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In this thesis, a combination of density functional theory (DFT) based calculations and
nonequilibrium Green’s functions are employed to investigate electron transport in molecular
switches, molecular cords and nanoscale devices.

Molecular electronic devices have been proposed as an approach to complement today’s
silicon based electronic devices. However, engineering of such miniature devices and design of
functional molecular components still present significant challenges.

First, the way to connect a molecule to conductive electrodes has to be controlled. We
study, in a nanoelectrode-nanoparticle platform, how structural changes affect the measured
conductance and how current fluctuations due to these structural changes can be decreased.
We find that, for reproducible measurements, it is important to have the molecules chemically
bonded to the surfaces of adjacent nanoparticles. Furthermore, we show by a combination of
DFT and theoretical modeling that we can identify signals from single-molecules in inelastic
electron spectroscopy measurements on these devices.

Second, active elements based on molecules, some examples being switches, rectifiers
or memory devices, have to be designed. We study molecular conductance switches that can
be operated by light and/or temperature. By tuning the substituents on the molecules, we can
optimize the shift of the most conducting molecular orbital and increase the effective coupling
between the molecule and the electrodes when going from the OFF to the ON-state of the
switches, giving high switching ratio (up to three orders of magnitude). We also study so called
mechanoswitches that are activated by a mechanical force elongating the molecules, which
means that these switches could operate as sensors.

Furthermore, we have studied two different classes of compounds that may function either
as rigid molecular spacers with a well-defined conductance or as molecular cords. In both cases,
we find that it is of great importance to match the conjugation of the anchoring groups with the
molecular backbone for high conductance.

The last part of the thesis is devoted to another interesting semiconductor material,
diamond. We have accurately calculated the band structure and effective masses for this material.
Furthermore, these results have been used to calculate the Hall coefficient, the resistivity and
the Seebeck coefficient.
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1. Introduction

Nanotechnology has become one of the fastest growing fields in science today.
A nanometer (nm) is one thousand millionth of a meter, which can be com-
pared with a red blood cell, which is 7000 nm wide, or a water molecule that
is of the order 0.3 nm. Nanoscience is the study of phenomena and manipula-
tions that occur on the atomic or molecular scale (from 0.1 nm up to 100 nm),
where the properties often differ significantly from those on the macro scale.
At the nanoscale, quantum effects can dominate, which is manifested in the
optical, electrical and magnetic behavior of these systems.

During the last decade, electronic devices have undergone a rapid develop-
ment becoming faster and smaller, the feature sizes have been reduced greatly
and have reached the nanometer scale. The base of the integrated circuit is
the silicon-based complementary metal-oxide-semiconductor (CMOS), with
feature sizes as small as 22 nm (soon to be 14 nm) [1]. The shrinking of
these devices has, so far, followed what is called Moore’s law, which states
that the transistor density on integrated chips will double every two years [2].
This prediction was made in 1965 [3] and has been correct, probably in large
part, due to the fact that it now is used in the semiconductor industry as a
roadmap for research and development [4]. The end of Moore’s law has been
predicted several times [5], but it is still valid and for the last 30 years it has
been predicted that Moore’s law would last at least another decade. Now, P.
Gelsinger, who is leading the research at Intel, sees no limit and thinks it will
hold until at least 2029. However, they can not rely simply on today’s silicon
CMOS devices, instead other types of structures and materials have to be in-
corporated [6]. Even if the prediction of the roadmap is possible only for the
coming ten to fifteen years, sooner or later we will reach the end of today’s
CMOS devices, when sufficiently small feature sizes mean that the nanoscale
quantum effects will introduce tunneling in the transistor making it unreliable.

To circumvent the difficulties in miniaturization of the CMOS some other
ideas have been proposed, for example to replace some parts in the CMOS
with molecules, or build complete electronic devices with molecules as the
active elements [7]. This has emerged as what is now known as molecular
electronics [8—12], where the idea is to build electronic components where
the active element is provided by single-, or assemblies of, molecules that
can act as switches, gate-operated transistors and wires. The first such device
was a molecular rectifier proposed by Aviram and Ratner in 1974, where they
showed a structure that could function as a rectifier and at the same time in-
troduced a theoretical discussion of transport through single molecules [13].
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The next big step came about a decade later when the scanning tunneling mi-
croscopy (STM) was developed at IBM, which turned out to be an important
tool for measuring the conductance of molecules. However, the first actual
measurement on single-molecule transport was done by Reed et al. in 1997,
where they were able to measure the conductance (G) of benzene-1,4-dithiol
(BDT) molecules in a mechanically controllable break junction (MCBJ) ex-
periment [14].

Molecular electronics is an interdisciplinary field with its cornerstones in
physics, chemistry and materials science which faces several challenges. For a
physicist or a theoretician the main question is "how does current flow through
molecules?". The method used in this thesis to describe electron transport
through molecules is based on the non-equilibrium Green’s functions tech-
niques (NEGF), which is a more powerful and formally rigorous approach to
studying quantum transport in nanosystems [15] compared to the first meso-
scopic models proposed by Landauer, Biittiker, et al. [16]. A brief introduction
to this theory together with an introduction to density functional theory (DFT)
used to obtain the ground state electronic structure, and information about the
implementation for computational purposes are all given in Chapter 2.

The challenge an experimentalist mostly faces is that measurements on
single-molecules most often result in data with very large fluctuations. This
is due to the fact that the local contact geometries in a nanoscale junction are
never identical, and that it is very difficult to control the interface between
the molecules and the electrodes. There are several methods that can be used
for measurements on single-molecules [17], e.g., STM and MCBJ, and most
methods produce large sets of data. A statistical analysis encompassing these
large datasets is necessary to find the conductance as an average over all the
different local geometries. A drawback with many of these methods is that
they need to be undertaken in a laboratory environment, in Chapter 3 we
study fluctuations and how to decrease them in a nanoparticle bridge molec-
ular junction, which can be used for single-molecule measurements and is
easily transported.

And finally from the view of a synthetic chemist, the challenge lie first in
designing the central core of the molecule to show the desired characteris-
tics, and second the sometime greater challenge of attaching substituents to
the core that bind effectively to electrodes. For electrodes, noble metals such
as gold are preferred, where mostly thiol (-SH) or amino (-NH») groups are
used as anchoring groups. Herein we also propose that the silyl-group (-SiHz)
may show potential as an anchoring group for certain classes of compounds.
Furthermore, in Chapter 4 and Chapter 5, from a synthetic point of view we
design and study a set of molecular conductance switches, molecular wires
and rigid molecular spacers.

In standard electronics the bits are carried by the electron charge. Moving
a charge requires energy, hence causes Joule heating in the material and also
sets the fundamental limit for the switching rate. Instead of the charge of the
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electron it is possible to utilize other properties to transfer information. One
well studied field is "spintronics" [18, 19] where the spin of the electron is
used to carry information. An alternative and novel concept proposed is to
use the wave quantum number of an electron in a crystalline material. For
example it is possible to use the valley degree of freedom in diamond to en-
able valleytronic information processing. This may lead to ultrafast computing
with less power consumption [20, 21]. For this purpose accurate knowledge
about the electronic structure, the effective masses of the charge carriers, as
well as the transport properties are important, and we study these properties of
diamond in Chapter 6.

To summarize, the interest in using molecular structures in nanoscale elec-
tronic devices is based on four major advantages [8] over silicon based de-
vices:

e Size. Molecular structures are in the range between 1 and 100 nm.
Smaller comes with lower cost (identical molecules can easily be pro-
duced in huge numbers), higher efficiency (only few electrons needed
to transport a signal) and lower power dissipation (ultra-dense devices
possible with molecules as active elements).

o Assembly and recognition. Molecules self-assemble to form regular
structures that can be used to build devices. Molecular recognition can
be used to modify electronic behavior on the single-molecule scale, cre-
ating both molecular switches and sensors.

o Dynamical stereochemistry. Many molecules have multiple stable struc-
tures or isomers, which can have distinct different electronic and optical
properties for possible use as switching devices.

e Synthetic tailorability. Chemical synthesis is a highly developed field
and it is possible to engineer organic molecules with specific electronic
properties changing the transport or optical characteristics of the molecule.

To be sure, there are also drawbacks, including instability at higher tempera-
tures, noise due to low current density and slow switching speeds due to low
transmission probabilities through contacts. But overall, the advantages could
pave the way for molecules as active elements in future electronic applications.






2. Theoretical framework

In this chapter, a brief overview of the theoretical framework used in this the-
sis is given. This work is based on density functional theory (DFT). The elec-
tronic structure of an atomic system is described from first principles (ab ini-
tio), that means without parameters derived from experiments. In the first part
of this chapter, an overview of the main theorems starting from the many-body
problem will be given.

In the following section, a brief overview of important aspects of imple-
mentation of DFT for the atomic-scale simulations is given, as employed for
the electronic structure calculations in this thesis.

In the last part of the chapter, theory describing electron transport through
a scattering region is introduced. This is based on nonequilibrium Green’s
functions (NEGF) theory and the description of both the elastic and inelastic
current is introduced.

2.1 The many body problem

To describe a material we need to understand how a great number of atoms
interact with each other, hence we are dealing with a many body problem.
The properties we are interested in can be determined from the Schrédinger
equation

AY =EY, (2.1

where the Hamiltonian, A, describing the system is

hz Nauct V2 hz Ne V2

2 My 2.me

1
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The first two terms are the kinetic operators for the nuclei and electrons.
The three terms on the second row describe the interaction between nuclear-
nuclear, electron-electron and nuclear-electron respectively. This problem is
extremely difficult to solve, and can only be solved exactly in the simplest
case, the hydrogen atom. For more complicated systems, such as solids where
a large number of particles are considered, approximations have to be made.



2.1.1 Born-Oppenheimer approximation

The first approximation made to solve the problem is the Born-Oppenheimer
(BO)-approximation [22], where the motion of the electrons is separated from
the nuclei. This can be made since the masses of the nuclei are much greater
than the mass of the electrons, hence the nuclei can be considered to be static
at their equilibrium position and interact with the electrons via an external
potential, V,,,. The electronic Hamiltonian can now be written as

hz Nel VZ 1 Nel 2

A e
A=-2Y—+_-Y ——
2;1’1’1@ 2[.7&/.|r,-—rj|

+ Vext . (23)
In the potential V.., other external effects such as electromagnetic fields can
also be included. Even if the Hamiltonian is simplified now, the electron-
electron interaction is still there, which makes the problem still too compli-
cated to solve. One approach to handle this is with DFT, which will be con-
sidered in following section.

2.2 Density functional theory

The basic idea of DFT is to replace the more complicated many-body prob-
lem described in Eq. 2.2 and Eq. 2.3 with another system that is more easily
solved. DFT is an exact theory, but in practice, since the exact functional de-
scribing the interactions between electrons in the system is not known, some
approximations to the Hamiltonian have to be made. The main foundation of
DFT are the Hohenberg-Kohn theorems [23, 24], which state

Theorem 2.2.1 If two systems of electrons have the same ground state density
p(r) while one is trapped in the potential V (r) and the other in potential V' (r)
then,

V'(r)—V(r) = const (2.4)

This implies since V(r) is a unique functional of p(r) (up to a constant), and
V(r) fixes H (Eq. 2.3), the many-particle ground state is a unique functional
of the density p(r).

Since the wave-function W is a functional of the density, p(r), it is possible
to define a universal functional F[p] valid for any number of particles and
any external potential. With this functional, it is possible to define the energy
functional for the system as

Elp(n] = [V(r)p(r)dr+Flp(r) 2.5)
and show that
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Theorem 2.2.2 The global minimum of the energy functional (Eq. 2.5) is the
true ground-state energy, E, for the system and the density that minimizes the
functional is the ground-state density, po(r)

This implies that if we knew F[p] and it was a sufficiently simple functional of
p, it would be an easy task to determine the ground-state density and energy
of the system for a given external potential. However, for the majority of
problems the universal functional is not known and has to be approximated
in some way. Still, the two theorems show the strength of DFT, mapping the
many-body problem to the electron density.

To further simplify the problem, a first approximation was proposed by
Kohn and Sham [24] where they assumed that instead of the interacting elec-
trons we have a system of non-interacting electrons moving in an effective
potential. Thus, reducing the many-body problem to a single-particle problem
of electrons described by the Kohn-Sham equations,

H<I>j(r):£jd>j(r) (26)

with ®;(r) as the Kohn-Sham (KS)-wavefunction with the eigenvalue €; and
where the Hamiltonian for the system is

V2
H= —7[ + Veff(r) 2.7)
and / 5E
Vagt(r) = Vexe + / ‘ f (_rr),‘drnt g;[’(’r()')]. (2.8)

The effective potential is described by three terms, first the external potential
that includes the interaction between the ion cores and the valence electrons,
and the second term is the Coulomb potential. The third term, the exchange-
correlation functional, is the most complicated and can not be evaluated ex-
actly but has to be approximated in some way.

The Kohn-Sham wavefunctions in Eq. 2.6 are not the true wavefunctions
for the system, but they can be used to calculate the electron density as

p(r) =Y |®i(r) (2.9)



To obtain the ground-state density, the Kohn-Sham equations can be solved
iteratively until self-consistency (difference between input and output density
less than some convergence criteria) is reached as follows

1. Make an initial guess of the electron density p(r).

. Construct the effective potential from Eq. 2.8

. Solve Eq. 2.6 to obtain the KS-wavefunctions &®;(r)

. Calculate the density according to 2.9

. Compare the input density and the new density obtained in the pre-
vious step, if the difference is less than the convergence criteria the
problem of finding the ground-state density is solved. Otherwise use
the new density as input to step 1 and iterate until convergence.

AW N

2.2.1 Exchange-correlation functionals

To be able to solve the Kohn-Sham equations in the previous section, we have
to specify some expression for the exchange-correlation functional E[p(r)].
But since the exact form of this functional is unknown, it is necessary to find
an approximate form. In the original work of Kohn and Sham [24], they in-
troduced an expression for the functional which has later been called the local
density approximation (LDA).

Eclp] = [ p(ne(p(r))dr, (2.10)

where €,(p) is the exchange-correlation energy per electron of a uniform

electron gas of density p(r), which is known from the theories of the ho-

mogenous electron gas. It can be shown that this functional is more or less
exact in two limiting cases:

(a) Slowly varying density In this limit, the condition ry/ry < 1 holds, where
ry is the Wigner-Seitz radius and ry is the length scale of the density
variation. It is possible to show that the above expression (2.10) is then
exact if terms of |V|? and higher order in the energy are neglected, giving
the density with even higher accuracy with errors of the order |V|*.

(b) High density This limit is characterized by the condition r/ag < 1, where
ap is the Bohr radius. This implies that energy from exchange and cor-
relation effects is significantly smaller (by a factor of r;/ap) than the
kinetic energy of the electrons, hence the inaccuracy in the exchange-
correlation energy is negligible.

Correspondingly, atoms and molecules can be divided into three regions. Firstly,

we have the region close to the atomic nuclei, where the electronic density

will be high, hence LDA should be acceptable from (b). Secondly, far away
from the nucleus the electronic density can be expected to vary slowly, and

LDA should perform well according to (a). Thirdly, we have the interstitial

region between atoms in molecules and solids. Here LDA can not be expected
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to work and this should be the main source of errors in the calculations us-
ing LDA, hence the description of chemical bonding should not be accurate.
Supringsly, LDA works very well for solids, even for solids with properties
far from the homogenous electron gas, but in most cases the binding energy is
overestimated.

There have been many attempts after the first LDA functional to develop
something better. Maybe the most well-known and well-used of these is the
generalized gradient approximation (GGA), where the exchange-correlation
energy per atom &, is not just calculated from the density but also the gradient
of the density, Vp(r). There exist many forms of this functional, probably the
Perdew-Wang (PW92) [25] and Perdew-Burke-Ernzerhof (PBE) [26] are the
most widely used. There is no general result as to which of the functionals
is most accurate, instead they have to be evaluated from problem to problem
and compared with experiments. Still, it is known that GGA always gives
a smaller exchange-correlation energy, hence it decreases the binding energy
and corrects the LDA over-binding. This often improves the agreement with
experiments, but can also lead to under-binding.

In this thesis, both GGA and LDA have been used, and when investigating
transport the choice between the functionals should not be as important as
dealing with the structure, since the difference between the functionals will be
small compared to approximations in the transport calculations.

2.3 Computational methods

In order to use DFT for numerical calculations, many technical details and
further approximations have to be made. In this work, the SIESTA (Span-
ish Initiative for Electronic Simulations with Thousands of Atoms) and Abinit
codes will be used, some of the main aspects of the implementation of DFT in
SIESTA are briefly described below, a full description of the codes are avail-
able in Refs. [27, 28] (SIESTA), Refs. [29, 30] (Abinit) and references therein.
The main difference between the two codes are that in SIESTA the valence
electrons are expanded in basis sets of local orbitals, making it suitable for
transport calculations while Abinit uses a plane-wave basis set, thus making it
more suitable for calculations of periodic crystals.

2.3.1 Pseudopotentials

To make the calculations computationally inexpensive it is possible to replace
the effect of the the motion of the core electrons of an atom and its nucleus with
some effective potential. The pseudopotential is an effective potential used to
describe the chemically inert core, while the valence states active in chemi-
cal bonding are treated explicitly[31]. This is possible since the core-electron
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wave function of an atom remains almost unchanged in different chemical en-
vironments, and the major role of the core-electron wave functions in chemical
bonding is to constrain the valence states to be orthogonal to the core states.
With just this constraint, the possibilities to generate a pseudopotential are in-
finite, therefore there has been a lot of work to find a way to generate suitable
pseudopotentials that both reproduce the all-electron behavior and at the same
time are computationally efficient.

The pseudopotentials used in these calculations are generated from all-
electron atomic calculations, which is done in DFT by solving the radial Kohn-
Sham equation [24]

—1d® I(I+1)
2 dr? 2r2

+V[p;r}) Ro(r) = EaR(r)  21D)
where V[p;r] is the self-consistent one-electron potential

—Z
V[p;r]:7+VH[p;r]+focunc(p(r)>v (2‘12)

where p(r) is the sum of electron densities for the occupied wavefunctions
R, (r), Vi [p; r] is the Hartree potential and Ve (p(r) is the exchange-correlation
potential for the used functional (func=GGA,LDA). Further, the pseudopoten-
tials are constructed to satisfy four general conditions:
e The pseudo-wave-functions generated from the pseudopotential should
contain no nodes.
e The normalized atomic radial pseudo-wave-function (PP), with angu-
lar momentum /, is equal to the normalized radial all-electron wave-
function (AE) beyond a chosen cutoff radius r;,

pr(r) = R‘?E(r) for r> el (2.13)

e The charge inside the cutoff-radius must be the same for the two
wave-functions (PP and AE)

Tel Tel
/ \RYP (r)|2rPdr = / \RAE (1) |*rdr. (2.14)
0 0

e The AE and PP eigenvalues should be equal
et =gt (2.15)

The pseudopotentials constructed and fulfilling these criterias are usually re-
ferred to as "norm-conserving pseudopotentials"[32] and it is this type that are
commonly used in SIESTA calculations. These pseudopotentials can be con-
structed in several ways, in SIESTA usually the parametrization by Troullier
and Martin [31] is used, where the semilocal form of the pseudopotential is
transformed to the fully nonlocal form by the method of Kleinman and Bylan-
der [33].
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2.3.2 Basis set

In the SIESTA method, the valence electrons are described by a basis set con-
sisting of linear combination of localized numerical atomic orbitals (LCAO).
This means that the basis functions are composed of a spherical harmonic and
a radial function

(I)lmn(rveaq)) :Rn,l(r)Yl,m(ey(P)a (2-16)

where R,,; and Y; ,,, are the radial functions for orbital » and the real spherical
harmonic for orbital angular momentum / and magnetic quantum number m,
respectively. The use of a localized basis set has an advantage over the more
commonly used plane-wave basis sets, especially when dealing with transport
in open quantum systems due, to the finite radius, r., of the basis orbitals,
making them strictly zero beyond this radius. Further, the shape and size of
the basis set must be chosen and there is a lot of freedom in how to build
them. This includes the center (not necessarily atom centered), how many an-
gular momentum channels around each center, how many radial functions per
angular momentum channel and last, the cut-off, r., and shape for each radial
function. These parameters should be chosen wisely to optimize efficiency
and accuracy. There are methods to obtain optimized basis sets variationally
[34], but there is still no systematic way to obtain “the optimal” basis set and
check the convergence. SIESTA comes with some preset algorithms and cri-
teria defining basis sets automatically [35].

In SIESTA, the nomenclature of the basis sets follows the quantum chem-
istry (QC) standards, ranging from basis sets of single { (SZ) type to multiple
¢ including polarization and diffuse orbitals, giving results from fast calcula-
tions with poor convergence to highly converged and more computationally
demanding calculations. The minimal basis set is the SZ which has one radial
function per angular momentum channel, the number of angular functions are
determined by electronic population of the valence states in the free atom. To
obtain flexibility in the radial part, it is possible to add one more radial func-
tion to get a double-¢ (DZ) basis. In SIESTA, this is done in a similar fashion
as the split-valence scheme in QC, but with a modification to make sure that
the finite range of the basis is kept [36], where the new radial function is equal
to the first one outside a matching radius, only changing the part close to the
core. In this fashion, it is also easy to extend to even more radial functions and
obtain a multiple-{ basis. To introduce more flexibility in the angular part,
polarization orbitals can be added. The first choice for this would be to use the
first unoccupied orbital of the free atom, but it has been found that this is not a
good choice since they are generally too extended. Instead, another route has
been found where a small electric field is used to polarize the atom resulting
in the (I+1) orbital.

The methods described here have been thoroughly tested and the results
have shown that for structural and energetic properties most often a DZ plus
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one polarization orbital (DZP) basis set gives results within the accuracy of
the LDA and GGA approximation.

2.4 Nuclear vibrations

If we now have solved Eq. 2.1 within the BO-approximation, we know the
energy-eigenvalues for our system and have something called the Born-Oppenheimer
total energy surface E(R). From this, it is possible to investigate the vibra-
tional modes in the system, i.e phonons [37], via the forces. If the system is in

the equilibrium geometry (Rp) all forces on the nuclei should be zero

~ JEy(R)

F(Ro) =~ "0~

=0. (2.17)
R=R,

If a small perturbation is introduced as a displacement away from the equilib-
rium geometry, the matrix of interatomic force constants called the Hessian
matrix is obtained

9%Ey(R)

CIv;Ju =

)
R=R,

where 1,V represent the different spatial directions. Assuming a harmonic
displacement of the coordinates and using Newtons’s second law of motion
the eigenvalue problem

(@0*1-W)v=0 (2.19)

is obtained where W is the mass-scaled matrix of interatomic force constants
Cv-Jy

Wiy = ., 2.20

Tviu oo (2.20)

The solution of Eq. 2.19 gives the vibrational frequency @, and vibrational
mode vector v* for our system.

The nuclear forces F are readily available during the solution of the DFT-
problem and when the SIESTA package is used they are a direct output. These
can then be used to approximate the Hessian matrix via finite differences in
what is called the "frozen phonons method", more on how this can be done
and the implications can be found in [27, 38].

2.5 Quantum transport in the non-equilibrium Green’s
functions formalism (NEGF)

In this section, the basic equations describing the stationary electron transport
through a region in space in the NEGF formalism are given.
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So far in the previous sections, we dealt with the DFT-method for electronic
structure, the strength of DFT is that it can, from first-principles, describe
a wide range of materials without material-dependent parameters. Still, if
we want to consider electron transport, we need to go beyond DFT due to
its restrictions; firstly, it can only treat small, finite or periodic systems; and
secondly, the system has to be in its equilibrium ground state. Here, when
an atomic or molecular system is connected to bulk electrodes we need to
be able to treat infinite and non-periodic systems. Further, to drive a current
through this system, a bias voltage needs to be added to the electrodes, hence
the molecular system will no longer be in thermal equilibrium and we must be
able to treat this non-equilibrium system.

The starting point when using the NEGF approach is the partition of the
system into a central coupling region (which can include interactions) and two
noninteracting electrodes, a sketch of the system is given in Fig. 2.1. In the
following, we assume that the system, as in the case of DFT, can be described
by a single-particle mean-field Hamiltonian describing electrons moving in a
static potential from the frozen atomic nuclei. For simplicity, the presentation
will be given for spin-independent problems, but the generalization to include
spin-polarization is straightforward.

2.5.1 System setup

HLC HCR
Y\ ¥\ .
—00 =« Z L C R Z > +00
/—\ ¢

Figure 2.1. We model the contact C region coupled to two semi-infinite left L and right
R electrodes. The direction of transport is denoted by z. There is no direct coupling
between the two electrodes

The physical system we are interested in is sketched in Fig. 2.1, consist-
ing of two semi-infinite electrodes coupled via a contact region. Since we are
working in a framework of a localized basis set, the finite range of the orbitals
implies that all matrix elements of the Hamiltonian or overlap integrals be-
tween atoms situated on the two different electrodes are zero, hence the only
coupling between the left and the right electrode is via the contact region (pro-
vided that the contact region is large enough). The electronic Hamiltonian
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H = {{H;;}} and overlap matrix S = {{S;;}} can thus be written as

H, H;,c 0
H= | Ho He Her 2.21)
S, Sic O
S= Sc. Sc Scr | . (2.22)
0  Src Sk

Further, it is assumed that the Hamiltonian is converged to the bulk values in
the L- and R-regions, corresponding to the left and right electrodes. Thus it
is only necessary to calculate the Hamiltonian and overlap matrices in the C,
C-L and C-R regions.

The transport properties can thus be described by the finite L-C-R region
of the infinite system, via a series of Green’s function matrices. The retarded
electronic single-particle Green’s function G’ (&) describing the infinite sys-
tem can be defined as the inverse of [(€ +in)S — H] where n = 07[39]. For
the contact region (C) this will then yield the retarded Green’s function

Gr(e) = [(e+in)Sc —Hc — i (g) — Zg(e)] ™! (2.23)

where the self-energy due to the coupling to the left lead is X} (¢) = (H¢yr —
€Scr)g; (€)(Hrc — €S1c) and similarly for the right lead. The gf,(¢€) is the
retarded surface Green’s function of the & = L, R lead.

2.5.2 Elastic transport

In the following section, we will consider a two-terminal setup without in-
teractions in the central region (C), for this situation the current through this
region can be described by a Landauer-Biittiker like formula[16]

5]

I(V) =Gy [mds [nr (e —ur) —nr(€ — Ug)]
xTr[[L(e)Gr(€)Tr(e)GE(€)] (2.24)

where Gy = 2¢?/h, np = 1([exp(€/kgT) + 1] is the Fermi-Dirac distribution,
Ug the chemical potential of lead ¢, and

Ta(e) = i[E}(e) - 4 (e)] (2.25)

describes the broadening of the states in the central region by the coupling to
the electrodes. This expression can be derived from the fluctuation-dissipation
theorem[16]. The expression for the current is not general but only valid for
a mean-field theory like the KS-DFT, furthermore since we are dealing with
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steady-state transport the advanced and retarded Green’s function can be re-
lated via time-reversal symmetry as G&(&) = G-(€)'. Thus, from Eq. (2.24)
the expression for the transmission 7" can be identified.

T(€) = Tr[T4(€)G(e)Tr(€) G (e)] (2.26)

2.5.3 Inelastic transport due to electron-phonon interaction

To investigate inelastic effects in the junction, excitations of phonons have to
be taken in account. This can be done by the mass scaled dynamic matrix W
(Eq. 2.20), and since interatomic forces are short ranged, it can be partitioned
in the same way as H and §.

W, Wi O
W = Wer We Wer 2.27)
0 Wre Wg

In the same way as we defined the electronic Green’s function (Eq. 2.23)
earlier, we can now define the retarded phonon Green’s function D" () as the
inverse of [(@ +in)?1 — W], for the contact region this gives

D (o) = [(0+in)"1-We - T} (0) — ()]~ (2.28)

where H;e( L) (w) are the phonon self-energies due to the coupling to right (left)
regions. Since we are only interested in interactions between the electronic
current and vibrations localized in the central region, to a first approximation,
it is possible to disregard the phonon self-energies[38] resulting in

D (o)~ [(w+in)*1-W¢] ™! (2.29)

Lowest order expansion of the current

To fully take into account the electron-phonon interactions when calculating
the current is a very daunting task, where the full Green’s functions G?(e)
including all relevant interactions are needed[38, 40, 41]. Even if this can
be done, for systems with a weak electron-phonon coupling and where the
density of states varies slowly with energy (which is the cases considered in
this thesis) another approximation can also be made, called the lowest order
expansion (LOE) of the current, for the applicability of LOE see [40, 42]

The assumptions of LOE is that the retarded(advanced) single-particle Green’s

functions Grc(a) and lead self-energies fo(a) are energy independent. Thus ex-

panding the current to second order in the electron-phonon couplings M*[38],
the energy integrals can be done analytically, still preserving the Pauli exclu-
sion principle for fermonic particles necessary for blocking of phonon emis-
sion processes at low bias.
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The current in LOE approximation can be written as[38, 43]

ILOE = GOVTI'[GFRGTFL]

ST )T | GG (MPAM* + L (TG M AN~ H.C) )|
A

+ LA )T GG (TG M (Ar—AM* +1.C)]
A

(2.30)
sym _ € hay —eV  hoy +eV
S = T (2eV<m> + oy —eV) kT _ | plhay +eV)JkgT _1 )" (2.31)
asym e (= de
= %/_ E[nF(g) —np(€ —eV)| A (np (€' +hay) —np(e' —hay)) (¢)

(2.32)

where eV = ug — yy is the bias, ¢ the Hilbert transform and (n)) the ex-
pectation value of the occupation of phonon mode A. Here G = G(¢&F) is
the retarded Green’s function and A = i(G — G") the spectral function, which,
together with the electrode couplings I'; g = I'; z(€F), are evaluated at the
Fermi energy.

The current in the LOE representation contains three main parts, first is the
Landauer-Biittiker term (cf. Eq. 2.24) for elastic conductance, secondly there
is a "symmetric" term that gives symmetric conductance steps at vibrational
energies, third and last is the "asymmetric" term which gives peaks and dips
in the conductance that are asymmetric with respect to voltage inversion. Of-
ten the asymmetric contribution is small compared with the symmetric, and
for symmetric junctions it can be shown that the asymmetric contribution is
strictly zero. The symmetric term is also responsible for the sign of the con-
ductance change, and the rule of thumb is that it gives a conduction increase
for low conducting systems (and a decrease for high conducting systems),
hence phonons help electrons tunnel through not so well conducting molecules
and introduce scattering centers in metallic wires with close to ballistic con-
duction. A more comprehensive discussion of these features can be found in
[43-45]

2.6 Method for approximate conductance traces

The conductance of organic molecules at ambient temperature is believed to be
a subtle and highly dynamic process which requires information about several
molecular conformations [46-53], but so far in standard DFT-NEGF based
methods, this dynamical behavior is not included. Here we show a method
where these effects can be included in a first-principle way. Several meth-
ods exist where geometries obtained from classical or ab initio molecular dy-
namics (MD) are used as input to simple transport models (e.g. tight-binding
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Figure 2.2. Schematic picture of how the combination of the MD and TS calcula-
tions are performed. Hamiltonian H; and overlap S; are copied as indicated in the
lower part of the figure (where a-d symbolizes different sub-regions), and pasted into
corresponding H,, and overlap S, obtained from the TS calculations.

(TB)), to calculate transport for realistic situations. This method goes one
step further, and to our knowledge is the first, where the Hamiltonian- and
overlap-matrices obtained from the MD-simulations are used as input to ab
initio DFT-NEGF transport calculations.

Our method is based on standard ab initio Born-Oppenheimer MD sim-
ulations for the dynamical behavior and DFT-NEGF to calculate the trans-
port properties, by a combination of the results from the SIESTA[27, 28] and
TranSIESTA[39] computer codes. The MD simulations are performed using
SIESTA, which uses a local basis set and periodic boundary conditions to
solve the Kohn-Sham DFT problem. TranSIESTA is built on SIESTA and has
the capability to self-consistently solve the Kohn-Sham DFT equations for the
non-equilibrium electron density in the presence of a current flow. In this case
the assumption of periodicity in the transport direction is removed and the full
atomistic structure of both the device and the electrodes are treated. In the
following we will describe how the SIESTA and TranSIESTA methods can be
used to obtain conductance traces including dynamical effects, which includes
(i) a full MD simulation of the time evolution of the junction (w/wo stretch-
ing), (ii) transport calculations for a set of geometries obtained from the MD
simulation, and (iii) calculation of the non self-consistent conductance traces.

MD simulations using SIESTA
The MD simulations are done in the framework of DFT as implemented in the
SIESTA package as described in section 2.3.
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The valence electrons in SIESTA are described by a localized basis set, this
is very suitable when dealing with transport calculations since the partition-
ing into L-C-R region as described in the previous section become easy. The
orbitals {|i >} in the basis set are approximations to atomic orbitals and are
centered at the positions of the nuclei in the structure, with a given cutoff ra-
dius which make them strictly localized inside this radius. The basis set used
here is nonorthogonal where S;; =< i|j > is the matrix element describing the
overlap between two basis functions.

The main idea now is to use the MD simulation to obtain an unbiased set
of geometries that can model an organic molecule under ambient conditions
in a metal junction. Initially a periodic supercell (example of setup in lower
part of Fig. 2.2) is constructed as an approximation to the full transport setup
(upper part of Fig. 2.2) to be used in the MD simulations. The junction with
the molecule is temporally evolved for some arbitrary time, a longer time will
sample a larger part of the geometrical phase space, probing a larger part of the
energy surface. After each MD simulation the Hamiltonian H; and overlap S;
matrices are saved, where the index [ represents which MD-run it is. Also the
final geometries for each run are saved. If several MD simulations are done on
the same cell, temperature effects can be probed. The cell can also be stretched
or compressed between each MD simulation thus simulating the formation of
junctions in a mechanically controlled break junction (MCBJ) experiment.

Self-consistent conductance calculations with TranSIESTA

Starting from some of the geometries saved from the MD simulations fully
self-consistent elastic transport calculations are performed with the TranSI-
ESTA package. Two electrodes which are necessary for the transport calcu-
lations, are added to the structures, corresponding to the upper part of Fig.
2.2.

In the full TranSIESTA calculation, the transmission function can be cal-
culated under finite bias conditions, i.e., the chemical potential in each lead is
shifted by V /2, where V is the applied voltage, and a electrostatic voltage drop
over the central region is induced. In the self-consistent cycle these effects are
fully treated in TranSIESTA leading to the electrodes self-energies and the
Hamiltonian depending on the external bias voltage V. Even though a elec-
tric field could be induced in the MD simulations it is not so straightforward
to translate this to the full transport situation, hence in the following we will
neglect voltage dependence and only consider the zero bias (ZB)-conductance
of the different junctions.

As in the case of the MD simulations the Hamiltonian H m and overlap S’m
are saved from each calculation. A separate TransSIESTA electrode calcula-
tion is also necessary giving the bulk Hamiltonian and overlap matrices for
the electrodes, needed to calculate the self-energies £, (€) when connecting
the electrodes to the central region. The self-energies are calculated via al-
ready available methods in the Inelastica package[38], the self-energies are
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only necessary to calculate once since the electrodes do not change during the
evolution of the junction.

Non self-consistent conductance traces

Now we have the H; and S; matrices from the MD simulation and H,, S ' and
f‘.ga matrices from the TranSIESTA calculations, and they are combined into
a non self-consistent transmission 77,,,.

To combine them, differences between TranSIESTA and MD simulations
need to be corrected: The MD simulations are done under the assumption of
periodic boundary conditions, which are changed into open boundary condi-
tions under the transport simulation. Furthermore, the relative potential energy
is changed to having the Fermi energy as reference.

Periodic boundary conditions effect

The MD simulation is done under the assumption of periodic boundary condi-
tions, implying that there will be interactions between atoms in the "left” and
the "right” electrodes across the periodic boundary, which is not the case in
the transport calculations. This is easily corrected due to the finite range r
of each basis state |y, > describing the valence electrons in the SIESTA DFT
code. The unwanted interactions are removed by setting

< l[/a‘Hl,Slylllﬁ >=0 if |Rq —ng’ >ro+rg (2.33)

where Ry, is the position of the nuclei where the basis state |y, > is centered.
This correction is only applied for the transport direction, while, perpendicular
to the transport direction, the periodicity is preserved.

The potential shift

In the case of TranSIESTA the reference energy is the Fermi energy while in
the SIESTA MD simulation the Fermi energy is not used as reference. Hence
it is necessary to shift the MD Hamiltonians rigidly to have the same reference

energy, this is done by y
H,=H,—¢gs§, (2.34)

where & is the Fermi energy obtained in the MD simulations.

Obtaining 7;,,

Everything needed for the non self-consistent conductance traces is now avail-
able and it is possible to calculate the ZB transmission 7},, from Eq. (2.26).
As indicated in Fig. 2.2, H; and S; are pasted into H, and §,, and T}, are cal-
culated directly, i.e., non self-consistently, for each combination of / and m. In
Fig. 2.3 an example of such a calculation is shown with the full conductance
traces 71j,, for a BDT molecule between two gold electrodes that are being
stretched, corresponding to the setup in Fig. 2.2. In the figure, plotted with
markers (o,5/,]), are conductance values obtained from fully self-consistent
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Figure 2.3. Comparison of the approximate conductance traces calculated using dif-
ferent sets of full TranSIESTA calculations, indicated by its m-value in the legend.
Note that there are 3 overlapping lines corresponding to approximations based on the
3 different full TranSIESTA calculations. Also shown as symbols are the transmission
values obtained from the full TranSIESTA calculations.

TranSIESTA calculations shown for some different stretching distances (2 A,
10 A, 70 A) which are in good agreement with the approximate conductance
traces. The figure contains multiple conductance traces corresponding to dif-
ferent m, and as can be seen, the approximation works very well and there
is only minimal differences between conductance traces calculated by using
different H m and S‘m

When combining H; and §; with H,, and S respectively into 7j,,, there is a
choice of how much of H, (S) to copy. In the calculations shown here we keep
either one or two gold layers from H; and §;, symbolized in Fig. 2.2 as region
b or c respectively. The choice of number of gold layers has little impact on
the resulting transmission as long as the choice is in accordance to the choice
of constrained atoms in the MD-simulation. In Fig. 2.4, calculations of 7j,
for different sub-regions (corresponding to those in Fig. 2.2) are shown. In the
MD-simulations here, the two bottom layers of each electrode are kept fixed,
hence copying one, two or three gold layers (region b,c or d) from the MD-
simulation has little influence on the results. While, instead, only the molecule
is kept from the MD simulations and all of the electrode layers from the TS
calculations (region a) the transmission results are drastically changed (see
blue line, corresponding to the calculation where only a:—:a region is kept in
Fig. 2.4).

Effect of stretching the junction

To validate the MD method and to ensure that no spurious effects are intro-
duced when the calculations are stopped and restarted, for example, to save
the necessary files and stretch the junction (if wanted), we compare the results
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Figure 2.4. Comparison of transmission calculated by keeping different numbers of
gold layers from the MD-simulations (0-3). The different curves correspond to the
regions defined in Fig. 2.2 (a,b,c,d). The inset shows the same thing but zoomed in
between time t=900 to t=1200 to resolve the individual curves.

with results obtained from a standard continuous MD-simulation. In Fig 2.5
are the Kohn-Sham energies and ion temperatures for each step in the con-
tinuous MD-simulation shown together with energies and temperatures from
our method both without and with stretching (0.01 A). For the results from
the method presented here, the MD is restarted every 10 fs, but, as seen in the
figure, the curves (energy and temperature) obtained without stretching are
right on top of the results from the continuous run. For the results obtained
with stretching, an increase in the potential energy is seen when the junction is
elongated, indicated by a shift in the mean value of the energy towards higher
values, but the shape of the curve stays intact. We don’t want an increase in
kinetic energy due to the stretching and, as is seen from the temperature, it
stays essentially the same as without stretching.

Still, since the elongation/compression of the junction is done statically
by scaling the coordinates, effectively the potential energy in the junction
is changed, a sufficient time for relaxation between each stretching event is
therefore necessary. The important parameter here is what can be defined as
the stretching speed. The first choice was to stretch the junction 0.1 A each
60 fs, this gives a stretching speed of roughly 167 m/s, which is orders of mag-
nitude larger compared to actual speeds in experiments, but it is still lower than
the thermal velocities of the Au atoms (roughly 194 m/s at 300 K). To further
investigate the effect of the stretching speed, simulations where the speed was
reduced by a factor 10 were performed (v=16.7 m/s), this can be done in two
different ways, either by changing the stretch to 0.01 A each 60 fs or by keep-
ing the same stretching distance, 0.1 A but changing the time between each
stretching event to 600 fs. The computational cost for these two ways to do
it is the same (same number of steps in the MD-simulation) but with shorter
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Figure 2.5. Energy vs. time (left) and ion temperature vs. time (right) for a continuos
MD-simulation (full black line) compared to the presented method without stretching
of the junction (dashed yellow line) and stretching of the junction with 0.01 A every
10 fs (dashed-dotted red line)

stretching distance one saves more amount of data and get a larger number
of points in the conductance curve. In Fig. 2.6 the original calculations are
compared to these two methods of decreasing the stretching speed. The ac-
tual values between the three calculations differ, as these are highly dependent
on the configuration in the junction used for transmission calculations, but all
three calculations follow a similar general trend for the transmission, hence
the choice of a stretching speed (167 m/s) should be ok, in the same time a
shorter stretching distance gives better statistics.

Origin of conductance noise
The conductance traces in Fig. 2.3 show a very rapidly oscillating behavior
in the conductance, and it is possible to correlate this to the thermal motion
of the atoms in the junction and not to some spurious effect introduced by our
approximate method. First, to show that the noise is not due to stretching of
the junction, we show MD simulations without stretching of the junction for
different temperatures. These simulations were done using a starting geometry
close to that shown in Fig. 2.2. Several runs were performed on this geometry,
shown in Fig. 2.7 are run with a Nose thermostat of 300 Kelvin (same as we
used when stretching the junction), a Nose thermostat of 100 Kelvin and a
Nose thermostat of 1000 K. The traces obtained with a thermostat of 300 K
and 100 K show similar features, but with more rapid oscillations and also
with larger amplitude for the higher temperature. The 1000 K trace shows
more rapid fluctuations and with even larger amplitude of the oscillations and
it is possible to conclude that the noise is from the thermal motion of the atoms
in the junction and not from spurious effects, e.g., convergence problems.
The described method have a great number of applications when it comes
to the study of junctions under realistic conditions, for example Paulsson et.
al. studied the breaking and evolution of a MCBJ with alkanedithiols [54].
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Figure 2.6. Comparison of transmission traces obtained for different stretching speeds.
Full black line shows stretching at 0.1 A/60 fs=167 m/s while full blue (0.01 A/60 fs)
and full red (0.1 A/600 fs) have both a factor ten slower stretching speeds obtained
either by shorter stretch distance (blue) or longer simulation time (red).
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Figure 2.7. Comparison of the time evolution for the junction under different temper-
atures (black: 300 K, red: 100 K, blue: 1000K), without stretching
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Further, it has been used in several papers in this thesis to study how different
conformers of a molecule influence the conductance (Paper VI and VIII).

2.7 DFT as a framework for quantum transport

The method of Kohn-Sham DFT, described earlier, has turned out to be one
of the most successful methods for describing equilibrium properties of ma-
terials. This has also made it a natural choice as a starting point for electron
transport calculations. Combining the two also turned out to be very successful
when describing systems with an open-boundary under non-equilibrium con-
ditions. As in the case of DFT, where trends in relative energies are reproduced
very well, here trends in the magnitude of electron transport between similar
systems are reproduced very well. This makes it possible to make quantitive
estimates that can be compared with experiments as well as predictions that
can be used as a guide for new experiments.

Still, one needs to be cautious, since not only the approximations related
to DFT described earlier, but also some less well-founded approximations
are introduced when the Kohn-Sham (KS) wavefunctions are treated as the
"real" single-particle wave functions and the current is calculated. This means
that we assume that the KS-wavefunctions describe the true electron wave-
functions well enough (which we know is not always the case) and that the
commonly used XC-functionals can describe the non-equilibrium situation we
are dealing with. Since we are only using the single-particle wavefunctions,
this method will not describe many-body effects, which are often present at
transport processes. It is widely known, for example, that commonly used
DFT-methods and functionals underestimate the gap between the highest oc-
cupied molecular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO), hence conductance of many molecules weakly coupled to the elec-
trodes are overestimated. This can often be corrected if correlation effects are
included for example via GW or self-interaction correction.[39, 55-58]

As mentioned earlier, the convergence of the basis set is a delicate task,
and for transport calculations it may turn out to be even harder to define what
convergence is. There have been some attempts to make a benchmark of basis
sets for transport calculations [59]. The main conclusion is that, as in the case
of structural convergence in DFT, a DZP-basis is often enough for transport,
increasing the number of basis functions can give even a "better" result when
compared to plane-wave calculations. For just a qualitative result a SZ or a
SZP is enough, since the shape of the transmission function is reproduced. It
has also been found that the Fermi level and some molecular orbitals (MO)
are very sensitive to the size of the basis set, changing the basis could shift
the Fermi level in/out from the HOMO-LUMO gap or reorder MOs, hence
changing the transmission by orders of magnitude[60, 61]. This could alter the
interpretation of the conductance between, for example, different conformers
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of a molecule significantly. Using the same basis sets, functionals and other
parameters when comparing similar systems should overcome most of these
difficulties.

To conclude, in this thesis, we model the electron transport with the use of
the nonequilibrium Green’s function method (NEGF) combined with density
functional theory (DFT), which together open the possibility to describe from
first principles different systems that could be used in molecular electronics
devices.
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3. Nanoelectrode platform for single-molecule
electronics

For the understanding of transport through molecular junctions, techniques
for measuring and characterization of molecules in a reproducible way are
important. This can be achieved either as many-molecule junctions, where a
molecular monolayer is sandwiched between two electrodes, or as individual-
molecule junctions where a few-, down to single-, molecules are contacted.
The individual-molecule junctions often use techniques which include, but are
not limited to, scanning tunneling microscopy (STM) and mechanical control-
lable break junction (MCBJ). The STM and MCBJ techniques have achieved
many significant results, but they have to operate in a laboratory environment,
hence, these techniques are not suitable to build actual devices [62].

The alkane-chain, with its simple structure made up of saturated carbon
atoms, often serves as a prototype when studying molecular electronic junc-
tions either as thiolated self-assembled monolayers (SAMs) on gold surfaces
or as dithiolated in Au-alkanedithiol-Au single molecule junctions. Previous
studies using scanning probe microscopy techniques on SAMs have shown
that the geometry of the molecular arrangement and especially the tilt angle of
the film with respect to the surface normal greatly influences the conduction
through the monolayer of molecules [49, 63, 64]. To characterize the alkane
chain, dithiolated molecules in unimolecular junctions which are chemisorbed
to both electrodes can be used. Even though this is one of the simplest sys-
tems, there is a large uncertainty in the conductance of the alkane chain, e.g.,
the eight-membered alkane chain (octanedithiol) shows conductance values,
both experimentally and theoretically, that varies by more than 1 order of
magnitude (G ~ 1 —20 x 107Gy, where Gy is the conductance quantum).
The discrepancy is assigned to microscopically different junctions with, for
example, different molecule-electrode bonding or different molecular confor-
mations [54, 65-67].

For real devices, a platform that can be transferred outside the lab and that
can be contacted by macroscopic contacts is needed. This can be achieved
with a nanoelectrode bridge platform where gold nanoparticles (AuNP) are
used to contact single or a few molecules. Here we study a nanoelectrode
bridge platform [68] where AuNPs of different size are used to bridge the
gap (25-30 nm wide) between the electrodes. This setup is simple enough to
test different molecular systems repeatedly with good statistics under ambient
conditions, i.e., it is possible to use it in an actual device. In a first setup, large
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enough (30nm) AuNP were chosen to bridge the nanogap by one single AuNP
to contact films of monothiolated molecule coatings on both electrodes (sec-
tion 3.1). In a second setup, dithiolated molecules that could chemisorb with
both ends were used. This was done to make more stable contacts between
the electrodes and molecules and meant functionalization of the AuNP with
molecules instead of the electrodes. The molecule coated AuNPs were then
trapped in between clean electrodes, making chemical bonds in both ends of
the molecule to gold surfaces (section 3.2). The drawback of this setup was
that it used smaller (Snm) AuNPs, hence a network of metal-molecule-metal
junctions was needed to bridge the 30 nm gap. In the last section (section
3.3) we show, by a combination of DFT-NEGF and a model describing the
AuNP-molecule-AuNP network between the electrodes, that it is possible to
gather information from IETS measurements about the single molecules and
configurations in this network.

3.1 Contact configuration of octanethiol coated gold
electrodes

a 6uL of Au Nanoparticles Solution b (o]
Aunp,
Au/Cr Au/Cr

Si02/Si substrate

M(:I/eculesm ¢
-

Figure 3.1. a) Schematic of the nanoelectrode setup during a trapping experiment
in which probe needles were connected to the contact pads and 6 uL of an aqueous
AuNP solution was deposited on top. b) Schematic cross section of a nanogap with
one AulNP trapped between non-functionalized electrodes (upper image) and function-
alized electrodes (lower image). c¢) Scanning electron microscope image of a single
trapped AuNP in a nanogap. The scale bar is 100 nm

Paper I focuses on the influence of the roughness of the surface on the con-
duction through a SAM. The setup considered in this section is made up of two
nanoelectrodes both coated with a SAM of octanethiol where the gap between
the electrodes is bridged by a large AuNP. Figure 3.1 shows schematics of (a)
the trapping and (b) the final device. A scanning electron microscope (SEM)
image from one of the actual devices is also shown (c). A more detailed de-
scription of the platform and the electrophoretic trapping is given in [68] and
Paper I, here the focus will be on the theoretical calculations of the junctions.
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Measured current-voltage (I-V) characteristics on these junctions show a
very large variation in the octanethiol conduction, with estimated resistance
from 1 GQ to 10 TQ2. The large variation in the conduction between dif-
ferent junctions is what we study in this paper, several possible reasons for
the variation exist including no well-defined molecular conformations, several
molecules in the junction and a very rough gold surface due to the focused
ion-beam (FIB) cutting of the gaps.

To model the roughness of the FIB cut electrodes under the film of molecules,
we used a gold surface of (110)-symmetry which had undergone reconstruc-
tion [69], thus, creating a rough zig-zagged surface with facets of local (111)-
symmetry.

To investigate how the experimental I-V curves would be affected by the
roughness of the surface we have done transport calculations based on the
DFT-NEGEF formalism to estimate the zero-bias conductance for different ge-
ometries. We considered three different setups in which the opposing electrode
surfaces are: (i) structurally symmetric but laterally displaced (moved, Figure
3.2a), (ii) reconstructed and flat (unreconstructed) (Figures 3.2b and 3.2d),
and (iii) spatially symmetric (Figure 3.2¢). With our setup the Au surface is
quite deeply corrugated, yet no artificial patterns were used to model the cor-
rugation. The shortest inter-electrode distance (see Table 3.1) was obtained by
minimizing the energy of the simulation cell with respect to electrode separa-
tion; all atomic coordinates were additionally relaxed with the electrodes fixed
at the chosen distance.

Table 3.1. Results from DFT and electronic transport calculations

System name (see Figure 3.2) a) b) c) d)
Distance between electrodes (A)? 7.76 8.43 8.87 10.29
AE (eV)P 0 2.20 1.10 8.31
Zero-bias transmission T (Gy x 1073) 12.3 4.5 0.65 0.3
Resistance/mol (M) 2.1 5.7 39.7 86

4 The distance between electrodes is the distance between two nearest Au-atoms
from different electrodes.

b AE is the difference in total energy between the different contact configurations
where system a) (moved) has the lowest energy.

To analyze how the effective thickness of the molecular film affects the
resistance, we consider the results collected in Table 3.1. It is apparent that
only one of the two molecules shown in Figure 3.2c, and especially in Fig-
ure 3.2d, is properly connected to the topmost electrode surface. This ob-
servation demonstrates that, adsorbed at non-ideal surfaces, molecules expe-
rience a larger contact area with the electrode, which, coupled with the fact
that they are tilted at an angle of —52.5° [49] with respect to the surface nor-
mal, results in a decreased effective length between electrodes and increased
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Figure 3.2. Atomic configurations considered in theoretical simulation-side view of
the contact area seen along the [110] direction. Different structures obtained by mov-
ing the top electrode correspond to different inter-electrode separations (see table 3.1).
a) Symmetric but laterally displaced electrodes, b) reconstructed and flat surfaces, c¢)
spatially symmetric surfaces and d) same as b), but additionally spaced by 2 A.

inter-molecular tunneling. Thus, the effective resistance of the molecules is
decreased.

To further describe what we mean by the different effective lengths be-
tween the molecules we plot the current densities in Figure 3.3. Assuming a
small positive bias on the bottom electrode, the currents flowing up through
the molecule are plotted, where the cross-section of the arrows is proportional
to the magnitude of the current density. We can see that setup (a) and (b)
show very similar behavior, where the current flows almost straight through
the junction, either tunneling from the top gold atom or via the left anchoring
sulphur atom straight to the top of the right molecule (intermolecular tunnel-
ing) and to the top gold electrode. Thus, giving the effective length of the
current path as the distance from the top gold atom on the bottom electrode to
the bottom gold atom on the top electrode. In setup (c) the main current path
is along the backbone of the left molecule, and the effective length of the cur-
rent path has to be measured along the molecule instead, increasing it greatly,
hence it has a much lower transmission probability, which is seen in the Table
3.1.

We find that the resistance values calculated for OT molecules attached to
different step edges vary by 1-2 orders of magnitude. Therefore, the attach-
ment geometry of the Au-OT-Au junction is an important factor influencing
the electron transmission through the electrodes. It should be emphasized
that the structures that were calculated (Figure 3.2) use the rearrangements
of Au-atoms that achieve the lowest energy configuration, while in the actual
experiments the shape of the junction is defined by the shape and relative ar-
rangement of the NP and the electrode.

To conclude this section, we have studied the influence of the roughness of
the surface on the conduction through a SAM of octanethiol molecules, where
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Figure 3.3. Current paths for setups a), b) and c) corresponding to Figure 3.2, showing
both intermolecule (a and b) and intramolecule (c) tunneling paths where the cross-
sectional area of the arrows is proportional to the current density flowing upwards.

we find a difference of 1-2 orders of magnitude of the conductance through
the layers depending on the attachment geometry. Thus, the resistance of
the assembled device will largely depend on the amount of well-conducting
molecules, which, in turn, is very sensitive to the structure and relative orien-
tation of the surface defects. Nevertheless, in the experiments, the resistances
vary by nearly four orders of magnitude and therefore, in addition to the influ-
ence of the OT-Au configuration, it is likely that other factors such as pin holes
in the OT layer and shape of the NPs, where number of contacted molecules
can vary greatly depending on the facetting of the NP, would influence the
variation in measured resistances in this SAM based nanoelectrode platform.

3.2 AuNP-networks of protected/deproctected
octanedithiol

In paper II, we carry out theoretical calculations to investigate junctions where
a network of smaller AuNPs (4-5 nm in diameter) are used to make a cova-
lently bonded organic network between the two nanoelectrodes (see schematic
in right panel of Figure 3.4). The focus lies on which atomic configurations
are probable in these junctions and to verify that the increase in measured con-
ductivity after the acid treatment is due to deprotection of the molecules and
creation of a chemisorbed network.

To enhance the reproducibility of the device, Wallner et al. developed a
route to make chemical contacts to both electrodes [70], instead of just one
as in the previous section. This meant that the OT molecule needs to be ex-
changed for octanedithiol (ODT) molecules with functional groups at both
ends to be able to chemisorb at two adjacent gold surfaces. Due to the reac-
tivity of the thiol groups, some way to control that they bridge the gap and
not only "backbite" to the same surface is necessary. Instead of coating the
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Nanoparticles

Figure 3.4. Left: Schematic figure of thiol-stabilized gold nanoparticles with a coating
of free standing protected alkanedithiols. Reproduced from [70]. Right: Schematic of
how a nanoparticle-molecule-nanoparticle network between two gold electrodes can
look: a) nanoparticles with protected molecules. b) nanoparticles with deprotected
molecules that have chemisorb to two particles. In both cases stabilizing molecules
on the surface are left out for clarity.

electrodes with molecules (as previous), AuNPs are synthesized using stabi-
lizing 1,8-octanedithiol molecules on the surface and with o, w-alkanedithiols
whose outer w-thiol is protected by a triphenylmethyl (trityl) group reaching
out from the surface, a schematic is shown in left panel of Figure 3.4.

Measurements on the protected and deprotected molecules demonstrate high
resistance around 325 GQ and 1 GQ for protected and deprotected molecule,
respectively. During removal of the trityl group, the outer w-thiol is "free"
and in the ideal case can attach to an adjacent AuNP, as shown in Figure 3.4,
thus forming the covalently bonded network with more stable junctions. In the
measurements, an increase of the conduction with somewhere between 2 to 5
orders of magnitude can be seen (Figure 3.5b), where most of the devices show
an increase of a factor 100. It is also found that the junction with protected
molecules shows a large spread in the magnitude of the conduction, respon-
sible for the large spread in the change in conduction during deprotection as
well, whilst the junction with deprotected molecules shows a spread less than
two orders of magnitude indicating that we have a device with stable chemical
contacts and high reproducibility.

To get a better understanding of the molecular configurations in the junc-
tions, we have modeled probable atomic configurations as shown in Figure
3.5a, and our obtained results for the transmission for the different setups are
shown in Figure 3.5c.

For the single octanedithiol chain linked via the sulfur atoms in both ends
to the gold surface (setup I in Figure 3.5a), we have obtained a conductance of
30.5 x 102Gy, (G = 26> /h) comparable with other theoretical studies [54].
In the case of w-trityl protected 1,8-octanedithiol molecules (setup Il in Figure
3.5a), we have obtained a single molecule conductance fifteen times lower as
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Figure 3.5. a) Atomic configuration considered in theoretical simulation I) 1,8-ODT
chemisorbed at two nearby gold surfaces, II) w-trityl protected 1,8-ODT chemisorbed
at one end and physisorbed at other end, III) @-trityl protected 1,8-ODT chemisorbed
at one end in presence of surface layer of backbiting 1,8-ODT, IV) @-trityl protected
1,8-ODT chemisorbed at one end with surface at maximum separation. b) Histogram
of measured changes in conductance going from w-trityl protected 1,8-ODT to depro-
tected 1,8-ODT. ¢) Zero-bias transmission for the four considered setups.
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compared with the unprotected molecule. The decrease in conductance found
here can be accounted for by the increase in distance between the gold elec-
trodes from 15 A to 18 A to accommodate trityl groups. Assuming that the
tunneling decay factor of the alkane chain is 0.7 A~11[17, 63] would result in
a decrease in conductance of around 10 times with this increase in distance.
This can not explain the increase seen in experiments. Instead we tried the ex-
treme where the protected molecules bind head to head, i.e., setup IV in Figure
3.5a. This configuration has a conductance of roughly 10~ Gg, hence about
6 orders of magnitude smaller compared with the deprotected molecule. This
increase is also outside what is observed in experiments, thus we have found
the two extreme configurations for the protected molecule and the observed
configuration should lie somewhere in between.

To investigate the configurations in between, it is necessary to take the back-
biting molecules into account since they might affect the distance between the
electrodes when the protected molecules are clustering together. The results
from this calculation (setup III Figure 3.5a) show a zero-bias conductance of
1.3 x 1077 Gy, i.e., a decrease with three orders of magnitude, compared with
the octanedithiol chain. This is in good agreement with the observed change
in the measurement.

In conclusion, our results suggest that it is not the protection group itself
that is responsible for the experimentally measured decrease in conductance,
but the increased distance between gold surfaces due to the size of the protec-
tion groups and the extra effective thickness added by the layer of molecules
on the surface.

3.3 Vibrational signatures from short
octanedithiol-AuNP chains

One of the most convincing signatures of single molecules in charge transport
junctions comes from the identification of their vibrational structure [71-73].
The demonstration of IETS spectra is an important step to validate that con-
duction in a molecular electronic platform occurs through the molecules of
interest [74]. In paper 111, we show by IETS measurements on the platform in-
vestigated in the previous section that the signatures from individual molecules
can be identified. When changing from the large AuNP and the coated elec-
trodes in the first section to having smaller AuNPs coated by doubly func-
tionalized molecules, as in the previous section, several AuNPs are needed to
bridge the electrode gap, thus, making up a network of molecules. To identify
the signatures from vibrational transitions of ODT molecules in these kinds of
networks, we have modeled this by DFT-NEGF taking into account the com-
plex network of metal-molecule chains in the junction. A sketch of a possible
network and the measured d*I/dV? (IETS) together with our modeled spectra
are shown in Figure 3.6.

34



av<]=(11421101011)

a,,=(15136000334)

- E=25

— €XP.

: : : : ——theory

-15 -1 05 0 05 1 15
bias voltage (V)

Figure 3.6. Theoretical modeling of the measured IETS spectra. (a) Schematic of one
molecular chain in the nanogap. The chain consists of a number N molecular junc-
tions and N — 1 AuNPs linking the molecules together. (b) Calculated IETS spectra
obtained by least squares fitting of the model (see Supporting info of Paper III) using
the number of chains with N=4, 5...., 14 molecular junctions. For the calculations we
have used the vibrational modes g, € [40, 84, 109, 122, 142 meV] with corresponding
coupling to the tunneling electrons €2 €1.5625%[4.4,3.7,0.6,0.5,0.1] in units of the
elastic tunnel current. The activation energy is set to Ec = 25 meV, while the temper-
ature is set to 7 = 20 K for the sake of broadening. The experimental curve has been
Lorentzian-broadened by 10 meV.

To understand the signatures observed in the measured d’I/dV?, we have
modeled both the elastic and inelastic conductance through the Au-molecule-
Au junction. The elastic conductance was calculated as in the previous sec-
tions, the inelastic current was calculated through the lowest order expansion
(LOE) method described in Section 2.5.3. To apply LOE, the system needs
to have a weak electron-phonon coupling and the density of states close to
the Fermi energy should vary slowly. This can be justified by the transmis-
sion spectra in Figure 3.7 which has no sharp peaks close to the Fermi energy,
hence the conductance is almost bias independent. It has also been shown that
less than 3% of the electrons undergo inelastic scattering for alkanethiols [75].

The calculated d?1/dV? for an ODT molecule sandwiched between two
gold surfaces is shown in Figure 3.8, together with the most important vi-
brational modes of the molecule. The main vibrational modes are found at
Ey1 =40 meV (Au-S stretch), Eyr = 80 meV (C-S stretch), Ey3 = 109 meV
(CHj; twist), Eyq = 122 meV and E,5 = 142 meV (two different modes of C-C
stretching). In Figure3.8 a), the d%I/dV? for the trityl-protected molecule is
also shown by the dashed line as a comparison, where it is possible to see that
the low-bias peaks appear at similar voltages, hence corresponding to similar
modes, but with different intensities. Further, the higher C-H stretch mode
(Ey = 350 meV) is much more pronounced for the protected molecule, hence
it should be possible to separate the two molecules from their signatures. The
two lowest modes Ey and E\, have the strongest coupling to the current which
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Figure 3.7. (a) Zero-bias transmission for ODT molecule sandwiched between two
gold electrodes. (b) The main conduction channel (from bottom electrode to top) for
the octanedithiol molecule

is reasonable since those vibrations include the anchoring thiols (shown in Fig-
ure 3.8 b and c¢) which mediate the electronic coupling between the electrodes
and the molecule. This can be seen in Figure 3.7b, where the main conduction
channel is localized close to the terminal sulfur atom.

The total resistance of a single chain of AuNP-molecules containing N
molecules in between two gold electrodes is the sum of the resistances of the N
molecules in the chain (Figure 3.6a). Several parallel chains contribute to the
current as parallel resistors in a circuit. Geometrically, at least four molecules
are needed in the molecule-AuNP chain to bridge the 20 nm gap, thus, in the
model we use, the smallest number of allowed molecular junctions is four and
the largest is fourteen. The voltage drop U,, in a chain with N molecules is
Uy, = Ug/N. Consequently, a chain with N molecules will contribute to the
IETS spectrum with a weight being the number of repetitions of this chain.

To model the actual device, the carrier transport related to the vibrational
states of the molecules through a molecule-AuNP chain was simulated taking
into account the activation energy related to the Coulomb energy of the AuNP
array. As input to the model, the main vibrational modes and their electron-
phonon couplings obtained from the DFT-NEGF calculations were used. The
linear combination of the IETS spectrum of all chains from the model is then
fitted to the experimental IETS spectrum. Due to the asymmetry of the mea-
sured curves, fitting of the model is carried out separately for negative and
positive bias. The resulting curve is shown in Figure 3.6b, where the numbers
of chains with 4-14 junctions needed to obtain the best fit to the experimental
spectra are noted above the curves.

For the peaks at low energy, the fits approach well the experimental spec-
trum. Since the experimental peaks at these low energies are broad , they can
contain several vibrational peaks. The E; and Ey/ peaks have a FWHM of
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Figure 3.8. (a) Inelastic spectra (d’/ / dV?) for a ODT molecule between gold elec-
trodes. (b)-(f) The main vibrational modes of the molecule. Au-S stretch, C-S stretch,
CH, twist and two different C-C stretch

80 meV, and from their energy position we can estimate that they can contain
the Au-S signal from AuNP-molecule chains containing five, six and seven se-
rial molecular junctions. The E; and E,r peaks are 100-140 meV wide and can
contain the signal corresponding to the C-S stretching vibration from AuNP-
molecule chains containing five, six and seven molecular junctions. These es-
timations are in agreement with the fit resulting in the strongest contributions
to the IETS spectra from AuNP- molecule chains containing five, six and seven
junctions. These numbers of AuNPs correspond well to the expected number
of AuNPs in AuNP-molecule chains since, physically, at least four NPs re-
sulting in five junctions are needed to bridge the 20 nm NE gap. Thus, the
Ey, Ey and E,, Ey are mainly dominated by the Au-S and the C-S stretching
vibrations of the ODT-Au junctions.

In conclusion for this section, we have made a model that can quantitatively
explain the observations in the experimental IETS spectra modeled by a series
of parallel molecule-AuNP chains that make a network between the nanoelec-
trodes. Our model takes into account the detailed electronic structure of the
molecules in such junctions, and combine it with the complex network struc-
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ture and effects from molecular charging and vibrations. Using this model we
can identify signatures from the molecules and estimate the number of con-
ducting molecules.

Summarizing this chapter, we have studied a platform that can be used for
molecular electronics measurements down to a few molecules. Using large
AuNPs (diameter close to the electrode-electrode distance, ~ 25 — 30 nm)
structural defects on the electrodes and AuNP have great influence on the con-
ductance, changing it by several orders of magnitude. Instead, changing to
smaller AuNP (diameter ~ 5 nm) a AuNP-molecule-AuNP network is needed
to bridge the gap, but in this case the reproducibility is enhanced and the mea-
sured resistance between different junctions are similar. Furthermore, by IETS
measurements on the networks using the model developed here it is possible
to identify signatures of single molecules.
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4. Molecular switches

A molecular conductance switch is a molecule where the conductance, the
ease at which a current can be passed through it, can be manipulated by an
external stimuli. For the realization of molecular memory or logic devices,
molecules that can function as active elements, for example rectifiers and
molecular conductance switches, are of great importance [76, 77]. To design
such types of molecules usually two steps are necessary. To begin with, a proof
of principle study is necessary to show that the novel type of molecular switch
is working. Later the molecular structure can be changed (substituents, etc.)
to optimize the properties of the switch. In this way it is possible to generate
families of molecules based on the same switching principle. Furthermore, in
applications a third step is necessary where the designed switches need to be
connected to the electrodes which often can lead to loss of functionality in real
systems, but this is something we are not studying here [78].
There exist several external stimuli that could be applied to switch a molecule.
The switching can be induced by the current running through the molecule, an
external field, light or even by temperature. Furthermore, the possibility to
switch the same molecule with different stimuli makes systems that build on
those molecules even more versatile. Molecular switches can be divided into
roughly two categories:
e redox/polarization-switches
e isomerization switches
In the redox/polarization-switches [79—-81], the molecule (or part of it) takes
up or looses an electron, and to study these kinds of switches the time-dependence
of the charging of the molecule must be considered, which is not possible with
the methods considered here. Instead, in the following sections we are going
to study some different types of isomerization switches [78, 82—88], where
the 3D-structure (geometry and/or connectivity) of the molecule is changed.
When the molecule is charged, as in the first case, small conformational changes
are often introduced, still the distinction in these two classes can be used.
The basic requirements [89] for a molecular reaction to be suitable for
switching applications are:
1. A high difference in the magnitude of the conductance in the ON and
OFF states, i.e., high switching ratio (SR).

2. The two states need to be stable.

3. There needs to be a sufficiently high barrier between the ON- and the
OFF-states to hinder accidental (de-)activation.
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Scheme 4.1: Photochemical [1,3]-silyl shift of acyloligosilanes 4.1-OFF to
their isomeric Brook-silenes 4.1-ON, and the thermal back-rearrangement
(4.1a R = r-Bu, 4.1b R = adamantyl [90, 91], and 4.1c R = Me [92]). Re-
action and activation free energies for the thermal processes of 4.1a computed
at B3LYP/6-31G(d) level as reported in paper IV (vide infra). Transition state
abbreviated as TS.

To fulfill these requirements, the potential energy curve for the reaction
should show characteristics as shown in the bottom of Scheme 4.1, and the
molecular switch should ideally have an ON state with a conjugated path de-
localized over the complete molecule. The compound representing the OFF
state, on the other hand, should have a disruption in its conjugation. The dis-
ruption could be accomplished in several ways, the two most common are
either by a structural isomerization where the internal bond connectivity is
changed, possible leading to a saturated molecular segment. The second way
to achieve switching is by a stereoisomerization where the bond connectiv-
ity is unchanged, and instead, e.g., a large twist in the molecule decreases
the conjugation. At the same time, for a possible use in a solid state device,
the length of the molecule should stay essentially the same which has been a
major drawback for some of the previously studied molecular photoswitches,
e.g., azobenzenes [84-86].

In the first section (section 4.1) we have studied four different families of
switches that undergo a structural isomerization activated by light and/or tem-
perature. This is followed in section 4.2 with a family of stereoisomerization
switches activated by force that leads to a change in the length and conforma-
tion of the molecule.
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4.1 Photochromic switches

In this first section we study some different families of switches, where all can
be activated by light and in most cases also temperature. These compounds are
planar and have m-conjugated paths spanning one of the states, the other state
having a disruption in the conjugation introduced by a structural isomerization.

4.1.1 The [1,3]-silyl migration as a light-controlled switch

In paper IV we start by a proof of principle study of the [1,3]-silyl shift as
the base for a molecular switch. This structural isomerization reaction (shown
in Scheme 4.1) was used by Brook and co-workers to form the first isolable
silene in 1981 (Scheme 4.1) [90, 91]. The silene is a compound having a
central Si=C double bond, in here connected to m-conjugated substituents,
thus, having a m-conjugated path spanning the complete molecule [93-97].
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Scheme 4.2: Potential acyloligosilane/Brook-silene switches and their carbon
analogues, where R = -CC-CgHy- for a and R =-CgHy- for b.

Our initial model reaction for the acylsilane/Brook-silene switches, together
with the analog carbon reactions, are displayed in Scheme 4.2. These model
silenes have a linearly conjugated path stretching between the two ends of
the molecule, whereas the acyloligosilanes have an interruption. We first ex-
amine the acyloligosilane/Brook-silenes in their trans-conformers with thiol
end-groups.

To estimate the switching properties of the acylsilane-to-silene transition
we performed first principles DFT-NEGF-calculations for the acetylenic com-
pounds (4.2a/4.3a). The current response for different bias voltages are shown
in the left panel of Figure 4.1. Looking at trends in the current response, both
the OFF and ON states of compounds 4.2a/4.3a show a similar behavior with
linear increase of the current for low voltages and more rapidly increasing cur-
rent at higher voltages. To investigate their performance as switches we calcu-
late the ON/OFF switching ratio of the current for both the zero-bias limit as
well as for a bias of +1 V. Due to the unsymmetric nature of these molecules
we also investigate if they have a rectifying property on the current, hence if
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Table 4.1. Current characteristics of 4.2a and 4.3a

Compound | SR (0 V) SR (1V) | RR?
4.2a-OFF 2.6
42a.0N | 270 39 0.9
4.3a-OFF 14
4.3a-ON 31 15 0.9

¢ Conductance ON/OFF switching ratio.
b Rectifying ratio, calculated as the ratio between the currents at bias voltages
of +1 Vand -1 V.

they could function as diodes [13]. These results are shown in Table 4.1. The
ON/OFF ratio is higher for compound 4.2a compared to the all-carbon switch
4.3a, and from Figure 4.1 it can be seen that this is due to a more conduct-
ing OFF-state for 4.3a while the current response is very similar for the two
ON-states. When going to higher biases the switching ratio decreases due to
the stronger current-response from the low-conducting acyloligosilanes and
ketones.

To explore the physical mechanisms behind the switching, the density of
states spatial distribution [98] can be calculated. Shown in the right panels of
Figure 4.1 is the number of states/(eV x A xatom) along the transport direction,
where the x-axis is the coordinate along the transport direction and the y-axis
shows the energy (E — EF) for the state, where the magnitude of the DOS is
indicated by the color, from blue (low) to red (high).

The disruption in the conjugation at the saturated central part is seen for
4.2a-OFF as a localized state in the center of the molecule about 0.5 eV be-
low the Fermi level (Ef) of the electrodes. Thus, this compound is not so
highly conducting. By introducing the linear conjugation via the [1,3]-silyl
shift compound 4.2a-ON (4.3a-ON) is formed having a Si=C (C=C) double
bond. The conjugation of the molecule shifts the conducting state closer to
EF, and at the same time it is delocalized over the complete molecule, thus,
better coupled to both electrodes, making this compound better conducting.

The first part showed that the [1,3]-silyl shift is a promising reaction for a
molecular conductance switch, however, compound 4.2a has a drawback, as
it was found to have a large length variation when progressing along the re-
action coordinate, especially at the TS, hampering its potential use as a solid
state device. To overcome this last issue we propose a cyclic central unit of
the molecule (shown in the left panel of Fig. 4.2) reducing the flexibility while
at the same time keeping the switching properties of the linear molecules. By
changing the migrating group and the acceptor group it is further possible to
tune both the thermodynamics and kinetics of the reaction. The thermody-
namic and kinetic properties of the investigated cyclic systems are found in
Paper IV and Fig. 4.2. The focus has been on three parameters; the nature of
the migrating group (silyl or germyl), the steric bulk of the migrating group
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Figure 4.1. Left: Calculated current-voltage (I-V) characteristics for OFF and ON
state structures of compounds 4.2a and 4.3a, respectively. Note the different scales for
the calculated currents in the ON and OFF states. Right: Space resolved normalized
density of states at zero bias for the junctions with compound 4.2a. The OFF-state
is shown in the top panel and the ON-state in the bottom panel. The space resolved
density of states have the transport coordinate on the x-axis and the energy of the state
on the y-axis. The color scale goes from blue (low density of states) to red (high
density of states).

(EMej or E'Buy;Me, where E = Si or Ge), and the acceptor group (A = O or
NMe).

Due to computational cost we have chosen to study the transport char-
acteristics of compounds 4.4, 4.12 (O-acceptor and trimethylsilyl migrating
group), 4.8, 4.16 (NMe-acceptor and trimethylsilyl migrating group), and 4.17
(NMe-acceptor and SiMe’Bu, migrating group) using DFT-NEGF here. The
current-voltage results and their switching ratios are shown in Figure 4.3 and
Table 4.2, respectively. Compared to the previous linear compound we find
larger switching ratios at zero bias. By introducing the cyclic unit interfer-
ence effects, similar to those observed by Solomon et al. in phenyl rings [99],
appear in the OFF-compounds lowering their transmission close to Er. This
partly explains the higher switching ratios at low bias. The interference effects
can clearly be seen in the transmission spectra where there are several pro-
nounced dips (anti-resonances) for the OFF-compounds with the phenylacety-
lene group (-CC-Ph) shown in the middle panel of Figure 4.3. For the shorter
compounds (4.4 and 4.8) transmission in the o-systems of the molecules can
now start to play an important role, and this can hide interference effects in the
p7Z-system.
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A=0 A=0
R = SiMe; 4.4 R=SMe; 4.12 -
SiMeBu, 4.5 SiMeBu, 4.13 SH
GeMe; 4.6 GeMe; 4.14 2
GeMeBu, 4.7 GeMeBu, 4.15 °
A =NMe A =NMe
R =SiMe3 4.8 R =SiMes 4.16
SiMeBu, 4.9 SiMeBu, 4.17
GeMes 4.10 GeMes 4.18
GeMeBu; 4.11 GeMeBu, 4.19

Figure 4.2. Left: Suggested cyclic molecular conductance switches with different ac-
ceptor moieties and migrating groups. A = NMe or O, and R = SiMe3, Si’'Bu;Me,
GeMes or Ge'BuyMe. Right: Relative reaction energies for the extended cyclic
silane/silene switches. Blue bars denote N acceptor groups (A= NMe), while red
bars denote the oxygen acceptors (A= O).

At higher bias, the switching ratio drops to moderate levels for the cyclic
compounds similar to the linear analogues. As in the case of the reaction en-
ergies, we see that the NMe acceptor groups (compounds 4.8, 4.16 and 4.17)
are the most promising candidates with switching ratios on par or higher com-
pared to other compounds studied here and in previous investigations [77, 83,
87, 100]. Introduction of the bulkier migration group (SiMe’Bu,, compound
4.17) not only will provide higher steric protection and hence higher kinetic
stability but will further enhance the switching ratio. The ON-compounds
have rectification ratios (RR) close to unity, which is beneficial for practical
applications since there will be no directional dependence when running a cur-
rent through the switch. On the other hand, some of the OFF-compounds have
large RR (especially compounds with O-acceptors, 4.4 and 4.12 in Table 4.2),
opening the possibility to use them as diodes.

Furthermore, we apply a single-level transport model to investigate the in-
fluence of the effective coupling (I'z,I'g) to the left and the right electrode,
and the distance between the closest molecular orbital (Ey) and Er of the elec-
trodes on the current. For a more in-depth description of the model and the
results, refer to Paper IV. The main findings are that the switching occurs due
to either a change of the distance between the closest MO and EF, a change
in the coupling between the MO and the electrodes, or a combination of both.
However, to have a large SR, the molecule should ideally have both a large
change in distance between Er and the closest MO, and a large change in the
coupling between the electrodes and the MO when it is changed between the
OFF and the ON-states.
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Table 4.2. Current-voltage characteristics of cyclic compounds

DFT-NEGEF calculations ‘ Model calculations
Compound | SR*  SR* | RR” Eo¢ | T¢ (meV) | e_ (e)° ITg/Tp/

ov) av (eV) | (=VIRrlL)
44-OFF | _ o . 11.8 046 | 55 7.5(104.3) | 13.9
4.4-ON 1.0 0.08 | 55.0 2.4 (2.4) 1.0
48-OFF | . . . 1.0 0.50 | 7.7 245245) [ 1.0
4.8-ON 1.4 0.16 | 36.9 7.2 (5.0) 0.7
412-OFF | .=, 8.7 049 | 43 12.8(742) | 5.8
4.12-ON 1.1 0.06 | 5.7 4.3 (2.5) 0.6
416-OFF | .~ 1.6 0.54 | 10.1 16.7 (43.4) | 2.6
4.16-ON 1.1 0.09 | 18.7 3.4 (2.8) 0.8
417-OFF | 2.3 0.52 [ 13.9 3.6 (7.6) 2.1
4.17-ON 1.2 0.08 | 50.0 2.5(2.6) 1.1

¢ Conductance ON/OFF switching ratio.

b Rectifying ratio, calculated as the ratio between the current at bias voltage
+1Vand-1V.

¢ Distance between the most conducting level and Er (V=0).

4 Effective coupling between the most conducting level and the electrodes.

¢ Proportionality factor for movement of the conducting level under bias
(Eg=Eg+ é for +V, e, =& Tr/T1)

/" A measure of the unsymmetry of the effective coupling to the electrodes.
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To conclude this section, we have studied the [1,3]-silyl shift as a base for
molecular conductance switch. We have found that the proposed switches
fulfill the criteria for a useful reversible molecular switch, as given in the be-
ginning of the chapter, i.e., a high ON/OFF conductance ratio, high enough
barrier separating the two states, and small length variations in between the
OFF and ON-states (and at the transition states). The switching process can
be explained by off and on-resonant transport by our single-level model where
for a high switching ratio a large change in both the effective coupling and in
the distance between Er and the closest MO is desirable.

4.1.2 Switches exploiting Baird’s rule on excited state
aromaticity and antiaromaticity

In chemistry the concept of aromaticity is well-known with the benzene ring
as the archetype aromatic species with six 7-electrons in the ring. Whether
a compound is aromatic or antiaromatic in the ground state is determined by
what is called Hiickel’s rule [101], where a cyclic fully m-conjugated hydro-
carbon (annulene) with 4n+2 m-electrons (n = 0, 1, 2, ...) is aromatic while
an annulene with 4n m-electrons is antiaromatic. Even though the concepts of
aromaticity and antiaromaticity ((anti)aromaticity) are essentially applied ex-
clusively for the ground state, Colin Baird, showed in 1972 by usage of pertur-
bation molecular orbital (PMO) theory, that the concepts can be applied also in
the lowest Tt* excited triplet states (T states) of simple annulenes [102, 103],
where it was found that the character of the T state is the reversal of Hiickel’s
rule for Sg state. Recently, it has been shown that Baird’s rule is also applica-
ble to the S state [104—-106].

New families of molecular conductance switches could be found by design-
ing compounds that are aromatic in their ground (Sp) states, thus, by excitation
to the S; and T states they will be antiaromatic, a destabilizing feature that the
compounds may diminish through structural rearrangements. Such structural
rearrangements could in our view be useful as bases for optical conductance
switches, provided the molecules can be designed so that the rearrangement
leads from a less conducting to a highly conducting isomer. Thus, it should be
possible to switch some common and readily available compounds between
two different isomers (an ON and an OFF state) opening up the possibility for
a molecular conductance switch. For example, the indigo dye, 2,2’-bis(2,3-
dihydro-3-oxoindolyliden), can be switched between two isomers through a
double hydrogen shift; one planar isomer with linearly 7-conjugated paths
and one isomer with a partly cross-conjugated connectivity.

In Paper V we investigate transport properties of the three different families
of reactions opening up the possibility for these kinds of optical molecular
switches and one "antifuse". The proposed molecular switches are shown in
Scheme 4.3, where 4.20-4.22 are based on photochemical hydrogen shifts and
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Scheme 4.3: Potential molecular conductance switches where 4.20-4.22 are
based on photochemical hydrogen shifts, 4.23-4.24 are based on photochemi-
cal pericyclic reactions and the antifuse, 4.25, is based on the Norrish Type 1
reaction, all in which S state aromaticity is gained or S; state antiaromaticity
is diminished through the photoreaction. For compounds 4.20-4.21 and 4.25
the benzene ring which is the core of the photorearrangement of the OFF-state
is shown in red.

4.23-4.24 are based on pericyclic reactions. Furthermore, the antifuse, 4.25, is
based on the Norrish Type I reaction. Here it should be noted that the presently
investigated switching systems represent templates for further design and not
the final switches. E.g., modes for increasing the thermal stability in the ON-
states of switch candidates 4.20 - 4.22 with ortho-xylylene fragments need to
be addressed.

The two isomers for each compound were attached to gold electrodes and
the transport characteristics were calculated in the framework of DFT. In Fig. 4.4
the zero-bias transmission for the OFF (left panel) and ON (right panel) states
of the different proposed switches are shown. The results for the zero-bias
conductance together with switching ratios (SR) at V = 0 and the length of the
compounds (S--- S distance) are collected in Table 4.3.

Comparing the hydrogen shift with the pericyclic reaction, the higher SRs
are found in the first one, where especially 4.21 and 4.22 have high SRs.
The high SRs for these compounds can be explained by, when introducing
conjugation for the ON-state, now the HOMO is shifted closer to Er and
in the same time the HOMO-LUMO gap is decreased to give high transmis-
sion over the whole considered energy range. For the OFF-states of 4.21 and
4.22 the HOMO-level is about 0.5 eV below Er and localized to the cross-
conjugated segments with a very weak connection through the central part of
the molecule. On the other hand for the ON-state, the HOMO is shifted closer
to Er and the conjugation delocalizes the orbital over the complete molecule
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Table 4.3. Conductance characteristics of switches

Compound Conductance® (Gg) SR? | S---S distance®
4.20-ON 8.7 x 1077 7 13.5
4.20-OFF 3.4%x1072 13.5
4.21-ON 341077 1175 20.6
4.21-OFF 29x107* 20.7
4.22-ON 6.6x 1072 548 20.9
4.22-OFF 1.2x10°% 20.8
4.23-ON 28x 1071 47 12.0
4.23-OFF 6.1x1073 11.7
4.24-ON 59x1073 5 11.4
4.24-OFF 1.1x1073 12.2
4.25-ON 2.8x 107" 623 20.40
cis-4.25-OFF 45x%x107* 19.42
4.25-OFF 6.3x107* 450 19.42

b Conductance at zero bias (0 V).
b Conductance ON/OFF switching ratio at zero bias (0 V).
¢ Distance between thiol end-groups [A] .

and the LUMO-level is now also closer about 1 eV above Er. Thus, for 4.21
and 4.22 we have both a shift of the most conducting level closer to Er and
a delocalization of the level over the complete molecule when going from the
OFF-state to the ON-state which was seen in the previous section to give a
high switching ratio. The overall conductance of both the OFF and ON-states
of 4.22 is lower compared to the corresponding states of 4.21, and it is known
that meta-substituted benzene as in compound 4.22-OFF has a lower transmis-
sion compared to ortho-substituted [107]. This is due to interference effects,
here seen in 4.22-OFF as a deep antiresonance about 1 eV above Er. For
4.22-ON the lower conductance can be explained by the cross-conjugated seg-
ment disrupting the linear conjugation through the ortho-xylylene unit. This
can be seen in Figure 4.5 where the local currents in 4.21-ON and 4.22-ON
are shown. For 4.21-ON there are two well-conducting linear conjugated paths
through the central ortho-xylylene unit, while for 4.22-ON the shorter path is
disrupted and the current follows the longer conjugated path.

The third switch based on hydrogen-transfer is 4.20, here the central unit
is different and it is anchored with two thiols group on each side to the gold
electrodes. The transmission of the ON-state shows a much more intricate
behavior compared to previous compounds, where interference effects from
multiple current paths through the molecule both from doubly anchoring it, as
well as from the cross-conjugation in the OFF-state. In the ON-state the strong
coupling between the HOMO and the electron states in the electrodes gives a
broad peak in the density of states (DOS) in resonance with Er, thus, giving
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Figure 4.4. Transmission spectra (V=0) for all switches in OFF (left) isomers and ON
(right) isomers.

close to ballistic transport. The small dip in the transmission at energies just
above Er corresponds to the small HOMO-LUMO gap. The HOMO-LUMO
gap for 4.20-OFF is larger, but still small compared to the other compounds
(~ 0.9 eV), furthermore the delocalization of the orbitals and the coupling
to the electrodes is not changed compared to 4.21-ON, resulting in a high
transmission also for the OFF-state, giving this switch a moderate ON/OFF
ratio of thirty.

Both switches based on the pericyclic reaction (4.23 and 4.24) show similar
characteristics with a broad peak in the DOS from the HOMO, close to the
Fermi level, Er, and only with a small shift compared to the OFF-state, thus
giving similar transmission for both the ON and OFF states. Thus, the small
shift of the HOMO together with a moderate change in the coupling between
the level and the electrodes results in low SRs for both 4.23 (SR=47) and 4.24
(SR=5).

The last considered compound, 4.25, is not a switch but could more be con-
sidered as an antifuse. Here the OFF-state is a molecule with the current path
disrupted by two sp> hybridized C atoms. The photoinitiated decarbonylation
leading to the conducting 4.25-ON state can be viewed as a result of two pho-
tochemical processes; (i) the double ¢-cleavage (Norrish Type I) of the C-C
bonds adjacent to the carbonyl group, and (if) a way for the S| and T state an-
tiaromatic benzene ring to alleviate its destabilizing antiaromaticity.The linear
conjugation introduced in 4.25-ON increases the transmission, and the results
is very close to 4.21-ON, except that without the methyl substituent at one of
the C atoms of the exocyclic C=C bonds, LUMO is shifted minutely closer
to Er. Depending on whether one considers the cis- or the trans-isomer of
4.25-0OFF, the ON/OFF ratio is either about six-hundred or four-hundred fifty.
The cis-4.25-OFF isomer is the least conducting according to our calcula-
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Figure 4.5. Local currents in 4.21-ON (left) and 4.22-ON (right), where the cross-
sectional area of the cylinder is proportional to the current density. Red currents rep-
resent positive transport direction, and blue currents represent negative direction. The
currents are calculated at the Fermi energy ((tz + Ug)/2), but a small positive bias
voltage is assumed for computational purposes. For a full derivation see Okabayashi
et al.[108] and Paulsson and Brandbyge[109]. In order to become visible, the local
currents in 4.22-ON is magnified, two times compared to 4.21-ON.

tions. Herein, we considered both the cis- and trans-isomers of 4.25-OFF as
it is unclear whether the decarbonylation will progress stepwise or concerted.

To conclude this section we have studied several types of molecular conduc-
tance switches, where the switching is induced by exciting the molecule and
changing the aromaticity, which induce a rearrangement. Overall, the switches
based on hydrogen shifts are preferable over the switches based on pericyclic
reactions, where for the ON-states, 4.24-ON is by far the worst conductor.
Depending on the wanted characteristics of the switch, different compounds
would be the choice, if a high ON-current is the most important 4.20 would
ideal but with the drawback of rather moderate ON/OFF-ratio. If instead a
high ON/OFF-ratio is wanted 4.21 is the best choice, with good characteris-
tics both with a rather high ON-current and with a low leakage current in the
OFF-state. On the other hand, to minimize the leakage-current 4.22 would
be better but coming with lower ON-current and ON/OFF-ratio compared to
4.21.

4.2 Mechanically controlled switches

In the last section we investigate a family of stereoisomerization switches that
under elongation, without breaking or changing any bonds, change their con-
ductance.

These switches belong to the mechanochemistry area where chemical ma-
nipulations occur by exerting mechanical force on a chemical structure [110,
111]. Earlier mechanochemical studies have focused either on the breaking
of covalent bonds [112—-114] or on the tuning of molecular levels in a static
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molecule by changing the contact geometry between the molecule and the
electrode [115-117].
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Scheme 4.4: Potential molecular conductance mechanoswitches.

In Paper VI we have investigated compounds with cyclohexa(sila)ne cores,
that would constitute a new mechanochemical functionality since this core
can be interchanged between short and long structural states without break-
ing bonds (see Fig. 4.6). Cyclohexasilanes are "heavy" cyclohexanes with
the six carbon atoms exchanged to silicon. These compounds are saturated
similar as the cyclohexanes, but because of the o-conjugation within the Si-
framework [118, 119] as well as the smaller energy differences between the cy-
clohexasilane frontier-orbitals and the m-orbitals of unsaturated substituents,
the configurational and conformational electronic structure variations could be
larger than in analogous cyclohexanes.
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In this paper we have investigated both the isolated properties as well as
transport through the cyclohexasilanes when connected to gold electrodes.
The compounds we have considered for transport calculations are shown in
Scheme 4.4 as their long and short structural states, where the different sys-
tems are connected to the gold electrode surfaces via thiophenol substituents.
A full discussion of the properties for the isolated cyclohexa(sila)nes are given
in Paper VI.
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Figure 4.7. Calculated transmission spectra (at V = 0), left panel (A) showing results
for the different conformers of 4.26 - 1 and right panel (B) showing results for the
different conformers of 4.28 and 4.29.

Table 4.4. Calculated single-molecule conductance (at V = 0), the S--- S distance and
the conductance ratio between the long and the short conformers (ON/OFF) for the
thiophenol-gold connected molecules (see Scheme 4.4).

r(S---S) Transmission (V=0) ON/OFF

A) [Go x 1074] (long/short)

4.26-short 18.1 1.01 0.52
4.26-long 19.3 0.53 '
4.27-short  19.1 0.0066 15
4.27-long 21.7 1.42

4.28-short 222 0.020 01
4.28-long 22.8 0.0024 '
4.29-short  14.8 0.035 51
4.29-long 17.1 0.18 ’

To investigate the difference when going from cyclohexanes to cyclohexas-
ilanes we compare the conductance characteristics (Figure 4.7) of compound
4.26 and 4.27, where we find a significant difference. In the case of 4.26, the
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Figure 4.8. Visualization of the most transmitting eigenchannel wave function (in-
coming from the bottom electrode) at the Fermi energy the short (left) and long (right)
conformer of 4.27. The isosurfaces of the eigenchannel wave function are colored ac-
cording to phase and sign, the positive/negative real part being colored in blue/yellow
(the imaginary part is below the cutoff value and not visible), both junctions plotted
with the same isovalue to be comparable.

shorter conformer, 4.26-short is somewhat more conducting than the longer
4.26-long. This is as expected based on the fact that egpp0 did not vary
between the conformers, thus, the small difference in conductance can be as-
signed to altered tunneling length. In contrast, for cyclohexasilane 4.27 we
find that the 4.27-long conformer is substantially more conducting than the
shorter 4.27-short (Figure 4.7A). This increase in conductance is counterin-
tuitive if one assumes that the tunneling length dominates the conductance
strength, as for 4.26. It can be assumed that the orbitals which are most
important for transport are those located on both the central ring and the 7-
substituents, and indeed, in the study of the isolated compounds an increase in
the frontier orbitals onto the phenyl groups when elongating the molecule from
4.27-short to 4.27-long was found. This is also seen in the most transmitting
eigenchannel for the two conformers shown in Figure 4.8. For 4.27-short (left
panel) it is found that chair(ax,ax) structure of the central ring introduces a
disruption in the conduction path and the incoming wave is mostly reflected in
the central part. On the other hand, for 4.27-long there is no such disruption
and the transmission channel has a lot of density on the whole ring-structure as
well as on the substituents on the other side. Thus, a good communication be-
tween the central o-conjugated system and the two 7-conjugated substituents
are important for high conductance.

To disrupt the interaction between ¢- and m-conjugated segments of 4.27
we inserted methylene moieties, leading to 4.28, and this reduced the con-
ductance dramatically. Additionally, it reverses the ON/OFF ratio making the
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shorter conformer the more conducting one (Figure 4.7B), i.e, the tunneling
length now determines. The communication between the o- and 7-conjugated
segments can also be decreased by removing the ethynyl units and connecting
phenyl groups directly to the ring (4.29). Although, the longer conformer of
4.29 is more conducting (still better coupling between o- and 7-conjugated
segments when elongated), the ratio between the conformers is reduced.
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Figure 4.9. Calculated dynamical properties of compounds 4.26 and 4.27. A: Trans-
mission of 4.27, when elongated in the MD-simulations, black dots show results from
six different stretching events and full red line shows average transmission. The
"OFF" (brown) and the "ON" (grey) regions define the two different states for a
possible mechanoswitch, pseudorotation from trans-4.27-chair(ax,ax) to trans-4.27-
chair(eq,eq) occurs at about 3 A.B: Histogram with collection of transmission values
for the "ON" and "OFF" states of the mechanoswitch defined in A. C: Force (top
panel) and change in energy (bottom panel) when elongating the junctions with 4.26
and 4.27.

To access the long conformers of the switches 4.26-4.29, mechanical force
is necessary, thus to access them in an experiment the MCBJ could be used.
The process of MCBJ can be simulated (by the method proposed in Sec. 2.6)
resulting in conductance traces as shown in Figure 4.9A for 4.27, where the
dots represent different stretching events. The conductance when stretching
the junction is a highly dynamic process with variations of up to 2-3 orders of
magnitude. Still, the mean value (full line) of the different stretching events
shows a smooth steady increase under elongation, revealing that 4.27 can act
as a mechanically controlled switch when attached to gold electrodes. By
defining the OFF-state as a less than 2 A stretched structure and the ON-state
as a more than 4 A stretched structure one can gather conductance values in
histograms (Figure 4.9B). The histogram shows a clear distinction of the con-
ductance between the ON (~ 5 x 107°Gy) and the OFF (~ 2 x 107*Gy) states
with a small overlap. From the MD-simulations the force necessary to flip the
molecules between different conformers can be estimated as the slope of the
energy increase when elongating the junction (Figure 4.9C). When stretching
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4.27 two regions in the force is seen, elongation of 2-3 A requires a force of
0.53 eV/A (pseudorotation) and elongation more than 3 A requires a force of
0.9 eV/A (extraction of gold atoms from the electrode). In contrast, for the
more rigid all-carbon species 4.26 the gold-gold bonds break first. However,
by constraining the thiol-anchors to the gold electrodes it is possible to es-
timate that a force of 1.4 eV/A (0.9 nN) is necessary for pseudorotation of
4.26. Thus, the longer Si-Si bonds making the cyclohexasilane more flex-
ible, in combination with its rich electronic structure variation between the
short and long conformer makes it an interesting compound for applications
in mechanochemistry.

To conclude this section we have studied a set of molecules that under
a conformational change (without altering the bond structure) changes their
conductance. Interestingly, we find that for the cyclohexasilane core the con-
ductance is increased when the molecule is elongated. This can be explain by
a delocalization of the conducting orbital from the core in the short conformer
to both the core and the substituents connecting the core to the electrodes for
the longer conformer. In the case of the more commonly studied cyclohexane
this delocalization of the orbital is not seen and the shorter conformer is more
conducting compared to the elongated as expected.

In summary, in this chapter we have studied five different families of molec-
ular conductance switches. The switches in the four first families can be acti-
vated by light and/or temperature while the last family is activated by mechan-
ical force. In general, we find that to have a high switching ratio, the transition
from the OFF to the ON-state should induce a shift of the most conducting
molecular orbital closer to Er, and in the same time increase the effective
coupling between the electrodes and the orbital. This can be achieved by hav-
ing a disruption in the 7/0-conjugation in the OFF-state while in the ON-state
having a conjugated path spanning the complete molecule.
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5. Molecular cords and spacers

In the preceding chapters a platform for molecular electronics measurements
and molecular switches that could act as active elements in devices have been
investigated. The missing part now is molecular cords that could wire the
switches to the nanoelectrodes in the platform. Despite that an enormous
number of differently conjugated molecules and polymers have been synthe-
sized and investigated there is so far no conformationally flexible conjugated
molecule with a conjugation which is invariant with conformation [118, 120,
121]. If molecules of such type would be designed they could behave as
molecular electrical cords displaying (nearly) the same conductance whichever
conformation they adopt.

In microelectronics silicon is still dominating, however, in the field of molec-
ular electronics other types of conjugated molecules are dominating, but con-
ductance through single small oligosilane molecules has recently been ex-
plored, both experimentally and computationally [122, 123]. Experiments
using the STM break junction technique Klausen et al. revealed that linear
oligosilanes show a slow decay of conductance with length, comparable to that
of m-conjugated polyacetylene fragments. However, the results also pointed to
a strong conformational dependence of the conductance because the investi-
gated pentasilane chain was somewhat less conducting than extrapolated from
the decay constants 3 of the shorter chains.

In this chapter we are going to investigate two routes to decrease the de-
pendence of the conductance on the conformation. In Sec. 5.1 (Paper VII),
we study a series of rigid [2.2.2]bicyclic carbosilanes, these are not flexible
to act as cords, but could instead be used as rigid molecular spacers with a
well-defined conductance. Furthermore, in Sec. 5.2 (Paper VIII) we study
oligomers of 1,4-disila/germa/stannacyclohexa-2,5-diene units which are con-
nected via the E atoms (E = Si, Ge, Sn) which could act as molecular wires as
the changes in conductance are small when the conformation of the oligomer
is changed.

5.1 Influence of number of parallel molecular chains

In this section we are interested to find out how the differences in the elec-
tronic and geometric structures of [2.2.2]bicyclic carbosilanes are reflected in
the calculated conductances through these molecules (for discussion of the iso-
lated compounds see Ref. [124]). Due to their central cavelike structure, these
compounds will in the following be referred to as cages or cage molecules.
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Figure 5.1. Investigated compounds. Compounds labelled a-d contain in total three
bridges (dashed bond lines), with three (a), two (b), one (c¢) or zero (d) -SiMe;SiMe;-
bridges, the others being -CH,CH,-.

To compare the characteristics of the different cages, each cage molecule
was anchored to gold electrodes and the conductance was calculated using
DFT combined with NEGF. The investigated cage molecules 5.1 - 5.3 and
their open-chain analogs 5.4 - 5.6 are shown in Fig. 5.1. We consider the com-
pounds to be anchored to the gold electrodes either via silyl (SiH3) groups
(5.1a - 5.1d, 5.2a - 5.2d, 5.4 and 5.5), which allow for direct contact between
the o-bonded silicon framework and the Au electrodes, or via traditional thio-
phenols (5.3a - 5.3d and 5.6), which have a mismatch between the conjugation
topologies of the terminal and the central molecular segments (- versus o-
conjugation).

Now, a question is how the existence of one, two and three disilanylene
(-SiMe,SiMe,-) bridges, the others being ethanylene (-CH>CH3-), influences
the conductance of these cages? Using standard circuit theory, i.e., Kirchoff’s
law, the net conductance from parallel paths equals the sum of the individual
conductances. However, interference effects have long been noticed in trans-
port through molecules with parallel paths [99, 125], e.g., in bicyclo[2.2.2]octa-
2,5,7-triene (barrelene) [126]. Several studies have found constructive inter-
ference when multiple paths are available through the junction, for example
Reuter et al. have studied cross-talk between two molecular wires and found
an increased conductance, more than what was expected by summing up the
conductance of the two [127]. Thus, is the general trend in single-molecule
junctions always that constructive interference increases the conductance non-
linearly when additional current paths are made available?

We start by comparing the conductance for the analogous cage compounds
having different types of anchoring groups, where it is found that the transmis-
sion for the compound with the o-conjugated silyl anchors (5.1a) is about two
orders of magnitude larger than the compound with 7-conjugated thiophenol
anchors (5.3a). This manifests the need for proper match between the orbital
character of the anchoring groups and the conjugation type of the main part
of the molecule for high conductance [122, 128]. Thus, because of the poor
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Transmission (G)

Figure 5.2. Transmission spectra (V = 0) for cage compounds with H3Si-SiMe;-
SiMe; anchoring (5.2a-5.2d and 5.5), together with local currents in compounds 5.2¢
and 5.2d plotted at different energies. The energy at which the currents are plotted is
given at each plot and marked in the transmission spectra with a dashed line. Note the
reversal of the ring currents in the central part going from 0.2 eV to 0.3 eV for 5.2¢,
at 0.25 eV the currents in the central part almost vanish. For 5.2d the reversal of the
ring currents in the central part occurs when going from -0.5 eV to -0.4 eV.
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performance of the thiophenol anchored carbosilanes, we concentrated on the
compounds with silyl anchor groups. This also places the focus on the central
topic of this study, i.e., the differences in conductance between the four cages

Furthermore, the twist of the cage, due to the shorter -CH, CHj- than -SiMe;SiMe;-
bridges in 5.1b and 5.1¢, opens up for injection of electrons directly from the
electrode to the bridge. Hence, the current does not go through the anchor
groups as for 5.1a and 5.1d, respectively, and as a consequence, the effective
tunneling length is shorter lowering the resistance of 5.1c.

In order to overcome the problem with injection of electrons directly from
the electrodes to the central bridge we inserted an extra SiMe, segment as
spacer on each side of the cage so as to increase the distance between the cage
and the electrodes (5.2a-5.2d).

Considering the values of the transmission of 5.2a-5.2d and 5.5 (Figure
5.2), the carbosilane cage with three -SiMe,SiMe;- bridges is the most con-
ducting, as expected. However, if 5.2a could be described as three resistors
in parallel it would be three times as conducting compared to the oligosilane-
chain, 5.5, but it is roughly twice more conducting. Thus, there is destructive
interference in the cage lowering the total conductance. Furthermore, one
would expect 5.5 and the cage 5.2¢, with only one -SiMe,SiMe,- bridge, to
have similar conductances. But, as seen in Fig. 5.2 the transmission of the cage
compound is a factor thirty lower compared to the open-chain compound, and
it is barely higher than the all-carbon cage 5.2d. Hence, having more than
one bridge, and especially if they are of different types, introduces destructive
interference in the cage which can give large modification to the total trans-
mission.

Figure 5.3. Visualization of the most transmitting eigenchannel wave function (in-
coming from the bottom electrode) at the Fermi energy for the different compounds
(5.2a-5.2d). The isosurfaces of the eigenchannel wave function are colored accord-
ing to phase and sign, the positive/negative real part being colored in blue/yellow (the
imaginary part is below the cutoff value and not visible), and all junctions plotted with
the same isovalue to be comparable.

With regard to the eigenchannels (Fig. 5.3), all four channels are similar
although there is one large difference because for 5.2a and 5.2b the main
lobes of the most conducting channel are located on one of the -SiMe;SiMe;-
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bridges while for 5.2¢ and 5.2d the main lobes are located on one of the -
CH,CH3- bridges. When comparing this to the electronic structure described
earlier for the isolated carbosilane cage molecules, the most conducting chan-
nels of 5.2a and 5.2b and 5.2d show clear resemblance with the HOMO of
the systems. In contrast, for 5.2¢ the most conducting channels goes through
HOMO-2. Neither the orbitals of the isolated molecules nor the most conduct-
ing channels are distributed equally over the three bridge segments, and there
is significant communication between the various bridges resulting in destruc-
tive interference in the cage molecules. As a result, the different bridges can
not be regarded as independent current paths, and it is not possible to view the
cages as composed of three equal resistors in parallel.

In conclusion, we have investigated the electronic structure and transport
properties of a set of compounds containing central silicon cage segments, and
their carbon analogues. In general, we find that when the central part of the
molecule is o-conjugated, having o-bonded anchoring groups gives higher to-
tal conductance when compared to m-conjugated anchor groups. Furthermore,
we find that the three bridges can not be seen as independent current paths,
instead we find significant destructive interference lowering the total conduc-
tance. In the case of 5.2a, the three tetrasilane segments provides only about
a factor two increase in the conductance when compared to the corresponding
linear oligosilane 5.5 with one tetrasilane segment. However, since the inves-
tigated carbosilane cage molecules have less flexible structures, they may still
show a potential as rigid molecular spacers.

5.2 Conformer-independent molecular wires

Macroscopic electrical cords conduct equally well at every "conformation"
they can adopt. For a molecule to behave as a cord there should be only a
minute change in the frontier orbitals (both in spatial distributions and orbital
energies) as one rotates about the single bonds of this molecule and as the
molecule is compressed or stretched'. Here we propose that the conforma-
tional variations in the orbitals can be reduced by connecting 1,4-disilacyclohexa-
2,5-diene units via the Si atoms as this leads to conformationally flexible
oligomers with large primary hyperconjugative overlap between local adjacent
o(Si-Si) and w(C=C) orbitals, but small secondary orbital overlap between
non-adjacent local orbitals on different monomer units. If this interaction is
strong it leads to linearly hyperconjugated paths which stretch from one end
of the molecule to the other.

Here it should be noted that there is, however, not a one-to-one correspondence between macro-
scopic electrical cords and our molecular electrical cords as a macroscopic cord, besides a high
structural flexibility and a "conformer-independent" conductance, is composed of two parallel
wires insulated from each other.
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Figure 5.4. The investigated oligomers of 1,4-disila/germa/stanna/cyclohexa-2,5-
dienes with methyl (5.7a - 5.9a), silyl (5.7b - 5.9b), and TMS (5.7¢ - 5.9¢) groups
as the substituents R at 1- and 4-positions of the monomers.

The geometries and ground state potential energy surface of dimers, trimers
and tetramers of 1,4-disilacyclohexa-2,5-dienes (1 - 3), having different sub-
stituents R at the 1- and 4-positions of the monomers (R = Me, (a), SiH3 (b)
and SiMes (TMS) (¢)), as well as a few 1,4-digerma- and 1,4-distannacyclohexa-
2,5-dienes with TMS substituents (5.10 and 5.11) were investigated by compu-
tational means (Figure 5.4). Discussions about the ground state potential en-
ergy surfaces, geometries and variations in frontier orbital energies are given in
Paper VIII, here the focus will be on the conductance properties of these sug-
gested cords. As was shown in the previous section (and Paper VII), matching
the conductance between the central part of the molecule and the anchoring
group is important for high conductance, thus, we use the silyl-group again
for anchoring the cords to gold electrodes, this time with two silyl-groups on
each side.

The calculated zero-bias conductance of 5.9a (Figure 5.5A) shows a small
variation between the three stable conformers obtained in the ground-state cal-
culation, where the arara.? conformer has the highest conductance. The
a+g+ra. and the g1 g1 g+ conformers are, respectively, factors four and twenty

2For the nomenclature used see: Michl, J.; West, R. Conformations of Linear Chains. System-
atics and Suggestions for Nomenclature. Acc. Chem. Res. 2000, 33, 821-823. In brief, the
conformations (Si-Si-Si-Si dihedral angles in parentheses) are called anti (~ 180°), transoid
(~ £165°), deviant (~ £150°), eclipsed (~ £120°), ortho (~ £90°), gauche (~ £60°), cisoid
(~ 140°), and syn (~ 0°).
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Figure 5.5. Transmission spectra (V = 0) for the tetramers 5.9a (A) and 5.9¢ and 5.11
(B).

less conducting than the all-anti-conformer. Even though the gold electrode-
electrode distance is shorter for the two conformers with gauche kinks, the
actual lengths of the current paths in the chains are similar in all three con-
formers. Thus, the difference in conductance between the conformers should
be due to weakened conjugation as a result of gauche conformers. The zero-
bias conductance of 5.9¢ (Figure 5.5B) differs less between the two calculated
conformers ata+ta+ and at+o+a+, with that of the a1 0+a+ conformer some-
what lower. Here only two conformers are calculated due to the high rotational
barrier away from the all-anti-conformer due to steric bulk of the TMS-groups.

To decrease the steric hindrance the central Si-atoms are exchanged for Sn
(elongating the bonds between each unit) in 5.11. Here a similar behavior to
that of 5.9¢ (Figure 5.5B) is found with the conductances of the two aratat
and ato1ay conformers being very similar despite that they have a difference
in electrode-electrode distance of 4 A. The less steric bulk in 5.11 makes it
also possible to calculate the o+o0+0+ conformer and it has roughly a factor
four lower conductance than the two other conformers. When comparing the
two TMS-substituted tetramers it is noteworthy that the conductance of the
arayay conformer of 5.11 is about a factor eight lower than the value of the
corresponding conformer of 5.9c.

To probe if these oligomers are suitable as cords, the dynamical behavior
during stretching or compression is important. So far we have only considered
transport through the relaxed conformers. To investigate how the oligomers
would act under thermal fluctuations around the ground state we used the
method proposed in Section 2.6 to compute the conductance for the dynamic
cord. Here we are only interested in the behavior of the oligomers, thus, the
atoms in the gold electrodes as well as the four anchoring Si-atoms are kept
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fixed during the simulations so as to remove the effects of changes in the Au-Si
interaction.

First we consider the junction with static electrode-electrode distance where
the conductance is calculated under 6 ps, saving the conductance value every
60 fs (in total 100 points), for 5.9a and 5.9c. The conductance is rapidly fluc-
tuating with the conformation of the chain, and for 5.9a we obtain a mean con-
ductance of 1.44 x 10~* Gy with a standard deviation (o) of 1.04 x 10~ Gy,
the magnitude difference between the calculated max and min values is ap-
proximately a factor thirty. For 5.9¢, we obtain in the same way a mean con-
ductance of 1.21 x 107* Gy with a o of 1.13 x 10~* G,. However, here the
max and min conductances differ by about a factor 100.
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Figure 5.6. Calculated zero-bias conductance when compressing (brown lines) or
stretching (black lines) the junction with 5.9a together with snapshots of the geometry
in the molecular junction simulated using DFT-based molecular dynamics.
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Furthermore, when we stretch or compress the junctions we find that the
conductance of 5.9¢ is reasonably stable for a wide range of Au-Au distances
(~21-29 A), where a ratio of 34 is obtained between the max and min con-
ductance values. The variation here is smaller compared to the case with the
static junction of 5.9¢, this is due to that a smaller configurational space is
explored in the stretching/compressing process. Thus, larger fluctuations can
be expected here as well, but the mean conductance is almost constant over
the whole considered range. For 5.9a the conductance drops about a factor
ten when moving away from the optimal geometry of the a+aray conformer,
both by compression and stretching. Here, the mean conductance can be seen
as stable in a much smaller range of Au-Au distances (~ 23 — 27 A), where
the ratio between the max and the min conductance is about 60. For a more
detailed analysis of 5.9a, the conductance trace when stretching and compress-
ing the junction together with some snapshots from the geometries obtained
are shown in Figure 5.6.

The compression starts from the relaxed geometry in an all-anti conforma-
tion, and the first snapshot after 120 fs (C1) is very close to this geometry.
When the junction is further compressed the central rings are rotated decreas-
ing the conductance, and in C2 a ft-a+ conformer is obtained. Compressing
further there is a sudden jump in the conductance between C3 and C4 going
from the aresty (ex = 133°) conformer to a frerdy (ex = 117°), showing
that small rotations away from the all-anti conformer can have great impact
on the conductance. When compressing further, the conductance starts to in-
crease again, and as seen in C5 and C6 there is an increased overlap between
the m-orbitals on adjacent rings. The stretching starts from a slightly com-
pressed geometry, and as seen the first snapshot from the stretching (S1) is
very close to C4. Stretching further, the Au-Au distance of S2 is close to the
relaxed Au-Au distance and here the geometry is very close to the all-anti con-
former, showing the reproducibility. Stretching beyond this point, at first it is
the C-Si bonds inside the ring that are strained (S3, S4), but at last it is the
central Si-Si bond that breaks (S5).

In conclusion, we have studied the conductance of some different com-
pounds that may have potential to act as molecular coords. The conductance of
the relaxed structures shows conductance variations up to a factor twenty. Us-
ing MD-simulations obtaining structures further away from the relaxed struc-
tures increases the conductance fluctuations somewhat, still 5.9¢ shows a sta-
ble mean conductance over a difference of 9 A in electrode-electrode distance.
Although the compounds reported herein are not ideal for molecular electrical
cords the results point to a direction for future molecular design.

In this chapter we have studied two different compound classes that may
function either as rigid molecular spacers with a well-defined conductance or
as molecular cords. In both cases we find that it is of great importance to match
the conjugation of the anchoring groups with the molecular backbone for high
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conductance. For the cage compounds we have a molecular structure with
three pathways for conduction, and opposite to what could be expected from
Kirchoff’s law for conventional electronic devices, we only see an increase in
conductance by a factor two when compared to similar molecules with a single
conduction pathway. For the proposed molecular cords we find conductance
variations in the range of a factor 50-100, and that the mean conductance is
reasonable stable over almost 9 A of different electrode-electrode distances.
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6. Diamond electronic devices

Diamond has many properties that make it an advantageous alternative to more
conventional group IV, II-V and II—-VI semiconductors in many high per-
formance electronic applications. Examples of such attractive material prop-
erties include: the highest thermal conductivity, the highest electrical break-
down field and high carrier mobilities. In addition, diamond exhibits unique
mechanical, chemical and optical properties, including exceptional hardness,
chemical stability and a wide electromagnetic radiation transparency range,
ranging from deep UV to the far infrared. Although the development is still at
a very early stage, these properties together with recent advances in chemical
vapour deposition (CVD) diamond growth have enabled the demonstration of
some devices with promising future prospects, e.g.: high voltage [129] and
high temperature [130] diodes, x-ray sensors [131] transfer-doped [132, 133]
and delta-doped [134] field effect transistors. Furthmore, spin states in dia-
mond defects or the valley degree of freedom, both of which could be used as
a basis for quantum computing [18, 21], are topics that have recently attracted
strong attention.

The aim of this part was to model scattering at impurities and/or doping
atoms using first principles transport methods, and to correlate these nanoscale
properties with macroscopic measurable quantities such as the carrier mobility
or resistivity of diamond samples. Due to the large band gap of diamond
(5.48 eV), for applications the crystal needs to be doped for example with
nitrogen (n-type) or boron (p-type). The doping levels in diamond are in the
range of 10715 —1072! cm 3, thus, systems consisting of several thousands of
atoms are necessary to model this, which is outside the range of present first
principles methods.

In a first attempt, we investigated the carrier effective masses in diamond
(Paper IX). These are of great interest for estimating mobility and diffusion
in the samples, and particularly the conduction band effective masses are dif-
ficult to obtain in experiments due to the low activation of n-type dopants
in diamond. Almost 20 years back, an estimation of effective masses based
on the linear muffin-tin orbital method (LMTO) using the LDA [135] was
made, but in Paper IX we extend the calculations to more accurate methods.
To calculate ground-state properties, DFT is a powerful method. Despite the
shortcomings of DFT in calculating excitation energies, the Kohn-Sham eigen-
values are often used for discussion of the spectras of solids, even though
in the LDA the band-gap is typically underestimated by 30-50%. To over-
come these difficulties, we use a dynamically screened interaction, or what is
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Figure 6.1. Band structure of diamond as calculated from the GyWy calculation (solid
line), and standard DFT-LDA including SO-coupling (dashed line).

called the GW -approximation [136-138], where the interacting electrons are
treated as independent particles responding to an "effective potential". Thus,
each electron together with its screening cloud makes up a quasi-particle, and
solving for the quasi-particle energies instead gives a better estimate of the
band-gaps of solids. The band structure of diamond calculated within the
GoWp-approximation including the full frequency dependence of the screen-
ing using numerical integration (NI), is shown in Fig. 6.1. The band structure
from DFT-LDA including spin-orbit (SO)-coupling (PPs parametrized in the
HGH-form [139]) is shown as a dashed line to illustrate the bandgap opening.

The effective masses are determined by the curvature of the bands which
is affected by including the electron correlations in the GW-approximation.
Here we calculate both the masses for conduction electrons at the conduction
band minima, located in the BZ at 27” (0.76,0,0), and holes in different direc-
tion at the valence band maximum at the I'-point. The results for the effective
masses are shown in Table 6.1 where also the previous LMTO(ASA-LDA)-
effective-masses by Willatzen et al. are given. The masses calculated via the
LMTO-method are consistently larger. For the longitudinal conduction mass
the uncertainty is larger due to the strong non-parabolic dispersion along the
band at the conduction band minimum. Experimental results for the effec-
tive masses have long been lacking due to the difficulties to measure those
experimentally but recently, Naka et al. found in experiments using cyclotron
resonance values of 1.56mq and 0.280myq for m; respectively m; [140]. Fur-
thermore, we expect a ratio of the effective conduction electron masses as
mj /m; =5.2+0.1 [141], which is in agreement with our results.

Accurate effective masses are of great importance for the study of transport
in diamond. The effective masses obtained here we use in Paper X where
we present theoretical results for the Seebeck coefficient together with other
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Table 6.1. Effective masses in Diamond (in units of the electron mass, mg)

LDA GoWp GoWo QSGW LMTO

0.25 0.23 0.23 0.24 0.466

My 0.18 0.16 0.16 0.16 0.232
my 1.3 1.1 1.1 1.2 1.5
ny 0.25 0.22 0.22 0.22 0.34

(PP) (NI (ASA-
LDA) [135]
mi"W 056 067 065 065 0778
m % 040 036 036 032 0366
mi 1% 1134 148 139 164 1783
m'" 1053 067 066 049 0778
m)® 1023 026 026 028 0366
G91023 023 023 029 0366
81015 014 014 015 0198
(100)
)

transport coefficients in boron doped diamond, to investigate the possibility of
diamond-based electronic devices.

To estimate the transport properties we have used the Boltzmann theory [142].
The expression for an electric current, j, in an electric (£) and magnetic (B)
field together with a thermal gradient (VT') can be written in terms of the con-
ductivity tensors as

From this expression the Hall coefficient, Ry, and Seebeck coefficient, S, can
be calculated as

E{nd
~ 1\ =~ <1
Rijk WZ(G )ajGupi(6)ip (6.2)
Ji k
Sij = E(V;T)'=(6"")aiVay, (6.3)

where Gy,6,p5y and V4 are the transport tensors which are calculated in the
BoltzTraP code as integrals of the different conductivity tensors over the Fermi
surface obtained from the electronic structure calculations (a full derivation of
the integrals, the conductivity and the transport tensors is found Ref. [143]).
The Hall coefficient, Ry, and the Seebeck coefficient, S, are very weakly de-
pendent on scattering in the samples if the relaxation time is isotropic. Thus,
in the following we are treating the relaxation time as isotropic but not con-
stant. The relaxation time approximation (RTA) is used where the two main
contributions for temperatures below 350 K for p-doped diamond are acoustic
phonon (ac) scattering and ionized impurity (ii) scattering. The contribution
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Figure 6.2. Hall coefficient (left) and resistivity (right) versus reciprocal temperature
for the four different samples. Measured values are shown with symbols and the
theoretical results are shown with full lines. Parameters for the calculations are given
in Paper X.

of neutral impurity (ni) scattering has not been included, since good fits to
data could be obtained neglecting this mechanism. For ac-scattering we use
the expression given in Ref. [144] and for ii-scattering we use the Brooks-
Herring [145] expression.

The electronic band structure used as input is calculated for undoped di-
amond, and to calculate the properties for boron-doped diamond we use the
rigid band approximation (RBA) where it is assumed that the electronic prop-
erties remain unchanged in the doped regions, which has been validated for
diamond [146]. Different doping levels are obtained by shifting the chemical
potential, thus, changing the number of free carriers which can be matched to
the hole concentration in a p-type semiconductor by the expression given in
Ref. [147], if the acceptor (N4) and compensating donor (Np) concentrations
are known.

The calculated Hall coefficients for different temperatures are shown in the
left panel of Fig. 6.2 together with measurements from earlier work [147], and
we can see an excellent agreement both when comparing shape and absolute
values. The Hall coefficient, Ry, is very weakly dependent on the scattering in
the samples and the only parameters used here are the donor (Np) and accep-
tor (IV4) concentrations. The obtained values for Ny and Np for the different
samples are close to the measured values, showing that this method combined
with the RBA is a valid approximation for all diamond samples considered
here. For sample 2 the results deviate at lower temperature due to a transition
from impurity band conduction to hopping conduction which is not captured
in our models.

The resistivity in the samples, on the other hand, is highly dependent on
scattering. This can be used to test different scattering mechanisms in the RTA,
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Figure 6.3. Seebeck coefficient and power factor (inset) versus resistivity at room
temperature. Only theoretical calculations with parameters given in Paper X.

since everything else is calculated ab initio and the doping concentrations are
fixed from the Hall coefficient calculations. Our calculated results for the re-
sistivity are shown in the right panel of Fig. 6.2 together with experimental
results [147]. For the low doped samples, we find that the ac scattering domi-
nates over the whole temperature range with a small correction by the ii scat-
tering at low temperatures. For the higher doped samples (> 10'® cm™3) our
model with only ac and ii scattering still reproduces the experimental measure-
ments. This finding is in contrast to the findings of Pernot and coworkers[144],
who predicted the effects from scattering by neutral impurities to dominate at
room temperature at these doping concentrations. Even the results for the very
low compensated (< 0.01%) samples are well reproduced just considering ac
scattering. The boron acceptor level, E4 ~ 0.37 €V, is deep in the gap and
most boron acceptors can be expected to be neutral at room temperature and
below, but still the essential results are captured without considering scattering
of holes on neutral impurities.

The thermoelectric properties of the four different samples have been the-
oretically estimated and Fig. 6.3 shows the dependence on the resistivity for
the Seebeck coefficient in the samples. All values of the Seebeck coefficient
are positive which should be expected from a p-type conduction mechanism,
here due to the boron acceptors. We find that for single-crystal diamond the
thermoelectric power increases with higher resistivity, opposite what the mea-
surements on polycrystalline diamond show. In the inset of Fig. 6.3, the power
factor (S%>0) at room temperature is shown where we find values in the range
0.004-0.16 wW/cmK? for the different samples with decreasing power factor
for increasing resistivity. The values are close to these of other good thermo-
electric materials, but due to the very large thermal conductivity of diamond,
the figure of merit, ZT, will be very low. Still, due to the high mobility in dia-
mond and the possibility to grow low resistivity crystals, diamond is a possible
thermoelectric material for applications in harsh environments.
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In conclusion, we have accurately calculated the band structure and effec-
tive masses for single-crystal diamond. Furthermore, these results have been
used in a semi-classical way to calculate some transport properties of boron-
doped diamond, such as the Hall coefficient, the resistivity and the Seebeck
coefficient. The aim to treat scattering in doped diamond on the nanoscale in
a fully ab initio way, is still outside the presently used methods.
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7. Conclusions and outlook

The field of molecular electronics has rapidly evolved the last 20 years, and is
now a highly interdisciplinary endeavour. Still, the long-term starting goal of
building computers from molecules seems to be farfetched. As long as the sil-
icon CMOS technology is economically superior the electronics industry will
stick to it, and a transition to other technologies seems to be at least 10 years
in the future. However, the top-down fabrication methods used for transistors
have an inevitable limit of miniaturization when quantum effects become im-
portant, and for this molecules can, in principle, provide a more precise spatial
control compared to ordinary methods.

In this thesis, we study electron transport in different systems that could
be used in molecular electronics devices. To model the electron transport
we have used the nonequilibrium Green’s function method (NEGF) combined
with density functional theory (DFT), which together open the possibility to
describe the system ab initio or without parameters.

One of the main challenges in molecular electronics is how to control the
metal-molecule interface and how to achieve efficient coupling between the
electrodes and the molecules. Still, due to variability between different se-
tups, there are no exact values for the conductance of simple molecules, only
statistical results are available which could be good enough for fundamental
studies but not for applications. Here we study both how these fluctuations
affect the measured conductance as well as how the variability between dif-
ferent junctions can be decreased in a nanoelectrode bridge platform. To have
a reproducible conductance between different junctions we find that it is nec-
essary to have chemisorbed contacts at both ends of the studied molecule.
Another route to minimize the fluctuations in the conductance is to find a
more suitable anchor group compared to the thiols which are known to switch
stochastically between different bonding sites resulting in large variability in
the measured conductance. Here, we propose that one could use silyl-groups
(R-SiH3), which coordinate more strongly to gold compared to thiols, thus giv-
ing fewer fluctuations in the conductance. Furthermore, due to the o-bonding
of this anchor-group, the resulting conductance when the core of the molecule
is o-conjugated is higher compared to thiols.

Another challenge has been to go "beyond silicon", and to replace the
CMOS with a molecular transistor. Simply replacing silicon with molecules
that function in the way silicon operates today has more or less turned out to be
a dead end, mostly because molecules can do so much more. With molecules
come quantum effects and hence functional molecules, such as switches, can
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show characteristics even at ambient temperature that common solid-state de-
vices can not. Here we have studied five different families of molecular con-
ductance switches, of which four can be operated by light and/or temperature.
By tuning the substituents on the molecules we can obtain high switching ra-
tios for these switches and at the same time keep the distance between the two
ends constant, thus, opening up the possibility to use them in devices. The
last family of switches are so called mechanoswitches which are activated by
a mechanical force elongating the molecules, which could operate as sensors.
In general, we find that to have a high switching ratio, the transition from the
OFF to the ON-state should induce a shift of the most conducting molecular
orbital closer to the Fermi level, and at the same time increase the effective
coupling between the electrodes and the orbital. This can be achieved by hav-
ing a disruption in the 7/c-conjugation in the OFF-state while in the ON-state
having a conjugated path spanning the complete molecule.

Furthermore, we have studied two different classes of compounds that may
function either as rigid molecular spacers with a well-defined conductance or
as molecular cords. In both cases we find that it is of great importance to match
the conjugation of the anchoring groups with the molecular backbone for high
conductance. For the cage compounds we have a molecular structure with
three pathways for conduction and, contrary to what could be expected from
Kirchoff’s law for conventional electronic devices, we only see an increase in
conductance by a factor two when compared to similar molecules with a single
conduction pathway. For the proposed molecular cords we find conductance
variations in the range of a factor of 50-100, and that the mean conductance is
reasonable stable over almost 9 A of different electrode-electrode distances.

Another interesting semiconductor material that could replace today’s tech-
nology in certain applications is diamond. In this thesis we had the aim to treat
scattering in doped diamond on the nanoscale in a fully ab initio way, which
turned out to be outside the used methods herewithin. Still, we have accurately
calculated the band structure and effective masses for single-crystal diamond.
Furthermore, these results have been used, in a semi-classical way, to calcu-
late some important transport properties of boron-doped diamond, such as the
Hall coefficient, the resistivity and the Seebeck coefficient.
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Svensk sammanfattning

Nanoteknologi har de senaste artionden vuxit lavinartat och ir idag ett av de
hetaste vetenskapsomradena. Omradet i sig &r mycket brett och vixelverkar
ofta med andra omréaden, t.ex. materialvetenskap och elektronik. Mycket av
intresset i nanoteknologi kan hirledas till att tillimpningar som bygger pa
“nano” kan visa upp helt nya egenskaper. Nano syftar pa prefixet som be-
tyder 10~ och i det hir fallet nanometer (nm), vilken #r lingdskalan man
jobbar med. En nanometer dr en miljarddels meter, vilket kan jimforas med
t.ex. ett harstrd som dr ca 50 000 nm brett.

Nir man kommer ner pa de hir lingdskalorna kan ett materials egenskaper
dndras drastiskt jamfort med vad vi upplever annars. En metall som leder
strom i normala fall kan bli en isolator nédr den rumsliga utstrickningen krymps
i en eller flera riktningar.

De effekter som uppstar ndr man gor saker mindre kan dven forvintas
sdtta griansen for hur sma elektronikkomponenter man kan bygga med dagens
teknik. Om utveckling fortsétter i samma takt som idag kommer man inom
nagra ar att na gransen for nédr kvantmekaniken inte tillater att man krymper
komponenterna mer. I en transistor finns en barridr mellan de olika kanalerna
och om man fortsitter krympa transistorns storlek kommer barriéren till slut
att bli sa tunn att elektroner kvantmekanisk kan tunnla igenom den vilket gor
transistorn obrukbar. Detta &r ett rent kvantmekaniskt fenomen som endast
upptrider ndr man kommer ner pa atomniva.

Ett forslag for att kringga problemet med tunneleffekter i transistorer dr att
anvinda molekyler istdllet. Molekyler &r intressanta eftersom de endast bestar
av ett begrinsat antal atomer och saledes &r bland de minsta “bygg-klossar”
man kan anvinda. Att anvinda molekyler som byggklossar i dagens elektronik
eller helt ersitta vissa elektroniska komponenter med molekyler har utvecklas
till ett delomrade inom nanoteknologin som kallas "Molekylir elektronik”.

Molekylir elektronik ligger i grinslandet mellan fysik, kemi och material-
vetenskap. Detta innebir att det behovs tvirvetenskapliga samarbeten for att
16sa de utmaningar som omradet star infor. Ett av de forsta problemen man
stoter pa dr att fysikaliskt beskriva hur en strom flyter genom en molekyl. An-
dra mer ingenjorsmissiga problem som finns dr hur man kopplar en makroskopisk
métutrustning till en molekyl som dr ungefir 1 nm lang. Till sist handlar det
om att kemiskt tillverka molekyler med de 6nskade egenskaperna, och fram-
forallt hur man optimerar molekylerna for att fungera s& bra som mojligt i en
makroskopisk mitutrustning.

Den hir avhandlingen syftar till att tillféra mer kunskap i de hér fragorna
genom att modellera transport av elektroner i olika nanosystem. De anvidnda
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teoretiska metoderna finns beskrivna i kapitel 2 och bygger pa téthetsfunk-
tionalteori tillsammans med greenfunktioner for icke-jaimviktssystem, vilka
kan beskriva elektrontransport i de hér systemen utan parametrar.

I kapitel 3 studerar vi en plattform som kan anviindas for att méta elektriska
egenskaper hos molekyler. De flesta metoder for att mita pa molekyler, precis
som denna plattform, har inneboende problem vad giller reproducerbarhet.
Det beror dels pa att det 4r omdjligt att pa atomniva kontrollera gransskik-
tet mellan metallen i elektroderna och molekylerna. Aven molekylens exakta
utseende mellan de tva elektroderna dr okdnt. Hir studerar vi med hjilp av
teoretiska metoder hur strommen varierar beroende pa hur griansskiktet ser ut.
For att minska variationerna i mitningar &r det fordelaktigt att ha molekyler
som binder kemiskt med bada dndarna till de nirliggande metallytorna. Nack-
delen med att anvinda sddana molekyler i den hir plattformen &r att efter-
som avstandet mellan elektroderna #r ca 30 nm och en molekyl dr ca 1 nm,
maste man ha flera molekyler ihopkopplade via nanopartiklar av guld for att
na mellan elektroderna. Det skapas da ett komplext ndtverk av nanopartik-
lar och molekyler mellan elektroderna. Héir visar vi att dven fast vi har ett
nitverk av flera molekyler och nanopartiklar sa kan vi fran experiment gjorda
med oelastisk elektrontunnlingsspektroskopi identifiera signaler fran enstaka
molekyler och pa sa sitt fa information om hut molekylerna sitter i nétverket.

Att bygga aktiva komponenter av molekyler har manga fordelar, deras ringa
storlek ger inte bara kvantmekaniska effekter som kan anvindas, t.ex. inom
spinntronik (ddr elektronens spinn istillet for laddningen anvédnds som infor-
mationsbérare), utan de blir dven vildigt stromsnala. I kapitel 4 studerar vi
olika typer av molekyler som kan fungera som molekyléra strombrytare, d.v.s.
med hjélp av en extern paverkan (elektriska filt, ljus, vdrme, etc.) kan man
antingen sla pa eller sla av strommen som gar igenom molekylen. Hir stud-
erar vi forst molekyler som med hjélp av ljus eller virme kan omstruktureras
fran en form med sdmre ledningsformaga ("av") till en annan form med béttre
ledningsférmaga ("pa"), och tillbaka. Denna typ av komponent dr viktig om
man vill bygga t.ex. minneskretsar med molekyler. For att kunna anvéndas i
t.ex. SSD-minnen (fran eng. solid state drive) &r det viktigt att molekylerna
ir fasta (solida) d.v.s. inte dndrar lingd under sjilva transformationen. Vi har
designat ett antal olika molekyler for dessa tillimpningar och vi visar dven
att genom att optimera sidogrupperna pa molekylen sa gar det att fa en stor
skillnad i ledningsférmagan mellan av- och példge samtidigt som molekylen
ar statisk under dndringen. Vi studerar dven en annan typ av molekyl som
dndrar sin ledningsférméga nédr man applicerar en kraft och stricker ut den.
Motsatt vad man kan forvinta sig, leder den strom bittre nér den blir lingre.
Dessa mekaniska stromstillare skulle kunna anvéndas som kinsliga sensorer
for lingdédndringar pa nanoniva.

I den makroskopiska virlden dr elektriska sladdar oumbirliga for det dagliga
livet, att hitta motsvarande komponenter inom nanovirlden har visat sig vara
svarare. Hittills dr det fa undersokta molekyler som visar liknande egenskaper,
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istéllet dr ledningsformagan hos de flesta molekylkedjor starkt beroende pa om
kedjan &r bojd eller rak. Sa kallade hyperkonjugerade molekyler som bestar av
kedjor ihopldnkade med antigen kisel, germanium eller tenn som vi studerar
i kapitel 5 kan visa egenskaper liknande sladdar. Vara resultat visar att det
gar att rotera delar av molekylkedjan utan att ledningsformégan #ndras mer
dn faktor 20, vilket i det hir fallet 4r en ganska liten dndring. Vi har dven i
den hidr avhandlingen utvecklat en metod for att rikna ut ledningsférméagan
som tar hdnsyn till molekylens rérelse (molekylidr dynamik). Det hir ger moj-
lighet att studera t.ex. hur temperaturen (vibrationer i systemet) paverkar, hér
kan vi dven studera vad som hidnder om man trycker ihop eller stricker ut
den molekyldra ’sladden”. Forindringen av ledningsférmégan blir storre da
man trycker ihop eller stricker ut molekylen, i bada fallen ungefir en faktor
100. Detta dr dock fortfarande en liten dndring jamfort med andra liknande
molekyler. 1 kapitlet studerar vi dven négra andra kiselbaserade molekyler.
Dessa ér inte flexibla och kan darfor inte fungera som sladdar, istillet dr det
lasta i en speciell form och kan dérfor kanske fungera som elektriska ledare
med en vildefinierad ledningsformaga.

I det sista kapitlet ldimnar vi molekylerna och studerar istillet diamant, ett
material som kan vara intressant som halvledare i tillimpningar under tuffa
forhallanden. Forhoppningen var att kunna studera ledningsférmagan av dia-
mant pa mikroskopisk nivd med samma metoder som tidigare utvecklats for
nanosystemen. Da diamant har ett vildigt stort bandgap d.v.s. skillnad mel-
lan de fyllda elektronbanden och ledningsbanden maste man dopa materialet
for att kunna anvédnda det som halvledare. Har har vi har framférallt studerat
diamant dopat med bor. Da koncentrationerna av dopning &r lag i systemen,
maste tusentals atomer anvindas i modellerna vilket inte ligger inom rickvid-
den for de metoder vi anvént tidigare. Istédllet har vi berdknat den effektiva
massan av laddningsbérarna i diamant, en egenskap som dr mycket viktig for
ledningsférmagan av materialet. De beriknade effektiva massorna har sedan
anvints for att berikna resistiviteten av diamant med olika koncentrationer av
bor, samt att uppskatta Hall och termoelektrisk effekt i dessa prov.
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