Chapter 22

Simulation of Fundamental Properties of CNT-
and GNR-Metal Interconnects for Development
of New Nanosensor Systems

Yuri N. Shunin, Yu.F. Zhukovskii, N.Yu. Burlutskaya, V.I. Gopeyenko,
and S. Bellucci

Abstract Cluster approach based on the multiple scattering theory formalism, real-
istic analytical and coherent potentials, as well as effective medium approximation
(EMA-CPA), can be effectively used for nano-sized systems modeling. Major atten-
tion is paid now to applications of carbon nanotubes (CNTs) and graphene
nanoribbons (GNRs) with various morphology which possess unique physical
properties in nanoelectronics, e.g., contacts of CNTs or (GNRs) with other conducting
elements of a nanocircuit, which can be promising candidates for interconnects in
high-speed electronics. The main problems solving for resistance C-Me junctions with
metal particles appear due to the influence of chirality effects in the interconnects of
single-wall (SW) and multi-wall (MW) CNTs, single-layer (SL) and multi-layer (ML)
GNRs with the fitting metals (Me = Ni, Cu, Ag, Pd, Pt, Au) for the predefined carbon
system geometry. Using the models of ‘liquid metal’ and ‘effective bonds’ developed
in the framework of the presented approach and Landauer theory, we can predict
resistivity properties for the considered interconnects. We have also developed the
model of the inter-wall interaction inside MW CNTs, which demonstrates possible
‘radial current’ losses. CNT- and GNR- Metal interconnects in FET-type nanodevices
provide nanosensoring possibilities for local physical (mechanical), chemical and
biochemical influences of external medium. At the same time, due to high
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concentrations of dangling bonds CNT- and GNR- Metal interconnects as interfaces
are also considered as electrically, magnetically and chemically sensitive elements for
novel nanosensor devices.

Keywords Carbon Nanotubes (CNT) « Graphene Nanoribbons (GNR) ¢ Scattering
theory ¢ Electronic structure calculations ¢ Resistance of CNT- and GNR-Me
interconnects  Nanosensors

22.1 Introduction

In order to overcome disadvantages of nowadays microtechnology, the miniaturi-
zation of electronic devices, the integration level expansion and the increase of the
operation frequencies and power density are required, including the use of adequate
materials and innovative chip interconnects. Due to their unique physical pro-
perties, especially due to a ballistic mechanism of conductivity, carbon nanotubes
(CNTs) attract a permanently growing technological interest, for example, as
promising candidates for nanointerconnects in high-speed electronics [1]. New
possibilities for modern nanolectronics are open with novel ‘marginal’ forms of
graphene — nanoflakes (GNFs) and nanoribbons (GNRs), which in analogy with
CNTs demonstrate a wasteless ballistic mechanism of conductivity. Graphene
nanointerconnects are also important for nanotechnology. Full integration of
graphene into conventional device circuitry would require a reproducible large
scale graphene synthesis that is compatible with conventional thin film technology.

The main aim of the current study is the implementation of advanced simulation
models for a proper description of the electrical resistance for end contacts between
CNTs and GNRs of different morphologies and metallic substrates of different
nature. An adequate description of nanotube chirality [2] is one of the key points for
the proper simulations on electric properties of CNT-based nanoelectronic devices.

The resistance of contact between arbitrary CNT and metallic catalytic substrate
can considerably exceed that observed separately in a nanotube and a metal [3]. The
conductance between real metals and CNTs still occurs, but it is mainly due to the
scattering processes, which are estimated to be rather weak [4].

The attention of the present research focuses basically on the junctions of carbon
nanotubes (CNTs) and graphene nanoribbons (GNR) with contacting metallic
elements of a nanocircuit. Numerical simulations on the conductance and resistance
of these contacts have been performed using the multiple scattering theory and the
effective media cluster approach. We have simulated both single-wall (SW) and
multi-wall (MW) CNTs as well as single-layered (SL) and multi-layered (ML)
GNRs with different morphology. Figure 22.1 represent the contacts of metal
substrates with CNTs and GNRs, respectively, as prototype nanodevices. This is the
main subject of our current research and modeling. The contact regions (CNT-Me and
GNR-Me) are the objects of a microscopic approach responsible for the main contri-
bution to the resistance. Meanwhile, the resistances of nanotubes, nanoribbons and the
metallic substrate per se may be considered as macroscopic parameters.
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Fig. 22.1 Models of C-Me interconnects as a prototypes of novel nanodevices: (a) CNT-Me
interconnect; (b) multilayered GNR-Me interconnect

22.2 Novel Nanodevices Models

22.2.1 CNT- and GNR-Based Sensors

There are some important applications of CNTs and GNRs based interfaces with
other materials for novel nanosensor devices. Usually, these devices are consid-
ered as integrated devices around 10-50 um? in size. The fundamental electron
devices are FET-transistors (see Fig. 22.2a), which are very sensitive to various
external influences of different nature such as mechanical, chemical, electrical,
magnetic etc.

A field-effect transistor (FET) is nano in size, whose on/off threshold depends on
the tube dimensions, shape and temperature, amongst others. A local deformation
of CNT (GNR) creates a change in the on/off threshold voltage of the transistor.
The electrical properties of carbon based interconnects are changes under the
influence of external factors. The advantage of CNTs and GNRs over other
materials occurs due to their small size, great strength, high electrical and thermal
conductivity, and high specific area. Unique physical properties of CNTs and GNRs
and their various interconnects allow considering them as sensing nanomaterials in
various kinds of sensors — pressure, flow, thermal, gas, optical, mass, position,
stress, strain, chemical, and biological sensors.

Taking into account specific physical properties of CNTs and GNRs metal
interconnects, which are explained by the presence of ‘dangling’ chemical bonds,
we should point out the expressed sensitivity of electric properties of interconnect
space to chemical, electric and magnetic factors’ influence. Therefore, we consider
interconnects as a perspective group of nanosensors [5].

Based on ab-initio quantum transport calculations, molecular-dynamics simula-
tion and continuum mechanics analysis [6] it has been proved that hydrostatic
pressure can induce radial deformation and, consequently, electrical transition of
SWNTs. A pressure-induced metal-to-semiconductor transition in armchair
SWNTs has been observed, which provides a basis for designing nanoscale tunable
pressure sensors.
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Fig. 22.2 (a) The unperturbed field-effect transistors based on a CNT and GNR are given CNT- or
GNR- based FET is mainly composed of a corresponding semiconducting carbon material
suspended over two electrodes. (b) Physical nanosensors: a conducting threshold can be altered
when the tube or graphene ribbon is bent. (¢) Chemical nanosensors: This 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: monitoring of biomolecular processes such as antibody/antigen interactions, DNA
interactions, enzymatic interactions or cellular communication processes, amongst others

Amperometric biosensors on the basis of CNTs immobilization matrix have
been prpoposed in [7]; MWCNTs have been grown on a platinum (Pt) substrate.
The MWCNT-Pt interconnect provides the signal monitoring of glucose (gluconic
acid) concentration on the opposite side of MWCNTs array. Flow sensors based on
SWNT bundles with CNTs producing electrical signal in response to fluid flow
directly have also been developed [8].

The recent classification of nanosensors based on CNTs and GNRs considers
three main groups: physical, chemical and biological [9].

Physical nanosensors are used to measure magnitudes such as mass, pressure,
force, or displacement. The working principle is usually based on the fact that the
electronic properties of both nanotubes and nanoribbons change when these are
bent or deformed [10].
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For example, a CNT can be used to build a field-effect transistor (FET) nano in
size, whose on/off threshold depends on the tube dimensions, shape and tempera-
ture, amongst others. A local deformation of the tube/ribbon creates a change in the
on/off threshold voltage of the transistor (Fig. 22.2b).

Starting from this simple principle, different types of nano-electromechanical
systems (NEMSs) have been proposed in the literature with different applications,
such as pressure nanosensors [11], force nanosensors [12] or displacement
nanosensors [13].

Chemical nanosensors are used to measure magnitudes such as the concentra-
tion of a particular gas, the presence of a specific type of molecules, or the
molecular composition of a substance. The functioning of the most common type
of chemical nanosensors is based on the fact that the electronic properties of CNTs
and GNRs change when different types of molecules are adsorbed on their top,
which locally increases or decreases the number of electrons able to move through
the carbon lattice (Fig. 22.2c).

Similarly to physical sensors, the presence of a specific type of molecules
changes the on/off threshold voltage of the transistor when a nanotube or a
nanoribbon is used in a transistor configuration [14].

Biological nanosensors are used to monitor biomolecular processes such as
antibody/antigen interactions, DNA interactions, enzymatic interactions or cellular
communication processes, amongst others (Fig. 22.2d). A biological nanosensor is
usually composed of (i) a biological recognition system or bioreceptor, such as an
antibody, an enzyme, a protein or a DNA strain, and (ii) a transduction mechanism,
e.g., an electrochemical detector, an optical transducer, or an amperometric, voltaic
or magnetic detector [15].

Electrochemical biological sensors work in a similar way as chemical
nanosensors, but in this case, the change might be in the electronic properties of a
protein, for example, or of any other chemical composite that binds itself to the
functionalized nanotube. A specific antigen that binds itself to an antibody stuck to
the nanotube. A single stranded DNA chain binds itself to another DNA chain
which has been attached to the nanotube [16]. There are commercial nanosensors
based on this principle. They are able to detect lung cancer, asthma attacks,
different common viruses such as the influenza virus, or the parasites responsible
for malaria [17].

The second subtype of biological nanosensors is based on the use of noble
metal nanoparticles and the excitation using optical waves of surface plasmons,
i.e., coherent electron waves at the interfaces between these particles. Simply
stated, the resonant frequency of the surface plasmons, resulting from light irradia-
tion, changes when different materials are adsorbed on and in between the particles.
This technique, known as localized surface plasmon resonance (LPSR), is the
underlying principle behind many biological nanosensors [18].

One of the main constraints of this sensing mechanism is the requirement of an
external source of light and a device which is able to measure and compare different
resonant frequencies of the particles. For example, nanosensors could locally
irradiate the same particles with a much lower power and measure the reradiated
energy at different frequencies.
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There are various classes of CNT- and GNR-based nanosensors. A wide class of
bionanosensors are used in the biomedical industry, e.g., in such cases as diabetes,
where regular tests by patients themselves are required to measure and control the
sugar level in the body. Pressure nanosensors find application in many diagnostic
and therapeutic devices. They can be used in eye surgery, hospital beds, respiratory
devices, patient monitors, inhalers, and kidney dialysis machines, in both invasive
and noninvasive blood pressure monitoring [19].

Nanosensors have a substantial utility in the automotive industry and their
importance is expected to increase while designing the vehicles of the future [20].
In particular, they are used to process information about vehicle parameters such as
pressure, vehicle altitudes, flow, temperature, heat, humidity, speed and accelera-
tion, exhaust gas, and engine knock and torque.

Nanobiosensors are widely used in food industry to provide safety and quality
control of food products as the contamination of foods caused by bacterial
pathogens may result in numerous diseases [21].

Gas nanosensors can improve real-time environmental monitoring of combus-
tible gas alarms, gas leak detection/alarms, biowarfare (e.g., monitoring explosives
such as TNT or RDX and nerve agents such as GB or VX), environmental pollution
monitoring, and cooking controls, etc. Unlike conventional solid-state gas sensors
[22], which require relatively high temperatures to achieve significant sensitivity
for gas molecules, CNT-based miniaturized gas sensors can work at room
temperature.

There is another significant area of biosensors application besides medical and
domestic purposes. Humidity bionanosensors are used to monitor humidity in green
houses in agriculture and fishing industry. Humidity and temperature conditions
have a direct impact on the quantity and quality of the product [23].

Hydrogen gas nanosensors are used in manufacturing industry for hydrogen
monitoring and control for petroleum transformation, welding, rocket engines, and
fuel cells [24].

High sensitivity and low power consumption make nanosensors suitable, espe-
cially, for high accuracy and battery-powered applications, e.g., for military
purposes. Since purified CNTs have very large surface area (1.587 m?%/g) [25] and
extremely high conductivity, CNT composites show low threshold and sharp slope
of percolation conductivity around the threshold. Nanosensors using CNT
composites as sensing materials have higher sensitivity. CNT-based sensors are
potentially applied in defense and homeland security [26].

22.2.2 Nanodevices for Effective Electron Transport

The electronic structure for CNT-Me and GNR-Me interconnects can be evaluated
through the electronic density of states (DOS) for carbon-metal contact considered
as a ‘disordered alloy’, where clusters containing both C and Me atoms behave as
scattering centers. The computational procedure that we have developed for these
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Fig. 22.3 Multiple scattering problem for the system of clusters as multiple scattering model of
condensed matter: strategy of calculations on fundamental properties of condensed medium
described within the effective media approximation

calculations [27] is based on the construction of cluster potentials and the evalua-
tion of both scattering (S) and transfer (7) matrices. The general model of multiple
scattering using the effective media approximation (EMA) combined with the
coherent potential approach (CPA) for condensed matter is based on the atomic
cluster formalism. When using the CPA as EMA approximation, the resistance of
the interconnect is evaluated through Kubo-Greenwood formalism [5, 28] or, in the
simplest cases, through Ziman model [29].

The general model of multiple scattering with effective media approximation
(EMA) for condensed matter based on the approach of atomic cluster is presented in
Fig. 22.3. So far, the cluster formalism has been successfully applied for metal Cu
metal [27], as well as for semiconductors, both elemental (Ge and Si) and binary
(As,Se;_, and Sb,Se;_,) [30]. Special attention has been paid for the latter, since
the concept of statistical weighing has been applied for the binary components in
solid solutions.

We have developed structural models for CNT-Me and GNR-Me junctions,
based on their precise atomistic structures, which take into account the CNT
chirality effect and its influence on the interconnect resistance for Me (= Ni, Cu,
Ag, Pd, Pt, Au) and pre-defined CNT (or GNR) geometry.
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In the simplest cases, the electronic structure for the CNT-Ni interconnects, can
be evaluated through the DOS for the C-Ni contact considered as a ‘disordered
alloy’ [28]. In the current study, we have developed more complicated structural
models of CNT-metal junctions based on a precise description of their atomistic
structures. When estimating the resistance of a junction between a nanotube and a
substrate, the main problem has been caused by the influence of the nanotube
chirality on the resistance of SW and MW CNT-Me interconnects (Me = Ni, Cu,
Ag, Pd, Pt, Au), for a pre-defined CNT geometry.

22.3 Multiple Scattering Theory and Effective Medium
Approach for CNT GNR Interconnects’ Simulation

The resistivity can be considered as a scattering problem, where the current carriers
participate in the transport, according to various mechanisms based on the presence of
scattering centers (phonons, charge defects, structural defects, etc.), including a pure
elastic way, called ballistic. The developed computational procedure [27, 30] is based
on the construction of cluster potentials and the evaluation of the S- and T-matrices for
scattering and transfer, respectively. It allows us to realize the full-scale electronic
structure calculations for condensed matter (‘black box”), where influence means a set
of electronic ‘trial” energy-dependent wave functions ¥;,(r) and response ¥, (r)
gives sets of scattering amplitudes corresponding to possible scattering channels for any
‘trial” energy. This allows us ‘to decrypt’ the electronic spectra of ‘black box’ [5, 30].

We consider a domain where the stationary solutions of the Schrodinger equa-
tion are known, and we label them as

Vin(r) = di(r) = exp(ikr). (22.1)

The scattering of ‘trial’ waves, in the presence of a potential, yields new
stationary solutions labeled as

Wour(r) = i (r) (22.2)

for the modified Schrodinger equation H npl(f) (r)= Elﬂl((i) (r). An electronic struc-
ture calculation is considered here as a scattering problem, where the centers of
scattering are identified with the atoms of clusters [27].

The first step to modeling is the construction of potentials, both atomic and
crystalline, which is based on analytical Gaspar’s potential of screened atomic
nucleus [31] and X, and X, presentations for the electronic exchange and correla-
tion, using the LDA (Local Density Approximation). Figure 22.4 shows both
atomic and crystalline potentials for carbon as compared to the Hartree-Fock
atomic potential. Then, we apply the so-called muffin-tin approximation (MTA)
for potential models.
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Fig. 22.4 Analytical carbon potentials based on simulation procedure as compared to the results
of Hartree-Fock calculations

To obtain the electronic structure, the calculations on scattering properties are
necessary, generally, in the form of S- and T-matrices (Fig. 22.3). These
calculations start with the definition of the initial atomic structure to produce a
medium for the solution of the scattering problem for a trial electronic wave [27].
The results of potential modeling and phase shifts in the framework of MT-approx-
imation are presented elsewhere [27, 30].

The formalism used here for calculations on the electronic structure is based on
the CPA [32], the multiple scattering theory [33] and cluster approach [34]. As a
first step, we postulate the atomic structure at the level of short- and medium-range
orders. As a second step, we construct a “crystalline” potential and introduce the
muffin-tin (MT) approach. This is accomplished by using realistic analytical poten-
tial functions.

The scattering paradigm for the simplest cases of spherically symmetrical
potentials (elastic scattering) looks as follows:

ikr
Y(r) — e* +f(9)87(“liquid metal” model) (22.3)

and

Y (r) — e® 4+ £(0, ) — (spherical cluster model) (22.4)

etkr
r

Then, the electronic wave scattering problem is solved, and the energy depen-
dence of the scattering properties for isolated MT scatterers is obtained in the form
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of the phase shifts J,,(E), and the T-matrix of the cluster is found as a whole.
The indices / and m arise, as a result of expansions of such functions as Bessel’s
functions j; , Hankel’s functions %, and spherical harmonics Y,

In general, the modeling of disordered materials represents them as a set of
atoms or clusters immersed in an effective medium, with the dispersion E(K) and a
complex energy-dependent coherent potential X(E) found self-consistently in the
framework of the CPA. The basic equations of this approach are:

2(E) = Veg + (T)(1 + G (T)) ™, (22.5)
G(E) = Gep + Gy (T)Goi = (G), (22.6)
(T(E,K)) =0, (22.7)

Y(E) = Vg, (22.8)

(G) = G(E) = Gy, (22.9)

N(E) = —(2/7) In{ det|G(E)|} . (22.10)

Here <...> denotes averaging, Vs and G,z are the potential and the Green’s
function of the effective medium, respectively, T(E,K) the T matrix of the cluster,
and N(E) the integral density of the electronic states. Equation 22.7 can be re-
written in the form:

(T(E,K)) = SpT(E,K) = J (K|T(E,K)|K)dQg =0, (22.11)

Qk

where |K) = 473" (i)i(kr)Y;,(K)Y,,(r) is the one-electron wave function, Sp

Im
means the calculation of the matrix trace while the integration is performed over
all angles of K inside the volume Qg. Equation 22.7 enables one to obtain the
dispersion relation E(K) of the effective medium. The DOS calculations have been
performed using the relation:

p(E) 2 JIm{ SpG(r,r',E)} dr, (22.12)

T

where G(r,r',E) =Y Yi(r)Y;,,(r')G(r,r’) is the angular expansion of Green
function. Lm

The paradigm of the scattering theory and the developed strategy of simulation
of CNTs electronic properties use the generalized scattering condition for the low-
dimensional atomic structures of the condensed matter:

exp(Likr)

d—1 )
2

U)o i (r) +£77(Q)

r—o0

(22.13)

~
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where Q describes the integrated space in angular units while superscripts ‘+’ and
‘—’ label the asymptotic behavior in terms of d-dimensional waves:

0G,_p 27 N
90 :ﬁ|<¢b|v

VO palE), (22.14)

where d is the atomic structure dimension.

22.3.1 Calculations of Conductivity and Resistance

The calculations of conductivity are usually performed using Kubo-Greenwood
formula [35]:

_nQ

op(w) = o

| r(e) (e + hoN DL p(Erp(E + h)iE, 2215)

where o is a real frequency parameter of Fourier transform for the time-dependent
functions, f{E) is Fermi-Dirac distribution function, Dgg = f Y5, VWedr,
Q

where Wgk) = A exp(iKr) and K is the complex wave vector of the effective
medium. The dispersion function E(K) determines the properties of the wave
function W) upon the isoenergy surface in K-space.

For static conductivity (w=0 and T = 0 K), Eq. 22.16 gives the Drude-like
formula:

en

m*

GE(K) = T, (2216)

where n* is the effective electron density with a relaxation time t & /v, I(T) is the
free path while a heat velocity is v, = (3kT/ m*)l/ ?_ The effective electron mass can
be defined using the dispersion law:

m* = (OPE/OK2)"", (22.17)

where Ky is a modulus of the real part of the vector K.

There exist some ideas to estimate the conductivity in static and frequency
regimes taking into account the temperature effects. However, in the case of CNT
(of GNR), we must consider not only the diffusive mechanism of conductivity, but
also the ‘so-called’ ballistic one. This is an evident complication in the interpreta-
tion of electrical properties of CNTs, GNRs and the related systems.
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22.4 CNT- and GNR-Metal Interconnects Simulation Results

22.4.1 ‘Liquid Metal’ Model for CNT-Metal Junction:
CNT-NI Case

The term “liquid metal” means the structural disorder of the substance involved,
more precisely, only the nearest order (short range order — SRO) is considered as it
usually occurs in a liquid. It also means that the inter-atomic distance between the
nearest neighbors (first coordination sphere) is fixed, whereas the angular
coordinates are random. In the context of this model, the interconnect space C-Ni
is considered as ‘liquid’ alloy CyNi;_,.

The model in CPA approach (22.11) gives the dispersion law for the effective
medium and the electronic density of states (EDOS, see Eq. 22.12), where the
argument K of dispersion function E(K) is a complex: Kg + iKj. The ‘mixed’
dispersion law [5, 27, 35]:

EC—Ni(KR) = xEc(KR) + (1 — x)ENi(KR) (22.18)

means configurationally-averaged state of the electronic structure within the inter-
connect space with a variable extent of disorder. The ‘liquid metal’ alloy model can
be used for evaluating mixed effective mass m*c_n;(E) (see Eq. 22.17). Taking into
account the spectral dependence of the effective mass m*(E) and estimating the
spectral resistivity p (E)(1/0.(E)), Eq. 22.16, we can estimate the average layer
resistivity p, . as:

Efin
J p.(E)dE

0

Px.av Ep ; (22.19)
where Ejp, is the width of the conduction band and x(z) is the stoichiometry
coefficient depending on the coordinate z of the ring layer (Fig. 22.6). The evalua-
tion of resistance for the CNT-Ni contact gives ~105 kOhm for the nanotube with
the internal and external radii — Ry = 1.0 nm and R, = 2.0 nm, respectively.
Evidently, the results of the resistance evaluation for interconnect depend essen-
tially on both the layer height /) and the spectral integration parameter E,, which is
responsible for the electron transport of really activated electrons.

The “liquid metal” model [5] does not operate with CNT chirality in the
interconnect space. Limitations on chirality effect (e.g., chirality angle) in the
CNT-Me junction forced us to develop a semi-empirical model that considers
the local atomic structure of the interconnect. For this aim, we have constructed a
model of ‘effective bonds’ for the interconnect with a realistic atomic structure.
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Fig. 22.5 Modeling of chirality: carbon ring rotation within CNT and GNR

22.4.2 Model of ‘Effective Bonds’ for Simulations of CNT-Me
and GNR-Me Junctions

The model of CNT-Me and GNR-Me nanointerconnects (Fig. 22.1) has been
developed in the current study. Within the electronic transport formalism, it
consists of two regions supporting two different electron transport mechanisms:
ballistic (elastic) and collisional (non-elastic). These electron transport processes
are simulated using the corresponding boundary conditions in the form of the
effective medium. The CNT and GNR chiralities (m,n) are simulated by the
corresponding orientation of the chirality vectors within the scattering medium.
The most problematic regions for simulation are Carbon-Me junctions, where
atomic structural disorder is observed and the conductivity mechanism is changed.
The chirality influence on the resistance in the region of interconnect depends on a
number of statistically realized bonds between a carbon nanostructure and a metal
contact (e.g., Ni, Cu, Au, Ag, Pd, Pt).

Using the simulation models, presented earlier [1, 2] , we have determined the
resistance for both (SW&MW) CNT-Me and (SL&ML) GNR-Me interconnects,
based on the evaluation of the interface potential barriers and implementation of
Landauer formula [36], which defines the integrated conductance:

N
G:%Z , <m>ZT—OO774ZT (22.20)

The chirality (m,n) is simulated by the corresponding orientation of carbon rings
within the scattering medium (Fig. 22.5).
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Fig. 22.7 Armchair GNR-Me end type interconnect formation model

The most problematic areas for the proper simulation are CNT-Me and GNR-Me
end to junctions (Figs. 22.6 and 22.7), where the atomic structural disorder is
observed and the conductivity mechanism is changed.

The influence of chirality on resistance in the vicinity of interconnect depends on
the number of statistically realized bonds between the CNT (GNR) and the metal
contact (e.g., Ni, Cu, Au, Ag, Pd, Pt).

In the case of side type contact for GNR-Me interconnects the number of
effective bonds per contact square is essential (see Fig. 22.8).
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Fig. 22.8 GNR-Me side type interconnect formation model

22.4.3 SW CNTs, SL- and ML-GNRs Simulations

Figures 22.6 and 22.7 present a creation of C-Me ‘effective bonds’. We consider
here [001] substrates of fcc-metals. We should also underscore that this is a
probabilistic process when only more-or-less equilibrium bonds (‘effective
bonds’) are formed at inter-atomic distances corresponding to the minimum total
energies. The evaluation of a number of “effective bonds” using Eq. 22.20 is
principal for the number of ‘conducting channels’, since the conductance is propor-
tional to the number of appeared “effective bonds” within the CNT-Me
interconnect.

The calculations of conducting abilities of “effective bonds” lead us to estimate
the energy-dependent transparency coefficient of a potential barrier C-Me
(Figs. 22.9 and 22.10). The scattering process for this potential barrier is regulated
by the effect of “thin film” for conductivity electrons, which leads to quantization in
voltaic parameters (in the case of full transparency). The transmission (transpar-
ency) coefficient T for the barrier scattering problem (Fig. 22.10) is defined as:

B[ 2VE )2
T= |2 2221
E, <VE1+\/E2 ’ ( )

where E| and E, are the corresponding electron energies. Evaluation of resistances
of CNT-Ni junctions for various NT diameters and chiralities are presented in
Table 22.1.

These resistances have been evaluated taking into account that only thermally
activated electrons, i.e., a small part An of all quasi-free electrons n, participates in
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Fig. 22.10 Formation of a potential barrier for SW CNT-Me (SL GNR-Me) junction

the conduction process with Fermi velocity vg. This ratio can be evaluated as
follows:

An  Lp(Ep(OT 3 kT
— = - 22.22
0 Zp(ER(0)EN0) 4 E(0) (22:22)




22 Simulation of Fundamental Properties of CNT- and GNR-Metal Interconnects. . . 253

Table 22.1 Resistances for the SW CNT-Ni interconnects
Number of bonds Modulus of chirality —Interconnect

Diameter, nm  Chirality indices in contact vector, nm resistance, kOhm
Zig-zag, o = 0°

1.010 C(13,0) 12 2.952 665,19
2.036 C(26,0) 24 6.394 333,33
5.092 C(65,0) 64 15.990 124,72
10.100 C(130,0) 129 32.002 61,87
20.360 C(260,0) 259 63.940 30,82
Armchair, ¢ = 30°

0.949 C(7,7) 12 2.982 665,19
2.035 C(15,15) 28 6.391 205,71
5.021 C(37,37) 72 15.765 111,11
10.041 C(74,74) 146 31.531 54,79
20.084 C(128,128) 294 63.062 27,21
C(3m,m), p = 14°

0.847 C(9,3) 3 2.66 2,666,660
1.694 C(18,6) 5 5.32 1,600,00
5.082 C(54,18) 16 15,96 500,00
10.16 C(108,36) 36 32.05 222,22
20.32 C(216,72) 80 64.10 100,00
C(2m,m), p = 19°

1.036 C(10,5) 5 3.254 1,600,00
2.072 C(20,10) 9 6.508 888,88
4.973 C(48,24) 17 15.614 470,50
10.1528 C(98,49) 47 31.880 170,21
20.5128 C(198,99) 97 64.410 82,47

See also Figs. 22.11 and 22.12

where f(E) is Fermi-Dirac distribution function and p(E) is a DOS while
kT = 0.0258eV for T = 300° K.

The role of thermally activated electrons is described by the scattering mecha-
nism changing in the space of CNT-Me interconnect. The mean free path L in the
CNT is of order 10>°—10* ac, where ac is a carbon covalent radius, which can be
explained by the ballistic mechanism of electron transport within the energy
channel of the CNT. At the vicinity of interconnect, we observe a drastic decrease
of the electron mean free path down to 1-2 ac. From the uncertainty condition x L
~ 1 (where L ~ ac ~ 2 a.u. is a free path), we can evaluate Fermi electron wave
number Kk x kg &~ 1/ac ~ 0.5 au.”'. It means that Er ~ 0.25 Ry, i.e., a large
increase of resistance occurs in the interconnect space. In particular, the variation
of the chirality angle ¢ within the interconnect space leads to the fluctuation of the
number of C-Me atomic bonds. In the case of 0° < ¢ < 30°, a certain number of
non-stable and non-equilibrium bonds can be created. Evidently, this leads to the
decrease of interconnect conductance, which is well-observed when performing
variation of nanotube diameter (Fig. 22.11).
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Fig. 22.11 CNT-Ni interconnect resistance via NT diameter

Specific results for chirality effect simulations are shown in Fig. 22.12, with the
evident maximum of the resistance for ¢ ~ 15, where a large number of non-
equilibrium bonds is formed, with higher potential barriers and lower transparency.

Figure 22.13 shows the generalized results of simulations on resistance of
junctions obtained for various metallic substrates. It is clear that Ag and Au
substrates are more effective electrically while Ni is rather a ‘worse’ substrate for
interconnect, although it yields the most effective catalyst for CNT growth. On the
other hand, the catalysts, which are usually used for the SW CNT growth (e.g., Fe,
Co and Ni), have stronger bonds to the ends of SW CNTs than noble metals [37],
i.e., some compromise exists between electrical parameters and strengths of the
interconnect bonding.

Similar calculations have been carried out for special configuration of SL GNR-
Me interconnect (Fig. 22.14) and for ML GNR-Me interconnect (Fig. 22.15).

22.4.4 Resistance MWCNT-Me Junctions

We have constructed atomistic models of both SW CNT bundles and MW CNTs
which could fit into a porous alumina with diameters of holes ~20 nm. In particular,
a model of MW CNT with a pre-defined combination of armchair (ac) and zig-zag
(zz) shells is presented in Table 22.2.

Using the simulation models presented earlier, we have developed an “effective
bonds” model for MWCNT-Me junction resistance [38], based on the interface



22 Simulation of Fundamental Properties of CNT- and GNR-Metal Interconnects. . . 255

CNT-Ni interconnects: chirality effect
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Fig. 22.13 Resistances of the zigzag-type SW CNT-Me interconnects for the CNT diameter
~1 nm

potential barriers evaluation and Landauer formula, Eq. 22.10. The results of these
simulations are presented in Fig. 22.16. For MWCNT-Me junction, the integral
bonding with a corresponding substrate may be not so significant as in the case of
SW CNTs, where the weak bonding can be principal.
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Fig. 22.14 Resistances of the SLGNR-Me interconnects
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Fig. 22.15 Resistances of the MLGNR-Me interconnects
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Table 22.2 Details of the Diameter of CNT shell, nm Chirality

model for MW CNT-Me

interconnect 12.88 (95,95) ac
13.54 (173,0) zz
14.24 (105,105) ac
14.87 (190,0) zz
15.58 (199,0) zz
16.27 (120,120) ac
16.99 (217,0) zz
17.69 (226,0) zz
18.44 (136,136) ac
19.18 (245,0) zz
19.88 (254,0) zz

Resistance of MWCNT-Metal Interconnects
4,5

4
3,5

254
2
£ 27
1,54
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Fig. 22.16 Resistances of various MWCNT- Me interconnects

Figure 22.16 shows similar ratios of electric resistances as for SW CNTs
(Fig. 22.13), in favor of Au, Ag and Pd.

22.4.5 Current Loss Between the Adjacent Shells Inside
the MW CNT

Using the model of inter-shell potential within the MW CNT we have also
evaluated the transparency coefficient, which determines the possible ‘radial cur-
rent losses. Figure 22.17 shows the inter-shell potential which is calculated using
the developed realistic analytical potentials (see comments on the procedure of the
potential construction, e.g., in [27]).



258 Y.N. Shunin et al.

1o

N

Fig. 22.17 Inter-shell transparency and inter-shell MT-potential model (MT-muffin tin)

S
&
<!
e
3
L4

In Fig. 22.17, A is the electron emission energy, E is the electron energy, V is the
height of the potential barrier between the nearest atoms in neighboring nanotube
shells. Thus, a radial transparency coefficient T for the two different energy ratios
can be defined as:

4Ek3 )
E>V,T = - . R=E-V, (22.23)
(E — k3)sin’kya + 4EK?
AE2
E<V,T = 2 2_V_E, (22.24)

. K
(E — Kk3)sh*k2a + 4EK3 2

where k, is the electron wave number in the case of above-barrier motion and
K is the same for under-barrier motion. For example, between the 2" and 1% shells
(zz-ac case, Table 22.2) a = 13.54-12.88 = 0.66 nm = 12.47 a.u.and T = 3.469 -
107 per 1 bond.

Clearly, the total radial conductance is proportional to T and the number of
effective potential barriers. It is also clear that the ‘radial current’ losses (or,
simply radial current) are similar to the Hall current due to the induced magnetic
field of the basic axial current. A pure scattering mechanism is also possible.
However, the radial conductance per CNT length depends on the morphology
(chirality) of the nearest nanotubes, when the number of shortest effective barriers
is varied in a probabilistic way. This also means that current-voltage parameters
of MW CNTs can be less stable, than in the case of SW CNTs. It has been
found that inter-shell interactions, such as inter-shell tunneling of electrons and
Coulomb interactions [39-41] cause a reduction of the total MW CNT
conductance. This is also in agreement with evaluations in [45].
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Fig. 22.18 Results of parametric calculations of resistances for Au-CNT interconnects

22.4.6 Parametric Calculations of CNT-Me Interconnects
Resistances

We have also performed parametric calculations of resistances for Ni, Pd and Au
CNT interconnects, where CNT diameter have been varied from 1 to 22 nm, and
chirality angle from 0" to 30 (with the step 5) for the two basic metal substrate
orientations ([100] and [111]). The aim of these detailed simulations is to create
approximation dependences and data base of interconnect compositions for various
technological applications [42, 43]. Technologically reasonable results of these
simulations (Au-Me interconnect, [100], [111]) are shown in Fig. 22.18.
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The dependence of interconnect resistance on the number of effective bonds
(Rinterconnect X Neff bonas) 18 the constant value. In the case of CNT-Au interconnect
([100]) it equals approximately 4,000 kOhm. The presented results of interconnect
resistance simulations are useful, in order to consider a parametric analysis of
SWCNT effective conducting channels with arbitrary chirality [46].

22.5 Conclusions

Using the ‘effective bonds’ model, we have predicted the resistivity of interconnects
between the metal substrate and SW or MW CNTs (SL GNR or ML GNR). There
also exists a qualitative compatibility of results obtained for CNT-Me junctions
using both approaches considered in this research: (i) AB-INITIO ‘liquid metal’
model and (ii) semi-empirical ‘effective bonds’ model based on the Landauer
relationship. At the same time, the latter results are quantitatively comparable
with those measured experimentally, i.e., within the range of several up to
50 kOhm [44].

We have also developed the model of inter-shell interaction for MW CNTs,
which allows us to estimate the transparency coefficient as an indicator of possible
‘radial current’ losses.

We have underscored that conductance and other current-voltaic parameters
depend on the morphology of the nearest shells in MWCNTs and MLGNRs,
which leads to complications for technology and production of nanodevices with
stable electric characteristics.

We are able now to create a database of CNT-Metal and GNR-Metal Junctions
combinations taking into account a set of parameters, and namely, the angle of
chirality, the CNT diameter, the number of walls or layers, the type of metal
substrate (Me), the orientation of metal substrate (e.g.(100), (111) or (110)).
Thus, we are able to forecast interconnect properties for various SW-, MW CNT,
SL- and MLGNR configurations.

Potential nanosensor devices on the basis of CNT, GNR and their interconnects
are possible and can be very effective for external influences of various nature.
They can change the electron transport regime and promote the current losses. At
the same time, the interconnect interfaces can be also sensitive to chemical
adsorbents, electrical and magnetic fields, changing the properties of interconnect
potential barrier and efficiency of conducting channels. Both these mechanisms of
nanosensoring are possible to simulate in the framework of the proposed models.
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