [15] at high temperatures. This process was
simulated in the open source KVAZAR [16,17].
Self-assemblyoftheX-junctionwasobserved:interatomic
bonds were formed and broken while graphene layers were
bent thatled to the formation of defects in the place of contact
between graphene and CNTs. It was considered armchair
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Fig. 1. (Color online) Supercells of SSCNT: components, required for the formation of an X-junction with a “window” a,=32.05 A,

b,=28.16 A: four carbon nanotubes, two graphene monolayers (main view). The red lines correspond to the periodic box (a); side view (b);
3D-view (c); 2D network composed of SSCNT (d); supercell SSCNT-I (e); supercell SSCNT-II (f). The octagons are highlighted in orange,

the heptagons are blue, the pentagons are green.

CNTs (12.12), since the diameter of such tubes D=16 A
corresponded to the most frequently synthesized ones [18].
Besides, these tubes exhibit metallic conductivity, so the
networks of these CNTs will have higher electric conductivity.
The lengths of the tubes L, L, L,, L, ranged from 6.3 to
18.44 A. The goal was to determine the smallest dimensions
of the “window” [a =L + L,, b= L + L,] that corresponded to
theformation ofan exothermic seamless X-junction (Fig. 1d).
According to our research, the length and the width
of such a “window” was a,=32.05 A, b,=28.16 A.
Such configuration of the X-junction was achieved when the
lengths of the CN'Ts were L =10.97 A, L=8.4 A, L=17.04 A,

L=9.78 A, while the dimensions of monolayer graphene
sheets — m=15.62 A, n=14.6 A. Also the formation of this
junction required 23 carbon atoms.

Sufficient numerical experiments (~100) have
shown that there are two types of X-junction, which
can be formed with such “window” dimensions.
They differ in the number of non-hexagonal elements at
the branchpoint (Fig. le,f). The SCC DFTB 2 method [19]
and the software DFTB+ [20] were applied to refine the
atomic structure of the obtained X-junction and verify
it senergy stability. A double re-optimization of atomic
coordinates and translation vectors was performed.
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The heat of formation of theX-junctions was calculated by
the following formula:

AH=E(X)-E(CNT1)-E(CNT2) - E(CNT3) -
—E(CNT4)-23E(QC), (1

where E(X) was the energy of the X-junction, E(CNTj)
was the energy of the i-th CNT, E(C) was the energy of the
carbon atom.

As a result, two supercells, shown in Fig. le,f,
were obtained. The X-junction in Fig. 1 will be called
SSCNT-I. Its atomic mesh contains 12 pentagons,
20 heptagons and 2 octagons, the heat of formation is
-0.34 eV/atom. Fig. 1f shows another structure, which is
to be called SSCNT-II. It has 11 pentagons, 27 heptagons
and 3 octagons. The heat of formation of this junction
is higher (-0.19 eV/atom), there are more defects in it.
Note that the heat of formation values corresponds
to the previously obtained data (-0.275 eV/atom for
SSCNT (6.6) [11]). Bond lengths at the branchpoints are
1.398-1.482 A for both junctions. Since both junctions are
energetically stable, further we study the networks formed
by supercells SSCNT-I and SSCNT-II.

Some mechanical and conductive properties were
explored for the obtained models of SSCNT films.

3. Mechanical properties

Asiswell-known, for the application of materials in wearable
electronics,itisimportanttoknowtheirbehaviorunderstrain.
To explore the stress-strain state of SSCNT films, the
molecular dynamic method with the force field AIREBO
was applied, which was previously successfully used to
study the mechanical properties of the X-junction [21].
2D-films were simulated by placing SSCNT-I and SSCNT-II
into a periodic box L=L+D+L, and L=L+D+L,
The structure was stretched by changing the sizes of
the periodic box with a step of 0.01 A This step allows
taking into account key phases of the stress-strain state.
At each step, the structure was relaxed and its energy was
calculated (Fig. 2). As it seen from Fig. 2, the dependence of
energy on strain is linear at the initial stage (section OA) and
is described by Hooke’s law. In this ection, the deformation
is reversible. For SSCNT-I the limit of proportionality
is reached at a strain of 4.8%, for SSCNT II —4.2%.
Deformations in section AB can be approximated by
a parabolic law. Point B is the yield point, here the
first destructions of chemical bonds are observed.
For SSCNT-I, this point corresponds to a strain of 38.8%,
for SSCNT-II —29.9%. Earlier AFM and SGM measurement
showed that SCNT withstands 30% stretching without loss
of mechanical strength and conductive properties [22].
Both structures are irreversibly destroyed upon further
stretching. The maximum average stress, calculated as the
ratio of the change in total energy per atom to the volume
of the atom, is 0.18 MPa for SSCNT-I and 0.15 MPa for
SSCNT-II. Thus, it can be concluded that films composed of
SSCNT-I can withstand a higher load than films composed
of SSCNT-II, films composed of SSCNT-I destruct at a
lower strain.
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Fig. 2. (Color online) Stress-strain state for SSCNT-I and
SSCNT-II films.

4. Conductive properties

The originally modified non-equilibrium Green function
(NEGF) method with a density functional tight-binding
(DFTB) scheme was used to calculate the transmission
function of SSCNT supercells [23]. Tails of the CNTs
were taken as left and right electrodes. The transmission
function of the 2D SSCNT film was calculated for both
types of supercells in the Z and Y directions (Fig. 3). It can
be seen that near the Fermi level (—4.64 eV), the values of
the transmission function for SSCNT-I are higher than for
SSCNT-II. It can be concluded that structure I is a better
conductor than structure II. Based on the obtained T(E), the
resistances of the 2D SSCNT network in two directions was
calculated: for SSCNT-I, these values were 18.13 kQ) in the Z
direction and 42.74 k() in the Y direction, for SSCNT-II —
65.86 kQ) in the Z direction and 60.17 kQ) in the Y direction.

The next stage of the calculations is the transition from
the supercells SSCNT to the 2D film. Let us calculate the
resistance of the 2D SSCNT film shown in Fig. 4.

We assume that the electrodes are located on the left and
right sides of the structure. Then the potential difference in
the Y direction will be zero, and the current will flow only
in the Z direction. Thus, the 2D film from SSCNTs can be
replaced by the equivalent scheme shown in Fig. 4. Let the
2D film contain m X-junctions in the Y direction and n
X-junctions in the Z direction. Then the resistance of each
branch R, parallel to the Z axis, will be equal to:

sz m(Rsp+ RCNT)’ (2)

oris the

where R is the resistance of the SSCNT supercell, R
resistance of CNT.

It is known that charge transport through CNT less than
0.5 um in length is ballistic, so R_. within this range will be
equal for nanotubes with equal diameters [24]. The resistance
of the entire structure R, will be equal to the resistance of n
parallel branches:

R =

eq

3 | =

= %(Rsp +RCNT)‘ (3)
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Fig. 3. (Color online) The transmission function for supercells SSCNT-I
and II in the Z (blue line) and Y (green line) directions: SSCNT-I (a);
SSCNT-II (b).
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For a 2D film with length a, width b and “window dimension”
a,x b, (Fig. 4) composed of CNT with diameter D, the total
resistance can be calculated by the formula:

b D+a
= R+ Ry )
0

Obviously, if the structure is a square, in which the
dimensions of the “window” are equal to each other (a=b,
a,=b,) then the resistance of such a structure will be equal to
the resistance of the SSCNT supercell (Rstp)'

Let us calculate the resistance of 2D SSCNT films
composed of SSCNT-I and SSCNT-II supercells. Let us
consider a square structure 1x1 cm? with a pore size of
a,=9 nm, b,=7.2 nm from paper [25].Using formula (4), we
will obtain the data from Table 1.

5. Discussions

Two possible supercells of the SSCNT structure with
minimal sizes of the “window” were obtained in the
result of mathematical modeling. These supercells,
called SSCNT-I and SSCNT-II, are distinguished by their
topology and the number of non-hexagonal elements.
Based on the analysis of stress-strain state curves, it was
established that the structure SSCNT-I with a smaller
number of defects was stronger. It was calculated that the
resistance of 2D films composed of the obtained supercells
and the structure with supercells SSCNT-I had better
conductivity along both directions due to the smaller
number of defects.

Fig. 4. (Color online) 2D SSCNT film with electrodes: atomic structure (left); equivalent scheme (right).

Table 1. Total resistance of 2D films composed of supercells SSCNT-I and SSCNT-II in the Z and Y directions.

R » kQ Rop kQ a=b, cm a, nm bo, nm d, nm R, " kQ
SSCNT-I,
. 18.13 6.4 1 9 7.2 1.6 29.55
Z direction
NT-1,
SS; X 42.74 6.4 1 9 7.2 1.6 58.97
Y direction
T-11,
SSC,:N . 65.86 6.4 1 9 7.2 1.6 86.712
Z direction
T-11,
SSC.:N . 60.17 6.4 1 9 7.2 1.6 79.88
Y direction
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Togetherwiththelowerheatofformationandmechanical
strength, it can be concluded that films composed of
SSCNT-I are more suitable for application in electronic
devices. Calculations show that the resistance of SSCNT
films is higher than the resistance of CNT in 4 -10 times, but
theyallow placing electrodesin both vertical and horizontal
directions that can be crucial for wearable electronics.
Another suitable application of these SSCNTs is ten so
resistive materials for sensors [26]. To continue work in
this field, it is necessary to calculate the dependence of
such structure resistance on temperature.
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