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1. Introduction

Carbon is an interesting element that can form several different structures. One
of these structures is a carbon nanotube (CNT). It is expected that CNTs can be
used in the next-generation electronic devices [1]. In particular, CNT networks,
systems comprising a large number of randomly oriented CNTs, could be used
as transparent electrodes in several applications [2]. The applications include,
for example, touch screens [3], solar cells [4], organic light-emitting diodes [5],
and motion sensors [6].

The interest in CNT networks has increased because these materials can con-
duct electricity and are also transparent. Furthermore, the CNT networks are
flexible and stretchable. However, the conductivity of the present CNT thin films
should still be improved before they can be used in real applications. Previous
experimental studies have shown a significant increase in the conductivity when
group 6 transition metal atoms are deposited on the CNT thin films [7]. An
essential topic of this work is examining the effect of these transition metal (TM)
atoms that are Cr, Mo, and W on the conductances of CNT junctions. The CNT
junctions account for most of the total sheet resistivity and should therefore be
studied in more detail.

Tailoring the properties of CNT junctions can also be performed with molecular
linkers [8] or with chemical functionalisation [9, 10]. For instance, doping of
CNTs with metal iodides [11] or acids [12] results in an enhancement of the
sheet conductivity. The second topic considered in this work is the doping of
single-wall CNTs with AuCl4 and NO3 molecules, which describes the effect of
AuCl3 and nitric acid on the CNT network. Both individual doped CNTs and
junctions of doped CNTs are investigated.

The atomic structures and band structures of the CNT systems are studied
using density functional theory (DFT) calculations that can be combined with
the usual Green’s function method when electron transport in the system is
considered. To examine the doping of CNTs, the band structures of the doped
systems are determined. Then, charge transfer between the CNTs and the
molecules is computed. Electron transport through CNT junctions is investigated
by computing electronic transmission functions for four-terminal systems where
two perpendicular CNTs form junctions that are coupled to semi-infinite CNT

1
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leads.
The AuCl4 and NO3 molecules are found to cause a p-type doping effect in

semiconducting CNTs. The metallic CNTs also become p-doped when they
have adsorbed NO3 molecules. Furthermore, pinning of the Fermi level to
flat molecular states and van Hove singularities is found in the case of both
molecules. Doping of semiconducting CNTs seems to be easier than that of
metallic CNT systems because the charge transfer and the downshift of the
Fermi level are larger in CNTs if they are originally semiconducting. In addition,
NO3-H2O complexes result in higher doping efficiencies than NO3 molecules
without water and the doping efficiency per molecule does not depend on the
molecular concentration. Computing electronic transmission functions for CNT
junctions shows that the conductance of the CNT junction enhances remarkably
when the CNTs are linked with a TM atom. The electron transport through
the CNT junction also enhances when the CNTs are doped with AuCl4 or NO3

molecules even without a linking molecule between the CNTs. Due to the
pinning of the Fermi level to a region with a high density of states, the molecular
doping is expected to be stable. The nitrate molecules cause a larger increase
in the conductance of the junction of semiconducting CNTs than what the
corresponding increase in a junction of metallic CNTs is.

2



2. Basic ideas of density functional
theory

Describing properties of materials and devices at the nanoscale is a challenging
task. It is well known that the methods of classical physics fail when the size of
the system studied approaches the size of a molecule or an atom. Therefore, the
methods of quantum theory are needed in order to understand the behaviour
of the matter at the nanoscale. This theory has been successfully applied to
various problems in modern physics. For example, the structure of matter and
its properties can be understood using the tools of quantum mechanics.

2.1 Schrödinger equation and the wavefunction

The standard problem in quantum mechanics is solving the Schrödinger equation
that can be written as

ĤΨ({ri}; t)= i�
dΨ({ri}; t)

dt
, (2.1)

where Ĥ is the Hamiltonian operator and the wavefunction Ψ depends on both
the coordinates ri of N particles and time t. It is often sufficient to study systems
without the time dependence and time in Eq. (2.1) can be neglected. Then the
Schrödinger equation can be expressed as

ĤΨ= EΨ. (2.2)

In this case, the symbol E is energy and denotes the eigenvalue of the time-
independent equation.

Analytical solutions to Eq. (2.2) cannot usually be obtained. Hence, numerical
approaches to solve the equation for the wavefunction are needed. However,
numerical methods can be applied only if the number of particles is small enough.
On the other hand, a notable benefit of the wavefunction method is that several
physical and chemical properties of nanoscale systems or bulk materials can be
investigated when the wavefunction of the system has been solved, for instance,
by using suitable approximations. Examples of these properties are the atomic
structures of bulk materials, the character of bonds between the atoms, thermal
properties of the system, and the electronic conductivity.

3



Basic ideas of density functional theory

2.2 Determining the electron density

The problems in solid-state physics often start by defining the Hamiltonian for
the system of interest. The Hamiltonian of a solid material contains, besides
the kinetic energies of electrons and nuclei, terms describing the interactions
of nuclei with electrons inside the matter and with other electrons. In addition,
the interaction of nuclei with themselves has to be included in the model. In this
specific case, the Hamiltonian is of the form [13]

Ĥ =− �
2

2me

∑
i
∇2

i −
∑
i,I

ZI e2

|ri −RI |
+ 1

2

∑
i �= j

e2

|ri −r j|

−
∑
I

�
2

2MI
∇2

I +
1
2

∑
I �=J

ZI ZJ e2

|RI −RJ |
. (2.3)

Electrons are denoted by lower case subscripts in Eq. (2.3), whereas the upper
case subscripts are for the nuclei. The first term describes the kinetic energy
of electrons. The potential energy due to the electron-nucleus interaction is
represented by the second term. The third term comes from the electron-electron
interactions. Finally, the last two terms describe the kinetic and interaction
energies of the nuclei, respectively. It is possible to simplify the expression
in Eq. (2.3) by examining the kinetic energy term of the nuclei. Because the
inverse mass of the nuclei can be considered small, their kinetic energy can be
neglected, leading to the Born-Oppenheimer approximation. This is also called
the adiabatic approximation.

It is obvious that the large number of particles in realistic systems makes solv-
ing the eigenvalues of the Hamiltonian in Eq. (2.3) very challenging. Therefore,
this way of studying the properties of, e.g., solids is not plausible. In the 1960’s,
Hohenberg, Kohn, and Sham developed a new approach that is still used in
today’s studies of solid-state systems [14, 15]. The essential idea of the DFT is
to write all physical quantities as functionals of the electron density n(r). In the
original work carried out by Hohenberg and Kohn, it is shown that the external
potential for a system of interacting particles is determined uniquely, except for
a constant, by the ground state density. As a result, finding the ground state
density makes it possible to determine all physical properties of the system.
Furthermore, minimising the energy functional E[n] gives the ground state
energy and the minimum is obtained with the exact ground state density.

The DFT is formulated as an exact theory and has been developed further
in the past decades. However, practical calculations require an approximation
for the interactions. A central idea of the Kohn-Sham DFT is to consider an
independent-particle problem and express all the many-body effects using an
exchange-correlation functional. If the exchange-correlation functional can
be approximated well, the ground state density of the original many-body-
problem is obtained by solving the independent-particle problem. For the actual
calculations, the ground state energy functional for the system with all the
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many-body interactions can be written as

EKS = Ts[n]+
∫

d3rVext(r)n(r)+EHartree[n]+EII +Exc[n]. (2.4)

The kinetic energy of the non-interacting system with N particles is represented
by the term Ts[n] in Eq. (2.4). In the second term in Eq. (2.4), Vext describes
the external potential coming from the nuclei and other external fields. In
the same equation, the Coulomb interaction of the electron gas with itself is
described by the Hartree energy EHartree and the term EII is an interaction
term for the nuclei shown in Eq. (2.3). Finally, the functional Exc[n] includes all
the challenging many-body interactions.

Solving the independent-particle problem is possible by minimising the Kohn-
Sham energy functional, which can be performed by varying the wavefunctions
in Eq. (2.4). However, the energy functional depends on the density n(r) that
can be expressed as

n(r)=∑
σ

Nσ∑
i=1

|ψσ
i (r)|2. (2.5)

This relation is needed before the variational equation can be calculated because
the electron density n has to be expressed in terms of the wavefunctions. In
Eq. (2.5), spin is denoted by σ and ψσ

i is the wavefunction of the ith orbital
with spin σ. The number of occupied orbitals is Nσ for each spin σ. Moreover,
the constraint for the normalisation and the orthogonality has to be taken into
account. Using the Lagrange multiplier method, it is possible to derive so-called
Kohn-Sham equations [13]

(Hσ
KS −εσi )ψσ

i (r)= 0, (2.6)

where the εσi denote the eigenvalues, and the effective Hamiltonian can be
written as

Hσ
KS(r)=−1

2
∇2 +Vσ

KS(r). (2.7)

The effective Hamiltonian Vσ
KS(r) contains an effective potential that is given by

Vσ
KS(r)=Vext(r)+ δEHartree(r)

δn(r,σ)
+ δExc(r)
δn(r,σ)

=Vext(r)+VHartree(r)+Vσ
xc(r). (2.8)

The exchange-correlation potential Vxc can have different forms because a signif-
icant number of different exchange-correlation functionals have been developed.
Equations (2.6)-(2.8) have been written using the Hartree units.

2.3 Exchange-correlation functionals

A very important feature of the Kohn-Sham DFT is that the total energy func-
tional can be divided into kinetic, potential, and exchange-correlation energy
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terms. Furthermore, the exchange-correlation energy Exc can often be approxi-
mated as a local or nearly local functional of the density [13]. Thus, the energy
Exc is of the form

Exc[n]=
∫

d3r n(r)εxc([n],r), (2.9)

where εxc([n],r) is the energy density, an energy per electron at point r. The
energy density depends only on the electron density within a small region close
to the point r. This kind of a formula for the exchange-correlation energy Exc

is simple but works quite well because, e.g., solids can often be regarded as
homogeneous electron gases where the character of exchange-correlation effects
is local. The local density approximation (LDA) and its extension, the local spin
density approximation (LSDA) allow us to compute Exc in a straightforward
way. The exchange-correlation energy for the LSDA can be written as

ELSDA
xc [n↑,n↓]=

∫
d3r n(r)εhom

xc (n↑(r),n↓(r))

=
∫

d3r n(r)[εhom
x (n↑(r),n↓(r))+εhom

c (n↑(r),n↓(r))]. (2.10)

In Eq. (2.10), n(r) is the total electron density and εhom
xc (n↑(r),n↓(r)) describes the

exchange-correlation energy density of the homogeneous electron gas. The terms
n↑(r) and n↓(r) are the electron densities of the up and down spins, respectively.
The exchange-correlation term εhom

xc can be written as a sum of the exchange
energy density εhom

x and the correlation energy density εhom
c of the homogeneous

electron gas.
The assumption of a homogeneous electron gas in the LDA is known to work

even in some inhomogeneous cases. However, the simplicity of the approxima-
tion can decrease the accuracy of DFT calculations. To improve the accuracy,
the gradient of the density can be included in the exchange-correlation energy
in Eq. (2.9). This method, however, does not lead to remarkably more accu-
rate calculations because the density gradients in real materials are so large
that the gradient expansion is not valid and significant modulations appear in
the exchange potential [16]. Instead, better results are obtained when gradi-
ents of higher order are also taken into account. In the generalised-gradient
approximation (GGA), the exchange-correlation functional becomes

EGGA
xc [n↑,n↓]=

∫
d3r n(r)εxc(n↑,n↓, |∇n↑|, |∇n↓|, . . . )

=
∫

d3r n(r)εhom
x (n)Fxc(n↑,n↓, |∇n↑|, |∇n↓|, . . . ), (2.11)

where εhom
x (n) denotes the exchange energy of the homogeneous electron gas

without spin polarisation and Fxc(n↑,n↓, |∇n↑|, |∇n↓|, . . . ) is the exchange-correlation
enhancement factor.

Practical calculations require parametrised analytic functions for the exchange
energy εhom

x and the exchange-correlation enhancement factor Fxc. An example
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of the GGA functionals is the Perdew-Wang 1991 (PW91) functional [17]. This
functional has been constructed so that certain exact conditions are satisfied.

One of the most popular GGA functionals is the Perdew-Burke-Ernzerhof
(PBE) functional [18]. This functional attempts to solve the problems associated
with PW91. One drawback of the PW91 functional is that the analytic function
fitted to the numerical results is complicated and overparametrised. In addition,
the parameters of the function are not seamlessly joined. As a result, some
variations appear in the exchange-correlation potential for small and large
density gradients. An additional problem is that PW91 reduces to the second-
order gradient expansion for slowly varying or small density variations and
therefore the linear response of the density of a homogeneous electron gas
cannot be described as well as with the LSDA. The linear response behaviour is
important, e.g., in the pseudopotential theory of metals.

The correlation energy of the PBE functional is of the form

EPBE
C [n↑,n↓]=

∫
d3r n[εhom

C (rs,ζ)+H(rs,ζ, t)], (2.12)

where rs is the local Seitz radius, ζ= (n↑ −n↓)/n is the relative spin polarisation,
and t = |∇n|/(2φksn) is a dimensionless density gradient. In Eq. (2.12), εhom

C de-
notes the correlation energy of a homogeneous electron gas. The spin-scaling fac-
tor is defined by the function φ(ζ)= [(1+ζ)2/3+ (1−ζ)2/3]/2, and ks =

√
4kF /(πa0),

where a0 = �
2/(me2), is the Thomas-Fermi screening wave number. The local

Seitz radius rs describes the average distance between the electrons in a homoge-
neous electron gas and is related to the electron density n = 3/(4πr3

s)= k3
F /(3π2).

The Fermi wavevector is denoted by kF in the previous expressions. The gradient
term H in Eq. (2.12) is based on a few requirements. The first requirement is
that H is given by its second-order gradient expansion in the slowly varying
limit when t → 0. According to the second condition, the gradient correction
H →−εhom

C as t →∞. The third requirement for the H term is that the correla-
tion energy EC has to scale to a constant under uniform scaling of the density.
All these three conditions can be satisfied by choosing an appropriate form for
the H term that is shown in Ref. [18]. Testing the scaling behaviour with a
two-electron ion having a nuclear charge Z →∞ gives a correlation energy that
is quite close to the exact value.

The exchange energy part of the PBE functional can be constructed considering
a few extra requirements. A proper exchange energy should also satisfy a scaling
condition similarly to that for the correlation part. This condition specifies the
form of the exchange energy that is given by [18]

EPBE
X =

∫
d3r nεhom

X (n)FX(s). (2.13)

In Eq. (2.13), the exchange energy of the homogeneous electron gas is εhom
X =

−3e2kF /(4π). Another condition is that the exchange energy should obey the
spin-scaling relationship. Furthermore, the linear response of the homogeneous
electron gas is required and fulfilling the condition for the Lieb-Oxford bound is
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also needed. These requirements together lead to the exchange enhancement
factor

FX(s)= 1+κ−κ/(1+μs2/κ), (2.14)

where μ and κ are parameters. The expression (2.14) is the last term in Eq. (2.13).
Finally, one can define the total enhancement factor FXC over the local exchange
using the exchange-correlation energy

EPBE
XC [n↑,n↓]=

∫
d3r nεhom

X (n)FXC(rs,ζ, s). (2.15)

A remarkable benefit of the PBE exchange-correlation functional is that all
parameters in the functional excluding those of the LSDA are fundamental
constants. The PBE functional also includes several other advantages the
most important of which are a precise description of the linear response of the
homogeneous electron gas, correct behaviour under the uniform scaling of the
electron gas, and also a smoother potential.

2.4 Hybrid exchange-correlation functionals

Semilocal functionals are commonly used in DFT to model exchange-correlation
effects. However, the semilocal functionals including the PBE functional have
several shortcomings. They usually underestimate the band gaps of materials
[19]. This problem occurs both in the case of LDA and GGA functionals. Actually,
adding the gradient part to the functional does not improve the accuracy of the
functional so much. To obtain more realistic and precise band gap values, new
kinds of exchange-correlation functionals have been developed. Examples of
these functionals are hybrid density functionals that include a portion of Hartree-
Fock exchange. This improves the accuracy of the functional but also makes the
computations heavier than those performed with semilocal functionals.

In recent years, the Heyd-Scuseria-Ernzerhof (HSE) hybrid functional has
become popular among other modern functionals [20, 21]. The latest version of
this functional is called HSE06 because its improved and corrected version was
introduced in 2006. Computing the exact exchange is challenging for metallic
systems since the 1/r Coulomb potential has a singularity. To make calculations
converge faster, a screened Coulomb potential can be used. In the case of the
HSE06 functional, the Coulomb operator is split into short-range and long-range
components and the final expression is [20]

1
r
= erfc(ωr)

r
+ erf(ωr)

r
. (2.16)

In Eq. (2.16), ω is an adjustable parameter and erfc(ωr)= 1−erf(ωr). The first
term erfc(ωr)/r denotes the short-range part. Correspondingly, the second term
erf(ωr)/r describes the long-range part. The form of the exchange-correlation en-
ergy of the HSE06 hybrid functional originates from the PBE0 hybrid functional
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[22]. The total exchange-correlation energy of the PBE0 is

EPBE0
xc = aEHF

x + (1−a)EPBE
x +EPBE

c , (2.17)

where the mixing coefficient is a = 1/4, Ex is the exchange energy, and Ec denotes
the correlation energy. The value of the mixing coefficient can be derived using
perturbation theory. The first two terms in Eq. (2.17) form the exchange part
which can be divided into short- and long-range components. Then the exchange
energy can be expressed as

EPBE0
x = aEHF,SR

x (ω)+aEHF,LR
x (ω)+ (1−a)EPBE,SR

x (ω)

+EPBE,LR
x (ω)−aEPBE,LR

x (ω). (2.18)

Computational studies have shown that the long-range parts of the PBE and
HSE06 functionals cancel each other when the screening parameter ω is set
to a realistic value. As a result, the hybrid density functional with a screened
Coulomb potential becomes

EωPBEh
xc = aEHF,SR

x (ω)+ (1−a)EPBE,SR
x (ω)+EPBE,LR

x (ω)+EPBE
c . (2.19)

The exchange-correlation energy in Eq. (2.19) has a tunable parameter ω that
determines the extent of the short-range interactions. In the case of the HSE06
functional [21], the screening parameter is set to ω = 0.11 bohr−1 ≈ 0.2 Å−1.
Setting the screening parameter in Eq. (2.19) to ω = 0 leads to the exchange-
correlation energy of the PBE0 hybrid functional. Moreover, the expression in
Eq. (2.19) is asymptotically similar to the PBE functional when ω→∞. The
calculations of the exchange energy terms are presented in Ref. [20].

2.5 Including the van der Waals correction and overview of the
FHI-aims code package

Describing van der Waals interactions has turned out to be a considerable
challenge in DFT. The van der Waals interactions originate from electron density
fluctuations in materials and are important, for instance, in the structures
of DNA, proteins, and other biochemical systems. Moreover, molecules on
surfaces are also examples of systems where van der Waals interactions should
be taken into account. Calculating potential energy curves for rare gas diatomic
molecules has shown that conventional DFT calculations do not give good results
[23]. The potential energy curve computed with LDA always has a minimum.
However, the LDA calculations overestimate the dissociation energies of the
molecules. Performing the same DFT calculations with a GGA functional results
in repulsive potential energy curves. Therefore, a standard GGA functional
cannot describe the van der Waals interaction so well. Replacing part of the
exchange with exact exchange enhances the binding but underestimates the
dissociation energies. In this case, the binding can still be regarded as weak.
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Thus, DFT without any modifications is not able to describe the dispersion or
van der Waals interactions properly [24].

Correcting the error of van der Waals interactions in DFT calculations is
possible by modifying the exchange-correlation energy term that is given by [25]

Exc =
∫

d3r1

∫
d3r2Kxc(r1,r2)δn(r1)δn(r2), (2.20)

where the linear response kernel Kxc represents the exchange-correlation energy
of a slightly non-uniform system and δn is the deviation in charge density with
respect to the uniform system. Approximating the effective density is necessary
in order to meet the requirements for the uniform gas and separate limits. As
shown in Ref. [25], promising expressions for the effective long-range electron
interactions are obtained when the effective electron density is written as

neff =
[√

n(r1)n(r2)
(√

n(r1)+
√

n(r2)
)]2/3

. (2.21)

Then it is possible to construct a formula for the electron interaction that can
be integrated to derive an expression for the long-range part of the exchange-
correlation energy. It is given by

El−r
xc =−3

π

∫∞

0
du

∫
V1

d3r1

∫
V2

d3r2
χ1(iu)χ2(iu)
|r1 −r2|6

, (2.22)

where χ(iu) is the electric susceptibility. If two atoms are separated by a distance
R, Eq. (2.22) can be expressed as

El−r
xc =−C6

R6 , (2.23)

where the van der Waals constant C6 can be written as

C6 = 3
π

∫∞

0
duα1(iu)α2(iu), (2.24)

and the atomic polarisability αi is given by

αi(ω)=
∫

d3rχi(ω). (2.25)

The integral in the expression for the polarisability in Eq. (2.25) is calculated
over the volume of the atom. The idea of modifying the exchange-correlation
energy term according to Ref. [25] has been implemented in several different
DFT code packages and the functional is often called the LL functional according
to its developers Langreth and Lundqvist. A benefit of the LL functional is that
it is completely non-empirical and has the correct decay behaviour as a function
of the separation R [24].

Another quite a promising way of taking the van der Waals correction into
account in DFT calculations is to develop an empirical correction scheme that
includes several parameters which come from a fitting procedure. A functional
called B97-D proposed by Grimme has turned out to be accurate [26]. This
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method is based on Becke’s GGA functional, where the gradient corrections are
expanded in power series. The total energy is defined as [26]

E = EKS-DFT +Edisp, (2.26)

where EKS-DFT is the self-consistent Kohn-Sham energy of the DFT calculation
and Edisp denotes an empirical correction term. The correction term can be
expressed as

Edisp =−s6

Nat−1∑
i=1

Nat∑
j=i+1

Ci j
6

R6
i j

fdmp(Ri j). (2.27)

In Eq. (2.27), Nat is the number of atoms in the system, Ci j
6 is the dispersion

coefficient for an atom pair i j, s6 is a global scaling factor, and Ri j is an inter-
atomic distance. Furthermore, a damping factor fdmp(Ri j) is needed to avoid
singularities for small R. The damping function is given by

fdmp(Ri j)= 1
1+ e−d(Ri j /Rr−1) , (2.28)

where Rr is the sum of atomic van der Waals radii and d is a parameter.
The performance of the B97-D functional is good compared with other widely

used functionals [26]. For instance, heats of formation computed with B97-D for
the G2/97 standard test set with 148 entries are more accurate than the same
quantities calculated with GGA functionals PBE and BLYP. Even the meta-GGA
functional TPSS leads to a larger mean absolute deviation from experimental
reference values of the heats of formation than the B97-D functional. Its error is
almost as small as that of the B3LYP hybrid functional. Other tests regarding
chemical reactions and transition metal complexes have shown that B97-D
usually gives more precise reaction energies than those computed with other
functionals. Moreover, the deviations of the atomisation energies from the
reference values are significantly smaller when calculations for group II clusters
with Be, Mg, and Ca atoms are carried out with the B97-D functional instead of
TPSS or B3LYP.

The interatomic C6R−6 terms make it possible to include the van der Waals
correction in DFT calculations but a remarkable problem with these terms is
often that they are determined empirically. The accuracy and reliability of the
C6R−6 correction scheme can be improved by determining the C6 coefficients
from the mean-field ground-state electron density and precise reference data for
free atoms as has been shown by Tkatchenko and Scheffler [27]. The expression
for the C6 coefficient in Eq. (2.24) can be used to calculate a new term Ci j

6
describing the van der Waals interaction between two atoms or molecules 1 and
2. In the method presented in Ref. [27], the atomic polarisability of the first
atom is of the form

α1
i (ω)= α0

i

1− (ω/ηi)2 , (2.29)

where α0
i is the static polarisability and ηi is an effective frequency. When the

atomic polarisability αi in Eq. (2.24) is replaced by the expression shown in
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Eq. (2.29), the van der Waals coefficient becomes

Ci j
6 = 3

2
[ηiη j/(ηi +η j)]α0

i α
0
j . (2.30)

If both atoms are identical (i = j), the effective frequency can be written as

ηi = 4
3

Cii
6

(α0
i )2

. (2.31)

The formula in Eq. (2.31) together with Eq. (2.30) leads to a new expression for
the Ci j

6 coefficient. It is given by

Ci j
6 = 2Cii

6 C j j
6

α0
j

α0
i
Cii

6 + α0
i

α0
j
C j j

6

. (2.32)

Computing the Ci j
6 coefficient requires the free-atom reference values α0

i
and Cii

6 and they can be found in literature. In Ref. [27], the C6 coefficient is
also defined for an atom inside a molecule or a solid and is called an effective
coefficient Ci j

6,eff. The main ideas of the method are described in Ref. [27] in more

detail. When the van der Waals coefficients Ci j
6 are known, an intermolecular

coefficient Cmol
6 can be calculated as a sum

Cmol
6 =∑

i

∑
j

Ci j
6,eff, (2.33)

where the indices i and j refer to the atoms in the first and second molecule,
respectively. An extensive test study of 1225 intermolecular pairs in Ref. [27]
shows that the mean absolute relative error of the test data is small compared
with other existing methods. Furthermore, the error does not depend signifi-
cantly on the three functionals (LDA, PBE, and BLYP) used in the calculations.

Practical DFT calculations are often carried out using some code package.
In this work, we have mainly used the FHI-aims code package [28]. It is an
all-electron full-potential DFT code and is based on numerical atom-centred
orbitals. Actually, the orbitals of the FHI-aims code also contain an analytically
defined part. A remarkable benefit of these numerical atom-centred orbitals
used in the FHI-aims code is that the spatial regions of large systems do not
interact with each other. Thus, the calculations scale nearly linearly with the
number of atoms in the system. The numerical atomic orbitals can also be used
to construct molecular orbitals [29]. A marked task in the DFT calculations
is performing the integrations using appropriate grids. In Ref. [30], various
top-down methods to generate integration grids are presented. The grid points
play an important role in the efficiency of the code because the scaling is linear
only when a suitable grid is chosen for the calculations.
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3. Computing transmission functions

3.1 Conductance of a nanoscale device

The conductivity of nanoscale devices is a rather complex issue and studying
such devices requires methods developed particularly for describing the electrical
conductivity of systems where the nanoscale effects are important. A well-known
method for calculating the conductance of a nanoscale system is the Landauer-
Büttiker formalism. According to this formalism, the conductance G of the
system can be written as [31]

G = 2e2

h
MT (3.1)

where M is the number of propagating modes and T denotes the average proba-
bility that an electron can go through the conductor. The expression in Eq. (3.1)
has been written in the form where the dependence of the number of modes M
and of the probability T on energy is neglected. In a more complex system, both
M and T are functions of the energy E.

The current through the nanoscale conductor can be computed by applying
Eq. (3.1). If the transport occurs through multiple energy channels, then the
current through each channel is [31]

i(E)= 2e
h

[
M(E)T(E) f1(E)−M′(E)T ′(E) f2(E)

]

= 2e
h

[
T(E) f1(E)−T

′
(E) f2(E)

]

= 2e
h

T(E)
[
f1(E)− f2(E)

]
(3.2)

The functions f1 and f2 represent the energy distributions of the electrons in
the first and second lead, respectively. The quantities with primes (M′(E) and
T ′(E)) denote the current flowing in the opposite direction. The formula for the
current can be simplified if we assume that T(E) = T

′
(E). The quantity T(E)

includes information about the number of modes M and can be regarded as an
average transmission probability.
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The total current is obtained by integrating the current formula (Eq. (3.2))
and is given by

I =
∫

i(E)dE. (3.3)

In the linear response regime, the conductance of the system can be written as

G = 2e2

h

∫
T(E)

(− ∂ f0

∂E
)
dE. (3.4)

The function f0 is the equilibrium Fermi function in Eq. (3.4). In the case of
zero temperature, the partial derivative in the previous formula becomes a delta
function and the conductance in the linear response regime can be expressed
simply as

G = 2e2

h
T(EF). (3.5)

3.2 Transport system

The Landauer formula in Eq. (3.1) enables calculating the conductance of the
system if the quantities M and T are known. In particular, the objective of our
work is to study the electrical conductivity of various CNT systems by evaluating
electronic transmission functions for them. In the context of electron transport
calculations, the transmission function T can be computed by determining the
Green’s function for the system investigated. An example of a transport system
comprising a conductor and two semi-infinite leads is presented in Fig. 3.1.

LeadL LeadRRegion C

Conductor

CL CC CL

Figure 3.1. A two-terminal transport system. The conductor is connected to two semi-infinite
leads that are denoted by LeadL and LeadR. The centre part called Region C can
be divided into parts CC and CL that are the actual conductor and the ends of the
leads (marked with light green colour), respectively. Moreover, the leads consist of
principal layers shown by vertical rectangles. The Hamiltonian matrices within the
principal layers are denoted by h0

LL (h0
RR) for the left (right) lead. Correspondingly,

the Hamiltonian matrices between two neighbouring principal layers are h1
LL and

h1
RR.

The electron transport through the device displayed in Fig. 3.1 can be under-
stood if the whole system is divided into small parts. This kind of partitioning
is useful and makes it possible to construct, for instance, the Hamiltonians for
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the semi-infinite leads and the centre region. The total Hamiltonian Ĥ of the
transport system can be expressed as

Ĥ = ĤLL + ĤCC + ĤRR + ĤLC + ĤCR , (3.6)

where ĤLL, ĤCC, and ĤRR are the Hamiltonians of the left lead, the Region C,
and the right lead. The left and right leads are in Fig. 3.1 the LeadL and LeadR ,
respectively. Moreover, the last terms ĤLC and ĤCR are the Hamiltonians
between the leads and the centre part, Region C.

Computing the Green’s function for the transport system requires that the
Hamiltonian in Eq. 3.6 is expanded in some appropriate basis set. A localised
basis set is a good choice. With this basis set, the interaction Hamiltonian
matrices HLC and HCR become finite. Furthermore, only interactions between
the principal layer and its two nearest neighbors are considered meaning that
the lead matrices HLL and HRR have block tridiagonal structures. Then the
matrix HLL, for instance, can be expressed as

(HLL)i j =

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

h0
LL if i− j = 0,

h1
LL if i− j = 1,

(h1
LL)† if j− i = 1,

0 if |i− j| > 1.

(3.7)

The matrices h0
LL and h1

LL are the Hamiltonian matrices within and between
the principal layers, respectively. The meaning of these matrices is explained in
the caption of Fig. 3.1. The matrix of the right lead can be written in a similar
form. In addition, the non-zero parts of the matrices HLC and HCR are h1

LL and
h1

RR , respectively.
We can calculate the matrix Green’s function G for the transport system by

solving the equation
(ES−H)G(E)= I. (3.8)

The first term before the equality sign in Eq. (3.8) can also be written as
⎛
⎜⎜⎜⎝

ESLL −HLL ESLC −HLC 0

ES†
LC −H†

LC ESCC −HCC ESCR −HCR

0 ES†
CR −H†

CR ESRR −HRR

⎞
⎟⎟⎟⎠

⎛
⎜⎜⎜⎝

GLL GLC GLR

GCL GCC GCR

GRL GRC GRR

⎞
⎟⎟⎟⎠ (3.9)

and the identitity matrix I is
⎛
⎜⎜⎜⎝

ILL 0 0

0 ICC 0

0 0 IRR

⎞
⎟⎟⎟⎠ . (3.10)

Furthermore, S is the overlap matrix. It is essential to solve Eq. (3.8) for the
Green’s function GCC corresponding to Region C of the transport system. To
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calculate GCC, the element (2,2) of the matrix (3.9) has to be considered. Then,
we can write a new expression for the Green’s function in the form

(ES†
LC −H†

LC)GLC + (ESCC −HCC)GCC + (ESCR −HCR)GRC = ICC (3.11)

In addition, the formulas for the Green’s functions GLC and GRC are required
before GCC can be computed. We can express GLC in the form

GLC =−(ESLL −HLL)−1(ESLC −HLC)GCC. (3.12)

The formula in Eq. (3.12) comes from the matrix element (1,1) in Eq. (3.9) and
a similar expression for GRC can be determined. By combining Eqs. (3.11) and
(3.12), a new equation for the Green’s function GCC can be written if GRC is also
expressed as a function of GCC. This equation is given by

GCC = (ESCC − (HCC +ΣL(E)+ΣR(E)))−1, (3.13)

where ΣL and ΣR are self-energies of the left and right semi-infinite leads,
respectively. The expression for the left self-energy is

ΣL(E)= (ESLC −HLC)†G0
LL(E)(ESLC −HLC) (3.14)

and G0
LL(E) in Eq. (3.14) is the retarded Green’s function of the left semi-infinite

lead. By replacing the sub- or superscript index L with R in the formula (3.14),
a corresponding expression for the right self-energy can be calculated. The
retarded Green’s function G0

LL(E) can be written as

G0
LL(E)= (zSLL −HLL)−1, (3.15)

where the quantity z is given by z = E+iη and η is a small broadening parameter.
Computing the self-energies for the semi-infinite leads can be performed using

the localised basis set in quite a simple manner. For instance, the left self-energy
becomes

ΣL(E)= (Es1
LL −h1

LL)†g0
LL(E)(Es1

LL −h1
LL), (3.16)

where the lower-case overlap and Hamiltonian matrices are finite non-zero parts
of the upper-case matrices. Furthermore, g0

LL(E) is related to the 0th principal
layer of the left lead. Correspondingly, the other Green’s function g0

RR(E) comes
from the 0th principal layer of the right lead. One possibility to determine
g0

LL(E) is to use a block recursion method. In this method, the surface Green’s
function g0

LL(E) is calculated using the expression

g0
LL(E)= [zs0

LL −h0
LL − (zs1

LL −h1
LL)†g0

LL(E)(zs1
LL −h1

LL)]−1. (3.17)

The quantity z in the previous equation has the same meaning as that of a
similar symbol in Eq. (3.15). After computing the Green’s function for the centre
region, the transmission function can be calculated. The transmission function
between the left and right leads can be written as

TL−R(E)=Tr(ΓL(E)Gr(E)ΓR(E)Ga(E)), (3.18)

where the expression for ΓL is ΓL(E)= i(Σr
L(E)−Σa

L(E)). The functions Ga and
Σa are the Hermitian conjugates of Gr and Σr, respectively.
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3.3 Numerical calculation of the transmission function

The electronic transmission functions for CNT systems are computed using
the transport module of the FHI-aims code package. An electron transport
calculation involves two steps. In the first step, a ground-state DFT calculation
is carried out for the computational unit cells of the leads. The purpose of this
calculation is to store the non-zero elements of the Hamiltonian and overlap
matrices for the second step. The second step consists of a calculation where
the self-energies for the leads are determined and the Green’s function for the
central region is computed.

The FHI-aims code computes the Green’s function using the expression (3.17)
and in this case the energy variable z is varied until the Green’s function is
close enough to the solution of the equation. To compute the Green’s function
for the leads, an initial guess for the function is needed. This guess can be
computed by solving the Green’s function for the expression zS0

L −H0
L. Then,

we can carry out the iteration. During the iteration, several matrix operations
are needed and factorisation of the matrices is also required, which can be
performed with the methods of the SCALAPACK library. The iteration is stopped
when the numerically computed Green’s function is close to the real solution.
The convergence of the function is checked by comparing the Green’s function
matrices of two successive steps. A condition for stopping the iteration comes
from the elements of the Green’s functions matrices. When the largest absolute
value of the Green’s function matrix changes less than the tolerance, the iteration
is stopped. Then, the self-energy for the lead can be computed. The steps of the
lead calculation are presented in Fig. 3.2.
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Find the non-zero elements 
of the matrices

Construct the Hamiltonian 
and overlap matrices and 
compute the initial Green's 
functions for the leads

Calculate a new Green's 
function using a given 
energy parameter

Is the iteration 
converged?

No

Vary the energy 
parameter

Calculate the self-energy

Yes

Figure 3.2. Flowchart of the self-energy calculation in the transport module of the FHI-aims
code package.
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After computing the self-energies for the leads, the Green’s function for the
central region GCC is calculated. The transport module of the FHI-aims code
first constructs the Hamiltonian matrix of the form ES−H, from which the self-
energies Σr

i are subtracted. Thereafter, GCC can be calculated using Eq. (3.13).
Finally, the electronic transmission function as a function of energy is obtained
by evaluating the trace of the matrix product according to Eq. (3.18). The
algorithm of the transport calculation is shown in Fig. 3.3.

Construct the Hamiltonian 
and overlap matrices and 
subtract the self-energies

Calculate the Green's 
function for the centre 
region using Eq. (3.13)

Compute the transmission 
function using Eq. (3.18)

Figure 3.3. Flowchart of the calculation for the transmission function in the transport module of
the FHI-aims code package.
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4. Carbon nanotube thin films

Numerous methods to fabricate CNT thin films have been developed. The
synthesis methods can be divided into two categories that are dry and wet
processes [32]. The dry processes often lead to high sheet conductivity whereas a
benefit of the wet methods is the compatibility with some industrial fabrication
processes. An example of the dry processes is floating catalyst chemical vapour
deposition. With this method, high-quality CNT thin films have been obtained.
The wet processes include, for instance, the dip-coating, spray coating, Langmuir-
Blodgett technique, and vacuum filtration [32].

The CNT thin films are commonly used as transparent electrodes in applica-
tions [1, 32]. In particular, the CNT thin films could replace indium tin oxide
(ITO) in several touch screen systems. The drawback of ITO is that indium is a
scarce material. In addition, ITO systems cannot be bent so much as CNT thin
films. Therefore, using CNT thin films in new kinds of flexible touch screens or
displays may be possible if the electrical properties of the CNT thin films can
be improved. A common challenge related to the CNT networks is fabricating
thin films where the transparency is high and the resistivity is low simultane-
ously. The transmittance as a function of the resistivity can be seen in Fig. 4.1.
A decrease in the resistivity also results in a rapid decrease in the transmit-
tance. Thus, finding optimal sheet parameters can be challenging. However,
the CNT thin films have been used in several applications including displays,
touch screens, solar cells, light-emitting diodes, thin-film transistors, defrosting
systems for windows, and electromagnetic shields [1].

Sheet resistance

Tr
an

sm
is

si
on

Figure 4.1. Schematic figure of the transmission of a CNT thin film as a function of the sheet
resistance.
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4.1 Conductivity of the carbon nanotube network

The electrical conductivity of a CNT network depends on the structure of the
network (network morphology) as well as on the properties of individual CNTs
and their junctions [32]. The properties of individual CNTs depend on their
chiralities [33]. It is possible to describe the conductivity of the CNT thin
films using the percolation theory that takes the geometrical properties of the
CNTs into account [34]. The crucial geometrical properties are the length and
diameter of the CNTs. Furthermore, the chirality of the CNT determines the
type of the CNT and is another important property of CNT thin films. Based on
experimental investigations of CNT networks [35], the dc electrical conductivity
(σdc) of the CNT network varies as σdc ∼ L1.46

av , where Lav is the average bundle
length.

The power law dependence found in the work by Hecht et al. [35] indicates
that the total conductivity of the CNT network is determined by the resistances
of the CNT junctions. This finding is also in accordance with the studies of
conductance measurements of CNT networks probed by atomic force microscopy
(AFM) [36, 37]. We also consider the CNT junctions and their conductances
although some study has shown that the individual CNT also might affect
the total conductivity significantly [38]. A benefit of the AFM method is the
possibility to image the topography and the conductance of the CNT network
simultaneously. These studies indicate that the conductance of the system does
not decrease linearly with the distance from the electrode to the point where the
measurement is performed. The number of interconnects in the CNT network
has a great influence on the local electrical properties of the whole system. For
instance, when the network comprises a small number of interconnects, the
conductance stays at the same order of magnitude throughout the system but
decreases abruptly at some points. The positions where the decreases in the
conductance are observed correspond to the places of the CNT junctions [36].
For example, measuring the resistance of the system gives a value 0.2×108

Ω before a junction and the value of the resistance after the same junction is
2×108 Ω. This means that the increase in the resistance of the network is large,
of the order of 108 Ω.

In Ref. [36], the conductance drops are attributed to the crossed junctions
between semiconducting and metallic CNTs. The junction consisting of a semi-
conducting and a metallic CNT has a significantly higher resistance than that
of another junction between two metallic CNTs or two semiconducting ones.
It turns out that in the CNT thin films with a large number of interconnects
the behaviour of the conductance is not monotonic with the distance from the
electrode. Instead, the conductance can be locally higher if the place measured
contains a cluster of CNTs having several routes to the electrodes. Then finding
a path with only metallic CNTs is also more probable, which improves the local
conductivity. A special remark about the AFM measurements is that they enable
the distinction between metallic and semiconducting CNTs. Finding completely
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metallic paths and imaging them can also be carried out with the method shown
in the work by Stadermann et al. [36]. A newer study regarding the local elec-
trical properties of CNT networks also implies that their total conductivity is
dictated by the resistances of the CNT junctions [39]. Further, the junction
resistances can be reduced efficiently using acid treatment.

The effect of the length and diameter of the CNTs on the macroscale conduc-
tivity of densely packed single-walled CNTs has been examined in Ref. [40].
This work includes both experimental results and computer simulations of CNT
networks. The length of the CNTs in the systems investigated computationally
varies between 0.3 and 5.6 μm and the diameter of the CNT is set to a fixed value
10 nm. The CNTs form a three-dimensional spatially homogeneous network,
where the orientation of each CNT is sampled from a two-dimensional planar
isotropic distribution. The CNT probability distribution function is uniform in
this case. The volume fraction of single-walled CNTs in the network is 60%. The
simulations show that the conductivity of the CNT network can be described
with a power law. It can be written as σ(L)= 7.13L2.32 S cm−1, where the length
L is expressed in units of micrometers. The exponent 2.32 is a little larger than
the previous exponent 1.46 obtained in Ref. [35]. A limitation of the model is
that it cannot be applied to long CNTs (L > 10 μm) because of the intrinsic
resistance of the CNTs. Moreover, the dependence of the conductivity on the
diameter of the CNT is explored in Ref. [40]. Constructing CNT bundles with
diameters between 3 and 30 nm and with a length of 2 μm and computing the
conductivity of the entire network as a function of the diameter d results in
a power law expression that can be written as σ(d) = 5.23×107d−3.15 S cm−1,
where the unit of d is a nanometer. The volume fraction of CNTs in this case
is assumed to be 60% so the volume fraction is the same as that of the systems
used to model the influence of the length of the CNT on the conductivity. The
results from the simulations related to the length dependence show that the
conductivity of the CNT network decreases with increasing the diameter d of
the CNTs.

The orientation of the CNTs in the CNT network is often random after the
manufacturing process. Aligning the CNTs is one way of enhancing the electrical
conductivity of the network. Besides investigating the influence of the length
and the diameter of the CNT on the sheet conductivity, the work by Jack et
al. [40] considers CNT networks with aligned CNTs. The conductivity parallel
to the orientation of the aligned CNTs is higher than the corresponding value
measured perpendicular to the CNTs.

Random networks of CNTs have been considered using a percolation model
that enables the investigation of the conductivity of the system [34]. The essen-
tial parameters in this model are the lengths LS of the individual CNTs and
the channel lengths LC. It is also important to study percolation in the network
in the ballistic and diffusive regimes. The assumption of ballistic transport is
valid if LC is much shorter than the mean free path of the electron and the CNT
density is below the percolation limit. If LC is significantly larger than the mean
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free path, scattering of electrons with, e.g., phonons or surface roughness can
take place and the transport can be described using a diffusive model. Below
the percolation threshold, both ballistic and diffusive currents approach zero
when the ratio LC/LS is increased. Thus, the result given by both models also
agrees with other studies of the length dependence.

The density of CNTs in the network is important in the case of diffusive trans-
port [34]. The conductivity of the network is proportional to Ln

C, where n is
called a conductance exponent. For high CNT densities and strong coupling
between the CNTs, the conductance exponent n is close to −1.0, which corre-
sponds to ohmic conduction. The exponent n decreases with lowering the CNT
density so the relation becomes non-linear. This occurs when the CNT density
is near the percolation threshold. The findings of Ref. [34] give insight into the
physical properties of the CNT network. The results are particularly useful in
analysing, for instance, the conductivity of new electronic devices utilising the
CNT networks.

Investigating the influence of the statistical distributions of the alignment
of CNTs on the CNT network reveals that the type of the distribution and its
broadening affect the total conductivity of the network remarkably. Three differ-
ent statistical distributions for CNTs (rectangular, Gaussian, and Lorentzian)
have been considered in a computational study by Simoneau et al. [41]. The
main outcome of the work is that the conductivity of the network can be greatly
improved by controlling the alignment of the CNTs. The highest conductivity
is obtained when CNTs are positioned parallel to the conduction channel. The
broadening of the distribution also influences the sheet conductivity so that
there is usually a maximum when the deviation is between 10° and 30°. How-
ever, the Lorentzian distribution does not possess a similar maximum as seen in
the rectangular and Gaussian distributions. Finally, it should be noticed that
achieving high conductivity of the CNT thin film requires aligning the CNTs
parallel to the electrode system and having an appropriate angle distribution of
CNTs.

4.2 Acid doping

The influence of acids on CNTs has been considered in several previous experi-
mental studies due to the ease and simplicity of chemical processing. Thin films
or bucky papers consisting of single-walled CNTs doped with either hydrochlo-
ric, nitric, or sulphuric acid show a shift of the Fermi level [42]. Investigating
the properties of CNT bucky papers treated with these Brønsted acids can be
performed with X-ray induced photoelectron spectroscopy (XPS). This method
enables finding the shift of the Fermi level by studying the changes in the elec-
tron core level binding energies of the elements in the system. In this case, all
three acids (HCl, HNO3, and H2SO4) result in a p-type doping effect, which
is also called hole-doping. This means that the Fermi level shifts downwards
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into the valence band. The idea of the doping process is depicted schematically
in Figs. 4.2(a)–(c) for a pristine, p-doped, and n-doped semiconducting CNT
system. The Fermi level is thought to lie in the middle between the valence and
conduction bands in the case of a pristine semiconducting CNT.
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Figure 4.2. Schematic figure of the Fermi level in the DOS of (a) a pristine semiconducting CNT,
(b) a p-doped semiconducting CNT, and (c) an n-doped semiconducting CNT. The
transitions between the first and second van Hove singularities are shown in the
DOS plot in (a).

The shifts of the Fermi level determined in Ref. [42] are 0.1, 0.2, and 0.5 eV
for HCl, HNO3, and H2SO4, respectively. The values of the shifts have been
measured using the binding energy shifts of the C 1s core level. Besides the en-
ergy shifts, broadening of the spectral lines is observed. The authors of Ref. [42]
propose that the broadening can originate from the simultaneous presence of
semiconducting and metallic CNTs, defects, or from an increase of the DOS at
the Fermi level. Additional studies of the S, N, and Cl core level spectra indicate
that intercalation by the HNO3 or NO−

3 molecules occurs between the CNTs in
the bundles, which is in agreement with previous experimental work [43]. A
downshift of the Fermi level due to the doping of single-walled CNTs with HNO3

and H2SO4 has also been found in a study by Zhou et al. [44]. Consistent results
are obtained with thermopower, optical reflectivity, and Raman spectroscopy
measurements. No dependence of the doping on the CNT diameter is observed.
Estimated values for the Fermi level downshifts are 0.35 and 0.50 eV for NO3-
and H2SO4-doped CNT networks, respectively. These values are in good agree-
ment with Ref. [42]. The shifts of the Fermi level of the CNT networks after the
acid doping correspond to a case presented in Fig. 4.2(b), where the Fermi level
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shifts downward in energy past the van Hove singularities.
An important finding of the experimental study in Ref. [44] is that the acid

doping reduces the sheet resistance considerably. In addition, the resistivity of
the thin film behaves differently as a function of temperature after the nitric-
acid doping. The decrease in the resistivity is larger in the case of H2SO4 doping
and the resistivity even increases at high temperatures indicating metallic
behaviour.

It is also essential to investigate the impact of nitric-acid doping on the in-
dividual CNTs and CNT junctions in the thin film in order to understand the
transport properties of the whole CNT network. AFM measurements of isolated
CNT junctions before and after the nitric-acid doping make it possible to deter-
mine the resistance per unit length for individual CNTs and also the contact
resistance of the CNT junctions [37]. Doping the CNTs with HNO3 reduces the
resistances of the junctions between the CNTs by a factor of around three. In
addition, the sheet resistance of the entire thin film decreases by a factor of four
after the nitric-acid doping. An important conclusion of the work by Znidarsic et
al. is that the improvement of the conductivity of the whole structure can be at-
tributed to hole-doping of CNTs, which decreases the tunnelling barrier heights
between the contacts of CNTs. The reduction of the resistances of the CNT
junctions due to the nitric-acid doping has also been confirmed by investigating
the local electrical properties of the CNT networks using electrostatic force
and scanning gate microscopy [45]. This work also shows that doping the CNT
network with HNO3 results in a remarkable enhancement of the conductivity
of individual CNTs, which is in clear contrast to the finding of Ref. [37], where
only a small reduction in the resistivity of the single CNTs after the nitric-acid
doping is observed.

4.3 Other common dopants and methods to modify the properties
of carbon nanotube thin films

The properties of CNT thin films can be enhanced by acid doping but a marked
challenge related to the acid treatment is stability. For instance, doping the
CNT thin films with HNO3 leads to a significant increase in the conductivity
immediately after the doping but thereafter the conductivity decreases rapidly
due to the evaporation of the acid [46]. The degradation of the doping effect can
be confirmed using UV-vis-NIR absorption spectroscopy, Raman spectroscopy, or
XPS.

Besides the acids, the CNT networks can be doped with various compounds
such as AuCl3 [47], MoOx [48], and CuCl2/Cu(OH)2 redox [49]. The use of
AuCl3 as a p-type dopant for CNT thin films has been reported [47]. In this
case, the van Hove transitions ES

11, ES
22, and EM

11 disappear in the UV-vis-NIR
absorption spectroscopy indicating p-type doping. The ES

11 and ES
22 transitions

are depicted in Fig. 4.2(a). Additional studies employing Raman and ultraviolet
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photoelectron spectroscopy also reveal that the system becomes p-doped due to
the AuCl3 doping. A downshift of the Fermi level up to 0.42 eV is measured
and the resistivity of the CNT thin film decreases by approximately 90% if the
doping concentration is high [47]. Thus, the conductivity of the CNT thin film
improves by a factor of around ten in this case.

There is a significant number of methods that are suitable for doping CNTs
nowadays. The doping atoms or molecules do not always bind to the outer
surface of the CNT. Instead, they can also locate inside the CNTs. For example,
iodine can be used to improve the conductivity properties of CNT thin films such
that the sheet resistance decreases by an order of magnitude after the iodine
doping [50]. In an experimental and computational study by Fan et al. [51], the
iodine atoms have been found to form helical chains inside single-walled CNTs.
These structures have been investigated using atomic resolution Z-contrast
scanning transmission electron microscopy. The microscopy images show helices
the structure of which is in accordance with DFT calculations employing LDA
and norm-conserving pseudopotential plane waves. To keep the number of
atoms in the system small enough, investigating iodine chains on flat graphene
sheets or on curved graphene sheets gives enough information on the optimal
atomic structure of the real CNT system. Three different configurations where
the lattice of the CNT and the iodine spacing are almost commensurate are
considered. The longest two periods of the computationally studied iodine chains
correspond to experimentally observed structures examined with microscopy.

Iodine chains inside CNTs have been explored in Ref. [52] both experimentally
and computationally. In that study, one-dimensional iodine chains are found
to form different kinds of phases inside the CNTs. Besides equidistant chains,
chains consisting of iodine dimers and trimers can also be observed inside the
CNTs as investigated using high-resolution scanning transmission electron
microscopy. Transitions between the dimer and trimer phases can take place.
The trimerised phase turns out to be interesting because the calculations show
that the band gap opens in this case, which indicates the formation of a charge
density wave in the system.

The filling of CNTs with one-dimensional copper halide crystals has been
investigated with several experimental methods and the copper halides have
been shown to work as acceptors [53]. In this case, single-walled CNTs are filled
with CuCl, CuBr, or CuI by a capillary technique. Then the work functions of the
nanostructures are determined and a downshift of the Fermi level because of the
doping is observed. This downshift indicates charge transfer from the CNTs to
the 1D crystals. According to the experiments in Ref. [53], the nanocrystals bind
to the CNT walls due to hybridisation between C 2pz π and Cu 3d orbitals. This
hybridisation results in new localised states. The DOS of these new localised
states, charge transfer in the system, and the downshift of the Fermi level rise
when the electron affinity of the halogen atom increases. Therefore, the highest
value is obtained for a CuCl crystal inside the CNT.

Doping of CNT thin films with CuCl and iodine has also been considered
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in an experimental study by Tsebro et al. [54]. The work shows the tempera-
ture behaviour of the electrical resistance of the CNT thin films for pristine
and doped samples. The sheet resistance as a function of temperature has a
minimum that shifts towards lower temperatures because of the doping. In
addition to the experiments, Tsebro et al. [54] also analyse the data by using a
heterogeneous model consisting of two contributions to the resistance. The first
part of the model describes the conductances of the junctions and is related to
fluctuation-assisted tunnelling. The second contribution is needed to explain
the conductivity of individual CNTs or bundles of the network and describes
backscattering of charge carriers by low-energy phonons. This term, however, is
important only at low temperatures.

An essential result of Ref. [54] is that the sheet resistance of the CNT net-
work is mainly determined by the first part of the model accounting for the
junction resistances, in agreement with previous experimental investigations
[39]. Furthermore, the sheet resistance decreases by one order of magnitude
and the doping effect also remains stable in air a long time. According to the
measurements, the sheet resistance1 is approximately 100 Ω/� after the doping
and is close to that of a commercial indium tin oxide thin film. It turns out
that the doping of CNT thin films causes a downshift of the Fermi level into
the valence band. The value of the downshift is 0.6 and 0.9 eV for iodine- and
CuCl-doped CNT thin films, respectively.

A remarkable increase in the conductivity of CNT thin films doped with
MoOx has been observed [48]. The resistivity of the CNT network decreases
approximately by a factor of two when MoOx is deposited by thermal evaporation.
After annealing the MoOx-doped CNT thin film for a few hours in argon, the
resistivity of the network reduces by a factor of 5−7 with respect to the undoped
and unannealed network. The doping effect can be seen as a suppression of the
van Hove transitions. Further, performing XPS measurements of the MoOx-
doped CNT thin films shows that the Mo6+ oxidation state dominates the Mo 3d
spectrum and the Mo4+ state cannot be seen before annealing. When the sample
has undergone an annealing process, Mo6+ remains the dominant oxidation state
but the Mo4+ and intermediate ones become visible. This indicates chemical
reduction of MoOx meaning that is receives electrons from the CNT. Additionally,
the MoOx doping is stable thermally and also shows a very good chemical
stability. According to Ref. [48], this method can be used to fabricate MoOx-CNT
composites with sheet resistances of 100 Ω/� at 85% transmittance.

Doping CNT thin films with CuCl2/Cu(OH)2 redox has been shown to improve
the conductivity of the network markedly [49]. A reduction of the resistance by a

1The unit of the sheet resistance is commonly Ω/� and this unit is useful in the
measurements of thin films having a uniform thickness. If the shape of the thin film
is a square, the resistance of the system is always the same regardless of the area of
the square. Thus, the unit is defined as ohm per square. In the case of a system that
is, e.g., four units long and one unit wide, the resistance of the system is four times
the resistance of a square where the side length is one unit. This example shows the
relation between the resistances of square and non-square systems.
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factor of 4.4 has been found. Thus, the resistance of the CNT thin film decreases
from over 300 to 69.4 Ω/� at 90% transmittance after treating the CNT thin
film with the redox dopant. A great advantage of this redox doping, for instance,
over the acid one is the stability. Keeping the thin film in ambient condition for
one year only results in a slight increase in the sheet resistance. The measured
value of the sheet resistance is 73.5 Ω/� after one year.

The characteristics of the CuCl2/Cu(OH)2 doping can be investigated by using
the Raman or UV-vis-NIR spectroscopies. After doping the CNT thin film with
the CuCl2/Cu(OH)2 redox, a remarkable decrease in the Raman intensity and
blue shifts in the G and G’ bands of the Raman spectra are observed indicating
p-type doping. This redox functionalisation can also be used to fabricate solar
cells as presented in Ref. [49]. In this case, the redox-functionalised CNT thin
film could work as an efficient hole-transporting layer in a CNT/Si solar cell. The
power conversion efficiency (PCE) of a pristine CNT/Si solar cell is rather low,
6.6%. The CuCl2/Cu(OH)2 functionalisation increases the PCE of the CNT/Si
solar cell by 115% and the measured value after the doping process is 13.77%.
Moreover, the open-circuit voltage, short-circuit current density, and fill factor
enhance significantly because of the redox functionalisation. They do not change
so much in the ambient conditions after one year and the PCE of the doped
CNT/Si solar cell even improves a little during that time. Therefore, the stability
of the redox-functionalised CNT thin film is also good for device applications
including new types of solar cells.

Besides the doping methods discussed in this section, a few n-type dopants for
the CNT have also been developed [55]. However, the stability and longevity
of the n-type doping has been a significant problem. Early studies of CNT
systems indicate that single-walled CNT bundles can be made n-doped with
potassium that works as a donor in the system [56]. An interesting finding is
also a possibility to obtain n-type doping in CNTs by using ordinary salts with
crown ethers. In addition, this type of doping shows remarkable stability in
air longer than one month [57]. Another study [58] shows that n-type doping
of CNTs can also be carried out by encapsulating cobaltocene inside the CNTs.
Doping of CNTs with 1,2,4,5-tetrakis(tetramethylguanidino)benzene has also
turned out to be a promising method to make n-doped CNTs [59]. In particular,
these systems could be used in transistor applications.

Another method to modify the properties of CNT networks is to use molecular
linkers between the CNTs as shown in Ref. [60]. The molecular linkers can be
either electron donors or acceptors. The CNT thin film with molecular linkers
has diode-like behaviour. The mechanical and electronic properties of CNT
networks improve as a result of the linking process [61]. The use of molecularly
linked CNTs as an oil filter has been demonstrated [62]. Moreover, joining of
two parallel multi-walled CNTs has been carried out with electron irradiation
[63]. These welded systems may turn out to be useful in applications where
CNTs are utilised.
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5. Carbon nanotube junctions with
linker atoms

A new approach for enhancing the electrical properties of CNT thin films is mod-
ifying them chemically with group 6 TM atoms [64, 65]. Previous experimental
investigations have shown that the electrical conductivity of both semiconduct-
ing and metallic CNT networks improves remarkably when they are treated
with Cr atoms. The improvement of the conductivity, however, depends on the
thickness of the CNT thin film as well as on the chiralities of CNTs. The enhance-
ment of the conductivity is larger if the CNT network is very thin. Furthermore,
the effect of Cr atoms on the network of semiconducting CNTs is more significant
than on one consisting of metallic CNTs.

The enhancement of the conductivity of CNT thin films due to the group 6
TM atom deposition can be attributed to covalent, organometallic hexahapto
(η6) bonds between the CNTs and the TM atoms [64]. The group 6 TM and
carbon atoms have six valence electrons. By forming covalent bonds with the
carbon rings on the sidewalls of the CNTs, the group 6 TM atoms obtain the
favourable 18-electron configuration, which means that they have a closed shell.
A particular objective of the work performed in Publication I is to model the
systems that form when, for instance, Cr atoms bind to the sidewalls of the CNTs.
Our model is a continuation of the previous computational study by Li et al. [66].
The authors of Ref. [66] have considered a junction of two semi-infinite CNTs
linked by various metal atoms. Furthermore, an increase in the conductance
of a similar junction of two parallel CNTs with a gold nanoparticle between
them has also been found in another study [67]. In our work, we study a four-
terminal system that consists of two infinite CNTs connected by a TM linker
atom. Therefore, our system has the advantage that the ends of the CNTs do not
cause unnecessary scattering and the system also makes it possible to examine
electron transport through individual CNTs in the junction while only transport
through the junction can be studied in the case of a two-terminal system with
semi-infinite CNTs. The CNT junctions investigated in Publication I and their
electronic transmission functions are presented in this chapter. Furthermore,
the charge densities of some eigenstates of the system are depicted.
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5.1 Structure of the CNT junction

The CNT junctions investigated in Publication I consist of two infinite single-
walled armchair CNTs. The CNTs are placed perpendicular to each other and
connected by either one Cr, Mo, or W atom. We mainly study a junction of two
(8,8) CNTs but consider also junctions of two (5,5) or (11,11) CNTs. The CNTs
are rotated so that the linker atom lies just above the centres of the carbon
rings on the outer surfaces of the CNTs. Then the formation of the hexahapto
system can occur as described at the beginning of the chapter. The structure of
the junction of two (8,8) CNTs with a Cr linker atom is shown in Fig. 5.1. This
system works as a computational model of the CNT junctions, where the lengths
of the CNTs are infinite.

Figure 5.1. A junction between two metallic (8,8) CNTs linked with a Cr atom. The atoms with
light blue colour belong to the lead regions. The lead numbering is also shown in the
figure.

Optimisation of the atomic structures of the CNT junctions needs to be carried
out before computing electronic transmission functions for them. All computa-
tional models of the CNT junctions examined in the present work are similar to
the system depicted in Fig. 5.1 and the ends of the CNTs form the lead regions
indicated by a different colour in the same figure. The actual optimisation of the
structure is performed so that the distance between the CNTs in the junction is
varied and the system is relaxed using different distances until the configuration
with the lowest energy has been found. The positions of the lead atoms are
fixed during the relaxation calculations since the leads should represent pristine
CNTs without deformations. The optimal distance is obtained by fitting a second-
degree polynomial to the total energy values of the relaxed systems. This way
of optimising the CNT-CNT distance in the junction is also used in other CNT
junctions investigated in this work. However, the displacements of the atoms
in the junction region turn out to be relatively small. Therefore, part of the
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CNT junction systems are not relaxed fully but only the CNT-CNT distance is
optimised by varying the positions of the CNTs and finding the energy minimum.
The distance dCNT-CNT between the CNTs in the junction is defined as

dCNT-CNT = daxes − r1 − r2, (5.1)

where daxes denotes the distance between the axes of the CNTs, r1 is the radius
of the first pristine CNT, and r2 is the radius of the second pristine CNT.

The optimal distance between two pristine (8,8) CNTs is 2.46 Å. With a Cr
linker atom, the CNT-CNT distance increases to 2.56 Å. When the CNTs are
connected by a Mo or a W atom, the corresponding distance is larger than in
a CNT junction with a Cr linker atom and is nearly 3 Å. The difference comes
from the larger size of the linking atom. The diameter of the CNT also affects
the optimal CNT-CNT distance that decreases with increasing the diameter of
the CNT. The CNTs are closer to each other when their diameters are larger
because the curvature of the CNTs is then lower.

Stability of the CNT junction with a TM linker atom is also relevant and can
be considered by computing the binding energy for the TM atom between two
CNTs. However, a calculation of the binding energy for a single TM atom is
first required. The binding energy Eb,1 for an atom adsorbed on a CNT can be
expressed as

Eb,1 = ET[CNT-X]−ET[CNT]−ET[X]. (5.2)

The energy ET[CNT-X] in Eq. (5.2) denotes the total energy of the CNT with
an X atom. Correspondingly, ET[CNT] and ET[X] are the total energies of the
pristine CNT and the single X atom, respectively. The X atom in Eq. (5.2) can
also be an X molecule. The binding energy for an X linker atom between two
CNTs is defined as

Eb,2 = ET[CNT-X-CNT]−ET[CNT]−ET[CNT-X], (5.3)

where ET[CNT-X-CNT] is the total energy of the CNT junction with an X linker
atom and the meaning of the two other terms is the same as in Eq. (5.2). In
Publication I, the binding energy Eb,2 for the Cr linker atom is determined and
its value is −4.2 eV. Thus, the CNT-Cr-CNT system is stable.

5.2 Electronic transmission functions and charge densities

Junctions of two metallic armchair (8,8) CNTs with group 6 TM linker atoms
are first relaxed and electronic transmission functions are computed for the
optimised structures. Because of the closed-shell structure, spin can be neglected
in the transport calculations. Intra- and intertube electronic transmission
functions for CNT junctions with and without TM linker atoms are presented in
Figs. 5.2(a) and 5.2(b).

The transport calculations for a junction of pristine (8,8) CNTs give an in-
tratube transmission function (see Fig. 5.2(a)) that consists of several steps
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Figure 5.2. (a) Intratube and (b) intertube transmission functions for CNT junctions with differ-
ent linker atoms. The transmission function for a pristine individual CNT is also
shown in the upper plot. The numbers of the leads are presented in the inset.

and has a finite value close to the Fermi level. This means that the system is
conductive and metallic. Without the linker atom, the values of the intertube
transmission function in Fig. 5.2(b) are close to zero in a broad energy region
in the vicinity of the Fermi level and also remain low outside this region except
for a few high peaks that originate from the high density of states of individual
pristine CNTs. The intra- and intertube transmission functions for the junction
of two pristine (8,8) CNTs resemble the previous computational results [68].

A significant enhancement of the intertube transport is observed when the
(8,8) CNTs are linked with a TM atom as shown in the intertube transmission
functions in Fig. 5.2(b). There are two rather broad peaks below the Fermi level
and the tail of the first peak just below the Fermi level extends above it. All
three TM atoms (Cr, Mo, and W) result in similar double peak structures in the
Fermi energy regime. The TM linker atoms do not lower the intratube transport
significantly, which can be seen in Fig. 5.2(a). Only a small number of dips
appears in the intratube transmission functions and their values remain close
to those of the intratube transmission function for the pristine (8,8) CNT. This is
also a great advantage of linking the CNTs with TM linker atoms.
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There are differences between the transmission functions of Publication I
and those obtained in a study by Li et al. [66]. In Ref. [66], the linking atoms
lead to remarkably broader peaks in the neighbourhood of the Fermi level. We
can attribute the differences to a few reasons. The chiralities of the CNTs in
Ref. [66] are (5,5) instead of (8,8) that is chosen for our systems. Moreover, Li
et al. have considered a junction of semi-infinite and parallel CNTs. Because
the CNTs are semi-infinite, quasilocalised end states can form in the junction.
We have also considered the effect of the diameter of the CNT on the transport
and found that the size influences, e.g., the distance between the peaks in the
intertube transmission functions. However, the results from Publication I are in
qualitative agreement with the previous reports [66].

Figure 5.3. Charge densities of (a) the OHEE3, (b) the OHEE2, (c) the OHEE1, and (d) the
ULEE1 eigenstates for the junction of two (8,8) CNTs linked with a Cr atom. The
blue isosurface represents the charge density and the value of the isosurface is the
same for all eigenstates.

Valuable information about the origin of the peaks in the intertube transmis-
sion curves in Fig. 5.2(b) can be obtained by examining the charge densities of
the eigenstates in the vicinity of the Fermi level. The peaks in the intertube
transmission functions between E−EF ≈−0.8 eV and E−EF ≈ 0.2 eV are asso-
ciated with an unoccupied low-energy eigenstate (ULEE1) and three occupied
high-energy eigenstates (OHEE1, OHEE2, and OHEE3). The electron densities
of these states of a CNT junction with a Cr linker atom are represented by blue
isosurfaces in Figs. 5.3(a)–(d).

The ULEE1 lying approximately 0.1 eV above the Fermi level does not show
remarkable hybridisation between the Cr and CNT orbitals as presented in
Fig. 5.3(d). In contrast, a large amount of charge lies on the CNTs. In the case of
the OHEE1 (see Fig. 5.3(c)), the state is located at the Fermi level and toroidal
regions of electron density appear around the linker atom. There is only minimal
hybridisation between the Cr and CNT orbitals in the junction region. The shape
of the isosurface of the OHEE1 resembles the 3dz2 orbital. Interestingly, the
orbitals of the OHEE2 and OHEE3 have four longitudinal regions that fill the
whole junction area, which is a clear sign of hybridisation. It resembles that
observed in a system of two polyacene molecules connected by a Cr atom and
indicates coupling of the carbon π orbitals to the d orbitals of the Cr atom [66].

By studying the shapes of the orbitals, we can identify their types. A study
by Rayon et al. shows the orbital structure of a bis(benzene)chromium (CrBz2)
molecule that acts as a model system for CNT junctions with Cr linker atoms [69].
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The highest occupied molecular orbital (HOMO a1g(σ)) of the CrBz2 molecule
corresponds to the OHEE1 in Fig. 5.3(c). Similarly, we can link the OHEE2

and OHEE3 with the HOMO-1 e2g(δ) states of the same molecule. Finally, the
lowest unoccupied molecular orbital LUMO e2u of the CrBz2 system can be
attributed to the ULEE1. In Ref. [69], an energy partition scheme has been
employed to analyse the type and structure of the metal-ligand bonding in the
CrBz2 molecule. According to the bonding analysis, the Cr-C bond in CrBz2

is 37.9% electrostatic and 62.1% covalent, which is also in agreement with
small charge transfer found in the junctions of CNTs with TM linker atoms as
shown in Publication I. Another essential finding of Ref. [69] is that the largest
contributions to the orbital interactions in the CrBz2 molecule originate from
the Cr→Bz2 δ-backdonation. Therefore, this molecule can be regarded as a
δ-bonded molecule.
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6. Molecular doping of carbon
nanotubes and carbon nanotube
junctions

An alternative and promising way of tuning the properties of CNTs is doping
them chemically, e.g., with atoms or molecules. In the present work, we consider
charge transfer doping of single-walled CNTs with gold chloride and nitric
acid molecules. In particular, the doping efficiencies of these molecules are
determined by computing band structures for the doped CNT systems. Besides
the band structures, electronic transmission functions for single doped CNTs
and junctions consisting of two CNTs doped with molecules are investigated.

The topic of the first part of this chapter is the doping of semiconducting (10,0)
CNTs with AuCl4 anions. The AuCl4 molecule is called an anion in this work.
We compute the band structures both with the usual PBE and the HSE06 hybrid
exchange-correlation functionals. Further, the first part deals with junctions
of two semiconducting CNTs with AuCl4 anions. These systems resemble a
little those examined in Publication I but the CNTs in the junctions are covered
with molecules and there is not always a linking molecule between the CNTs.
After presenting the most important results from Publication II, we consider
CNTs doped with NO3 molecules, which is the topic of Publication III. The last
part of this chapter presents a concise summary of the most relevant results
of Publication III. In this case, both semiconducting and metallic CNTs with
NO3 molecules are examined. In addition to individual CNTs, junctions of two
metallic or two semiconducting CNTs with doping are studied in this work.
Finally, we consider a junction of a NO3-doped semiconducting and a NO3-doped
metallic CNT.

6.1 Semiconducting carbon nanotubes with AuCl4 molecules

Experimental investigations of the interaction of the HAuCl4 solution with CNTs
have indicated spontaneous formation of Au nanoparticles on the sidewalls of the
CNTs [70]. These nanoparticles are related to a direct redox reaction between
the CNTs and the metal ions. The difference between the relative potential
levels of the CNT and the AuCl4 anion explains why electron transfer from
the CNT to the gold ions takes place, which causes reduction of the metal
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ions to atoms that form Au nanoparticles. In this reaction, the CNTs donate
electrons and become p-doped. As a result, the conductivity of the CNT network
increases simultaneously. This improvement of the conductivity of the CNT thin
film has also been confirmed in another experimental study by Kim et al. [47]
as presented in another section dealing with the CNT doping. The doping
compound in that study was AuCl3 that corresponds to HAuCl4 used in Ref. [70].
The benefit of AuCl3 compared with other dopants is the high doping efficiency
[71]. The doping efficiency in this thesis is defined as the charge transferred
from the anion to the CNT. Hence, this compound has been investigated in more
detail.

A particular objective of this work is describing the mechanism of AuCl3 doping
using computational models. The study of Ref. [47] indicates that chloride anions
play an important role in the AuCl3 doping. In a newer study [72], the results
given by DFT calculations showed that the Cl− anions do not result in a stable
doping effect since it depends on the relative positions of the anions on the
CNT remarkably. In this case, the instability is related to the Peierls effect.
Instead, AuCl4 anions adsorbed on the semiconducting (10,0) CNTs have been
shown to cause charge transfer from the CNTs to the anions. Then the CNTs
become p-doped. The study by Murat et al. [72] works as a starting point for our
computational studies.

Computing the band structures for AuCl4-doped CNTs is performed as a
function of the concentration of the AuCl4 anions. For these calculations and
also for the transport calculations of the junctions of doped CNTs, we define
a computational unit cell that consists of four primitive unit cells of a (10,0)
CNT and a few AuCl4 anions on the outer surface of the CNT. The number of
the AuCl4 anions is varied between zero and four. A schematic figure of the
computational unit cell is shown in Fig. 1 in Publication II. Construction of
the computational unit cell requires finding the adsorption geometry of the
anion on the CNT. The optimal geometry is determined by relaxing the atoms
of the computational unit cell with one AuCl4 anion that is placed on a few
different highly symmetric sites where the adsorption can take place. However,
the changes in the total energies of the systems are minimal when different
adsorption geometries are considered. Therefore, we always place the anion on
the CNT so that the Au atom lies above a C atom. This configuration is also
stable as shown by computing the binding energy for a AuCl4 anion on a (10,0)
CNT. The value of the binding energy for the AuCl4 anion is obtained by using
Eq. (5.2) and is −1.38 eV.

The band structures for pristine (10,0) CNTs in Figs. 6.1(a) and 6.1(b) show
that the system is a semiconductor with a direct band gap at the Γ point. The
band gap determined with PBE is 0.77 eV and the corresponding value computed
with HSE06 is 0.97 eV. When the computational unit cell includes a (10,0) CNT
with one AuCl4 anion, a downshift of the Fermi level relative to the top of
the valence band is found in the band structures computed with PBE and
HSE06 in Figs. 6.1(c) and 6.1(d), respectively. The downshift of the Fermi
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Figure 6.1. Band structures for pristine and AuCl4-doped (10,0) CNTs: (a)–(b) A pristine (10,0)
CNT, (c)–(d) (10,0) CNT with one AuCl4 anion in the computational unit cell, and
(e)–(f) (10,0) CNT with four AuCl4 anions in the computational unit cell. The top of
the valence band and the Fermi level are denoted by a red dashed line. The insets
show the structures of the computational unit cells. The functional of the calculation
is also presented above each band plot.

level is larger in the case of the HSE06 functional. The band structures have
several dispersionless bands coming from the localised molecular states. These
dispersionless bands are located close to the Fermi level in the case of the
PBE band structures. Changing the functional to HSE06 leads to a shift of
the molecular bands toward lower energies, which can be seen in Figs. 6.1(d)
and 6.1(f). The self-interaction error can be decreased by using the HSE06
hybrid functional, which is seen as downshifts of the energy bands in the band
structures. Furthermore, the shift of the Fermi level down in energy becomes
larger with increasing the concentration of the AuCl4 anions.

The downshift of the Fermi level indicates charge transfer from the CNTs to
the AuCl4 anions meaning that the CNTs become p-doped. We can calculate
the doping efficiency of the AuCl4 anions by considering the band structures.
First, we look for the crossing points of the Fermi level and the uppermost
valence band. An estimate for the doping efficiency is obtained by measuring the
distance from the Γ point to the intersection point, dividing this distance by the
maximum kz value, and finally multiplying the ratio by four. The multiplier four
originates from the twofold spin and band degeneracies of the uppermost valence
band of the semiconducting (10,0) CNT. The method introduced in Publication
II for determining the doping efficiency of AuCl4 anions can also be applied to
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NO3 molecules in Publication III. The doping efficiencies for the AuCl4 anions
on (10,0) CNTs are listed in Table 6.1.

Table 6.1. Doping efficiency in AuCl4-doped (10,0) CNTs as a function of the number of anions
NAuCl4 . The results are shown for both the PBE and HSE06 functionals.

NAuCl4 Functional
Doping efficiency

per anion (e)

1 PBE 0.9

1 HSE06 1.1

2 HSE06 1.1

4 PBE 0.7

4 HSE06 0.7

The values in Table 6.1 show that the doping efficiencies for the AuCl4 anions
are larger when performing the calculations with HSE06. This can also be
verified by comparing the band structures computed with PBE and HSE06. The
doping efficiency for one AuCl4 anion, determined with the method described
earlier in this section, is 0.9 electrons per anion if the PBE functional is used in
the calculation. The corresponding value computed with HSE06 is 1.1 electrons.
Interestingly, the doping efficiency decreases significantly when the number of
anions in the computational unit cell is increased. The charge transfer between
the CNT and the anion is approximately 0.7 electrons in the case of four AuCl4
anions on the CNT. The lowering of the doping efficiency can be attributed to
the enhanced hybridisation between the molecular orbitals of the CNT and the
AuCl4 anions. In addition, the character of the bonds between the CNT and
the anions changes from ionic to more covalent when the concentration of the
doping anions is high. An essential finding of the AuCl4-doped systems is that
the Fermi level of the highly doped systems shifts near flat CNT bands and
dispersionless molecular states. As a result, the Fermi level can be pinned to
the van Hove singularity. This kind of pinning suggests that the doping effect is
robust so it is possible to maintain the doping effect despite small changes in
the concentration of AuCl4 anions.

In addition to the band structures, electron transport through individual
semiconducting (10,0) CNTs with AuCl4 anions is investigated. The individual
(10,0) CNT with doping is constructed using the computational unit cells of the
doped systems in the insets in Fig. 6.1. These unit cells are placed consecutively
so that the total length of the whole transport system is three times that of
the basic computational unit cell. This system represents the real one well
because both the leads and the middle unit cell forming the scattering region
are similarly doped. Electronic transmission functions for semiconducting (10,0)
CNTs with and without AuCl4 anions are shown in Fig. 6.2.

The transmission function for a pristine semiconducting (10,0) CNT shows a
step-like structure with a gap indicating semiconducting behaviour. Computing

40



Molecular doping of carbon nanotubes and carbon nanotube junctions

 0.0

 2.0

 4.0

 6.0

 8.0

10.0

12.0

14.0

-1.0 -0.5  0.0  0.5  1.0  1.5  2.0
T

ra
ns

m
is

si
on

Energy (eV)

(10,0) CNT
(10,0) CNT + AuCl4

(10,0) CNT + 2xAuCl4
(10,0) CNT + 4xAuCl4
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the electronic transmission function for the computational unit cell of a (10,0)
CNT with one AuCl4 anion results in a curve that is shifted toward higher
energies by 0.1 eV. An increase in the dopant concentration causes even larger
upshifts. These results mean that the originally semiconducting system becomes
metallic. Simultaneously, several dips originating from scattering due to the
anions appear in the transmission curves. In addition, the number of dips is
smaller at higher energies because of the absence of molecular states.

(a) (b) (c)

Lead 1

Lead 2

Lead 3

Lead 4
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Figure 6.3. Junctions of (a) two perpendicular pristine (10,0) CNTs, (b) two perpendicular (10,0)
CNTs with large concentration of AuCl4 anions, and (c) two perpendicular AuCl4-
doped (10,0) CNTs with a linking AuCl4 anion.

To study the influence of AuCl3 doping on the conductivity of CNT networks,
we consider different kinds of CNT junctions without and with AuCl4 anions.
The three CNT junctions studied in Publication II are presented in Figs. 6.3(a)–
(c). Before calculating the transmission functions for the CNT junctions, their
atomic structures have to be optimised. A junction of two pristine (10,0) CNTs is
relaxed according to the method applied for determining the optimal structures
of junctions of metallic (8,8) CNTs with linker TM atoms examined in Publication
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I. Hence, the positions of the lead atoms are fixed and the remaining carbon
atoms in the junction region are allowed to move. The distance between the
CNTs is varied and the relaxation of the systems is carried out at each distance
separately. Thereafter, we can find the optimal distance by looking for the
minimum of the total energies. The optimal distance dCNT-CNT between two
pristine (10,0) CNTs is determined both with the Tkatchenko-Scheffler van der
Waals correction and without it. If the van der Waals correction is employed
in the relaxation calculations, the distance dCNT-CNT is 2.63 Å. Repeating the
optimisation calculation without the correction leads to a distance of 3.68 Å.
Hence, it is important to include the van der Waals correction when the CNT-
CNT distance in the CNT junction is optimised.

The atomic structure of the other junctions in Figs. 6.3(b) and 6.3(c) are not
relaxed fully due to high computational cost. Furthermore, the displacements of
the carbon atoms in the junction of two pristine (10,0) CNTs are relatively small
so the full relaxation of the other two doped systems is not needed. Contrary
to the optimisation method used to find the distance dCNT-CNT for the junction
in Fig. 6.3, we set dCNT-CNT in the system shown in Fig. 6.3(b) to the value 2.63
Å, the same as that obtained for a junction of pristine (10,0) CNTs. Then the
AuCl4 anions are placed on the (10,0) CNTs so that the concentration of the
AuCl4 anions corresponds to that of the computational unit cells with the largest
numbers of anions in the insets in Figs. 6.1(e) and 6.1(f).

The last junction differs from the second one. In the third junction in Fig. 6.3(c),
the anion concentration of the CNTs is slightly smaller and moreover the CNTs
are linked with a AuCl4 anion. The distance between the CNTs in this system is
optimised so that we vary the CNT-CNT distance but do not let the atoms move
relative to each other. The optimal distance dCNT-CNT is obtained by finding
the energy minimum of the total energy values given by basic ground state
calculations and is 6.69 Å. We have also investigated the displacements of the
AuCl4 anions in the junction of two AuCl4-doped (10,0) CNTs during the first few
relaxation steps in the case of the system shown in Fig. 6.3(b). The relaxation
calculations show that the anions tend to move toward the centre point of the
junction region. Therefore, linking of the CNTs with AuCl4 anions is expected to
occur in the doping process and it is also essential to consider the junction in
Fig. 6.3(c).

Four-terminal electron transport calculations are carried out for the three CNT
junctions displayed in Figs. 6.3(a)–(c). The intra- and intertube transmission
curves for a junction of two perpendicular pristine (10,0) CNTs are presented
in Fig. 6.4. Correspondingly, the results of the transport calculations for a
junction of two perpendicular AuCl4-doped (10,0) CNTs linked with a AuCl4
anion are shown in Fig. 6.5. The transmission functions for the second junction
in Fig. 6.3(b) are not shown because the results are for the valence band region
qualitatively similar to those calculated for the junction of two AuCl4-doped
(10,0) CNTs with a linker anion.

The intratube transmission function for the junction of two pristine semi-

42



Molecular doping of carbon nanotubes and carbon nanotube junctions

 0.0

 5.0

10.0

15.0

20.0

-2.0 -1.0  0.0  1.0  2.0

Intratube

 0.0

 0.2

 0.4

 0.6

 0.8

 1.0

-2.0 -1.0  0.0  1.0  2.0

T
ra

ns
m

is
si

on
Intertube

 1.0e-05

 1.0e-04

 1.0e-03

 1.0e-02

 1.0e-01

 1.0e+00

-0.8 -0.6 -0.4 -0.2  0.0  0.2  0.4  0.6  0.8

Energy (eV)

Intertube

Figure 6.4. Intratube (top panel) and intertube (middle and bottom panels) electronic trans-
mission functions for a junction of two pristine (10,0) CNTs. All curves have been
shifted so that the energy zero lies at the top of the valence band of a pristine (10,0)
CNT. The bottom panel shows the intertube transmission function on the logarithmic
scale.

conducting (10,0) CNTs in the topmost panel of Fig. 6.4 resembles that for an
individual pristine (10,0) CNT in Fig. 6.2. There are multiple steps represent-
ing discreet energy levels in the curve and it does not have any significant
disturbances coming from the other CNT in the junction. The conductance of
the junction of two pristine (10,0) CNTs is low as can be seen in the intertube
transmission curves in Fig. 6.4 and the values of the intertube transmission
functions are small in a wide energy region. The curve, however, has numerous
peaks and they are located at the same energies as those of the steps in the
intratube curve. Interestingly, the shape of the intertube electronic transmission
function looks like the DOS for a one-dimensional electron gas. In other words,
the system comprising pristine (10,0) CNTs does not conduct electricity well
without any chemical treatment or an applied bias voltage, for example.
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Figure 6.5. Intratube (top panel) and intertube (middle and bottom panels) electronic transmis-
sion functions for a junction of two AuCl4-doped (10,0) CNTs with a linking AuCl4
anion. The Fermi level is located at the energy zero and is also denoted by a vertical
blue line. The intertube transmission function on the logarithmic scale is presented
in the bottom panel.

Computing the transmission functions for a junction of two perpendicular
AuCl4-doped (10,0) CNTs that are also connected by a AuCl4 anion shows
clear improvements in the intra- and intertube conductivities relative to those
obtained for a CNT junction system without doping. The top panel in Fig. 6.5
presents the intratube electronic transmission function for the CNT junction in
Fig. 6.3(c). An upshift of the intratube transmission function occurs due to the
doping, which means that the individual semiconducting (10,0) CNTs become
metallic. However, there are numerous dips in the intratube function and they
originate from scattering due to the AuCl4 anions adsorbed on the CNTs. On
the other hand, the dips do not decrease the intratube transmission markedly.

The most important finding of the transport calculations for the CNT junction
system in Fig. 6.3(c) is that the electron transport through the junction enhances
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significantly when the CNTs are doped with several anions and one anion bridges
the CNTs. The intertube transmission functions in the middle and bottom panels
of Fig. 6.5 reveal that the doping gives rise to a large number of peaks in a rather
wide energy region and many of the peaks have values over 0.2. It should
be noticed that the number of peaks in the intertube transmission function is
very small at higher energies above the Fermi level. Further, the intratube
transmission function possesses fewer dips in the high-energy regime. The low
intertube conductivity above the Fermi energy in Fig. 6.5 can be attributed to
the lack of molecular states. Besides these findings, another prominent property
of the intertube transmission function for the junction of doped CNTs with a
linking anion is the large density of the electronic states just below the Fermi
level. These states are related to the hybridisation between the molecular
and CNT ones. Furthermore, the Fermi level can be pinned to the van Hove
singularity of the CNT as found in the case of the band structures of highly
doped semiconducting (10,0) CNTs. This indicates stability of the doping effect
with respect to the concentration of the anions in the system.

Figure 6.6. Total electron density of two double-degenerated states close to the Fermi level. The
density has been computed for a model system consisting of two perpendicular (10,0)
CNTs linked with a AuCl4 anion.

It is also essential to explore the origin of the improvement of the intertube
transmission functions for junctions comprising AuCl4-doped CNTs. In Publica-
tion II, we consider a model system that consists of two perpendicular pristine
(10,0) CNTs connected by a AuCl4 anion. We calculate the total electron densi-
ties of the electronic states lying near the Fermi level. Similarly to the studies of
CNT junctions with TM linker atoms, we find hybridisation between the states
of the CNT and those of the AuCl4 anion. In Fig. 6.6, the total electron density
of two states in the vicinity of the Fermi level is shown and the degeneracy of
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the states is two.
The results of Publication II give insight into the doping of CNT networks

with AuCl3 on a molecular level. Moreover, our computational studies confirm
the results of the work by Murat et al. [72] and indicate that the doping process
stems from molecular AuCl4 anions adsorbed on the CNTs. These anions always
lead to a stable doping effect which increases significantly with increasing the
concentration of the anions in the system. As it has been found in Ref. [72],
the self-interaction of DFT causes an error in the band structures and this
error can be reduced remarkably by including an atomistic self-interaction
correction in the calculations. We have diminished the self-interaction error
in our calculations by computing the band structures with the HSE06 hybrid
exchange-correlation functional. The HSE06 calculations indicate higher charge
transfer between the semiconducting CNTs and the adsorbed anion than in the
same systems studied with the PBE functional.

An essential result of Publication II is also that the conductances of junctions
of two semiconducting (10,0) CNTs without a linking anion improve significantly
as a result of the AuCl4 doping. The improvement already takes place when
both CNTs in the junction are doped with a large enough concentration of anions.
However, a larger value for the conductance is obtained when the the doped
CNTs are linked with a AuCl4 anion. The conductance of the system increases in
this case although the distance between the CNTs increases due to the linking
anion. The findings related to the improvements of the junction conductances
are in accordance with the experimental report where significant reductions in
the sheet resistances of the CNT networks have been found [70, 47].

The downshift of the Fermi level in the band structure for a AuCl4-doped (10,0)
CNT with a large molecular concentration is over 0.5 eV when performing the
calculations with HSE06. This value is comparable to the experimental one, 0.42
eV [47]. Hence, achieving the downshift observed in the experiments requires a
large concentration of AuCl4 anions. Moreover, doping of graphene with AuCl4
anions has also been examined computationally [73]. These studies indicate
a significant increase in the work function accompanied by a clear downshift
of the Fermi level. However, the shift of the Fermi level cannot be increased
remarkably after reaching a saturation level. This effect may also occur in the
case of CNTs and the Fermi level of the AuCl4-doped (10,0) CNTs cannot be
shifted downwards in energy significantly if the concentration of the anions
becomes large enough.

Graphene treated with AuCl3 has also been investigated in Ref. [74] that
shows how annealing of the sample affects the doping effect. The amounts of
Au3+ and Cl− ions in the system are found to vary according to the annealing
temperature TA . Their number is the largest at TA = 50◦C. Then the resistance
of the graphene sheet is also the lowest. Furthermore, an interesting finding of
the work by Shin et al. is that the doping effect is reversible, which differs from
the AuCl3-doped CNT systems.

Another study of graphene doped with AuCl3 sheds light on the influence of
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defects on the doping effect [75]. When the sample is irradiated with ultraviolet
light, several types of defects form in the material and examples of these defects
are oxygen-containing functional groups such as carbonyl groups and vacancies.
The ultraviolet irradiation may change part of the sp2 bonds to sp3 ones. In
Ref. [75], the irradiation time is optimised in order to find the largest conductivity
of the CNT networks. An interesting issue related to this study is that the
AuCl3 doping works well even in the case of graphene with high density of
defects. The suitability of the method for damaged graphene can be attributed
to dangling bonds in the neighbourhood of the defects. These dangling bonds
stabilise the chemical dopants. The influence of annealing and defects on AuCl3-
doped graphene is considerable and these factors should be optimised when the
graphene sheets are doped.

It has been shown in the work by Chang et al. [76] that a significant challenge
related to the doping of graphene with AuCl3 is the low charge transfer efficiency
(CTE) between the dopant anions and graphene. The CTE depends remarkably
on the sizes of the Au clusters that form during the doping process. The sizes of
the Au clusters tend to become larger with increasing the dopant concentration,
which results in higher values for CTE. However, to enhance the CTE drastically,
the graphene sheet needs to be modified chemically. One way of improving the
CTE is presented in Ref. [76]. First, a polymer layer is deposited on graphene
and the entire system is heated. This step is followed by UV exposure, which
introduces functional groups on the polymer layer. Thereafter, this structure is
coated with AuCl3. It turns out that the sheet resistance decreases at every step
of the process in this case.

The factors that are associated with the efficiency of doping of graphene with
AuCl3 and are discussed in this section can also affect the performance of CNT
thin films doped with AuCl4 anions due to the similar atomic structure. It may
be possible to tune and enhance the conductivity of AuCl4-doped CNT thin films
by using ultraviolet radiation to make defects in them or by annealing them.
An advantage of the annealing method is that it is simple to use. Furthermore,
a chemical treatment like depositing appropriate polymer layers on CNT thin
films can also be useful when the system is doped with AuCl4 anions.

6.2 Carbon nanotubes with NO3 molecules

The influence of nitric acid on CNTs can be studied by considering computational
unit cells where nitrate molecules are adsorbed on semiconducting or metallic
CNTs. In Publication III, several NO3-doped CNT systems are investigated in
order to explore the doping effect. Part of the systems considered in Publication
III are shown in Fig. 6.7. An example of the basic computational unit cell is
shown in Fig. 6.7(a), where one NO3 molecule resides on the system consisting
of four primitive semiconducting (10,0) unit cells. Thus, the system is similar
to that investigated in Publication II dealing with AuCl4-doped (10,0) CNTs.
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Further, we also consider the computational unit cells of metallic (8,8) CNTs
doped with NO3 molecules. The system comprising seven primitive (8,8) unit
cells with one NO3 molecule on the outer surface is depicted in Fig. 6.7(c).

In addition, complexes containing NO3 molecules coordinated to H2O molecules
and adsorbed on CNTs are also studied in Publication III. The CNT networks
doped with nitric acid contain both H2O and NO3 molecules. Therefore, NO3-
H2O complexes can form in the NO3-doped CNT thin films. The system with only
one NO3-H2O complex is shown in Fig. 6.7(e). We also consider computational
unit cells having a large concentration of NO3 molecules or NO3-H2O complexes
and these systems are presented in Figs. 6.7(b), 6.7(d), and 6.7(f). In these cases,
it is important to place the NO3 molecules uniformly on the CNTs. The number
of NO3 molecules in the computational unit cells of Figs. 6.7(b) and 6.7(d) is
eight. The last doped CNT in Fig. 6.7(f) is different from the two other systems
with large numbers of molecules. There are two complexes above and below
the CNT but the third complex is located on the sidewall. This way is chosen
because of the simplicity of the configuration and the interaction between the
complexes is still expected to remain low in this case.

(a) (b)

(c) (d)

(e) (f)

Figure 6.7. Computational unit cells of (a) a (10,0) CNT with one NO3 molecule, (b) a (10,0) CNT
with eight NO3 molecules, (c) an (8,8) CNT with one NO3 molecule, (d) an (8,8) CNT
with eight NO3 molecules, (e) an (8,8) CNT with one NO3-H2O complex, and (f) an
(8,8) CNT with three NO3-H2O complexes.

Determining the adsorption geometry is an important part of the relaxation
of the system. As there are a few possible sites on which the NO3 molecule can
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adsorb, testing each geometry separately could show the site with the lowest
energy. We consider the binding energies for different adsorption geometries
in the work by Peng et al. [77] and choose the configuration where the N atom
of the molecule lies above the carbon atom and the oxygen atoms are above
the centres of the carbon hexagons. The binding energy of this geometry is
the lowest of all the four geometries examined in Ref. [77]. We only need to
optimise the distance between the CNT and the NO3 molecule dCNT-NO3 by
relaxing the system. In the case of a semiconducting (10,0) CNT with one NO3

molecule in the computational unit cell (see Fig. 6.7(a)), the distance dCNT-NO3

is 3.09 Å when the relaxation calculation includes the Tkatchenko-Scheffler
van der Waals correction. For the metallic (8,8) CNT with one NO3 molecule
in the computational unit cell as presented in Fig. 6.7(c), the corresponding
distance is 3.06 Å. The effect of a large molecular concentration on dCNT-NO3 is
also examined in Publication III but this distance remains near the same value
on average although the number of molecules is increased in the system.

The expression in Eq. (5.2) can be used to calculate the binding energy for
one NO3 molecule adsorbed on a semiconducting (10,0) CNT. For this system,
the binding energy is −0.80 eV. Computing the binding energy for a similar
system where one NO3 molecule is on a metallic (8,8) CNT results in a larger
value, −1.31 eV. The adsorption energy for the NO3 molecule on a (10,0) CNT in
Publication III is in good agreement with the corresponding value obtained in
Ref. [78]. Moreover, the distances dCNT-NO3 in Publication III and in Ref. [78] are
close to each other. An important remark of the study by Kroes et al. is that the
binding energies for the NO3 molecules are higher when they are adsorbed on
metallic CNTs. Indeed, our values show similar behaviour. The higher binding
energies for the NO3 molecules on metallic CNTs can be explained by enhanced
polarisation interaction. Furthermore, there is a dependence of the binding
energy on the diameter and the band gap of the CNT [78]. For instance, the
binding energy increases with increasing the diameter of the CNT. On the other
hand, the binding energy is smaller for systems with larger band gaps. It turns
out that the binding energy is remarkably larger in the case of metallic CNTs.
In addition, the effect of the size of the CNT on the binding energy is relatively
small if the CNT is metallic.

We also consider the band structures of NO3-doped CNTs in order to find the
amount of charge transferred between the CNT and the adsorbed NO3 molecules.
The band structures for (a) a pristine semiconducting (10,0) CNT and (b)–(c) for
semiconducting (10,0) CNTs with large numbers of NO3 molecules are shown in
Figs. 6.8(a)–(c). The calculations have been carried out using the PBE functional.
The band structure for the pristine system in Fig. 6.8(a) is almost the same
as Fig. 6.1(a). It can be seen from the band structure plot that the system is
a semiconductor. Interestingly, the NO3 molecules cause charge transfer from
the CNTs to the molecules, which can be seen as a downshift of the Fermi level
(see Figs. 6.8(b) and 6.8(c)). Dispersionless molecular states also appear just
below the Fermi level in the band structure plots. The large number of states
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Figure 6.8. Band structures of (a) a pristine (10,0) CNT and (b)–(c) NO3-doped (10,0) CNTs.
The number of NO3 molecules in the computational unit cells of the doped systems
is (b) six and (c) eight. In addition, the DOS is shown for the cases of a pristine
(10,0) CNT and of a (10,0) CNT with eight NO3 molecules in the computational unit
cell. The top of the valence band and the Fermi level for the pristine system and
for the NO3-doped systems, respectively, are denoted by red dashed lines. The band
structures are computed with PBE.

is also shown by the DOS plot in Fig. 6.8(c). Another important remark is that
the Fermi level lies in the proximity of the van Hove singularity. This indicates
pinning of the Fermi level to the singularity as found in the case of AuCl4-doped
(10,0) CNTs.

The band structure calculations presented in Figs. 6.8(a)–(c) have been carried
out without spin. We also calculate the band structures for a computational
unit cell comprising a (10,0) CNT with two adsorbed NO3 molecules without and
with spin as shown in Figs. 6.9(a) and 6.9(b), respectively. The influence of spin
on the band structures can be seen as splitting of the dispersionless molecular
states in the neighbourhood of the Fermi level. Except for this spin splitting,
other bands in the −2.0 to 2.0 eV range overlap each other in the spin-polarised
band structure in Fig. 6.9(b). The shift of the Fermi level changes a little when
the calculation includes spin but the difference is small between the two cases.

The doping efficiency of the NO3 molecules adsorbed on metallic (8,8) CNTs
is also examined in Publication III by determining the band structures for
computational unit cells with different molecular concentrations. Figures of
the atomic structures of the NO3-doped CNT systems with a small and large
molecular concentration are presented in Figs. 6.7(c) and 6.7(d), respectively.
Furthermore, we consider other systems consisting of metallic (8,8) CNTs where
the number of NO3 molecules in the computational unit cell varies between one
and eight. The band structure plots of metallic (8,8) CNTs without and with
NO3 molecules are shown in Figs. 6.10(a)–(c). If there are no NO3 molecules on
the (8,8) CNT, the band structure looks like that of a metal and the Fermi level
is located at a point where two linear bands cross each other. The DOS for the
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Figure 6.9. Band structures of a (10,0) CNT with two NO3 molecules in the computational unit
cell determined (a) without and (b) with spin-polarisation using PBE. The red dashed
line represents the Fermi level.
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Figure 6.10. Band structures computed with PBE for (a) a pristine (8,8) CNT, (b)–(c) NO3-
doped (8,8) CNTs. In the doped systems, the number of the NO3 molecules in the
computational unit cells is (b) four and (c) eight. Moreover, the DOS for a pristine
CNT and for a CNT with eight NO3 molecules in the computational unit cell are
displayed.

same system reveals the positions of the van Hove singularities. Similarly to
the band structures of NO3-doped semiconducting (10,0) CNTs, a downshift of
the Fermi level can be observed in metallic (8,8) CNT systems when they are
doped with NO3 molecules (see Figs. 6.10(b) and 6.10(c)). If the computational
unit cell of an (8,8) CNT has eight NO3 molecules, the value of the downshift is
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approximately 0.8 eV. In spite of the large downshift, the Fermi level does not
shift so close to the van Hove singularity of the CNT and the band structure in
Fig. 6.10(c) differs significantly from that shown in Fig. 6.8(c) where the Fermi
level has fallen to the top of the valence band. Therefore, pinning of the Fermi
level to the van Hove singularity is not expected to be so remarkable in the case
of a NO3-doped metallic (8,8) CNT. However, the DOS just below the Fermi level
in Fig. 6.10(c) is large and pinning of the Fermi level to this energy region with
several molecular states seems to be possible if the bias voltage is small.

An important part of the band structure calculations is determining the doping
efficiency of the adsorbed NO3 molecules. The estimation of the transferred
charge is performed using the same procedure as that used in the case of AuCl4-
doped (10,0) CNTs. Thus, we search for the crossing points of the valence band
and the Fermi level. This makes it possible to compute the charge transfer
between the CNTs and the NO3 molecules. The doping efficiencies for NO3-
doped semiconducting (10,0) CNTs are given in Table 6.2. The corresponding
values for metallic (8,8) CNTs doped with NO3 molecules are listed in Table 6.3.
The values of the doping efficiencies in Table 6.3 come from calculations where
spin-polarisation has been ignored.

Table 6.2. Doping efficiency in NO3-doped semiconducting (10,0) CNTs per one adsorbed molecule.
The values of this table have been computed with PBE and are given per molecule as
a function of the number of NO3 molecules (NNO3 ) in the computational unit cell.

NNO3 Includes spin
Doping efficiency

per NO3 molecule (e)

1 No 0.6

2 No 0.5

2 Yes 0.4

6 No 0.4

8 No 0.3

Table 6.3. Doping efficiency in NO3-doped metallic (8,8) CNTs per one adsorbed molecule. The
values determined with PBE are given as a function of the number of NO3 molecules
(NNO3 ) in the computational unit cell.

NNO3

Doping efficiency

per NO3 molecule (e)

1 0.7

2 0.6

3 0.6

4 0.5

5 0.5

8 0.4
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Approximately 0.6 electrons is transferred from the (10,0) CNT to the NO3

molecule when there is only one molecule in the computational unit cell. With
the same dopant concentration, the doping efficiency of the NO3 molecule on a
metallic (8,8) CNT is 0.7 electrons per molecule. In the case of both the doped
semiconducting (10,0) CNT and doped metallic (8,8) CNT, the doping efficiency
decreases as a function of the number of NO3 molecules. If the number of
molecules in the computational unit cell is increased to eight, the average doping
efficiency decreases to 0.3 and 0.4 electrons per molecule for semiconducting
(10,0) and metallic (8,8) CNTs, respectively. Hence, there are no big differences
between the charge transfer values of semiconducting and metallic CNT systems.
A spin-polarised calculation for the computational unit cell of a semiconducting
(10,0) CNT with two NO3 molecules shows that the spin has a negligible effect
on the doping efficiency.

A well known problem associated with DFT is describing the charge transfer
accurately. The problem arises from the self-interaction error that is included in
all practical implementations of DFT. In Publication III, we also use the HSE06
hybrid exchange-correlation functional to diminish the self-interaction error. The
same functional (HSE06) has been used to compute the band structures of AuCl4-
doped (10,0) CNTs successfully in Publication II. Furthermore, Publication III
also presents results from calculations that include the Perdew-Zunger self-
interaction correction (SIC) and that have been carried out with the GPAW code
package [79]. A comparison between the doping efficiencies calculated with the
PBE functional, the HSE06 functional, and the Perdew-Zunger SIC method is
made in Publication III. As the Perdew-Zunger SIC requires a system with a
moderate size due to the computational cost, we consider a computational unit
cell the length of which is half of the corresponding value of the standard unit
cell displayed in Fig. 6.7(a). Besides testing the three aforementioned methods
with the system in Fig. 6.7(a), another computational unit cell where a NO3-H2O
is placed on the short (10,0) CNT system is considered and the same three
methods are also applied to this case.

The value of the molecular doping efficiency determined with PBE for the
computational system comprising a (10,0) CNT and one adsorbed NO3 molecule
is 0.5 electrons. Using HSE06, a little higher value of 0.6 electrons is found.
Interestingly, the charge transfer from the CNT to the NO3 molecule is 0.9
electrons if the Perdew-Zunger SIC method along with the PW91 functional
is used. Publication III also reveals that a similar trend can be seen in the
doping efficiencies of NO3-H2O complexes but the charge transfer values are
significantly larger. The doping efficiency of the NO3-H2O complex is found to
be near one electron per complex when using the HSE06 functional. The same
quantity computed with the Perdew-Zunger SIC is 1.1 electrons per complex. In
Publication III, the charge transfer from the CNTs to the NO3-H2O complexes
is mainly explored using the HSE06 hybrid exchange-correlation functional
because it gives charge transfer values that are closer to those computed with
the Perdew-Zunger SIC method. The PBE functional, however, is used to perform
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the electron transport calculations due to the low computational cost.
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Figure 6.11. Plots of band structures for (8,8) CNTs with NO3-H2O complexes. In the compu-
tational unit cell, the number of complexes is (a) one, (b) two, and (c) three. The
functional in the calculations is HSE06.

The doping efficiency of NO3-H2O complexes on metallic and semiconducting
CNTs is also considered in Publication III. Band structures for systems consist-
ing of metallic (8,8) CNTs with different numbers of NO3-H2O complexes are
determined and the results from these band structure calculations carried out
with HSE06 are presented in Figs. 6.11(a)–(c). The most significant difference
between the band structures of Fig. 6.11 and the doped systems in Fig. 6.8 is
that the dispersionless molecular states that appear close to the Fermi level in
Figs. 6.8(b) and 6.8(c) are remarkably shifted toward lower energies. Calculating
the doping efficiency of a NO3-H2O complex shows that the amount of charge
transferred from the CNTs to the complexes is in each case approximately one
electron per complex regardless of the concentration of the NO3-H2O complexes.

6.3 Junctions of CNTs doped with NO3 molecules

An essential topic of Publication III is electron transport through CNT junctions
where the CNTs are doped with NO3 molecules. As explained at the beginning
of this chapter, three different model systems are investigated to understand
the impact of the nitric acid on the conductances of the CNT junctions. The first
system contains two NO3-doped semiconducting (10,0) CNTs and is depicted in
Fig. 6.12(a). The concentration of NO3 molecules on the CNTs is the same as
that of the computational unit cell of a (10,0) CNT with the largest number of
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NO3 molecules. This computational unit cell has eight NO3 molecules adsorbed
on the CNT. A very similar system with the same dopant concentration is a
junction of two NO3-doped metallic (8,8) CNTs and is shown in Fig. 6.12(b). The
last junction contains two CNTs with different chiralities that are (8,8) and
(10,0) and both CNTs are also doped with NO3 molecules. A figure of this system
is displayed in Fig. 6.12(c). This junction also differs from the other two systems
where both CNTs have the same chiralities because the concentration of NO3

molecules is not the same in the case of both CNTs although the difference is
only two molecules per computational unit cell.

(a) (b)

(c)

Figure 6.12. Junctions of (a) two NO3-doped (10,0) CNTs, (b) two NO3-doped (8,8) CNTs, and
(c) NO3-doped (10,0) and NO3-doped (8,8) CNTs. The systems have a large dopant
concentration.

The CNT junctions shown in Figs. 6.12(a)–(c) have been constructed using
the computational unit cells of CNTs doped with NO3 molecules. When adding
a large number of molecules in the system, the positioning of the molecules
causes a challenge particularly in the middle of the junction region. To avoid the
interaction between the NO3 molecules in the junction, part of them are moved
along the surfaces of the CNTs so that the distance between the neighbouring
molecules is sufficiently large. The relaxation calculations of junctions of AuCl4-
doped (10,0) CNTs considered in Publication II revealed that optimising the
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entire structure is a computationally demanding task. Hence, we only optimise
the CNT-CNT distance in the three CNT junctions displayed in Figs. 6.12(a)–(c).
This means that the positions of every atom in the system are fixed. We vary the
distance between the CNTs and carry out a ground state calculation for each
distance separately. Then, we can find the optimal distance by looking for the
minimum of the total energy values.

Results from the optimisation of the CNT-CNT distances are given in Publi-
cation III and have been determined with the van der Waals correction. In the
junction of two NO3-doped semiconducting (10,0) CNTs shown in Fig. 6.12(a),
the optimised CNT-CNT distance is 3.21 Å. The corresponding values for the
junction of two NO3-doped metallic (8,8) CNTs and for the junction of a semi-
conducting (10,0) CNT and a metallic (8,8) CNT doped with NO3 molecules
are 3.16 and 3.11 Å, respectively. These CNT-CNT distances are remarkably
larger than the value found for a CNT junction without doping. For instance,
the distance between two pristine (8,8) CNTs is between 2.5 and 2.6 Å, which is
in agreement with Ref. [68] and with Publication I. The reason for the increase
in the CNT-CNT distance is the charge transfer between the CNTs and the
molecules and the ensuing enhanced Coulomb repulsion between the CNTs. On
the other hand, the CNT-CNT distances do not depend on the chiralities of the
CNTs significantly.

Examining the electronic transmission functions for junctions formed by two
perpendicular NO3-doped CNTs gives insight into the effect of doping on the
conductivity of the whole CNT network. The transport calculations for the
junction that consists of two semiconducting (10,0) CNTs with large dopant
concentrations and that is presented in Fig. 6.12(a) indicate that the doping
results in a clear upshift of the intratube transmission curve. The plot of the
actual transmission curve is not shown but it also has a few dips representing
scattering. More specifically, there is a marked dip at the Fermi level and the
dip is related to the dispersionless molecular states seen in the band structure
figures. We can regard the dip near the Fermi level as a Fano antiresonance [80].
However, the conductivity along the CNT increases remarkably as a result of the
NO3 doping. Similarly, the intratube transmission curve for a junction of two
NO3-doped metallic (8,8) CNTs (see Fig. 6.12(b)) shifts toward higher energies
and possesses dips located both at the Fermi level and close to the edges of the
steps below the Fermi level. The overall conductivity remains good in spite of
the large molecular concentration on the CNT.

Interestingly, the adsorbed NO3 molecules result in an enhancement of electron
transport through the CNT junctions, which can be seen in the transmission
functions presented in Figs. 6.13(a) and 6.13(b). In the case of a junction of two
NO3-doped semiconducting (10,0) CNTs, at least two quite broad peaks arise
near the Fermi energy as shown in Fig. 6.13(a). The first peak at the Fermi level
is associated with the dispersionless molecular states whereas the second one
comes from the van Hove singularity lying next to the molecular states. The
other CNT junction consisting of similarly doped metallic (8,8) CNTs has an
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Figure 6.13. Intertube transmission functions for a junction of (a) two NO3-doped (10,0) CNTs
and (b) two NO3-doped (8,8) CNTs. The Fermi level is located at the energy zero.

intertube transmission function (see Fig. 6.13(b)) where a sharp and high peak
located at the Fermi level is found. This curve differs from that for the previous
junction where the CNTs are originally semiconducting since the peak coming
from the molecular states is so narrow.

The width of the van Hove singularity below the Fermi level in the intertube
transmission function also increases because of the NO3 doping, which can be
stated by comparing the transmission plot in Figs. 6.13(a) with the corresponding
intertube curve in Fig. 6.4. The widening of the peak indicates that there is
hybridisation between the CNT and molecular orbitals. On the other hand, this
kind of widening does not seem to be remarkable in the case of a junction of two
NO3-doped metallic (8,8) CNTs as shown in Fig. 6.13(b). Examining the charge
densities of the highest occupied eigenstates provides valuable information
about the hybridisation in the system. Figures of the charge densities of the
highest occupied eigenstates for doped semiconducting and metallic systems are
presented in Figs. 6.14(a) and 6.14(b).

The hybridisation and spreading of the wavefunctions is larger in the NO3-
doped semiconducting (10,0) CNT than in the similarly doped metallic (8,8) CNT,
which can be verified by looking at Figs. 6.14(a) and 6.14(b). The enhanced
hybridisation in the case of the NO3-doped semiconducting (10,0) system is also
in agreement with the doping efficiencies computed for the same system. The
values of the doping efficiencies are on average smaller when the molecules are
adsorbed on the semiconducting CNTs than on the metallic ones. If the value
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(a) (b)
Figure 6.14. Charge density of the highest occupied eigenstate drawn for the computational unit

cells for (a) a semiconducting (10,0) CNT with one NO3 molecule and (b) a metallic
(8,8) CNT with one NO3 molecule.

of the charge transfer between the CNT and the NO3 molecules is relatively
small, then the formation of covalent bonds and strong hybridisation between
the molecular orbitals are more probable in the system, which can be seen as
enhanced coupling of the molecular orbitals in Figs. 6.14(a) and 6.14(b). The
difference between these two figures explains why electron transport through a
junction of doped semiconducting CNTs is higher than the electron transport
through a system consisting of doped metallic CNTs.

Electron transport through the third junction formed by a NO3-doped metallic
(8,8) CNT and a NO3-doped semiconducting (10,0) CNT is also investigated
in Publication III. For this CNT junction system, the electronic transmission
functions for intra- and intertube transport are shown in Fig. 6.15.

The conductivity along the CNTs with NO3 doping in the third junction (see
Fig. 6.12(c)) is displayed in the upper plot of Fig. 6.15 and the shapes of the
transmission curves are characteristic of the intratube transmission functions
obtained for individual CNTs or junctions of two CNTs with the same chiralities.
In addition to the upshifts of the intratube transmission functions, a significant
number of dips can be seen close to the steps of the curves and the intratube
transmission functions of both doped CNTs have a dip located just at the Fermi
level. The decrease in the electron transport at the Fermi level can be attributed
to the Fano antiresonances as stated in the discussion of previous results.

The effect of NO3 doping on the junction of doped semiconducting and metallic
CNTs can be assessed by looking at the intertube transmission functions in the
middle and lower plots in Fig. 6.15. There is a very narrow peak at the Fermi
energy but the values of the intertube curve are very small in the neighbourhood
of the peak. Further, the behaviour of the intertube transmission function is
different from that computed for the two other CNT junctions with the same
types of CNTs. Thus, the conductance of the last junction examined in Pub-
lication III is relatively low. The small values of the intertube transmission
function and a small number of peaks in the curves come from different energy
level structures of the NO3 semiconducting and metallic CNTs. No peaks arise
because the energy levels do not match. However, the NO3 doping improves the
conductance of the system a little and is necessary from the point of view of the
conductivity of the entire CNT network.

In a former study of CNT networks with physisorbed O2 and N2 molecules, the
conductance of different CNT junctions is investigated using both experimental
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Figure 6.15. Intratube (upper plot) and intertube (middle and lower plots) electronic transmis-
sion functions for a junction consisting of an (8,8) and a (10,0) CNT that are also
doped with NO3 molecules. The number of NO3 molecules in the computational
unit cells of the (8,8) and (10,0) CNTs are eight and six, respectively. The bottom
panel presents the intertube transmission function on the logarithmic scale.

techniques and first-principles electron transport calculations [81]. The results
of Ref. [81] reveal that rather broad peaks arise in the intertube transmission
functions for the junctions of two metallic or semiconducting CNTs with O2 or N2

molecules. The positions of the peaks correspond to the energies of the molecular
orbitals. The first peaks originating from the highest-occupied molecular states
are located at approximately 0.3−0.6 eV below the Fermi level. Furthermore,
there are also significant increases in the intertube transmission functions at
much lower and higher energies. The effect of these peaks on the conductance
of the CNT junction, however, can be negligible because of the large distance
between the peaks and the Fermi level. Moreover, the O2 molecules are found to
cause a larger enhancement of the junction conductance than the N2 molecules.
The influence of the physisorbed molecules is also larger on the junction of
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semiconducting CNTs than on that of metallic CNTs [81], which is in agreement
with the electron transport calculations of Publication III.
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7. Conclusions

Two promising methods to improve the conductivity of CNT networks have
been investigated computationally in this work. The first approach is based on
linking the metallic CNTs with TM atoms. The second method involves AuCl4
and NO3 molecules that can dope the CNTs in the junctions and also act as
linker molecules between two CNTs. These systems have been explored using
DFT calculations. Both the basic geometries of the systems and their band
structures have been considered. In order to study the conductances of CNT
junctions, the standard Green’s function method has been combined with DFT
and four-terminal electronic transmission functions have been determined for
various CNT junctions where the CNTs may be linked with molecules or TM
atoms.

Electron transport through junctions of two perpendicular metallic CNTs can
be greatly improved by linking the CNTs with TM atoms. The enhancement of
the conductances of the CNT junctions does not seem to depend on the TM atom
because all three TM linker atoms result in an equal increase in the conductance.
In addition, the binding energies of TM linker atoms in the CNT junctions are
negative, which indicates that the CNT junction systems are stable. The electron
transport along one CNT is not significantly disturbed by the TM linker atom.
Hence, connecting the CNTs with TM linker atoms is an appropriate way of
improving the conductivity of CNT thin films. The key property of the CNT
junction with a TM linker atom is the remarkable hybridisation between the
carbon and TM atom orbitals, which enables the increase in the conductance of
the CNT junction.

The latter part of this thesis deals with the molecular doping of CNTs and
CNT junctions. Both AuCl4 and NO3 molecules cause charge transfer from the
CNTs to the molecules indicating a p-type doping effect. Further, increasing the
dopant concentration makes the Fermi level pin to the van Hove singularities
and flat molecular states. The doping effect is more remarkable in the case
of AuCl4 molecules than in the NO3-doped CNT systems. The pinning effect
is important in the improvement of the conductances of the CNT junctions.
Moreover, the charge transfer increases when the NO3 molecules are bound
to H2O molecules. The inclusion of self-interaction correction has also been
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shown to be important in our studies. An increase in the conductance is found
in the AuCl4- and NO3-doped CNT junctions. In addition, the chiralities of
the CNTs affect the increase in the conductance of the junction. The electron
transport calculations for NO3-doped systems show that the conductances of the
CNT junctions increase more when the junctions are formed by two NO3-doped
semiconducting CNTs.

An advantage of the doping of CNTs with molecules is the simplicity of the
method. However, another important issue in the doping is the stability. In
real applications, the doping effect should remain high during a long time
period. Furthermore, the electronic transmission functions computed for the
CNT junctions do not include the effect of the bias voltage. Having a finite
voltage in the CNT network can make the atoms, ions, and molecules migrate in
the system, which may impact the performance of the device.

The present systems in this work consist of perpendicular single-walled CNTs.
Therefore, the next studies could be related to junctions where the angle between
the CNTs is different and the electronic transmission function is computed with
a finite bias voltage. In addition, the model of our work is valid for networks
of single CNTs. In real CNT thin films, the CNTs can also form bundles that
cannot be studied so easily with our present model. However, our work gives
insight into improving the electrical conductivity of CNT networks by using
linker atoms or molecules and helps to understand the origin of the results of
previous experimental reports. Doping of CNTs or linking them with TM atoms
are promising methods to enhance the conductivities of CNT thin films.
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