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Abstract

Measurement of the (V') characteristics of single molecules is the
first step towards the realisation of molecular electronic devices. In
this thesis, the electronic transport properties of alkanedithiol (ADT)
and alkylthiol-terminated oligothiophene molecules are investigated
under ultra high vacuum (UHV) using a scanning tunnelling micro-
scope (STM). Two techniques are employed that rely upon stochastic
molecular bridge formation between gold STM tip and substrate; a
novel I(V)s) method is proven to be a powerful alternative to the
well-known [(s) method. For ADTs, three temperature-independent
(180 — 390 K) conduction groups are identified, which arise from
different contact-substrate coordination geometries. The anomalous
reduction of conductance at small chain lengths reported by other
groups for non-UHV conditions is far less pronounced here; all groups
closely follow the anticipated exponential decay with chain length,
B = (0.80 4+ 0.01) A~', until a small deviation occurs for the short-
est molecule. Thus, the likely explanation for the anomalous ef-
fect is hydration of thiol groups. The I(V') curves were fitted us-
ing a rectangular tunnel barrier model, with parameters in agree-
ment with literature values; m* = (0.32 + 0.02) m,., ¢ = 2 eV. For
the oligothiophene molecules, one common temperature-independent
(295 — 390 K) conduction group was identified; the conductance de-
cays exponentially with molecular length, with different factors of
B =(0.78+0.15) A=! and § = (0.16 & 0.04) A~ for length changes
to the alkylthiol chains and thiophene backbone, respectively. An in-
dented tunnel barrier model, anticipated from the physical and elec-
tronic structure of the molecules, was applied to fit the measured (V)
curves; o1 = ¢p3 = 2 eV, ¢ = 1.3 to 1.6 eV, m* = 0.17 to 0.24 m,.
These UHV measurements provide an important baseline from which
to better understand recent reports indicating hydration-dependent,

and hydration-induced temperature-dependent, transport properties.
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Chapter 1

Introduction

1.1 Molecular Electronics

Miniaturisation of electronic components is essential for the continued advance-
ment of technology, and this necessity is driving interest in the field of “molecular
electronics” — wherein single molecules are considered for the active and passive

components in devices.

Aside from offering electronic components with very small physical dimen-
sions, the field of (organic) molecular electronics is attractive for other reasons.
Firstly, an inordinate variety of complex organic molecules with different elec-
tronic properties can be devised and synthesised, cheaply, uniformly, and on an
industrial scale. Secondly, the phenomenon of molecular self-assembly could po-
tentially be harnessed to readily fabricate highly-ordered molecular devices; this
may eventually present an alternative or complementary method to the expensive,
problematic, photolithographic silicon-etching techniques currently employed to
create transistor arrays. Finally, the properties of certain molecules can change
in response to physical, chemical, and biological stimuli; allowing for applications
that are not possible with traditional silicon electronics, such as certain types of

sensors [1, 2].

Many molecular electronic components have been discussed in the literature;
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there are both theoretical proposals and experimental proof of concepts [3, 4].
Important examples of such components include diodes [5, 6], transistors [7-9],
and conductance switches for the purposes of memory and logic devices [10-15].
These breakthroughs are important steps toward the realisation of self-contained,
stable, potent molecular electronic devices. However, this goal is very distant and

there are many basic problems and questions that need to be addressed.

The electronic transport properties for even the simplest molecular systems
are still poorly understood; conductance mechanisms need to be identified ex-
perimentally, and the effects of subtle changes to variables like chemical struc-
ture, molecular conformation, and environmental and interfacial conditions need
to be investigated, thoroughly. The measurements then need to be related to
rigorously-defined theoretical models. However, coupling a molecule between elec-
trodes in a stable, reproducible manner is no trivial task. Therefore, many experi-
mental methods for molecular conductance measurements are currently stochastic
in nature and the results are often difficult to interpret. Hence, there is also a lot
of work that needs to be done in the development of novel, reliable measurement

techniques.

1.2 Scanning Probes

Scanning probe microscope (SPM) techniques, particularly scanning tunnelling
microscopy (STM) and spectroscopy (STS), have become invaluable tools for
studying the electronic properties of nanoscale objects. In STM, a conducting
atomically sharp tip is brought in close, controlled contact with a conducting
sample surface, and the tunnelling current that flows between the two is mea-
sured; the current is sensitive to the local density of states in the sample and the
tip. The substrate surface and molecules thereon can be imaged, nominally, with

atomic resolution, and the electronic properties can be probed (STS).

STM and STS measurements can be performed in a non-invasive manner or,
alternatively, it is possible to take measurements after deliberately manipulating

target particles; atoms, molecules, nanoparticles etc. The latter case is extremely
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useful for the development of molecular electronics; if a single molecule is trapped
between the tip and the sample surface, then its electronic transport properties
between electrodes can be characterised. Since the scanning tunnelling micro-
scope is extremely versatile, this characterisation can be performed under a huge
variety of conditions: in different media, such as liquids, gases, and vacuum; at
different temperatures and pressures; and with electrodes of differing conducting

materials.

The main disadvantages to STM and STS are the necessity that tip and sub-
strate be electrically conducting, as well as sharp and flat, respectively. Moreover,
trapping a molecule between the tip and sample is not straight-forward and of-
ten requires numerous measurements and a statistical analysis. Nevertheless, the
scanning tunnelling microscope remains unrivalled for the purposes of studying

single molecule systems.

1.3 Ultra High Vacuum

Ultra high vacuum (UHV) describes the pressure range of roughly 10~% mbar
and lower. To achieve and maintain these pressures, even small-volume UHV
chambers usually require continuous pumping (for example, by turbomolecular,
diffusion, or ion getter pumps) [16]. Moreover, the chambers and components
therein must be constructed from materials that have very low vapour pressures,
which excludes the use of many plastics and metals and leads to high production
and maintenance costs. In UHV, atmospheric contaminants such as water vapour
and organic compounds are minimised. Experiments performed under such condi-
tions are extremely important for helping to distinguish the intrinsic properties of
a system from those induced by external environmental factors. However, despite
their importance, reports in the literature on the electronic transport properties
of single molecules under UHV are very scarce. (This is possibly due to the
expense and difficulty of building, maintaining, and operating UHV systems.)

Thus, there is still much more work that needs to be carried out in this area.
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1.4 Thesis Statement

In this thesis, STM point-contact techniques (including a new method) are used
under UHV to measure the electronic transport properties of single alkanedithiol
and thioester-terminated oligothiophene molecules. Despite the structural sim-
plicity of the former species, there are still open questions that a systematic
study under UHV, otherwise absent from the literature, might be able to ad-
dress. Moreover, the oligothiophenes in question are structurally dependent upon
alkane(di)thiols; thus full characterisation of the latter should provide a rigorous
basis for studying the former by allowing the transport effects from the non-
conjugated and conjugated components to be separated. The electronic trans-
port properties of the oligothiophenes are currently poorly characterised, but
some early studies indicate very interesting hydration state, illumination, tem-
perature, and chain length dependences; these characteristics potentially make
the molecules viable candidates for single molecule devices and sensors. A system-
atic study of the electronic transport properties of these molecules under UHV,
where the aforementioned environmental variables can be strictly controlled, is
essential. (Furthermore, polythiophenes are of significant interest in the field of
organic photovoltaics, and therefore characterisation of the transport properties
of such monomer units may be instructive in this area.) For both molecular sys-
tems, a robust statistical analysis is required to overcome variations in individual

molecular measurements.

Chapter 2 outlines the necessary background theory for understanding charge
transport through nanoscale systems and Chapter 3 details the relevant experi-
mental measurement procedures employed for these investigations and for other
investigations reported in the literature. Chapter 4 expounds the results obtained
for the alkanedithiol system; focussing on the dependence of the electronic trans-
port upon molecular chain length, temperature, and contact geometry; and places
them in context with regards to other literature studies. Chapter 5 presents the
measurements on the oligothiophene system and draws upon Chapters 2 and 4, as
well as upon the few reported studies elsewhere, for analysis and interpretation.

Furthermore, the results are compared to very recent and interesting measure-
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ments, under different environmental conditions, conducted by other parties in-
volved in the collaborative research group. Chapter 6 summarises the conclusions
of the thesis and discusses important work that needs to be carried out in the

future.



Chapter 2
Theoretical Background

In this chapter, the relevant background theory for understanding the experimen-
tal results of this thesis is outlined. A short introduction into organic molecules
and their electronic structures is presented, before a discussion on the electronic

transport models and mechanisms for mesoscopic systems.

2.1 Organic Molecules

The electronic structure of a molecule can be modelled to a first approximation
by adopting the linear combination of atomic orbitals (LCAQO) approach [17].
Molecular orbitals are found by looking for quantum superpositions of compati-
ble atomic orbitals that are solutions to the Schrédinger equation. Atomic orbitals
are assumed to be compatible, and interact significantly, only if they have similar
spatial symmetry and energy. They are assumed to interact in only two extreme
ways: constructively, when in phase, giving bonding orbitals; and destructively,
when out of phase, giving antibonding orbitals. With bonding orbitals, the elec-
tron density between nuclei increases, leading to an increased attraction between
nuclei and giving the electrons a potential energy lower than that of their separate
atomic orbitals. With antibonding orbitals, the opposite case is true, resulting in
molecular orbitals with a potential energy higher than those of the constituent
atomic orbitals. The number of molecular orbitals is then equal to the number

of individual atomic orbitals. These are filled in accordance with Hund’s rules
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up to the highest occupied molecular orbital (HOMO), with the next level up
defining the lowest unoccupied molecular orbital (LUMO). The HOMO-LUMO
gap is analogous to the band-gap of a bulk semiconductor. The exact energy and
spatial distribution of the molecular orbitals (and the size of the HOMO-LUMO
gap), depends highly upon the structure of the molecule.

In saturated molecules, like alkanes, each carbon atom forms four sp® hy-
bridised ¢ bonds between neighbours. Electrons are highly localised between
atoms such that the bonds are strong i.e. the molecular bonding orbital is much
deeper in potential energy than the uncoupled sp? orbitals (Figure 2.1a). The
energy difference between the bonding (o) and antibonding (0*) states is then
large, resulting in a large HOMO-LUMO gap. Thus, such molecules should be

expected to behave as electrical insulators.

(a) o’ Lumo (b) 0 LUMOH1
E ’v"’ \
A AT LUMO 2
+ — + T HOMO +
P Lo s e
0 HOMO G HOMO-1

Figure 2.1: A simplified electronic energy level diagram for the molecular or-
bitals of a) an alkane and b) an alkene. The HOMO-LUMO gap for the alkane
is determined by the energy difference between the o bonding and antibonding
(o) states, whereas that for the alkene, with the conjugated system, is de-
termined by the relatively small energy difference between the m bonding and
antibonding (7*) states [17].

With unsaturated molecules, such as alkenes, each carbon atom forms three

sp? hybridised ¢ bonds between neighbours in a plane, and one partially filled
p- 0y g p ) p y
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unhybridised p orbital remains perpendicular to this plane. The latter orbitals
overlap with each other above and below the ¢ bonds forming a connected sys-
tem of m bonds across the backbone of the molecule, wherein the electrons are
delocalised; this is referred to as a conjugated system. The 7 bonds are weaker
than both sp? and sp® o bonds, and the energy difference between the bonding
and antibonding states (m and 7, respectively) is much smaller. This relative
weakness arises because there is substantially less overlap between component p
orbitals due to their out-of-plane orientation. Moreover, the uncoupled p orbitals
are higher in potential energy than either uncoupled hybrid orbital. As a result
of these two effects, the HOMO and the LUMO for the molecules are defined by
the m and 7* orbitals, instead of the ¢ and ¢* orbitals, respectively. The HOMO-
LUMO gap for the molecules is therefore much smaller (Figure 2.1b) than that

of their saturated analogues.

By applying the Schrodinger equation to a particle in a one-dimensional box,
it can be shown that as the physical extent of a conjugated system increases, the
HOMO-LUMO gap size decreases; the energy difference between any two allowed

levels, n; and n;, for a particle of mass m inside a box of length L is given by

(nj2 _ niQ)h27T2

AFE =
2mL2

(2.1)

Equation 2.1 suggests that the HOMO-LUMO gap size will approach zero as
the box size tends towards infinity. However, in most situations, the equation is
an oversimplification. In molecules with significant bond length alternation e.g.
the single-double bond alternation in alkenes, a periodic perturbating potential
must be introduced into the particle in a box model, which results in convergence
towards a finite gap size for box sizes approaching infinity (~ 2 eV for polyalkenes)
[17, 18]. Molecules with large conjugated systems and small HOMO-LUMO gaps
should be expected to be thermodynamically favourable electron conduits, ideal
for nanoscale charge transport. Moreover, it has been suggested that electron flow
in these conjugated systems can potentially be manipulated by the induction of

molecular conformational changes, leading to switches [19].
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2.2 Conductance in Mesoscopic Structures

The Simmons tunnelling model [20, 21] and the Landauer transmission formalism
[22-24] for nanoscale conductance are discussed in this section. The analytical
expressions, derived by Simmons, for the transmission through a rectangular bar-
rier in different voltage regimes; low, intermediate and high, are outlined. Also,
the effect of the image potential on a rectangular barrier is discussed, along with
the strengths and limitations of the model. The Landauer formalism of transport
is outlined, and the quantum mechanical transfer matrix approach to approxi-
mating the transmission through an arbitrary shape one-dimensional barrier is
discussed. Also, the single molecular energy level model for transmission is out-

lined. Finally, some incoherent transport mechanisms are discussed.

2.2.1 Simmons Tunnelling Model

This model describes the quantum mechanical tunnelling current density flow-
ing through a thin, one-dimensional barrier, sandwiched between infinite parallel
plate metallic electrodes — each with a continuous density of states. The prob-
ability, T'(Fs), that an incident electron will be transmitted through a barrier
of height, U(s), and width at the Fermi level, As = s, — s;, can be described
by the widely-used, semi-classical, Wentzel-Kramers-Brillouin (WKB) approxi-

mation [20]:

T(E) = exp { —2F / 2m.U(s) — Ey|2ds §, (2.2)

where Ey, = m.v,%/2 is the energy component of the electron in the s-direction.
Using this as a starting point and by considering the net flux of electrons from
one electrode to the other, under an applied bias V', an expression for the current
density, J, flowing through the general-shaped barrier, of height above the Fermi
level of the electrodes ¢(s) = U(s) — Er, can be shown to be;
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[N
D=

J=Jo {& exp (—C¢2) — (¢ +eV)exp [-C(g +eV) ]} ; (2.3)

e
Jo= 21h(nAs)?’
O— 47T7]A5?;(2me)5’

where 7 is a numerical constant, usually close to unity, arising from integration
[20]. This equation can be applied to any shape potential, but uses the average

barrier height above the Fermi level, ¢, to make a rectangular approximation.

Consider the application of Equation 2.3 to an already rectangular potential
i.e. where ¢ = ¢y and As = dy, at V = 0. For low biases only, V ~ 0, the barrier

is assumed to be completely undistorted, allowing the approximation;

32V a(2mechy) 2
Jg=2 3‘2222 %) exp (—fBdy), (2.4)
B AT e(2me o)
B=

Here, a is a parameter that has been inserted to modify the equation to allow for

different charge carrier effective masses; m* = a?m, [25)].

The application of an intermediate bias, eV < ¢, will raise the Fermi level of
one electrode with respect to the other and, assuming the potential is dropped
linearly, will distort the rectangular barrier into a trapezoid. The average barrier
height can then be approximated as ¢ = ¢y —eV//2, but the distortion is not large
enough to alter the barrier width at the Fermi level, As = dy, such that Equation

2.3 can be written as;

10



2. THEORETICAL BACKGROUND

(¢0 - %) exp _dom(2me)? (¢0 - i) ’ do

. 2 >
= - ) L7 . (2.5)
2mh(do) eV dam(2m,)? eV\2
(g )ew | (g ) b

In the high bias regime, eV > ¢, the trapezoidal distortion is very large, such
that the average barrier height can be approximated as ¢ = ¢,/2. Moreover, the
distortion has become so large that it reduces the barrier width at the Fermi level
to approximately As = (dy¢pg)/eV . Inserting these expressions into Equation 2.3
yields;

€3V2
- (i) {“p

_ (1 + 2;_‘/) exp [_4ﬂa(me>é(¢o)gdo (1 2@V)21>

dma(me)? (do)3dy
ehV

; ehV i

} . (2.6)

This case is referred to as field emission or Fowler-Nordheim tunnelling; where
the high electric field enhances the tunnelling rate, such that it ceases to scale
linearly with applied bias. If the bias becomes very high, eV > (¢ + EFr), then

the second term in Equation 2.6 can be neglected.

2.2.1.1 Image Potential Correction

The image potential is the electrostatic potential experienced by a charge due to
the polarisation it induces on the surface of a conductor. This effect can be very
important when performing scanning probe measurements, particularly when the
tip is close to the surface and tunnelling barriers are narrow. The image potential
will reduce the average height and width of a rectangular tunnelling barrier by
rounding off the edges, as illustrated in Figure 2.2. The new potential profile can

be modelled fairly accurately by a simple hyperbolic function [20, 21, 26, 27];

11
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(a) (b)
2 2
15 15
> >
<] [
3 1 3 1
05 05
0 0
05 0 05 1 15 2 05 0 05 1 15 2
s/nm s/nm

Figure 2.2: a) The blue line shows a rectangular tunnelling barrier, of height
2 eV and width 1.5 nm, under zero applied bias. The red line shows the barrier
after it has been corrected to account for the effects of the image potential,
according to Equation 2.7. b) The same situation as a), except the barriers are
under an applied bias of 1 V. The image potential reduces the average height
and width of the barriers.

eVs  1.15k(dp)”
do S(do — S) ’

¢(s) = ¢o — (2.7)
€’ In2
~ 16meperdy

As mentioned in Section 2.2.1, this potential must be approximated to a rect-
angular barrier. This can be achieved by integrating Equation 2.7 between the
limits of the barrier at the Fermi level (s; and s3), and subsequently dividing the
result by the width of the barrier at the Fermi level (As = sy — s1);

T 51+ S2 do sa(dy — s1)
¢ =¢yg—eV YA [1.15k } In [Sl(do—SQ)} (2.8)

The limits s; and s, can be obtained by finding the real roots of Equation 2.7.

These can be approximated as [20];

12
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 1.2kd,

S ) 2.9
1= (2.9)
9.2k
do |1 — ; 1%

0[ 3¢0+4k—26V] ton eV <o,
Sy = o (2.10)

do V)O_—} ; eV > dp.

eV

Equations 2.8, 2.9, and 2.10 can now be substituted into Equation 2.3, using
the appropriate expression for s, given the bias regime, to produce expressions
for the current density through a rectangular barrier that include the effects of
the image potential. It should be noted that this is a static, as opposed to a
dynamic, image potential model. It can be considered valid for systems where
the electron plasma frequency in the electrodes is large compared to the inverse
tunnelling times of the charges, such that the electron plasma can respond to

polarisations very quickly e.g. Au-alkanedithiol-Au [28].

2.2.1.2 Application to Molecular Systems

It should be anticipated that the Simmons model is only valid for describing
molecular bridge systems in which the dominant transport mechanism is coher-
ent tunnelling. In this process, tunnelling occurs in one step (the charges are
never localised on the bridge) and the phase of the charge wavefunction before
the event is related to the phase after the event. This form of tunnelling is likely
to be the case for systems involving large band gap molecules, where the molec-
ular energy levels are far removed from the Fermi level of the electrodes. In such
cases, the average barrier height, ¢, determined from fitting I(V) curves with
Equation 2.3, might be interpreted as a measurement of the distance in energy
to the nearest current mediating molecular orbital; the HOMO or LUMO, de-
pending upon electron or hole transport, respectively. However, the rectangular
approximation hides details of the molecular electronic structure and is likely to

be unrealistic in many cases.

Presumably, the barrier width, dy, should correspond to the length of the

13
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molecule, or to a close approximation thereof, depending on the setup geome-
try. Equation 2.4 suggests an exponential decay in current with barrier width;
I =~ Iyexp(—pfdy), where the decay constant, (3, is proportional to the square
root of the barrier height, ¢y. This decay constant is used widely to characterise
tunnelling systems. Interestingly, for molecular bridges with large HOMO-LUMO
gaps (5 — 10 eV), the tunnelling is often much more far reaching, with experi-
mentally observed values of 8 being much smaller than predicted by this model
[29, 30]. The discrepancy is often explained by invoking the phenomenon of “su-
perexchange” — in which the electronic structure of a molecule somehow mediates
and enhances tunnelling rates, despite the charges never being localised in the
molecular states [31, 32]. Even with superexchange, coherent tunnelling will usu-
ally only contribute significant amounts to the current if the bridge is very small
(< 3 nm) [33]. The transport should be temperature-independent to a first order
approximation, but a temperature dependence can still be observed in certain
systems due to temperature-dependent distributions of molecular conformers [34]

or from the temperature-dependent Fermi-Dirac distributions.

The model has a further shortcoming when applied to single molecule bridges
insofar as it describes the current density flowing through a planar system; an
effective area must be considered in order to obtain absolute current values. It is
not immediately obvious what the “area” of a molecule between electrodes means
physically, and whether the assumptions made in the model still hold for these
nanoscale dimensions. Therefore, the relation may be expected to be better ori-
ented towards describing single monolayer, rather than single molecule, systems.
Furthermore, there is evidence that suggests Equation 2.3 begins to break down
for narrow barriers (< 2 nm) or low electrode work functions [26]. Also, the
validity of approximating the numerical correction factor, 7, to unity has been

questioned [26].

In short, the Simmons relations may give a good quantitative agreement with
experimental results in some cases but, in general, a more rigorous, fully quan-
tum mechanical model is required for describing conduction through molecular

systems.
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2.2.2 Landauer Transmission Model

In this formalism, the conductance of a mesoscopic object is modelled by consid-
ering the transmission arising from the coherent scattering across it. Consider a
quasi one-dimensional object connected to two large perfectly metallic reservoirs

via two narrow ballistically conducting leads; Figure 2.3.

(a)

Reservoir 1 Lead 1 Object Lead 2 Reservoir 2

f.B)

Figure 2.3: a) A quasi one dimensional object connected to two large metallic
reservoirs, which are held at chemical potentials of p; and ps by ballistically
conducting leads, and b) the corresponding energy level diagram for the setup,
showing the energy channels in the object and the energy distributions of elec-
trons in the leads at a finite temperature. After Reference [22].

The dimensions of the object are such that a transverse confining potential exists,
resulting in a finite number of well-separated transverse modes; M (E) below an
energy F. By contrast, the transverse modes, also known as energy channels, in
the reservoirs are assumed to be continuous. Under the assumption of ‘reflec-
tionless’ contacts, reflections for carriers exiting from the narrow conductor to
the large reservoirs are neglected. It follows that the Fermi level of a lead will
be approximately equal to the electrochemical potential of the adjacent reservoir;
i1 or e, and the fractional occupancy of the states will be described by the

Fermi-Dirac distribution;

1
T Tt exp[(E — pug) /kT]

f12(E) (2.11a)

p1 — pio = eV. (2.11Db)

The density of electrons in the first lead is given by 2¢g(FE)fi(E)dE, where

15



2. THEORETICAL BACKGROUND

g(E) = \/m./(hV/2E) is the density of states per unit volume for a one-dimensional
system. Multiplying this expression by the carrier velocity, v(E) = \/m, the
charge per carrier, e, the average transmission probability per mode, T'(E), and
the total number of modes M(F), and integrating over all energy, will yield an

expression for the total current carried from the first lead to the second;

I = 2{ T(E)M(E)f,(E)dE. (2.12)

—00

The expression for the current flowing from the second lead to the first, I, is
similar. If it is assumed that T'(F) is the same in both directions, which is valid
if inelastic scattering is neglected [22], then the net current flowing through the

object is given by I; — Is;

I=— [ T(E)fi(E) - f(E)dE, (2.13)

This is the temperature- and bias-generalised Landauer equation [22-24].

In the low-temperature regime, the Fermi-Dirac distributions (Equation 2.11a)
are reduced to step functions, and the integral in Equation 2.13 is evaluated
between p; and ps. Also, for low applied biases, the integral is confined to the
vicinity of the Fermi level so that T'(E) and M (FE) may be assumed to take the
constant values T'(Er) and M(EF), respectively. Under these conditions, the
current can now be written as;

2e

I'= (= 42)T(Er), (2.14)

and, using Equation 2.11b, the conductance (G = I/V) is expressed by the two-

probe Landauer formula;
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G = GT(Er), (2.15a)
2 2
Go = % (2.15b)

If the mesoscopic object is a ballistic conductor i.e. the mean free path of the
electrons in the object is much less than the object’s length, then the transmis-
sion probability for all channels is unity, and it follows from Equations 2.15a and
2.15b that the conductance will be an integer multiple, M (FEF), of Gy; the so-
called quantum of conductance. This behaviour has been observed in gold break
junctions, where the conductance of a gold bridge (between two gold electrodes)
decreases by G every time the thickness of the bridge is reduced by one atom
[35]. Thus, even a system involving a perfect conductor will exhibit a resistance
of approximately (13/M (Er)) k2. This is a quantum mechanical resistance that
arises from the contacts due the discrepancy between the infinite number of chan-
nels in the reservoirs and the finite number in the leads; in going from the former
to the latter, the current must be redistributed to the limited number of current

carrying channels, causing a bottleneck effect.

Equations 2.13 and 2.15 are useful starting points for modelling the charge
transport across mesoscopic bridges. However, the difficulty of defining the trans-
mission function still remains, and approaches for doing this are discussed in the

following sections.

2.2.2.1 Quantum Scattering Model in 1D

Consider a beam of particles of mass, m*, and energy, F, incident upon a rect-
angular barrier of height, V', with one side at s = a and the other at s = 2a. The
solutions to the time-independent Schrodinger equation [36] in each of the three

regions (in front, inside, and behind the barrier) are;

17



2. THEORETICAL BACKGROUND

Ape™ + Bre s, s < a,
Uy = 4 Ae™ + Bie™™; a<s< 2a, (2.16)
Ape*s + Bre s, s > 2a,
where
2m*(V — FE
m( ); 0<E<V,
72
n= (2.17)
2m*(E -V
u/—m( ) _ie. E>V >0,
72
and
2m*FE
k=" (2.18)

The coefficients Ay, Br, Ay, By, Ag, and Bg are currently undetermined, but
the latter most of which can be set to zero, without loss of generality, if there
are no further non-zero potentials to the right hand side of the barrier causing
reflections. These coefficients can be related from continuity of the wavefunction

and its derivative at the barrier boundaries;

ALeika + BLe_ik“ = A16’7“ + Ble_m,
ik(Ape™ — Bre *) = n(Ae"™ — Bie ),
A16277a + Ble—Zna — AR€2ika + BRe—Qika’

n(A1€2na _ Ble—Zna) — ik?(ARGQika _ BRG_Qika).

(2.19)

(2.20)

Equations 2.19 and 2.20 can be re-expressed in matrix form [37];
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Mla, ik] (;) = Mla,n] (21) : (2.21)

M [2a, 7] (gi) = M|[2a,ik] (gz) : (2.22)

Ms, 8] = (6[35 e > (2.23)

with

BePs  —pBe=Fs

It is now readily apparent that A; and Bj, are related to Az and Bp as follows;

(‘;) — M Va,ik] <M[a, 7 M~[2a, n])M[Qa, ik] (22) , (2.24)

and the transmission, T = (Ar/AL)?, can be calculated, exactly, by considering

the (1,1) element of this equation.

Equation 2.24 can be extended to describe coherent tunnelling through se-
quential rectangular barriers. Thus, it is possible to calculate, numerically, the
transmission through an arbitrary potential by approximating it to N rectangular
barriers; the m*™ of which having height V;, (with n,, and &,,) and all of which
having width a (Figure 2.4). In this case, Equation 2.24 generalises to [37];

AL 1 . . AR
(BL) = M~ [a,ik]LM[(N + 1)a, ik] <BR> , (2.25)

where

L= H K[ma,n,| = (P Q) : (2.26)

K[ma,ny,) = M[ma,n,]M 7 [(m + 1)a, ). (2.27)
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V(s) A 174 V3
V/Z/
L
VN
AL AR
e e
E ...........................................
<4+— <4+—
BL BR
>
a 2a 3a 4a Na (N+1)a s

Figure 2.4: An arbitrary potential barrier approximated to a series of rectan-
gular potential barriers. The quantum mechanical transmission through the
former can be calculated numerically by considering the successive tunnelling
through the latter. After Reference [37].

The K matrices are real for both real and imaginary values of 7, and, from

Equations 2.23 and 2.27, can be shown to be;

1

cosh(n,a ———sinh(n,,a
(Mma) =5 sinh(nma) ; 0<E <V,
— sinh(n,,a) cosh(n,a)
Klma, ] = 1 (2.28)
cos(&,a) —+sin(é,,a
(Ema) —g-sin(&ma) ; E>V. >0
[ \sin(éna) cos(&na)

Again, evaluating the (1,1) component of Equation 2.25 and rearranging, the

transmission can be expressed as;

_ Ar\? 4
10~ (%) - Frsrr o m 229

The equations outlined in this section were implemented in Python and For-
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tran, by Dr Martin Elliott, to allow for the calculation of the transmission through
an arbitrary-shape scattering potential, for a given energy, applied bias, and effec-
tive carrier mass. If the transmission is calculated as a function of energy, T(FE),
then it can be integrated in accordance with the Landauer equation (Equation
2.13) to determine the current-voltage characteristics for the system. The code

for this program is listed in Appendix A.

loglo (T(E))

45 5 55 6 65 7 75 8 85 9 -2 -15 -1 -05 0 0.5 1 1.5 2

E/eV V/V

Figure 2.5: a) The computed transmission function for a hyperbolic barrier,
described by Equation 2.7, with ¢g = 2.0 eV, dg = 1 nm, ¢, = 2.1, and V =
+0.6 V. However, since ¢y should be measured as the barrier height above the
Fermi level, the whole barrier has been translated upward in energy by the
addition of 5.5 eV, which is the Fermi level of gold measured from the band
bottom [38]. Thus, the chemical potential of the first (left) lead, p1, was set to
5.5 eV and that of the second lead, us, was shifted down to 5.5 — 0.6 = 4.9 eV
under the positive applied bias. The temperature and carrier mass were 300 K
and me, respectively. The function T'(E)[f1(E) — f2(E)] was integrated (shaded
area), in accordance with the Landauer equation (Equation 2.13), to calculate
the current at the given bias; this was repeated for different biases to build up
a full I(V) curve; b).

As an example, the program was applied to a hyperbolic barrier, described
by Equation 2.7; the results are shown in Figure 2.5. It should be noted that
when calculating the transmission, the program has no information about filled

or empty states, so will give non-zero transmission values even at energies far
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below the chemical potentials of the two leads. Information about occupancy
is only provided upon integration with the Landauer equation from the Fermi-
Dirac functions. Also worth mentioning are the damped, sinusoidal ripples in
the transmission for energies greater than the barrier height. The transmission
maxima are close to unity (each successive maximum getting closer). Equating
Equation 2.29 to unity and making use of Equations 2.28 and 2.17 will show
that, for a single rectangular barrier of width a and height V', these peaks occur
at £a = nm, where n is an integer i.e. the half-wavelength of the particles is an
integer multiple of the barrier width [36]. This relationship still holds to a very
good approximation if a and V' are replaced with the average width and height,

respectively, of the hyperbolic barrier discussed in this example (Figure 2.5).

2.2.2.2 Single Molecular Level Model

Consider a system in which a mesoscopic object presents only a single energy
level, €, capable of mediating current. This simplistic situation is often justified
in the context of molecular systems where the applied bias is low, and transport

is therefore dominated by the molecular level closest to the Fermi level.

If the channel is in isolation, then its density of states, g.(£), can be described
by a delta function at e. However, upon coupling to the reservoirs, having chem-
ical potentials p and o, there will be some spatial overlap between the wave-
functions of the continuous reservoir states and the discrete channel state; this
results in an energy broadening effect on the latter. The channel is effectively
redistributed over the immediate energy-space, experiencing a loss at the fixed
energy €, but a gain over a range of energies. The channel becomes an almost con-
tinuous density of states, which is often best described by a Lorentz distribution
[39];

/2w
(7/2)? + (E = €)*

9e(E) = (2.30)

The full-width at half-maximum height of the distribution, 7, gives a measure of

the total energy broadening, and can be thought of as the sum of the broadening
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contributions from coupling to each of the reservoirs; v = 71 + . Each broad-
ening contribution is proportional to the strength of the coupling of the bridge
to the relevant electrode, which is highly dependent upon the precise details of
the junction in question. It is instructive to write an expression defining the

asymmetry of the coupling;

h=t=1-2 (2.31)

If k =1 or k = 0, then the bridge is only coupled to one contact, and the applied
voltage is dropped entirely across the other. If k = 0.5, the coupling is perfectly

symmetrical, and the bias is split evenly across the two contacts.

Each reservoir will attempt to bring the channel states into equilibrium with
its own electrochemical potential; the first will try to enforce a population of
fi(E), whereas the second will try to enforce a population of fo(FE) (Equation
2.11a). Thus, this difference of agenda between the two reservoirs results in the
flow of current; one reservoir will pump electrons into the channel states whereas
the other will drag electrons out of the channel states. If there is no difference
between the chemical potentials of the two reservoirs then no current will flow.
The terms 7, /h and 9 /h may be interpreted as the rates at which an electron
placed into the channel will escape into the respective reservoirs. If each term
is weighted by the difference between the steady state population of the channel
and the population of the respective reservoir, then expressions for the net flux
across each contact can be derived. After equating these two net flux terms, and
accounting for the broadened density of channel states, the transmission can be

shown to be given by [39];

or, by making use of Equations 2.30 and 2.31;
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_ k(1 —K)y
T(E) = (27 5 (E —ef (2.32)
Equation 2.32 can now be inserted into Equation 2.13, the generalised Landauer
equation, to calculate the current-voltage characteristics for a one-level system
described by the parameters €, v, and k; a script was written in Python for this
purpose. Figure 2.6 illustrates example results of calculations using this model.
The transmission tends to unity when the energy of the incident particles is equal
to that of the molecular level, and then drops off rapidly or slowly for energies
either side of this if the coupling is weak or strong, respectively. The resonant
transport is reflected in the (V') curves with weaker coupling; a rapid increase in
current can be observed when the applied bias is such that T'(E)[f1(E) — fo( E)]

begins to encompass the transmission peak.
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Figure 2.6: Example results of calculations based on the single molecular energy
level model (Equation 2.32), with the following fixed parameters; u; = 5.5 eV,
e=5.0eV, kK =0.5, and T = 300 K. a) The transmission functions, and b) the
corresponding I (V') curves, are shown for varying coupling strengths; v = 0.02,
0.04, 0.10, 0.20, 0.40, 1.00 eV, light grey to dark grey (or lowest to highest),
respectively.

Clearly, this model will not be accurate for some systems, particularly those
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with many molecular levels close to the Fermi level that are capable of mediating
current. Moreover, it is also likely that the energy broadening of the molecular
levels will be dependent upon the applied bias, such that the transmission is
actually a function of voltage as well as energy. The potential, and hence, density
of states and transmission, of the channel should also be expected to be modified
by electrons entering into it, so that a self-consistent solution is required [39].
However, despite its shortcomings, the simple model outlined here is extremely

helpful for describing current flow through many molecular systems.

2.2.3 Incoherent Transport Mechanisms

The coherent tunnelling and scattering models, discussed in Sections 2.2.1 and
2.2.2, are appropriate for describing the charge transport through some molecular
systems, but do not always describe the full situation. Other charge transport
mechanisms need to be considered, and some of these are briefly discussed in this

section.

2.2.3.1 Incoherent tunnelling

If the electronic structure of the bridge is such that it can be characterised by a
series of potential wells close to the Fermi energy of the electrodes, then charges
can tunnel onto the bridge and traverse it by sequential tunnelling steps through
successive potential barriers. At each step, the charge is localised on the molecule,
residing in a potential well for a finite time (temporarily increasing the charge of
the bridge). Depending on phonon scattering rates, this localisation can lead to
a disturbance in the phase of the wavefunction of the charge such that it loses
coherence with its initial phase; hence, the term incoherent. The process can be
modelled by treating the bridge as a series of linked sites, and by considering the
rate of tunnelling to and from each site (a tight-binding approach). The trans-
mitted current depends upon the number of links on the chain and, by extension,
derives a bridge-length dependence which is usually a very weak exponential de-
cay. This makes the process much more far reaching (tens of nanometres) than
coherent tunnelling. To a first approximation, incoherent tunnelling is not tem-

perature dependent and its rate scales linearly with low voltages [33].
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2.2.3.2 Thermal Hopping

If the bridge is again characterised by a series of potential wells, it may be possible
for electrons to traverse it by thermally hopping over each barrier. The transport
rate for such a process will be weighted by a Boltzmann factor, exp(—FEg/kgT),
where Ep is the activation energy of the barriers and 7' is the temperature. Unlike
the incoherent tunnelling process, thermal hopping will only occur if the thermal
motion of nuclei on the bridge results in a favourable molecular geometry i.e. one
that reduces barrier heights between sites. Therefore, if the molecule is unable
to change its configuration because, for example, it is fixed to a rigid substrate,
then thermal hopping processes may be nullified. The transmission probability
for this mechanism exhibits an inverse relationship with bridge length, meaning it
is very long range. The transport scales linearly with low voltages and is heavily

dependent upon temperature [33].

2.3 Summary

A short introduction into the electronic properties of organic molecules was given,
before transport models for mesoscopic systems were outlined. The Simmons
model, based upon the semi-classical WKB approximation of transmission, was
described. Three different analytical expressions for three different bias regimes
were reached, and then the effect of the image potential was included. The model
is very useful in certain circumstances but, ultimately, the coarse approximations
employed mean that i) it hides much of the underlying physics, and ii) it will often
break down under the extreme conditions involved in molecular bridge systems
e.g. narrow barriers, high biases, and small areas. The Landauer formalism was
then discussed; where current flow in mesoscopic systems is a coherent scattering
problem and relies upon the determination of an energy dependent transmission
function. Two different models for calculating this transmission function were
discussed. The first approach treats the molecule as an arbitrary one-dimensional
quantum mechanical tunnelling barrier and calculates the transmission through
it, numerically, by approximating it to a series of rectangular barriers and by

employing a transfer matrix approach. This approach is appropriate for insulating
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molecules, in which the molecular energy levels are out of reach of the chemical
potentials of the electrodes. The second approach considers the transmission
for a system in which there is a single molecular energy level capable of carrying
current in the vicinity of the chemical potentials of the electrodes. Python scripts
have been written for both models. Finally, discussion was leant to incoherent

transport mechanisms, such as thermal hopping.
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Chapter 3
Experimental Background

In Chapter 2, the background theory necessary for understanding the electronic
structure of organic molecules and the charge transport through such nanoscale
objects was discussed. In this chapter, the experimental techniques used to ob-
tain the results of this thesis are provided. There is a brief description of the ultra
high vacuum (UHV) apparatus and sample preparation procedures, followed by
a discussion of the principles of scanning tunnelling microscopy (STM) and scan-
ning tunnelling spectroscopy (STS), with focus on single molecule conductance

measurement techniques and the subsequent data analysis.

3.1 Ultra High Vacuum System

The experiments reported in this thesis were conducted using the Omicron UHV
[40] system at Cardiff University [41] (Figure 3.1). The system contains a variable
temperature scanning probe microscope (Omicron VT SPM); X-ray and ultra-
violet sources, as well as an electron detector for photoelectron spectroscopy; a
low energy electron diffraction (LEED) optic [42]; an argon ion gun (ISE 10) for
sample sputtering; and a heater, capable of direct current heating or radiative
heating using a pyrolytic boron nitride (PBN) ceramic element, for sample an-
nealing. After baking the chamber, a base pressure between 107 and 107! mbar
can be achieved using a turbomolecular pump and a titanium sublimation pump

and, subsequently, can be maintained by an ion getter pump [16].
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Figure 3.1: The Omicron ultra high vacuum system at Cardiff University,
nanophysics laboratory, 2013.

Samples can be loaded into the main analysis chamber via a small fast-entry
lock chamber; this must be pumped for several hours (by a turbomolecular pump)
to reach UHV pressures after having been vented to atmosphere. When inside
the analysis chamber, the samples can be moved to the various instruments using
the manipulator arms, or placed on the sample carousel for long term storage.
Under UHV, atmospheric contaminants such as oxygen, water vapour, and or-
ganic compounds are minimised, making conditions ideal for sample storage and
study. By comparison to experiments performed in ambient conditions, UHV ex-
periments can help to distinguish the intrinsic properties of a system from those

arising from environmental factors.
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3.2 Experimental Preparation

In this section, the typical process of readying a sample for UHV STM-based
single molecule conductance (SMC) measurements are outlined. Details and pa-
rameters may vary slightly between different individual experiments, but the

preparation procedure is largely the same in each case.

3.2.1 Substrate Cleaning

All of the experiments were conducted using either Au(111) single crystals, or
Au(111)/mica substrates. The majority of experiments were performed using
the latter, and these were purchased from PHASIS [43]. The epitaxially-grown
gold layers had a quoted purity of 99.99% and a thickness of 200 nm. The pri-
mary advantage to using gold as a substrate is that it is largely inert and so
will not readily oxidise under ambient conditions. For a similar reason, but also
to achieve bridge systems with symmetric electrodes (to eliminate the effects of
chemical asymmetry), gold STM tips were employed for the molecular conduc-

tance measurements; the tip preparation procedure is outlined in Section 3.2.2.

The substrates were subjected to a standard acetone and isopropanol rins-
ing procedure to remove organic contaminants before being blown dry with ni-
trogen gas to avoid surface tide marks. The samples were then inserted into
the UHV chamber to undergo a process of argon ion sputtering and annealing.
Firstly, they were annealed for approximately 1 hour at temperatures of 650 °C
or 350°C for single crystal and mica substrates respectively; this was to help
remove physisorbed [42] atmospheric contaminants. After being allowed to cool,
the substrates were ion sputtered for around 15 minutes to remove chemisorbed
contaminants. The ion gun filament emission current was 10 mA and the beam
energy was 1 keV; under these settings, the absolute beam current striking the
sample manipulator was usually measured to be around 2.0 pA. Under the cava-
lier assumption of a uniform, circular beam of diameter 10 mm [44], the current
density striking the sample surfaces can be calculated to be of the order of 0.025
wAmm=2. After sputtering, the samples were then annealed again to encourage

surface ordering. Since annealing encourages impurities from the bulk to diffuse
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to the surface, several more sputter-anneal cycles are required to obtain clean,

atomically flat surfaces, particularly for single crystals.

3.2.2 Tip Fabrication

Gold STM tips for conductance measurements were prepared by electrochemi-
cally etching 0.5 mm gold wire (99.99%) in an equivolumar mixture of HCI and
ethanol, at 2.4 V [45]. Molecular resolution imaging could not be achieved using
these tips, likely because gold is soft and the atoms are very mobile. Instead,
tungsten tips were used for the purposes of imaging, and these were prepared
by electrochemically etching 0.5 mm tungsten wires in 2 M aqueous solutions
of NaOH, at 10 V [46]. After the etching was complete the tips were usually
coated with a white residue, presumably tungsten oxide, which was removed by

a thorough rinsing with deionised water (18 MQcm).

3.2.3 Molecular Deposition

As mentioned in Chapter 2, the manner in which the molecule makes contact with
the electrodes plays a vital role in determining the electronic transport proper-
ties of the bridge system. In the presence of gold, thiol (-S-H) and thioester
(-S-COCH3s) groups on organic molecules have been shown to undergo a bond
cleavage process, resulting in the formation of thiolate (-S-) groups and subse-
quently strong S-Au covalent bonds (leading to self-assembled molecular mono-
layers [47]). These bonds are expected to provide an efficient electronic coupling
to the gold (and other metallic) electrodes, and thus have been widely employed as
molecular crocodile clips at the ends of molecules during molecular conductance
investigations [35, 48-50]. However, other anchoring groups such as carboxylic
acids, pyridines, and amines have also been used for this purpose and have been

found to be effective [51].

The two molecular species studied in this investigation were a,w-alkanedithiols,
purchased from Aldrich, and thioester-terminated oligothiophenes (Figure 5.1),
synthesised by the research group of Richard Nichols and Simon Higgins at the

University of Liverpool [52]. Clean substrates (Section 3.2.1) were removed
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from the UHV chamber, transported through air, and then submerged in low
concentration molecular solutions; 5 x 107 M with respect to a toluene or
dichloromethane solvent, for 20 minutes. The low concentrations and short sub-
mersion times were chosen in order to achieve low surface coverages so that the
conductance measurements would reside in the single molecule regime [47]. After
rinsing in pure solvent for 60 seconds (to remove excess, weakly bound molecules)
and blowing dry with dry nitrogen, the readied samples were transported, again
through air, and loaded back into the UHV chamber. Experiments could be per-
formed on the samples over periods of several days as it was established that

single molecule conductance measurements did not change over this time.

3.3 Scanning Tunnelling Microscopy

In STM, an atomically sharp, conducting tip (Section 3.2.2) is brought very close
(< 50 A) to a conducting or semiconducting surface (such that the electron wave-
functions in the two experience significant overlap). After applying a potential
difference across the junction, the quantum mechanical tunnelling current flowing
across the junction is monitored. Piezo-electric elements are used to adjust the
position of the tip, both laterally (z — y) and vertically (s), with subatomic pre-
cision [42]. Images can be constructed by raster scanning the tip over the surface
and recording the s-position (height) required to maintain a constant tunnelling
current, which is regulated by a feedback loop. Alternatively, the height can be
kept constant and modulations in the tunnelling current can be mapped in a

similar way:.

If the gap between the tip and the sample is treated as a simple potential bar-
rier to charge flow, then the current can be described using the Simmons model
(Section 2.2.1). Equation 2.4 suggests that the current decays exponentially with
barrier width i.e. tip-sample separation (and that it decays exponentially with
the square root of the barrier height). This relationship means that STM is ex-
tremely surface sensitive, probing only the top one or two sample surface layers.
Furthermore, the vertical resolution is incredibly high (~ 0.01 A); a change in

tip-sample separation of 1 A will typically change the tunnelling current by an
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Figure 3.2: Schematic diagram of an STM in constant-current imaging mode.
A quantum mechanical tunnelling current, I;, flows between the biased (Vg)
conducting tip and sample. A feedback loop seeks to ensure that the measured
tunnelling current is equal to the predefined setpoint current, Iset, by applying
a voltage to a piezo-electric element to adjust the height, s, of the tip. The
tip is raster scanned in the plane of the sample surface (z-y) and an image is
built up using the values of s required to maintain the current setpoint at each
location.

order of magnitude. The lateral resolution of STM is determined by the geometry
of the tip; in the ideal situation where the tip is terminated by a single atom, this

will be approximately 1 A.

By employing Bardeen’s tunnelling theory [53, 54|, Tersoff and Hamann showed
that the tunnelling current is proportional to the local density of states (LDOS)
of the sample at the Fermi level at the position of the tip [55]. To reach this con-
clusion, the following assumptions were applied: i) tunnelling is weak enough so
that first-order perturbation theory [56] can be used and electron-electron inter-
actions can be neglected; ii) states in the sample and states in the tip are nearly
orthogonal and their occupation probabilities are independent of each other and
do not change over time, regardless of tunnelling; iii) the density of states in the

metallic tip is constant; and iv) temperatures and applied biases are low. (The
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latter is required in order to retain the validity of the WKB approximation).
Hence, it is important to remember that the observed image corrugation in STM
is often not simply related to topographic surface variations, especially in the case
of semiconductors where charges are highly localised. Features that are invariant
between positive and negative applied biases of equivalent magnitude are likely

to be purely topographic in nature.

40
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Figure 3.3: a) Large area and b) small area scanning tunnelling microscope
images of an annealed Au(111)/mica surface taken using a tungsten tip, with
the Omicron VT SPM system at Cardiff University. In both images, the well-
known herringbone surface reconstruction can be observed [57]. Inset in Figure
a) is a line profile that traverses the three observable terraces. The average step
height, 0.237 nm, is in good agreement with the theoretical monatomic step
height for Au(111); 0.236 nm [58].

Experiments were performed using an Omicron VT SPM in STM mode, in
the UHV system discussed in Section 3.1. Shielding from vibrational and elec-
tromagnetic noise was provided via a spring isolation system and by the walls of
the chamber, respectively. The system was equipped with two current amplifiers;
0.0015 to 3.3 nA (low current) and 0.18 to 333 nA (high current). The lower
limits here are imposed by background current noise and were determined exper-
imentally. The tip-sample bias is variable in the range +10 V. The temperature
of the samples on the STM stage could be raised to a theoretical maximum of
1500 K by direct current heating or 750 K by a PBN resistive heater element,
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and lowered to 120 K or 40 K using liquid nitrogen or helium, respectively. The
device was controlled by MATRIX v3.0 software, again developed by Omicron
Nanotechnology [40]. Both I(V = voltage) and I(s = distance) spectroscopic
modes (discussed in Section 3.3.1) were available as standard, along with the

option for custom scripts.

3.3.1 Scanning Tunnelling Spectroscopy

The scanning tunnelling microscope (Section 3.3) is extremely versatile and its
applications extend far beyond imaging. The fact that the microscope probes the
LDOS of a sample can be harnessed to investigate the surface electronic structure.
By measuring the tunnelling current (or differential of the current with respect
to bias) as a function of a certain parameter e.g. applied bias or tip sample
separation, much information about the electronic properties of a system can
be extracted. Moreover, the high precision of the STM, allowing for such subtle
endeavours as atomic and molecular manipulation, means that such spectroscopic
modes can be readily applied to investigate the electronic properties of individual
molecules. In this section, STS techniques and their application to single molecule
samples are outlined. All of the techniques discussed share the common principle
of wiring up molecules between STM tip and substrate and then using the two

as electrodes.

3.3.1.1 Current versus Voltage, I(V)

In (V') spectroscopy, the feedback loop is switched off and the tunnelling cur-
rent is measured as a function of applied bias at a constant piezo height. The
resulting I (V') curves can be modelled using the theory outlined in Chapter 2 and
reveal information about the electronic structure of whatever lies between tip and
substrate. A statistical analysis is usually necessary, requiring the procurement
of many curves. If consecutive traces are being taken, it is appropriate to ramp
the voltage in a triangular wave between the positive and negative limits to avoid
abrupt changes in the electric field, but also to detect any asymmetries that may

exist between the two ramp directions.
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3.3.1.2 Current versus Distance, /(s)

The majority of work in this thesis is based around experiments using the I(s)
technique [48]. In this method, the tip is taken out of feedback and the tunnelling
current is monitored as a function of tip-sample separation, at a fixed bias. Typ-
ically, a current setpoint of 300 — 500 pA was acquired before the feedback loop
was disengaged and the tip was driven down toward the substrate (by 0 — 1 nm)
until the high current amplifier (> 333 nA) was saturated. It was then retracted
by a distance slightly greater than the length of the molecular species in question,

1

at speeds between 0.1 to 15.0 nms™, and the tunnelling current was measured

as a function of this distance.

If this measurement is performed over a bare surface then an I(s) curve of
the form of an exponential decay should be expected, according to Equation 2.4.
However, in the presence of molecules on the surface, plateaus in the current may
be observed in the I(s) traces and, in the literature [50], these are attributed to
the formation and subsequent destruction of molecular bridges between tip and
sample. Figure 3.4 shows an example curve that exhibits such a current plateau
and a toy model has been applied to help illustrate how it arises. In this model,
the total current flowing between tip and sample is treated as the sum of the
contribution from direct tunnelling between tip and sample and from that flow-
ing along the molecule. The direct tunnelling contribution decays exponentially
with distance, whereas the molecular contribution remains constant (assuming
the molecule is rigid). Eventually, with distance, the decaying exponential be-
comes washed out and the total current tends toward the constant contribution
from the molecule, before the junction is broken and the current abruptly drops.
The noise on the plateau is assumed to arise from variations in the atomic ar-

rangement of the molecular contacts.

This model should not be taken too seriously, but clearly it manages to pro-
duce the qualitative appearance of current plateaus and goes some way toward
helping explain how they arise. Essentially, it involves describing the total trans-

mission as an average between the direct tunnelling contribution and the molec-
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Figure 3.4: a) An example I(s) curve above a 1,6-hexanedithiol sample (with a
tip bias of 40.1 V) that demonstrates a current plateau, thought to be indicative
of molecular bridge formation and b) a cartoon representation of the situation.
A simple model has been applied to the curve to help conceptualise how the
plateau arises; the total current flowing is considered to comprise the sum of a
molecular contribution, I,,, and a contribution from direct tunnelling between
tip and substrate, I;. The former remains constant with retraction distance,
whereas the latter decays exponentially. The red dashed line is of the form
Aexp(—ps)+ 1, and the blue dashed line, representing the case where no bridge
is formed, is of the form Aexp(—fs) + ¢, where ¢ = 0.18 nA is the amplifier
noise level. After a short distance, I; becomes greatly diminished and the total
current converges toward I,,. The molecule eventually breaks off resulting in
an abrupt drop in the total current.

ular contribution. The tunnelling contribution can be described by the Simmons
model (Section 2.2.1) or by any other appropriate model that involves tunnelling
through a barrier (Section 2.2.2.1) and diminishes with retraction distance (bar-
rier width). The transmission curve for the molecular contribution can take
many forms e.g. Equation 2.32; as long as it remains constant with retraction
distance the model will produce current plateaus. Often there are reports of cur-
rent plateaus at integer multiples of a fundamental value [35, 48, 50, 59]. These
are attributed to molecular bridges consisting of many molecules in a parallel
arrangement. The model can be readily adapted to account for this by weighting

the transmission from the molecular contribution accordingly.

Bridge formation is a stochastic event, subject to fluctuations, meaning that
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statistical analysis is required to obtain true molecular conductance values for the
arrangement. Therefore, at different regions above the sample surfaces, several
thousand consecutive curves were usually recorded. Typically, about 1 — 3% of
the curves demonstrated evidence of molecular bridge formation and these were
selected, by a lenient automated gradient analysis program and subsequently by
eye, and binned into logarithmic histograms. If the histograms are constructed
by dividing the current scale of I(s) curves into intervals, then plateaus in statis-
tically significant numbers will produce current peaks that allude to the molec-
ular conductance values of the system. For each molecular system, this process
was repeated for different biases and temperatures; spanning ranges of +£1.6 V
and 180 — 390 K, respectively. The gradients of the linear regions of the I(s)-
constructed (V') curves (Section 3.3.1.1) were measured to obtain single molecule
conductance (SMC) estimates. Two-dimensional histograms, either current ver-
sus distance (Figure 3.5a), or conductance versus absolute tip-sample separation
distance, are also often useful for interpreting data sets and are employed in this

thesis.

In some cases, curve selection was not necessary and peaks could be observed
even after binning an entire data set into a single histogram (an all-data his-
togram). However, this was not the case in general and heavy selection was
usually required. An alternative method for the construction of histograms is to
only bin the current value measured at the end of a plateau (such that there is only
one current value per curve), instead of binning the entirety of the curve. This
method can be useful for reducing histogram background noise in the cases where
the “plateaus” are sloped, short, or noisy, but it can sometimes reduce the peak
signal and increase uncertainty margins if the selection rate is very low. However,
it has been shown elsewhere that the two analysis methods can produce equiv-
alent SMC estimates [60-62]. Logarithmic histogram bins allow features to be
observed over the full current range simultaneously. Moreover, having narrower
bins at lower currents prevents peaks at these values from being lost amidst the
amplifier noise peak. There is no definitive method for determining the optimum
number of bins to use in a histogram and experimentation is always necessary;

however, a good starting number is the square root of the total number of counts.
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Figure 3.5: a) An area density plot (the colour scale is the common logarithm
of the counts in each two-dimensional bin) for an I(s) curve set (1500) taken
above clean Au(111)/mica, using the high current adapter. The applied bias,
current setpoint, and approach distance from the current setpoint were 0.1 V,
500 pA, and 0.8 nm, respectively. Aside from noise, the curves are largely
featureless and show no signs of current plateaus, fitting closely to exponential
decays. b) Histogram of the gradients of the linear fits to the linear portions of
the curves, fitted with a Gaussian distribution; the best estimate of the peak
position suggests 8 = (11.5+0.1) nm~! (Equation 2.4).

In order to fully interpret I(s) spectra, the tip-sample separation must be
determined in absolute terms. This can be achieved by assuming that the mea-
sured conductance corresponds to G (Equation 2.15b) at the point of mechanical
contact between tip and sample (so = 0), and then decays away from this expo-
nentially with distance; G = G exp(—/fs) (Equation 2.4). The absolute distance

above the surface, sg, for a bias, V', and current setpoint, I, is expressed as

w10, o

Thus, it is necessary to obtain an estimate of § for each system in question (and
repeatedly check it throughout an experiment). This can be done by selecting
I(s) traces that show no evidence of molecular bridge formation, taking their

natural logarithms, and then measuring the gradients of the linear regions. If
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this is done for many such curves, a statistical approach can be adopted. As
an example, Figure 3.5 shows the featureless I(s) curve set obtained over a bare
gold sample, along with the histogram of the gradients used to obtain the best

estimate of 3 for the system.

Given the experimental conditions, the average value of 3 = (11.54+0.1) nm™*
suggests an initial tip-sample separation of (0.84 40.01) nm before the approach;
this implies that even after the 0.8 nm approach the two are still slightly short of
mechanical contact. For all of the experiments in this thesis, a careful calibration
process was performed to ensure that the tip was as close as possible to the sur-
face without crashing into it. Before each experiment, a preliminary set of I(s)
traces was measured, during which the approach distance from the initial setpoint
was altered, slowly and incrementally, until the curves saturated the high current
amplifier yet still overlapped with one another other i.e. they all had similar
current values at given values of s (apart from the few that exhibited plateaus).
The point of significant mechanical contact could be observed when, past a cer-
tain approach distance, the traces abruptly ceased to overlap with each other
and began to shift back and forth along the s-axis by large amounts. This occurs
because the tip and surface are altered upon impact and retraction — changing
the separation distance between the two during successive measurements. Thus,
care was taken to avoid this regime. In cases, the initial tip-sample separation
may seem very small; however, since the calibration was always performed, it is
believed that significant mechanical contact (enough to distort the tip) was usu-
ally avoided. It is this point that distinguishes the I(s) method from the STM
break junction technique (STM BJ) [59]. In the latter case, the tip is deliberately
crashed into the surface by a substantial amount, forming a gold-gold junction.
Upon retraction the junction is cleaved and molecular bridges can form in the
gap. Even though the difference between the STM BJ and I(s) methods is sub-
tle, the conductance values measured by the two techniques can be profoundly
different for the same molecular system [48, 59]; values measured by the STM BJ
technique are often larger. This difference is elaborated upon in Chapter 4 when
discussing the alkanedithiol species, but it is thought to be attributed to different

levels of electrode roughness induced by the two different techniques, leading to
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different observation probabilities of certain molecular binding group-substrate

coordination geometries [50, 60, 61, 63].

A comparison needs to be made between the experimentally determined value
of 5 and the expected value for clean Au(111). The bulk work function of clean
Au(111) ranges between 5.1 and 5.5 eV [64, 65], yielding an expected value of
B =(23.5+0.5) nm~! from Equation 2.4 with o = 1.0. Using the same equation,
the experimental value of 3 = (11.5+0.1) nm ™! implies an effective average barrier
height of (1.26£0.2) eV, or (2.45+0.2) eV after the effects of the image potential
have been removed using Equation 2.8 with an estimated average value of dy =
0.65 nm (mean absolute tip-sample separation measured from linear regions of the
curves). Clearly, even after accounting for the image potential, the barrier is still
far lower than the expected value for a clean surface. In fact, again assuming that
the measured barrier was distorted by the image potential, the measured value
of 5 would require a value of o = (0.725 £ 0.015) i.e. a carrier mass of (0.525 +
0.025) m,.. Mangin et al. observed similar behaviour for gold nanogaps produced
by electromigration of nanowires under low vacuum (10~® mbar); average barrier
heights of < 2 eV are reported and the effects of the image potential are again
insufficient to account for such low values [66]. Other groups have also reported
similar reductions in work function in air [67], water [68], and electrolyte solutions
[69]. The proposed explanations for the reductions include surface contamination
by water, oxygen, and organic molecules, as well as surface defects. With regard
to the latter, local barrier heights as low as 0.1 eV have been measured in the
surface locations where there are missing rows of gold atoms, even under very
clean conditions [70]. Thus, it is possible that in this experiment the surface was
rough ¢.e. had many defects, or was contaminated despite being under UHV and
having undergone cleaning (Section 3.2.1). Some contamination from exposure to
atmosphere could have remained after cleaning or accumulated in the short time
between cleaning and measurement; monolayers can accumulate quickly even at
UHV pressures [42]. Since the molecular samples were prepared outside of the
vacuum chamber (Section 3.2.3), effects of atmospheric contamination should be

considered during analysis of the experimental data.
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3.3.1.3 Current versus Voltage and Distance, (V] s)
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Figure 3.6: a) An example of a positive result obtained from the I(V,s) tech-
nique on a 1,8-octanedithiol sample. The tip approached the surface by 0.6 nm,
from an initial setpoint of 500 pA and —0.7 V, before being retracted in 0.1 nm
steps, with I(V') sweeps from —0.7 V to 0.7 V and back again (not shown for
clarity) being performed at each step. The curves first converge to gradients of
roughly o = (8.09 £ 0.03) nS (2) and subsequently o = (4.39 + 0.02) nS (1);
implying the existence of a two-molecule, followed by a one-molecule bridge.
An abrupt drop in current (“break off”) can then be observed during the curve
taken at sy = 1.26 nm, indicating the spontaneous destruction of the existing
single molecule bridge. The remainder of the curve set resides close to zero cur-
rent (grey). Figure b) is an I(s) curve, fitted with a smoothing spline, obtained
by sampling each I(V) curve in a) at a bias of 0.1 V. The distance axis was
calibrated using Equation 3.1 with 8 = (10.0 & 0.3) nm ™!, determined from a
statistical slope analysis of prior I(s) curves over the same sample.

SMC measurements were also obtained using a novel I(V, s) method, devel-
oped using a custom script. The tip was made to approach the surface in a
similar manner to the I(s) method, detailed in Section 3.3.1.2, but with a high
negative applied bias (typically —0.7 to —1.5 V). It was then retracted in small
increments (0.05 to 0.1 nm) and I(V') curves were taken at each step; sweeping
from the negative setpoint bias to the equivalent positive bias and then back
again. Including time taken for voltage sweeps, the average retraction speed was
roughly 0.1 nms™" or lower. This produced a series of I(V') curves as a function of

distance above the surface. In some cases, the curve set can be seen to converge
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toward a non-zero gradient as the tip is retracted, before exhibiting an abrupt
drop either between consecutive curves or during a single curve; these effects were
attributed to the presence and subsequent destruction of molecular bridges and
can be explained with the same model used to explain the current plateaus ob-
served with the I(s) method. Figure 3.6 shows an example of a positive result
obtained for 1,8-octanedithiol. If the molecules are being fully stretched, then
the last I(V') curve(s) before bridge destruction should, nominally, be similar to
those constructed by the I(s) method. Equation 3.1 can again be used to cal-
ibrate absolute distances. The advantage to this method over the I(s) or I(?)
(Section 3.3.1.4) methods is that the full (V') characteristics of a molecule can
potentially be obtained in a very short time scale; however, the data can often

be a lot more difficult to interpret correctly.

3.3.1.4 Current versus Time, [(t)

With the I(¢) method [71], a current setpoint, I3, is acquired such that the tip-
substrate separation is smaller than the molecular species being studied. At a
fixed position and bias, V', the feedback loop is turned off and the tip is allowed
to drift for a short time whilst the tunnelling current is monitored. Given ap-
propriate anchoring groups, molecular junctions can form spontaneously between
tip and substrate if the tip drifts near a molecule with a favourable orientation.
At this point, the current will abruptly jump from the initial setpoint to a new
constant value, I, and remain so for a short time, before dropping back down
after the junction is broken. Hence, the molecular conductance can be deduced
by (I2 — I;)/V. These measurements should, in theory, give a better estimate of
molecular conductance than the I(s) method since a direct difference between on
and off states is being measured. However, the method is fraught with difficul-
ties, such as variation in the measured conductance with setpoint due to different
molecular conformers [34]. Haiss et al. conducted calibration experiments on
bare gold and on samples with alkanethiols to address the question of whether
such current jumps originated from random noise or from spontaneous molecular
bridge formation; in both cases no positive results (current jumps) were obtained,

suggesting that the jumps over alkanedithiol samples were indeed caused by the

43



3. EXPERIMENTAL BACKGROUND

latter [71].

Fixed-voltage single-point /(f) measurements can also be useful for assessing
the stability of a tunnel junction before imaging or other spectroscopic measure-
ments are performed; the variation in the current under these conditions provides
an indication of the variability of the tunnel barrier height, due to influences such
as thermal noise, and so can be used to estimate the uncertainty in subsequent

experiments.

3.4 Summary

After a discussion of the UHV system used for the experiments in this thesis,
template procedures for preparing the alkanedithiol and oligothiophene samples
for SMC measurements by STM were given. The operational principles of the
STM were described and related back to the theory of tunnelling in Chapter 2,
before the main SMC measurement techniques were expounded; these included
the I(V), I(s), I(V,s), and I(t) methods. Particular focus was given to the I(s)
method (and its calibration), in which the tunnelling current is monitored as a
function of tip retraction distance at a fixed bias. Using a simple model, current
plateaus in the resulting I(s) curves were shown to be indicative of molecular
bridge formation between tip and substrate, with the values of the plateaus giving
estimates of their conductance. The unwieldy nature of all the SMC methods
means that large data sets need to be obtained and analysed in a statistical

manner, which often entails the use of histograms.
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Chapter 4

Alkanedithiols

Chapters 2 and 3 established the background theory and experimental details,
respectively, necessary for understanding the single molecule conductance mea-
surements reported in this thesis. This chapter focusses on presenting, explaining,
and discussing the I(s) and I(V, s) results obtained from the Au-alkanedithiol-Au
system. However, beforehand, an introduction into the nature of the system and

a discussion of the important related works reported in the literature is given.

4.1 Introduction

N N\ W

Figure 4.1: Structural diagram of 1,9-nonanedithiol (N = 9 methylene units),
which is one of the o, w-alkanedithiols studied in this thesis.

The o, w-alkanedithiol (ADT) species, HS-(CHz) y-SH, consists of thiol-terminated
methylene chains; the fully extended length (all-trans conformers) of which, L(N),

can be evaluated, in nanometres, by the empirical formula [72, 73];

L(N) = 0.127N + 2(0.25). (4.1)
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ADTs are the simplest molecules that can be reliably coupled between metallic
electrodes and have therefore played a prominent role in the development of sin-
gle molecule conductance (SMC) measurement techniques; acting, somewhat, as
a calibration molecule. As such, there exists a wide range of theoretical reports
on the Au-ADT-Au system [74-80], as well as reports of experimental investi-
gations conducted under various different environmental conditions (and with a
variety of techniques), including; air [25, 29, 34, 48, 60, 71, 81-84], organic sol-
vents [51, 59, 61-63, 71, 81, 85-87], dry gases [25, 49], ionic liquids and solutions
[62, 88, 89], and UHV [27, 90-92]. However, with regards to the latter, there are
very few reports and no systematic studies over a large range of molecular chain

lengths.

These molecules should be expected to behave as electrical insulators since
the HOMO-LUMO gap is large (~ 8 — 10 eV for the full chain length range)
and the frontier orbitals are far removed from the Fermi energy of gold electrodes
(~ 5.1 —5.5eV) [25, 27, 38, 77, 79, 93]. Density functional theory (DFT) cal-
culations place the LUMOs and HOMOs at over 5 eV above, and less than 3 eV
below, the gold Fermi level, respectively, and complex band structure calculations
yield effective carrier masses of about 3.0 m,. and 0.3 m, for electron and hole
tunnelling, respectively [25, 77, 79]. These considerations point to non-resonant
coherent hole tunnelling as the dominant transport mechanism for the species,
which may be expected to result in conductance values that are largely inde-
pendent of temperature and environmental conditions, and which demonstrate a
simple exponential decay relationship with chain length (barrier width). However,
despite the superficial simplicity of the system, numerous problems and sources
of confusion have arisen in the literature and some of these issues are currently

unresolved.

4.1.1 Temperature Dependence

From the tunnelling theory outlined in Chapter 2, temperature-dependent con-
ductance values should not be anticipated for ADTs. Interestingly, Haiss et al.

studied chain lengths of N = 5 — 9, employing the I(¢) method under air, and
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observed an exponential increase in conductance with temperature over a range
of 300 to 353 K. However, this trend was attributed to an increase with temper-
ature in the population of highly-folded molecular (gauche) conformers, which
offer more negotiable tunnelling barriers. This effect is apparently nullified if the
technique entails fully stretching the molecules e.g. the I(s) method [94], or if

the molecular species is rigid and unable to access gauche conformations [34].

Wang et al. performed measurements on self assembled monolayers (SAM)
under nitrogen, investigating chain lengths of N = 8 — 16, and observed no de-
pendence over a temperature range of 90 — 300 K [93]. More recently, Song et
al. investigated the same chain length range over a complementary temperature
range of 4.2—90 K, using an electromigrated nanogap approach under helium gas,
and again observed no dependence [49]. Akkerman et al. performed large area
(SAM) measurements on Au-PEDOT:PSS-ADT-Au structures under UHV and
found the conductance for chain lengths of N = 8 — 14 to be invariant over a tem-
perature range of 199 — 300 K [92]. These reports strongly point to off-resonant
tunnelling for the transport mechanism. In this chapter, the temperature depen-
dence of ADT SMC is explored under UHV over chain length and temperature
ranges of N = 3 — 10 and 180 — 390 K, respectively; both of these ranges overlap
with and extend those investigated in UHV and other environmental conditions
elsewhere [49, 92, 93].

4.1.2 Chain Length Dependence

The SMC for ADTs should be expected to decay exponentially with increas-
ing molecular chain length, in accordance with tunnelling through a simple bar-
rier. This trend has been observed during experimental studies on long molecules
(N > 5) [25, 49, 51, 59, 61-63, 81, 83, 84, 88, 93, 95, 96] and theoretical investi-
gations [74-80], with reported decay constants per methylene unit spread around
By = (1.0 £ 0.2). Using Sy, extrapolation of the conductance back to N = 0
should result in a value of Gy = 77 uS, and this is indeed observed in many of the
cited experimental studies. However, investigations measuring both short and

long chain lengths are scarce, and those that do exist seem to report anomalous
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SMC behavior at lengths below N = 6 [25, 61, 88].

Haiss et al. explored a chain length range of N = 3—12 under air, dry nitrogen,
and room-temperature ionic liquids and noticed that as the chain length decreased
below N = 8, the exponential increase in conductance began to diminish, leading
to length-independent conductance values after N = 5 [25, 88]. Li et al. also
witnessed a similar effect when measuring lengths of N = 5 — 10 in toluene
solution. The behaviour could be described accurately by a fit involving a two
resistor model, wherein the total resistance of the circuit Ry is given by the series

sum of the molecular resistance and an unknown length-independent resistance,

Rq;

Rr = Ry eXp(/BNN) + Rq, (42)

Here, Ry is the molecular resistance at zero methylene units, or “contact” resis-
tance, which should be close to 1/Gy if the electronic coupling is strong. Fur-
thermore, at these short chain lengths, Haiss et al. observed that the tunnelling
current departed from the Simmons model (Section 2.2.1); being lower than ex-
pected at high biases. Inclusion of the image potential (Section 2.2.1.1) on the
tunnelling barriers failed to account for these effects and no conclusive explana-
tion has been put forth. Reverse engineering of the data (including the image
potential) showed that the effective carrier mass would have to increase substan-
tially from about 0.28 m. at N = 6 to 1.69 m. at N = 3 in order to account
for these anomalous trends. It is not clear what this means physically and more
rigorous theoretical models and independent experimental investigations are de-
sirable. A systematic study on the effect of chain length on the SMC value and
voltage characteristics of ADTs under UHV, otherwise absent from the literature,

is presented in this chapter.

4.1.3 Multiple Conduction Groups

In early studies, surprisingly different SMC values were measured for similar

molecular systems between different research groups. For example, a value of
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1.0 nS was obtained for 1,8-octanedithiol (ODT) when measured with the STM
I(s) and I(t) methods (under air) [71], and a value of (0.99 + 0.07) nS, in agree-
ment with the former, was measured using a method involving a conducting
atomic force microscope (AFM) and gold nanoparticles [97]. However, the STM
BJ method (in a dilute molecular solution with a toluene solvent) resulted in a
value of 19.6 nS [59, 86], which is over an order of magnitude larger than the afore-
mentioned two values. Given the suspected transport mechanism, such wildly
different SMC values for the same molecule might not be anticipated, despite
the different environmental conditions and techniques used between experiments.
Later investigations go on to show that there are a few different reproducible con-
ductance groups; low (A), medium (B), and high (C) [51, 60-62, 88], the origin

of which is still a source of dispute in the literature.

Li et al. [61] observed the three groups using the STM BJ method under
trimethylbenzene and, after DF'T modelling, proposed that the groups originated
from a combination of different molecular conformers and different sulfur-gold
coordination geometry; the B and C groups were attributed to all-trans con-
formers with both sulfur atoms located at gold atop and bridge sites, respec-
tively, whereas the A group was attributed to molecules with one gauche defect
and with atop coordinated thiol-gold contacts. However, presumably, this model
makes predictions about the existence of more conduction groups that arise from
other combinations of gauche conformers and sulfur-gold contact geometries e.g.
bridge-gauche-bridge, and these are not generally distinguished or reported in
the literature. Moreover, techniques that involve fully stretching the molecules,
such as the I(s) and STM BJ methods, may be expected to preclude the mea-
surement of gauche conformers and this has indeed been demonstrated elsewhere
[34, 80, 94, 98]. The fact that the A group can still be observed with these meth-
ods would thus further diminish the validity the proposed model. Furthermore,
in an earlier paper, Lee et al. conclude from theoretical calculations that the large
differences between the B and C groups could not be accounted for by different

sulfur-gold coordination sites alone (atop, bridge, and hollow) [75].

Haiss et al. [60] performed a range of experiments investigating the effect of

49



4. ALKANEDITHIOLS

(a) 9 (b) _ (c)

Figure 4.2: Representation of the coordination geometry model proposed by
Haiss et al. to explain the a) A, b) B, and ¢) C conduction groups for ADT
molecules. For group A, both sulfur atoms contact a single gold atom, whereas
for the B and C groups one and both sulfur headgroups, respectively, are located
at step edge sites and contact multiple gold atoms. The model predicts that the
fully extended length of the junction should decrease by successive multiples of
a gold step height (0.236 nm) in going from A to B to C. After Reference [60].

technique and electrode roughness on the relative observation probabilities of the
different conduction groups. They concluded that having a high electrode rough-
ness, or using a technique that induces a high electrode roughness e.g. STM BJ
or high setpoint I(s) measurements, leads to increased B and C group obser-
vations relative to the A group. Based on these results, a model was proposed
(Figure 4.2) in which the A group is explained by junction formation where both
sulfur headgroups are bonded to a single gold atom, whereas the B and C groups
originate from junctions where one or both of the sulfur headgroups, respectively,
are adsorbed at step edge sites. It was then suggested that the increase in con-
ductance from A to C might be explained by the highly coordinated step edge
sites providing either increased sulfur-gold electronic coupling, direct carbon to
gold electronic coupling, increased mechanical bridge stability, or a combination
of all three. A statistical analysis showed that the distance above the surface
at which molecular break off occurs decreased in successive steps of 0.2 nm in
going between the groups from A to C; this value is close to the height of a gold

monatomic step (0.236 nm) [58] and seemingly corroborates the proposed model.
The three reported conductance groups have been observed during the exper-

iments of this thesis and are presented in this chapter, along with an I(s) break

off distance analysis to further explore the validity of the two different models
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proposed by Li et al. and Haiss et al [60, 61].

4.1.4 Summary

ADTs have a large band gap of 8 — 10 eV and it is thought that the domi-
nant electronic transport mechanism is non-resonant coherent hole tunnelling.
The work presented in this chapter seeks to address the lack of a systematic
study of the effects of ADT chain length on current-voltage characteristics under
UHYV:; this may help shed light on the anomalous effects observed at short chain
lengths in the few studies that investigate full chain length ranges, under other
environmental conditions, reported in the literature. Furthermore, the effect of
temperature on electronic transport is studied over temperature and chain length
ranges that overlap with and extend those investigated elsewhere, with the inten-
tion of conclusively proving the apparent transport mechanism. Also, the origin

of the multiple conductance groups is addressed via a break off distance analysis.

4.2 Imaging

Figure 4.3 shows constant-current STM images of 1,9-nonanedithiol (NDT) and
1,5-pentanedithiol (PDT) samples obtained several hours after substrate cleaning
(Section 3.2.1) and molecular deposition (Section 3.2.3) procedures. The striped
regions in the images indicate molecular self-organisation and are consistent with
observations reported in the literature for the ADT/Au(111) system [99, 100].
In each case, the periodicity of these regions matches closely to the molecular
lengths, implying that the molecules are lying fully-extended on the surface, with
both sulfur groups bound to gold atoms, perpendicular to the stripes (the sulfur
headgroups) [99]. Leung et al. propose a structural unit cell that encompasses
a row of three molecules end-to-end, with some sulfur groups located atop gold
atoms and others located in bridge and hollow gold sites [99]. (In principle, there
should be striped domains oriented in three different directions, corresponding
to the symmetrically-equivalent directions on the Au(111) surface; however, in
this case, only two orientations can be distinguished clearly in any one image.)

However, under this model, it is difficult to understand why the molecules should
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Figure 4.3: STM constant-current images of 1,9-nonanedithiol (NDT), a) and
b), and 1,5-pentanedithiol (PDT), ¢) and d), on Au(111)/mica substrates, ob-
tained with a tungsten tip with current and bias setpoints of 10 pA and 1.5 V,
respectively. From the inset line profiles in b) and d), the periodicity of the
striped regions is (1.66 £ 0.03) and (1.13 +0.02) nm, respectively. These values
match closely to the length of NDT (1.64 nm) and PDT (1.13 nm) and imply
that the molecules are lying flat and stretched out on the surface, perpendicular
to the bright stripes (sulfur headgroups) [72, 73, 99-101].
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align themselves in an end-to-end configuration that results in two electronegative
sulfur groups residing in close proximity. Indeed, much more recent theoretical
calculations by Carro et al. indicate that the situation is likely more complicated
than the model proposed by Leung et al., and they suggest that a model involving
a reconstructed gold surface is more energetically favourable [101]. Essentially, in
the newer model, a gold adatom is introduced inbetween the head of one molecule
and the tail of the next, such that the electronegative sulfur groups are distanced
from one another. If the adatom is indeed present, then the periodicity of the
striped regions in Figure 4.3 might be expected to be slightly larger than the
length of the molecules (by the width of one gold atom). Interestingly, this does
not appear to be the case, as the periodicity of the striped regions closely matches
the length of the molecules. Nevertheless, the DF'T calculations by Carro et al.
strongly suggest that the gold adatom is likely to be present and, if so, it may
influence the nature of the molecular conductance measurements. For example,
if the step edge coordination geometry model is considered (Figure 4.2), then
more B conductance group observations might be anticipated, since the adatom
increases the sulfur-gold coordination (effectively acting like a step edge). On the
other hand, if the sulfur groups are dragged atop the adatoms during I(s) retrac-
tions, then more A conductance group observations might be expected. Clearly,
the resolution of the images is far too low to allow such a feature to be distin-

guished.

A surface coverage of roughly 0.5 monolayers or less can be estimated, sug-
gesting that the samples were far from the single monolayer regime. Interestingly,
pits can be observed in Figure 4.3c, which may have arisen from either argon ion
bombardment or thiol etching during molecular deposition from solution. (It is
possible that some pits were formed when gold atoms migrated to form the gold
adatom-thiolate surface reconstruction discussed by Carro et al [101].) Leung et
al. suggest that molecular desorption begins at temperatures exceeding 393 K,
thus a limit of 390 K was adhered to for the heating experiments [99]. Images of
sufficient quality were not acquired for the other chain lengths. However, given
the invariance of the sample preparation procedure, it is reasonable to assume

that all the samples had a surface coverage similar to those presented here.
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4.3 I(s) Measurements

For each molecular chain length (N = 3, 4, 5, 6, 8, 9, and 10), approximately
7500 I(s) curves were measured at each 0.1 or 0.2 V bias step, over a range of
+1.5 V. These measurements were then repeated, though typically with a slightly
smaller bias range, at low (180 K) and high (390 K) temperature. As such, there
are approximately 400,000 curves per molecule and an estimated 2.0 — 3.0 million
for the molecular species in total. Since the overarching character of the results
is similar for all chain lengths, a case study showing examples of the raw data
and analysis procedure for only one molecule is presented here; focus is given
to 1,6-hexanedithiol (HDT) due to its intermediary chain length. For the other
molecules, unless the raw data is exceptional or instructive, only final processed

results are presented.

Figure 4.4 shows an I(s) curve all-data histogram and a histogram after trace
selection, along with example selected traces for an HDT sample, measured with a
tip bias of +0.2 V at room temperature. Aside from the amplifier saturation and
noise peaks, a small molecular current peak (B) at (0.935 £ 0.012) can be distin-
guished above the background noise in the all-data histogram, and the same peak
can be seen clearly at (0.954 +0.015) in the filtered histogram. These two values
overlap within experimental error, determined by the histogram bin widths, and
thus average to give (0.94540.010), or (44+1) nS. The all-data histogram shown
here is atypical insofar as they did not usually present distinguishable molecular
peaks; heavy trace filtering, with an acceptance rate around 1 — 3%, was almost
always required to observe current peaks. The conductance value stated here
corresponds most closely to the medium (B) group values reported for HDT else-
where [25, 51, 61, 81, 88, 91]. However, it is still typically 10 — 20 nS higher than
reported literature values and this discrepancy will become more evident when
the conductance with molecular chain length trend is illustrated (Section 4.3.3).
The “shoulder” at roughly 1.7 on the horizontal axis arises from a failure of the

data to fully saturate the amplifier, evident in Figure 4.5a.

One of the example traces in Figure 4.4c demonstrates evidence of a two-
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Figure 4.4: a) and b) show logarithmic histograms of I(s) curves for 1,6-
hexanedithiol (HDT) before (7500) and after (116) filtering the data set for
current plateaus. The measurements were performed at room temperature and
the tip bias and initial current setpoints were +0.2 V and 300 pA, respectively;
the approach distance from this setpoint was 0.5 nm before a retraction of 2.0 nm
at a rate of 5.1 nms~!. The amplifier saturation (333 nA) and noise (0.18 nA)
peaks are at the extremes of the histograms and a single molecular current peak
(B) is present in both cases at (0.945 £ 0.010), or (44 £ 1) nS. Figure c) shows
representative examples of the I(s) traces that were selected to construct the
histogram in b). Some traces demonstrate smaller plateaus, corresponding to
roughly 2B ~ 90 nS and A ~ 8 nS, but these were not numerous enough to
form visible peaks in either histogram.
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molecule bridge by exhibiting a plateau at approximately 2B a 90 nS [50]. Such
many-molecule bridge observations were rare and the corresponding current peaks
were usually not visible above the background level in filtered histograms. In this
data set, there was only one convincing high (C) conductance group plateau
(~ 250 nS) and, arguably, only two belonging to the low (A) group; one of which
is shown in Figure 4.4c, labelled A (~ 8 nS). The relative occurrence probability
of the three groups witnessed in this example is representative of that for the
entire molecular species; in general, only B group plateaus were observed in sig-
nificant quantities, and A and C group plateaus were extremely infrequent. When
present at all, the latter would almost never generate peaks large enough to be
distinguished above the noise level of even filtered histograms. Thus, accurate
determination of the I(V') characteristics of the A and C groups was essentially
impossible; however, it was possible to obtain low bias SMC estimates of these
groups for all the molecular chain lengths, albeit from a handful of I(s) curves
in cases. The analysis for these groups is discussed further in Section 4.3.3, but
in the next section (Section 4.3.1) focus is given to the characteristics of the pre-

dominant B conduction group.

logm (I/HA)
logw (I/DA)

-05 0 05 1 15
s/nm s/nm

Figure 4.5: Area density plots for the same HDT data set shown in Figure 4.4
a) before (7500) and b) after (116) filtering for current plateaus (40.2V). The
values on the colour bar are the logarithms (base 10) of the bin counts.

The HDT data set discussed in this section can be visualised in the area

density (two-dimensional histogram) plots of Figure 4.5. Again, the ubiquitous B
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conductance group can just about be distinguished in the unfiltered plot (Figure
4.5a) and can be clearly identified in the filtered histogram (Figure 4.5a). The
aforementioned C group plateau can be observed at an ordinate of roughly 1.6
(~ 250 nS). The scarce few A group plateaus cannot be distinguised above noise.
These plots can sometimes be useful for judging the overall character of a data
set at a glance; however, the false colour scale can sometimes be misleading or

confusing.

4.3.1 I(V) Characteristics (B Group)

Figure 4.6 shows further representative I(s) traces and filtered histograms ob-
tained with different tip-sample applied biases from HDT samples. The figure
seeks to illustrate that the B conductance peak, isolated at (44 £ 1) nS in Figure
4.4 for a tip bias of +0.2 V| scales with applied bias and produces similar SMC
estimates regardless of the polarity of the bias. Moreover, the notion that the
A and C fundamental conductance peaks are generally not observed is further
evidenced. Indeed, the largest and most obvious peaks in Figures 4.6a (—0.5 V),
4.6b (+1.0 V), and 4.6¢ (—1.5 V) correspond to the B group, being located at
(37+4), (40£1), and (54+5) nS, respectively. The latter value is slightly higher
than the other two due to departure from linear current-voltage characteristics at
high biases; this effect is apparent in the (V') curve for the group (Figure 4.7).
The frequency and quality of the plateaus seems to decrease for applied biases
of magnitudes exceeding about 1 V, resulting in wider peaks. This was generally

the case for all the molecular chain lengths.

Plateaus and peaks at (89 +4) and (124 + 12) nS are also present in Figures
4.6b and 4.6¢, respectively, and these are thought to correspond to two B group
molecular bridges in parallel [50]. In Figure 4.6b there is also a peak situated at
(56 £3) nS. The physical origin of this is unknown and there are only a couple of
traces with current plateaus that clearly contribute to it; one example of which
has been included in the figure and is marked with a red dashed line. Inter-
estingly, this trace exhibits a departure from the exponential decay that seems

to fluctuate discretely between the value of (56 + 3) nS and the slightly lower
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Figure 4.6: Representative I(s) traces and filtered histograms for HDT mea-
sured with tip biases of a) —0.5 V (200 traces), b) +1.0 V (76 traces), and c)
—1.5 V (81 traces). Experimental conditions were the same as those stated in
Figure 4.4.
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B group value of (40 & 1) nS. Lee et al. suggest from theoretical simulations
that SMC estimates may be 20 — 30% higher if the sulfur groups are situated in
hollow, as opposed to atop, gold sites [75]. Thus, in this case, there may have
been alternation between the two coordination geometries during tip retraction,
before the system eventually settled into the lower conductance geometry before
molecular break off. The tendancy of the technique to drag the sulfur groups into
atop-atop gold coordinations might also explain the relatively higher observation

probability of the low conductance values.
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Figure 4.7: The B group (V') curve for HDT, with a) linear and b) logarithmic
current scales, constructed by reading histogram peaks arising from current
plateaus on I(s) traces for different applied biases (Figure 4.6). The error
bars correspond to the widths of the histogram bin at the center of the peaks.
The lines of fit were generated by computation of the quantum mechanical
transmission through a rectangular barrier (Section 2.2.2.1) and subsequent
integration of this with the Landauer equation (Equation 2.13). The barrier
height was 2 eV (above the gold Fermi level of 5.5 V), the width was set to the
length of the molecule (1.26 nm, Equation 4.1) minus 0.169 nm, the effective
carrier mass was 0.315 m., and the temperature was 300 K.

Figure 4.7 shows the I(V) curve for the B conduction group of HDT, con-
structed using the I(s) method; each data point corresponds to the current value
of a peak in a filtered histogram, like those shown in Figure 4.6. The logarith-
mic current axis in Figure 4.7b is more instructive for judging the symmetry of

the curve across positive and negative biases, and so subsequent (V') curves are
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displayed in this manner. In order to fit the data, the transmission through a
rectangular barrier was calculated (Section 2.2.2.1) and then integrated in ac-
cordance with the Landauer equation (Equation 2.13). The barrier height was
set to 2 eV (above the Fermi level of the electrodes, taken to be 5.5 eV), based
on DFT calculations of the location of the HOMO and LUMO levels performed
by other groups [25, 61, 77, 79]. The barrier width was set to the molecular
length, L(N = 6) (Equation 4.1), minus a constant of 0.169 nm. With these
parameters, a charge carrier mass of 0.315 m,. was necessary to fit the data,
which is in excellent agreement with theoretical and experimental estimates of
the effective hole mass reported in the literature by other groups (0.28 —0.36 m,)
[25, 27, 62, 77, 79, 84, 88, 96].

The choice of barrier shape and width will become apparent after the con-
ductance wversus molecular chain length trend for the A, B, and C groups are
presented (Section 4.3.3), and is also elaborated upon in the discussion at the
end of this chapter (Section 4.5). In short, whilst other tunnel barrier shapes
(e.g. hyperbolic) and widths can be used to produce somewhat reasonable fits to
this particular curve, the resulting parameters either do not give agreement with
literature values or do not yield suitable conductance versus chain length trends,
or both. With this foreknowledge, the B group I(V') curves for N = 3—10 are pre-
sented in Figure 4.8, with fit lines calculated using the rectangular barrier model.
In each case, all the parameters were identical to those used for HDT, with the
exception of the effective charge carrier mass, which was varied slightly between
each molecule to achieve better fits. The anomalous characteristics for N = 4 at
high biases, and the demonstrably higher effective charge carrier mass required

for N = 3 are addressed in the discussion section for this chapter (Section 4.5).
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Figure 4.8: The B group I(V') characteristics for different chain length alka-
nedithiols; HS-(CHz)n-SH. The data points represent values measured using
the I(s) method and the solid lines are theoretical fits achieved by numerical
calculation of the transmission through a rectangular barrier (Section 2.2.2.1)
and subsequent integration in accordance with the Landauer equation at 300 K
(Equation 2.13). The barrier height for all the fits was 2 eV (above the gold
Fermi energy of 5.5 eV) and the widths were given by the molecular length,
L(N) = (0.127TN + 0.5) nm (Equation 4.1), minus 0.169 nm. The effective
carrier mass, m*, was the only free parameter (see legend). For N = 4, mea-
surements under dry nitrogen gas have been overlaid (crosses) on the UHV data
(circles). The multiple pale traces are the last I(V') curves before break off ob-
tained from the I(V,s) method (see Section 4.4) for N = 10 (grey), N = 6
(pink) and N =4 (blue).
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4.3.2 Temperature Dependence

Figure 4.9 illustrates that the B group I(s) measurements for 1,3-propanedithiol
(PrDT) and NDT were temperature-invariant, within experimental uncertainty,
over the temperature range of 180 —390 K; the same was true for the other molec-
ular chain lengths between N = 3 — 10. The error bars in the figure correspond

to the width of the histogram bin at the center of a peak.
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Figure 4.9: The B conduction group I(V) characteristics for a) 1,3-
propanedithiol and b) 1,9-nonanedithiol determined by the I(s) method at tem-
peratures of 180 K (blue), 295 K (black), and 390 K (red). The grey lines are
the same rectangular tunnel barrier fits shown in Figure 4.8.

4.3.3 Chain Length Dependence

SMC estimates for the A, B, and C conduction groups for ADTs are presented
in Figure 4.10 against molecular chain length. The estimates for the B group
were measured from the gradients of the linear regions (typically £0.7 V) of the
I(V') curves shown in Figure 4.8. A and C group plateaus were observed with a
frequency over 20 times lower than that of the B group. More often than not,
there would not be any plateau observations for these two groups at any one
particular bias, and thus accurate determination of the (V') characteristics was
not possible. However, there were enough plateaus for each group across all the

measured biases in total (~ 20 — 30 per molecule) to obtain SMC estimates. For
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Figure 4.10: Variation of the A (blue), B (black), and C (red) alkanedithiol
molecular conduction groups with chain length, measured by the I(s) method
under UHV. The data were modelled by numerical calculation of the quantum
mechanical transmission through a rectangular barrier (Section 2.2.2.1) followed
by integration with the Landauer equation (Equation 2.13) at a temperature of
300 K and an applied bias of 0.6 V. The barrier height (2 eV above the gold
Fermi level of 5.5 eV) and effective charge carrier mass (0.32 m.) were fixed
between the different conduction groups. Only the barrier width varied, which
was set at the full molecular length, L(N) = (0.127N +0.5) nm (Equation 4.1),
for the A group, and reduced by successive multiples of 0.169 nm for the B and
C groups. Departure of the conductance from exponential behaviour at short
chain lengths is much less pronounced than that observed by Haiss et al. under
air, dry nitrogen gas, and room temperature ionic liquids (grey circles) [25, 88].
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each molecular chain length and group (A and C), the end current value(s) of
the plateaus obtained at biases in the linear (V') regime were measured, con-
verted into conductance values, and binned into a single conductance histogram,;
the A and C data points in Figure 4.10 thus correspond to peak readings from
such histograms. (The decision to read only the end points of the plateaus when
constructing histograms, as described in Section 3.3.1.2, was made in order to
reduce histogram noise arising from low quality A and C group plateaus.) Exam-

ples of I(s) traces exhibiting A and C group plateaus are shown in Reference [102].

The lines of fit were generated using the same rectangular barrier model used
for fitting the B group I(V) characteristics in Section 4.3.1 (see Figure 4.8).
Again, the barrier height was fixed at 2 eV and, with the width fixed at the full
molecular length (Equation 4.1), an effective charge carrier mass of 0.32 m, was
necessary to fit the A group data; this value is in excellent agreement with the
average value calculated from B group (V') characteristics for N > 4, (0.32 +
0.02) m., and hence is in excellent agreement with theoretical and experimental
literature values [25, 27, 62, 77, 79, 84, 88, 96]. Since the gradients for all three
groups were almost equivalent, the only way the B and C conduction groups
could be fitted, without changing the barrier height, was to adjust the barrier
width. Hence, these two groups were readily fitted by subtracting 0.169 nm
and 0.338 nm from the initial A group barrier width (full molecular length),
respectively. Thus, the reason for the choice of the barrier width when fitting
the B group I(V) characteristics should be clear. Linear fits applied to the
computed tunnelling barrier lines yield a value of Sy = (1.024+0.01) per methylene
unit, or 5 = (0.80 £ 0.01) A-! for all three conductance groups, consistent with
theoretical predictions [74-80] and within the spread of experimental values, Sy =
(1.0£0.2), measured for long molecules (N > 5) in other media [25, 49, 51, 59, 61—
63, 81, 83, 84, 88, 93, 95, 96]. The anomalous data reported by Haiss et al.
(Section 4.1.2) has been overlaid on Figure 4.10 (grey circles) with two resistor
model fit lines (Equation 4.2); the discrepancy between the two data sets is

discussed in Section 4.5.
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4.3.4 Break off Distance
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Figure 4.11: a) Histogram of the gradients of the linear regions of the natural
logarithm of featureless I(s) curves (2000) over an HDT sample (similar to
Figure 3.5). The peak value suggests 8 = (11.0 £ 0.3) nm~!. b) Histogram
of the tip-sample separation distance at which molecular break off occurs (sp),
constructed by measuring the distance values of the last points on I(s) plateaus
(295 K). Distance calibration was performed using Equation 3.1 with the
value from a). There was no observable break off distance trend with bias, so
the readings for all measured biases (1.5 V) have been included in the same
histogram (~ 1500). The peak at sp = (1.10 & 0.03) nm corresponds to the B
group. The red dashed line is the molecular length of HDT; 1.26 nm.

The tip-sample separation at the point of molecular break off, sp, during I(s)
traces was analysed statistically, to gain information about bridge contact geome-
try. The tip distance relative to the initial setpoint was converted into a distance
relative to the sample surface using the method outlined in Section 3.3.1.2. Figure
4.11a shows an example histogram used to estimate the decay constant, g3, for an
HDT sample required for the calibration. Figure 4.11b is a calibrated break off
distance histogram for the same sample. The clear peak at (1.10£0.03) nm arises
from B conduction group plateaus. This figure is representative of those for other
chain lengths; when all the plateaus were considered, only the signal from the B
group could be observed. Hence, the B group break off values for the species,
determined from such histograms, are listed in Table 4.1, with comparison to the

full molecular length, L (Equation 4.1).
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Table 4.1: Decay constants () measured above alkanedithiol samples and I(s)

break off distances (sp) for the B conduction group.

N B/nm~1 L/nm sp/nm (L — sp)/nm
3 12.5£0.3 0.88 0.72 £0.05 0.16 £0.05
4 11.6 £0.1 1.01 0.86 £+ 0.02 0.15+0.02
) 11.7+0.2 1.14 0.97 +£0.03 0.17 +0.03
6 11.0+0.3 1.26 1.10 £ 0.05 0.16 £ 0.05
8 10.0£0.3 1.52 1.34 £0.05 0.18 £ 0.05
9 10.8 £0.2 1.64 1.4740.02 0.17 £+ 0.02
10 9.8£0.3 1.77 1.60 = 0.03 0.17£0.03
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Figure 4.12: a) Histogram of molecular length, L (Equation 4.1), minus I(s)
break off distance, sp, for all molecular lengths and applied biases (comprising
about 50% of the room temperature plateaus; ~ 5000 break off values). The
clear peak at (0.1740.02) nm is the signal from the B conduction group. Figure
b) is similar to a), but the B group data has been removed i.e. it comprises
only A and C group data (~ 200 break off values per group). The two principle
peak values are (0.09 4 0.03) and (0.34 + 0.03) nm, corresponding to the A and
C groups, respectively.
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In Figure 4.12a the break off distance data for all molecular chain lengths
has been combined into one histogram by considering the difference between the
break off values and the full molecular lengths (L — sg). The peak from the B
group is visible at (0.17 4+ 0.02) nm and other peaks from the A and C groups
cannot be distinguished, despite such data being present. The small occurrence
probability of the A and C group plateaus means that individual break off distance
estimates for each chain length were unreliable. However, similar to Figure 4.12a,
estimates relative to the full molecular lengths could be made for the two groups
by combining the A and C data across all chain lengths (Figure 4.12b). The
two peaks at (0.09 £ 0.03) nm and (0.34 + 0.03) nm correspond to the A and C
groups, respectively. In both of the histograms in Figure 4.12, the small peaks at
roughly —0.2, —0.4, —0.6, and —0.8 nm may correspond to molecular break off
after formation of atomic gold chains between the sulfur headgroups and the tip

or substrate during retraction.

4.4 1(V,s) Measurements

The novel I(V, s) method, described in Section 3.3.1.3, was employed to study the
I(V') characteristics of the ADT species. The additional time taken to perform
voltage sweeps at each distance step means that the average retraction speed for
this method is typically significantly lower (0.1 nms™') than that for the I(s)
method (~ 5 nms™'). Thus, to rule out the influence of retraction speed when
comparing the two methods, room temperature /(s) measurements were repeated
on HDT and the SMC estimates were found to be invariant for retraction speeds

between 0.1 and 15.0 nms™!.

Figures 4.13 and 4.14 show example (V, s) measurements for NDT and 1,4-
butanedithiol (BDT). Both figures show clear evidence of molecular bridge for-
mation and, moreover, switching between A, B, and C conduction groups. There
is excellent agreement between the theoretical fit lines, generated using the rect-
angular tunnel barrier model proposed for the I(s) data in Section 4.3, and the
I(V) data in both cases. Such measurements were performed on ADT chain

lengths of N = 3, 4, 5, 6, 8, 9, and 10. In each case, several convincing positive
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results similar to those shown in these figures were obtained, which again gave
excellent agreement with the theoretical fits suggested from the I(s) data. These
full I(V, s) data sets have been omitted for brevity, but B group examples of the
last I(V') curves before molecular break off have been overlaid on the I(s) data
in Figure 4.8 for N =4, 6, and 10. (An additional full example for ODT is shown
in Figure 3.6). A gap separation analysis was performed on the I(V,s) data
yielding an average difference between molecular length and break off distance
of (0.0 £0.1), (0.19 £ 0.04), and (0.37 £ 0.04) nm for the A, B and C group,
respectively. These values agree with those derived from the /(s) method within

experimental uncertainty (Section 4.3.4).
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1 1.2 1.4

V/V So/nm

Figure 4.13: a) An I(V, s) measurement performed on NDT. The tip approached
the surface by 0.5 nm from a setpoint of —1.6 V and 0.5 nA before being
retracted in 0.05 nm steps. The I(V) curves shown are the retraces from 1.6
to —1.6 V at each step; the forward traces from negative to positive bias have
been omitted for clarity. The distance scale was calibrated using Equation
3.1 with 3 = 10.8 nm~! (see Table 4.1). The blue dashed lines, B and C,
are the theoretical I(V') curves for the B and C conduction groups calculated
using the model determined from the NDT I(s) data in Section 4.3 (identical
parameters). During retraction, the I(V) set first converges to the C group
curve, before converging to the B group curve. Spontaneous molecular break
off can then be observed during one of the traces following the B group curve
at sop = (1.50 £ 0.05) nm, and the remainder of the curve set reside close to
zero current. Figure b) shows an I(s) curve, fitted with a smoothing spline,
obtained by sampling each (V') curve in a) at a bias of —0.2 V. The two current
plateaus result from the convergence of the I(V') curves to the C and B molecular
conductance states and these terminate at (1.35 £ 0.05) and (1.50 £ 0.05) nm,
respectively.
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Figure 4.14: a) An I(V, s) measurement performed on 1,4-butanedithiol (BDT).
The tip approached the surface by 0.5 nm from a setpoint of —1.2 V and 0.5 nA
before being retracted in 0.05 nm steps. The I(V') curves shown are the traces
from —1.2 to 1.2 V at each step; the retraces from positive to negative bias
have been omitted for clarity. The distance scale was calibrated using Equation
3.1 with 8 = 11.6 nm~! (see Table 4.1). The blue dashed lines, A and B,
are the theoretical I(V') curves for the A and B conduction groups calculated
using the model determined from the BDT I(s) data in Section 4.3 (identical
parameters). During retraction, the I(V') set first converges to the B group
curve, before converging to the A group curve. Spontaneous molecular break
off can then be observed during one of the traces following the A group curve
at so = (0.91 £ 0.05) nm, and the remainder of the curve set reside close to
zero current. Figure b) shows an I(s) curve, fitted with a smoothing spline,
obtained by sampling each (V') curve in a) at a bias of —0.2 V. The two current
plateaus result from the convergence of the I(V') curves to the B and A molecular
conductance states and these terminate at (0.56 £ 0.05) and (0.91 £ 0.05) nm,
respectively.
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4.5 Discussion

The derived I(V) characteristics and SMC values for chains between N = 3
and N = 10 were temperature-independent between 180 K and 390 K; Fig-
ure 4.9 shows example data for the B conduction group of NDT and PrDT at
three selected temperatures. (The I(s) break off distances were also temperature
independent). Because the I(s) method measures molecules in their extended
conformation at break off, this rules out possible temperature dependence orig-
inating from conformational flexibility [34]. It should be mentioned that I(s)
plateaus measured at low temperatures were far noisier than those measured at
room or elevated temperatures, and this most likely arises from the clamping
block and copper braid that must be coupled to the sample stage during cooling
experiments, but are otherwise absent. The experiments conducted here overlap
with and extend the temperature and chain length ranges studied by Wang et al.
(N =8—16 and 80— 300 K, single monolayer devices under nitrogen gas), Akker-
man et al. (N =8 — 14 and 199 — 300 K, single monolayer devices under UHV),
and Song et al. (N =8—12 and 4.2—90 K, single molecule junctions in electomi-
grated nanogaps under helium gas), with the measured SMC values of the latter
matching closely to the B conductance group reported here [49, 92, 93]. The tem-
perature invariance strongly suggests that non-resonant coherent tunnelling is the
dominant transport mechanism, confirming the existing theory. The temperature
dependence of the A and C groups was not analysed as thoroughly as that for the
B group i.e. investigation of the full 7(V') characteristics, but comparison of such
plateaus at different temperatures seems to indicate that the A and C groups are
indeed also invariant with temperature. Moreover, if the coordination geometry
model proposed by Haiss et al. is correct, then there is no reason to believe that
their temperature behaviour should be any different from that of the B group
[60]. If the model proposed by Li et al. is correct, then A group observations
should be expected to become more numerous with increasing temperature as
the population of molecules with gauche defects increases [34, 61]. However, for

reasons already outlined in Section 4.1.3 the validity of this model is questionable.

The three reproducible conductance groups; A, B, and C; reported in the liter-

71



4. ALKANEDITHIOLS

ature were observed during both I(s) and I(V, s) investigations for all the studied
ADT chain lengths [51, 60, 60-62, 88]. However, B conduction group plateaus
were observed with a frequency over twenty times higher than that of A and C
group plateaus. As mentioned in Section 4.1.3, Haiss et al. demonstrated that an
increased step edge density and/or sample roughness led to increased observation
of B group plateaus over A group plateus when employing the I(s) method, and
that C group observations were only significant in number if the STM BJ method
was employed [50, 60]. Thus, if the proposed coordination model is correct (Fig-
ure 4.2), it could be concluded that either the samples studied for this thesis
were very rough or that the fairly high setpoint conditions meant that the sulfur
group had a tendancy of being pushed up the tip (which is rough by definition)
to a high gold coordination site. Given the high flatness of the surfaces deduced
from imaging, the latter explanation is more likely to be correct and, if so, this
could be investigated by variation of the initial setpoint conditions. In the former
case, surface roughness could arise from either argon ion bombardment or from
thiol etching during molecular deposition from solution (Section 4.2). These ef-
fects could be investigated by annealing the samples at higher temperatures and
cooling more slowly to encourage surface ordering, or by using molecular beam
deposition under UHV instead of solution deposition (but the facilities at Cardiff
University did not allow for this). A further possible explanation for the preva-
lence of the B group was alluded to in the discussion of surface imaging in Section
4.2; if the surface model suggested by Carro et al. is correct [101], then each sul-
fur group is bound to a gold adatom, which may effectively mimic a step edge

sulfur-gold coordination geometry and lead to B group conductance observations.

The B group (V') characteristics and conductance against chain length trend
for all three conduction groups were best modelled by considering the quantum
mechanical transmission through a simple rectangular tunnel barrier. The bar-
rier height was fixed at 2 eV (as suggested by the literature [25, 61, 77, 79]),
and the barrier width was given by the full molecular length (Equation 4.1) for
the A group, and subsequently reduced by one and then two multiples of roughly
0.17 nm for the B and C groups, respectively. With these parameters, the effective

charge carrier mass required to fit the B group I(V') characteristics were spread
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around (0.32 £ 0.02) m, for N > 3 and the single value of 0.32 m, gave the best
fit to the conductance versus chain length trend of all three groups; these values
are in excellent agreement with theoretical and experimental reports elsewhere
[25, 27, 62, 77, 79, 84, 88, 96]. The A and C group I(V') characteristics were
not fully mapped using the /(s) method, but theoretical lines could be generated
from the proposed model and these gave superb agreement with A and C group

I(V') curves obtained from the I(V,s) method when present.

(a) (b)

log1o(I/nA)
In(G/nS)

V/V

Figure 4.15: a) The B conductance group I(V') characteristics for HDT with
the best hyperbolic barrier model (red) and rectangular barrier model (grey,
Figure 4.7) fit lines. b) Conductance against molecular chain length trend for
the A (blue), B (black), and C (red) conductance groups with lines of best fit
generated using the same hyperbolic barrier model as in a) under an applied
bias of —0.6 V. The other relevant parameters are described and discussed in
the text.

The influence of the image potential was also examined by calculating the
transmission through a hyperbolic barrier shape [20]. (See Section 2.2.1.1). Fig-
ure 4.15a shows the best fit that could be generated for the B group I(V') char-
acteristics of HDT using the hyperbolic barrier model. Using Equation 2.7, the
initial width (dp) was set to the full molecular length (Equation 4.1), the initial
height (¢g) was set to 2 eV [25], and €, was set to 2.1 [25]. With these parameters,
an effective charge carrier mass of 0.395 m, was required to produce the line of
best fit. This carrier mass value is substantially larger than the value suggested
by the literature (~ 0.30 m,, [25, 27, 77, 79, 88, 96]). Moreover, the best fit line
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from the hyperbolic barrier model seems to slightly underestimate the current at
low biases and thus is decidedly worse than that of the rectangular barrier model,
similar behaviour to this is observed when the hyperbolic barrier model is applied
to the B group I(V') characteristics of the other molecular chain lengths. Figure
4.15b shows the conductance versus chain length trend for the three conductance
groups. For the B group line, the parameters used were identical to those used
for Figure 4.15a. With all else constant, the A and C group lines were then gen-
erated after the addition and subtraction, respectively, of 0.17 nm to the initial
barrier width. Whilst the lines appear to give reasonable fits to the data, the
assumed barrier widths do not match the anticipated widths and so the validity
of the model is questionable i.e. the assumed initial barrier width for that of the
A group is 0.17 nm larger than the actual length of the molecule. If instead the
initial width is set to the full length of the molecule for the A group, and the
B and C groups are modelled by reducing this width by successive multiples of
0.17 nm, then the effective charge carrier mass must be further increased (away
from the literature value) and the resulting fits to the I(V') data become quali-
tatively worse. Thus, this model did not yield satisfactory I(V') characteristics
or conductance versus chain length trends for any reasonable parameters and
the rectangular barrier model is far more appropriate. Therefore, it is suggested,
tentatively, that the effects of the image potential were not significant, at least
for N > 3 [25].

For N = 3, a noticeably higher charge carrier mass of 0.38 m, was required
to fit the I(V') curve i.e. the gradient of the linear region of the curve was lower
than anticipated. This anomaly is reflected in the conductance versus chain
length trend for all three conduction groups (Figure 4.10); the data conforms
closely to the rectangular tunnel barrier lines until a small detraction occurs at
N = 3. This effect is similar to, but much less pronounced than, that observed by
Haiss et al. under air and nitrogen [25] (and later verified by the same research
group under ionic liquids [88]). Applying the two resistor model (Equation 4.2)
to the data presented here shows that the contact resistance, Ry = 0.90 M2,
and the unknown resistance, R = 0.044 M(2, are roughly an order of magnitude

lower than those reported by Haiss et al. and Kay et al [25, 88]. To eliminate the
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influence of different media, BDT was examined with the UHV chamber vented
with 1 atm of dry nitrogen (it was not possible to vary humidity in the UHV
chamber a controllable manner) but no observable difference in the I(s) results
was found (Figure 4.8). Therefore, the reason for the discrepancy between the
two data sets in Figure 4.10 is unknown. Moreover, the physical origin of the two
resistor model itself still remains unclear as its predictions here could not be re-
produced by numerically modelling rectangular and other barrier shapes and, as
mentioned previously (Section 4.1.2), Haiss et al. were also unable to sufficiently
explain the trend that they observed. Long et al. suggest that hydration of Au-S
bonds can reduce the conductance of the system (by reprotonation of the sulfur
contacts back to thiol groups), which may possibly explain the trend only if the
humidity levels between the nitrogen experiments reported here and by Haiss et
al. were different [103]. This criterion is more than possible given that Haiss
et al. purged an air filled container with nitrogen for only 15 hours (Leary et
al. suggest that nitrogen is not especially effective at purging adsorbed water
molecules from gold surfaces and that argon gas should be used instead [104].),
whereas the chamber used in this experiment was vented to dry nitrogen after
being held at UHV pressures for several months. The chain length dependence
presented here is much closer to the anticipated exponential decay model than
those reported in any other full chain length investigation elsewhere [25, 61, 88],
and the measured decay constant Sy = 1.02 gives an excellent agreement with
theoretical and experimental values for long molecules (N > 5) in other media
[25, 49, 51, 59, 61-63, 74-81, 83, 84, 88, 93, 95, 96].

I(s) measurements for BDT (N = 4) also exhibit anomalous behaviour at
high biases (> 0.4 V), no longer agreeing with the theoretical fit or the directly-
measured (V) s) values. Again, this observation is similar to that reported by
Haiss et al [25]. Current adapter limitations meant that it was not possible to
confirm whether this anomaly persisted for N = 3, but it is suspected that this
effect and the reduced conductance for N = 3 likely have the same origin. The
I(V) curve for BDT could not be accurately fitted with the quantum mechanical
transmission program for any barrier shape. However, it could be fitted almost

perfectly using the image potential corrected Simmons equation (Section 2.2.1.1)
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with an initial barrier height and width of 1.81 eV and 0.45 nm (respectively), an
effective area of 0.525 nm?, and o = 0.577 (m* = 0.332 m,.). Whilst the height
and effective mass values seem sensible, the applicability of this approach is called
into question by the fact that the barrier width is over two times smaller than
the molecular length and the effective area is over twice the size of that proposed
elsewhere for a single molecule on an Au(111) surface [25]. Furthermore, it would
be difficult to understand why a model that relies on more assumptions and heavy
approximations should be valid when the more exact numerical models fail. It
should be noted that this model was also considered to model the conductance
versus chain length trend and was able to fit the data very well, but it seems to
break down entirely after N = 3, exhibiting an asymptote. Also, as mentioned,
this abnormal behaviour at high biases is not observed in results obtained using
the I(V,s) method, which thus fit very closely to the simple rectangular barrier
model applied to the data for other chain lengths. Given the similarity of the I(s)
and I(V,s) methods, the origin of this discrepancy is unclear. It appears that
the standard I(s) technique at higher bias underestimates the molecular conduc-
tance. One explanation might be that a strong electric field between tip and
sample at high bias, which is continuously applied in the I(s) technique but only
intermittently during the I(V)s) technique, plays a role. In this sense, I(V,s)
might be a ‘gentler’ technique.

The measured differences between the molecular lengths and I(s) break off
distances for the B and C group, (0.1740.02) and (0.34 4+ 0.03) nm, provide sup-
port for the rectangular barrier model applied in Sections 4.3 and 4.4, in which
the width of the rectangular tunnel barrier is reduced by integer multiples of
0.17 nm between the successive conduction groups. Likewise, the B and C group
difference values measured from the I(V, s) example in Figure 4.13, as well as the
values obtained from statistical analysis on the other positive results, also provide
support for this model. The difference value for the A group determined from
the I(s) method, (0.09 £ 0.03) nm, is larger than the anticipated 0 nm. The cor-
responding value estimated from the I(V] s) analysis, (0.0 £0.1) nm, agrees with
the expected value albeit within a large uncertainty arising from a small sample

size. There may be a genuine tendency for molecules in the A group configuration
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to break off at distances slightly smaller than the full molecular length. If so, this
might be explained by bridge or hollow site coordinated sulfur groups or by a ten-
dency of the molecules to break off when they are not orthogonal to the surface
i.e the molecule composes the hypotenuse of a shallow right angled triangle. In
any case, the conductance versus chain length trend and (V') characteristics for
the A group, as determined from the /(V, s) method, seem to conform incredibly
close to the proposed model in which the barrier width is determined by the full

molecular length.

The presence of multiple conduction groups on the same I(s) trace or 1(V,s)
data set reported here seems to lend support to the step edge model proposed
by Haiss et al; only transitions from higher to lower conduction groups were wit-
nessed, which can be readily explained by the dragging of sulfur headgroups up
gold step edges during retraction [60]. However, the fundamental difference value
of (0.17 £ 0.02) nm, determined by the I(s) method (and verified by the I(V] s)
method), falls considerably short of the gold monatomic step height, 0.236 nm,
predicted by this model (Section 4.1.3). Miscalibration of the STM height piezo
should be ruled out on the basis that the line profiles taken from the bare gold
images (Figure 3.3) yielded monatomic step height values that were in excel-
lent agreement with the accepted value. In the original paper where the model
is proposed [60], the average distance between conduction group transitions is
stated as (0.204+0.01) nm, which is also decidely lower than the gold step height.
Furthermore, in the two transition distance histograms presented in the paper
(distance differences between the ends of C and B plateaus and the ends of B and
A plateaus, see Figure 10 of Reference [60]), the exact locations of the peaks are
questionable due to the seemingly small (but unspecified) number of data points,
but their centers are arguably both closer to roughly 0.19 nm as opposed to 0.20
nm. Moreover, in the two example I(s) traces (shown in the same figure), the
distance between the end of the C and B plateaus is roughly 0.13 nm and that
between the end of the B and A plateaus is roughly 0.18 nm. Given these factors,
the value of 0.17 nm reported here is not too far away from the values implied
by the Haiss et al. data and it is difficult to see how either relate directly to the

height of a gold monatomic step. Despite these concerns, the step edge model is
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the strongest candidate for explaining the multiple conduction groups, but there
is perhaps slightly more to the picture that might be able to be addressed with
sophisticated simulations. Perhaps there is just a propensity toward stretching

of Au-S or Au-Au bonds before break off occurs.

In general, the (V] s) technique gives results in excellent agreement with the
theoretical I(V') curves predicted by the rectangular tunnel barrier model used
to fit the I(s) data. In addition, the technique is i) far less time consuming than
repeating I(s) measurements at different biases for the purposes of obtaining
molecular I(V') characteristics, and ii) can give individual molecular I(V') curves.
In particular, as illustrated in Figure 4.14, it gives the ability to observe the full
I(V) characteristics for multiple conduction groups for an individual molecule
followed by very clear evidence of molecular bridge destruction in a single mea-
surement. In Figure 4.14, both the A and B conductance groups can be seen, as
well as break off during one of the (V') traces. The difference in distance between
the last B group trace and the last A group trace is approximately (0.35 £ 0.1)
nm, which is significantly larger than the average observed for the I(s) and I(V] s)
measurements and larger than the monatomic step on Au(111). This suggests
that there may be a positional change in the Au atoms bound to the molecule,
additional to any change in the binding site of the thiol end group(s), during
extension of the molecule. A second interesting feature is that as the distance
separation is increased, the individual curves approach the B dashed lines from
above (i.e. higher current) but the A dashed lines from below (i.e. smaller cur-
rent). This is consistent with the behaviour sometimes seen in standard I(s)
measurements where the plateaus show an increase in current just before break
off. This might be interpreted in terms of the fully extended molecule at break
off showing maximum conductance due to its linear configuration. (A molecular

bend will act as a scatterer.)

4.6 Summary

The well-established I(s) method and the novel I(V,s) method were employed
to investigate the I(V') characteristics of ADTs over a large temperature (180 —
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390 K) and chain length (N = 3 — 10) range under UHV, since there seemed
to be an absence of such UHV studies from the literature. Three temperature-
independent conduction groups were observed, in agreement with existing data
and models based on off-resonance coherent hole tunnelling. For N > 3, the
measured conductance adheres closely to an exponential decay with chain length,
with a decay constant in good agreement with theoretical and experimental re-
sults in the literature. An effective charge carrier mass of (0.32 + 0.02) m, was
determined by modelling the chain length and voltage dependence of the charge
transport with a rectangular tunnel barrier of height 2 eV. The barrier width was
initially set to the full molecular length to model the low group, and one and
two multiples of 0.17 nm, respectively, were subtracted from this width to fit the
medium and high group characteristics. This fundamental width reduction value
is supported by a robust tip-surface separation analysis, but falls noticeably short
of the gold monatomic step height (0.236 nm) predicted by the step edge model
[60]. Departure from this rectangular barrier model occurs for N = 3, where
the SMC value is anomalously low and a slightly higher effective carrier mass of
0.38 m, was required to fit the transport characteristics. The I(V') characteristics
as determined by I(s) method (but not with the I(V,s) method) also exhibits
anomalous behaviour at high biases for N = 4. These anomalies are similar to
those observed by Haiss et al. under air, but are much less pronounced [25, 88].
The effect itself and the discrepancy between the two data sets is not fully un-
derstood, but likely related to hydration of thiol contacts; more sophisticated
theoretical modelling is needed to investigate possible reasons for the apparent
chain length dependent effective carrier mass. The I(V,s) method gave excel-
lent agreement with the /(s) method, but is much faster for the purposes of
discerning full 7(V') characteristics. Moreover, being able to observe both the full
I(V') characteristics of multiple conduction groups for an inidividual molecule

and molecular break off all in one measurement is incredibly compelling.
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Chapter 5
Oligothiophenes

In this chapter, single molecule electrical conductance measurements of alkylthiol-
terminated oligothiophenes are presented. Since the molecules are structurally
related to alkane(di)thiols, the results expounded and explained in Chapter 4
provide a solid base from which to begin understanding their electronic transport
properties. Before the results are presented and discussed, the basic properties
of the molecules and the important studies that have been conducted upon them

are described.

5.1 Introduction

O o
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Figure 5.1: Structural diagram of the oligothiophenes studied in this thesis. Let
N and Ny denote the number of methylene units on either side of n conjugated
thiophene rings, such that the molecules can be referred to as Ny [T'n] Na; in this
case, 4[T3]4. The acetyl (COCHs) groups protect the sulfur anchoring groups
before solution deposition; in the presence of gold and water, the groups are
cleaved and Au-S bonds are formed.
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Figure 5.2: An indented tunnel barrier as a candidate for modelling electron
transport through oligothiophene molecules with connected alkylthiol chains,
drawn with zero applied bias. The parameters ¢; and ¢3 describe the height
of the barriers above the Fermi level, Er, presented by the alkanethiol chains
and ¢9 describes the height of the (shorter) barrier presented by the conjugated
ring system.

The oligothiophenes studied in this chapter comprise conjugated thiophene
units terminated on either side by alkylthiol chains of varying length. Figure 5.1
shows a structural diagram for these molecules along with a description of the
naming convention used in this thesis. Bingqgian et al. measured roughly 3.4 eV
for the HOMO-LUMO gap of the conjugated system of 1[T3]1 from UV-Vis spec-
troscopy [105], whereas Leary et al. report a value of 2.15 eV for 6[T3]6 from
DFT calculations [104] (though they note that DFT calculations underestimate
the gap size). For reasons discussed in Chapter 2, the gap size should be expected
to decrease as the number of thiophene units increases. Indeed, Bingqgian et al.
and Leary et al. report values of 3.0 eV and 1.64 eV, respectively, for similar
molecules with four thiophene rings. Theoretical calculations suggest that the
HOMO for the conjugated system is closer to the Fermi level than the LUMO,
and thus is likely responsible for mediating much of the charge transport [104—
108]. Given this, the physical structure of the molecules, and the relatively small

gap values compared to those of alkanedithiols, one of the simplest anticipated
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transport models involves an indented tunnel barrier, illustrated in Figure 5.2
[104, 109, 110].

The transmission through the barrier in Figure 5.2 can be readily investigated
using the Python program, discussed in previous chapters (Chapters 2 and 4
and Appendix A). The work presented in Chapter 4 helps to confine the num-
ber of free parameters when fitting the experimentally-measured I(V') curves for
the molecules; a value of 2 eV is reasonable for ¢, and ¢3 eV. Throughout this
chapter, each molecular length is approximated by the addition of 0.35 nm per
thiophene unit, implied by the literature [104], to the length of the alkanethiol
chains given by Equation 4.1. This empirical formula gives length values that
are in extremely close agreement with those estimated from recent theoretical
modelling (private communication) by the research group at the University of
Liverpool [52] and allows the width of each barrier section to be readily defined.
Thus, the only free parameters in the model that need to be determined are the
barrier height of the central region, ¢9, and the charge carrier effective mass,
m*. To optimise these two parameters, the Python tunnel barrier program was
implemented with a non-linear least-squares regression (based on the Levenberg-
Marquardt algorithm [111]) with each data point weighted by an error estimate.
The regression algorithm provides a covariance matrix that can be used to calcu-

late the standard errors in the fit parameters.

The model proposed here may be overly simplistic and it may be necessary
to decouple the central barrier from the other two, and then calculate the total
transmission as the product of the individual transmissions for the three sepa-
rate stages; T(E) = T\ (E)T»(FE)T3(E). This may be necessary if the effective
charge carrier mass in the conjugated system is vastly different from that in the
alkanethiol chains (spatially varying mass), or if the energy level mediating the
charge transport in the ring system is close enough to the Fermi level such that

a single energy level model (Section 2.2.2.2) is more appropriate for calculating
T>(E).
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5.1.1 Notable Works

Bingqgian et al. studied the electrical properties of 1[T3]1 and 1[T4]1 oligoth-
iophene molecules experimentally using a conductive AFM under toluene and
found that the conductance of the four-ring molecule, ~ 5.8 nS, was significantly
larger than that of the three-ring molecule, ~ 2.17 nS [105]. (Zhang et al. re-
port a similar conductance of 1.78 nS for 1[T3]1 using an STM under ambient
conditions [112].) The decrease in conductance was attributed to a combination
of a reduction in the HOMO-LUMO gap (mentioned previously), and a shift of
the HOMO closer to the Fermi level of the electrodes, as the number of rings in-
creased. The latter effect was investigated using an STM-based electrochemical
gating technique under aqueous NaClOy4, wherein the HOMO levels were shifted
closer to the electrode Fermi levels by increasing the gate electrode bias voltage
(reversibly oxidising the molecules). The conductance of the longer molecule was
shown to undergo a rapid increase at a gate voltage roughly 0.2 V lower than that
for the shorter molecule, illustrating the relative proximity of the two HOMOs
to the Fermi level. This unusual length dependence and proposed explanation
is seemingly corroborated by theoretical calculations (DFT and non-equilibrium
Green’s functions approaches) reported by Zhou et al. and later by Tang et al
[107, 108]. The former group, as well as others elsewhere [113], investigate the
conductance versus length trend for other conjugated oligomer molecules, such
as oligophenylenes, and find the more common and anticipated exponential de-
cay relationships, suggesting that the HOMO-LUMO gaps for these species are
less variable with length. Also worth noting are the large conductance decreases
observed by Bingqgian et al. after the application of stretching forces, which were
attributed to an increase in the HOMO-LUMO gap sizes with force rather than
simply elongation of the molecules [105]. These redox state and stretching force
conductance depenedences potentially make the species a viable candidate for

molecular switches.
Contrary to the length dependence observed by Bingqian et al., Leary et al.

performed experimental SMC measurements under dry argon gas and theoreti-

cal calculations, based on a non-equilibrium Green’s function (NEGF) method,
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and observed a very shallow (~ 0.2 A~') conductance decrease as the number
of rings increased [104]. Yamada et al. and Yutaka et al. also observe weak
exponential decays, with constants of ~ 0.1 A~! and ~ 0.19 A=, respectively,
when measuring more structurally complicated oligothiophene molecules by STM
under solutions of hexadecane and mesitylene [114, 115]. Furthermore, Peng et
al. derive a similar exponential decay constant of ~ 0.211 A~! from a theoretical
study on unsubstituted oligothiophenes based on DFT and NEGF approaches
[106].

Leary et al. also observed large conductance increases when going from the dry
argon gas atmosphere to ambient conditions [104]. The reason for this increase
was attributed to the interaction between water molecules and the thiophene
rings (7 system); it was suggested, and demonstrated with theoretical modelling,
that the formation of a solvation shell around the thiophene backbones electro-
statically gates the molecules, shifting the LUMO transmission resonance very
close to the Fermi energy of the electrodes (whilst shifting the HOMO resonance
far away) leading to increased conductance. The effect was shown to be more
dramatic for molecules with a greater number of thiophene rings (with an in-
crease of two orders of magnitude for the longest chain) since they allow for the
presence of a larger number of water molecules in the solvation shell. The effect
was shown to compensate for the exponential conductance decrease with ring
number, observed under dry argon gas, and led to essentially length-independent
conductance values. (The effect was also shown to be fully reversible by the
removal of the water, potentially making the molecules excellent candidates for
room-temperature molecular sensors.) Thus, hydration state dependence is an
alternative explanation for the length dependence observed by Bingqgian et al.
experimentally, though the reasons for the contradictions between the theoretical
modelling of the various groups is unclear. After the discovery of this hydration
dependence, measurements under UHV, where humidity levels should be far lower

than even the argon-purged container reported in [104], are prudent.

Lee et al. performed temperature and thiophene unit SMC studies on molecules

with oligothiophene backbones, but with several additional functional groups
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(heterogeneously substituted) to those studied in this thesis, using an STM un-
der dry argon gas and vacuum (2x 107% mbar) [116]. Their measurements suggest
that for each molecular length there exists a critical temperature, below which
the conductance is temperature-independent, and above which the conductance
exhibits a strong increase with temperature, accurately described by an activa-
tion energy model (Arrhenius plot; exp[—FEpg/kgT]). The proposed explanation
for this observation is the competition between superexchange tunnelling and
thermally-induced hopping ¢.e. tunnelling dominates the electron transport below
the critical temperature, whereas thermal hopping dominates above this thresh-
old. The critical temperatures varied such that molecules with lengths shorter
than 5.6 nm were almost exclusively dominated by tunnelling at room temper-
ature, whereas longer molecules were dominated by hopping. This explanation
is backed by NEGF modelling, but there is a call for more sophisticated simu-
lations and verification by other parties. Taniguchi et al. also observe similar
behaviour for more structurally simplistic oligothiophene molecules incoporated
into gold nanoparticle assemblies, though the measured critical transition tem-
peratures were far lower (7 — 10 K, instead of ~ 350 K) [117].

Very recently, Rattalino et al. reported extremely interesting optoelectronic
properties of oligothiophenes with short alkanethiol chains attached to each thio-
phene unit [118]. Using an electromigration induced break junction technique
under atmospheric conditions, it was demonstrated that the measured conduc-
tance of the molecules can be modulated by changing the ambient illumination. A
peak in the molecular conductance was seen when the wavelength of the incoming
light was 450 nm (2.76 eV), which was 120% larger than the conductance observed
at wavelengths of 300 nm. They suggest that some photo-generated excitons [119]
on the thiophene ring system are able to undergo dissociation and subsequently
tunnel off the molecule, contributing to the measured conductance. The optoelec-
tronic properties of polymerised thiophenes, such as poly(3-hexylthiophene-2,5-
diyl) (P3HT), have been widely studied and utilised as electron donor materials
in the field organic photovoltaics [120-125], and these latest experiments now
indicate the possibility of exploiting oligomer units to make single molecule op-

toelectronic devices. The findings also suggest that great care should be taken to
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control the ambient illumination when performing conductance measurements;
the opaque walls and easily capped windows on the UHV system employed in
these experiments allow the background lighting to be kept constant throughout

the entire investigation.

5.1.2 Summary

Oligothiophene molecules exhibit extremely interesting molecular conductance
trends with length, temperature, redox state, hydration state, and illumation,
which potentially make them great candidates for molecular (opto)electronic de-
vices and sensors. Since the conductance is seemingly sensitive to so many factors,
a systematic study under the highly-controlled environment of UHV, currently
absent from the literature, is imperative. The physical and electronic structure
of the molecules suggests that the electronic transport properties might be best

modelled by consideration of the transmission through an indented tunnel barrier.

5.2 I(s) Measurements

The oligothiophene molecules studied in this investigation; 3[T3]3, 4[T3]4, 5[T3]5,
6[T3]6, 5[T2]5, and 5[T1]5; were synthesised and provided by the research group
of Richard Nichols and Simon Higgins at the University of Liverpool [52]. For
each molecule, approximately 5000 I(s) curves were acquired at each 0.2 V bias
interval, spanning +1.6 V, on both the high and low current amplifiers. The
measurements were then repeated at elevated temperatures, up to 390 K. For
reasons relating to noise, discussed in the following sections, meaningful data
could not be obtained from reduced temperature measurements. Thus, approx-
imately 200,000 — 300, 000 traces were measured for each type of molecule and
about 1.0 million were measured for the molecular species in total. All-data
current histograms were almost always featureless, such that curve filtering was
necessary to reveal current peaks originating from plateaus; the curve selection
rate was roughly 1 — 3%, which is comparable to that of the ADTs in Section
4.3. In the following sections, an in-depth case study of the data obtained from

4[T3]4 will first be presented, before the data for the other molecules is presented
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in a more concise manner.

5.2.1 4[T3]4 Characteristics

Figures 5.3 and 5.4 show representative I(s) traces and the corresponding filtered
current histograms for 4[T3]4 obtained at various tip biases (and at room tem-
perature) using the low (0 — 3.3 nA) and high (0 — 333 nA) current amplifiers,
respectively. The range of current plateaus observed for the molecule is far larger
than that measured for the ADT species; numerous different peaks can often be
observed in any given filtered histogram. Despite the large breadth of possible
conductance values, only two conduction groups could be measured consistently
and reproducibly over the range of applied biases (+1.6 V) — these invariably pro-
duced the largest and most convincing current peaks. The zero-bias (|V| < 0.6 V)
conductance values of these two groups are approximately 0.09 nS (low, blue) and
5.0 nS (high, red). Both groups were observed on the low amplifier; however, due
to the upper current limit of 3.3 nA, the high group was only observed at biases
between +0.4 V. The noise threshold, 0.18 nA, precluded measurement of the
low group on the high amplifier. Many of the other peaks in the histograms can
be attributed to integer multiples of these two fundamental groups, implying the
formation of many-molecule bridges. Possible explanations for the origin of the
other peaks are addressed in the discussion section of this chapter (Section 5.4).
In general, the current plateaus, as measured on both adapters, are far noisier
and more ill-defined than those measured from ADTs and the associated uncer-

tainties are larger.

Figure 5.5 show example two-dimensional /(s) histograms, before and after
filtering traces for current plateaus, measured on both the low and high current
amplifiers with a tip bias of +1.0 V. There are no clear features that can be
discerned in the all-data histograms (Figure 5.5a and 5.5¢). After filtering, both
diagrams (Figure 5.5b and 5.5d) exhibit discontinuities (at roughly —1.0 and 1.0
on the respective vertical axes) that arise from current plateaus corresponding
to the low and high molecular conductance groups. Again, the molecular sig-

nals from the diagrams are far more poorly defined than the analogous diagram
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Figure 5.3: Representative I(s) traces and filtered histograms for 4[T3]4, taken
at tip biases of a) —0.2 V (175 traces), b) +0.6 V (123 traces), and ¢) —1.4 V (59
traces), on the low (0 — 3.3 nA) adapter. Setpoint: 500 pA, approach: 0.5 nm.
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Figure 5.4: Representative I(s) traces and filtered histograms for 4[T3]4, taken
at tip biases of a) 0.2 V (82 traces), b) —0.6 V (67 traces), and c) 1.4 V (67
traces), on the high (0 —333 nA) adapter. Setpoint: 500 pA, approach: 1.0 nm.
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Figure 5.5: Area density plots for I(s) traces measured on the low current
amplifier a) before (5000 traces) and b) after filtering for current plateaus (181
traces). Figures c¢) and d) are the same as a) and b), respectively, (5000 and
100 traces) but the data set was acquired on the high current amplifier. Both
sets were acquired with a tip bias of +1.0 V. The values on the colour bar are
the logarithms (base 10) of the bin counts.

shown for ADTs in Chapter 4 (Figure 4.5), reflecting the relative noise levels on

the measurements of the two species.

The I(s)-derived I(V') characteristics of both reproducible conductance groups
are presented in Figure 5.6. Given that both conductance groups are temperature-
independent over the range 295—390 K, it should be concluded that the dominant
transport mechanism under these conditions is tunnelling. Therefore, the I(V)
characteristics of the low conductance group (Figure 5.6a) were fitted by con-
sideration of the quantum mechanical transmission through the indented barrier
described in Figure 5.2; with ¢; = ¢3 = 2.0 eV (above Er = 5.5 eV) and a total
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Figure 5.6: The I(V) characteristics of the two repeatable conductance groups
for 4[T3]4; a) low and b) high. Each data point corresponds to a peak position
on an I(s) histogram, with the error bars relating to the width of the central
bins. The blue and red data points were measured at 295 K and 390 K, respec-
tively. For the high group, the data measured on both low and high current
amplifiers have been included. The lines of fit were generated by computation of
the quantum mechanical transmission through tunnel barriers and subsequent
intergration with the Landauer equation (Equation 2.13); the parameters used
for each are discussed in the text.

width of L = 2.57 nm (the full molecular length; Section 5.1), the least-squares
optimised values for the two free parameters were m* = (0.186 £ 0.003) m, and
¢o = (1.33+£0.02) eV. (A temperature of 295 K was used during the integration
to derive the current.) In order to achieve a fit for the high group, it was nec-
essary to substantially reduce the width of the barrier. (A reasonable fit could
not be obtained simply by altering the effective mass and the central barrier
height.) The fit in Figure 5.6b was produced with ¢ = (0.75 £ 0.03) eV and
m* = (0.281 4+ 0.004) m, after the subtraction of 0.5 nm from the alkanethiol
sections on each side of the barrier. (This value was chosen after considering the

average break off distance value for the group; Figure 5.7.)

The parameters used for the low group seem sensible if the molecule is near
fully-stretched and suggest that the energy level mediating the transport for the
thiophene system is located roughly 1.33 eV away from the Fermi level. It should

be noted that a similar fit line can be generated by considering a rectangular
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tunnel barrier of height 1.70 eV and width 2.57 nm with an effective charge car-
rier mass of 0.18 m, (parameters optimised by eye). The effective mass value is
similar to that determined from the indented barrier fit, and the barrier height is
close to the value expected from averaging the heights of each individual section.
These findings are not particularly surprising and suggest that a simple Simmons
tunnelling model 2.2.1 could be used instead. However, this approach would not
reveal as much information about the component energy levels of the system.
For the high conductance group, the applicability of the indented barrier shape
is questionable and it is unclear what the parameters mean. (These points will
be discussed further in Section 5.4.) Again, a similar fit can be generated by em-
ploying a rectangular barrier shape of height 1.0 eV, width L = (2.57 — 1.2) nm,
and effective mass 0.26 m,. The change in parameters in going from the indented
to the rectangular barrier is similar to that observed for the low group and again
implies that a simple Simmons model could be used instead. In any case, the
shape of the (V') curve requires that the barrier be both far shorter and narrower

than that of the low conductance group.

To help address the physical origin of the high group, a tip-sample separation
analysis was conducted. Absolute tip-sample distances were calibrated using
Equation 3.1. An average decay constant of 8 = (10.84+0.3) nm~! was estimated
from featureless I(s) traces acquired using the low and high current amplifiers,
according to the method described in Figures 3.5 and 4.11. Figure 5.7 is a two-
dimensional histogram of conductance and tip-sample separation distance at the
point of molecular break off for 4[T3]4. The figure highlights the distribution in
molecular break off distances of the two conduction groups; the low (~ 0.09 nS)
and high (~ 5.0 nS) groups span distances of roughly 1.7 — 2.5 nm and 1.1 —
1.7 nm, respectively. Clearly, the average break off distance for the high group
is significantly larger than that of the low group. These distances are discussed
further in Section 5.4 at the end of this chapter. The data measured at biases of
magnitude greater than 0.4 V has not been included in Figure 5.7 as the I(V)
characteristics of the groups depart from linearity and the conductance begins to

change.
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Figure 5.7: Two-dimensional histogram constructed by reading the absolute
tip-sample separation distance (sp) and the conductance (Gp) at the point of
molecular (4[T3]4) break off on each I(s) plateau i.e. the coordinates at the
end of each current plateau. The figure includes 1600 curves, from both current
adapters, measured at biases in the linear I(V') regimes (|V| < 0.6 V; see Figure
5.6). The values on the colour bar are the counts in each two-dimensional bin.

5.2.2 Alkyl Chain Dependence

In this section, data for the remaining terthiophene molecules (3[T3]3, 5[T3]5,
and 6[T3]6) are presented in order to investigate the effect of variation of the
alkyl side group length upon the molecular I(V') characteristics. Most of the
raw data, including individual /(s) traces and histograms, have been omitted
for brevity since the overall character of the results is extremely similar to that
presented for 4[T3]4 in Section 5.2.1.

Figure 5.8 shows an example data set measured from 3[T3]3 on the low cur-

rent amplifier both before and after filtering for current plateaus. Before filtering,

the exponential decay backbone resulting from I(s) traces is visible (Figure 5.8a).
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Figure 5.8: Area density plots of I(s) traces for 3[T3]3 measured on the low cur-
rent amplifier a) before (5000 traces) and b) after filtering for current plateaus
(159 traces). Both sets were acquired with a tip bias of +0.2 V. The values on
the colour bar are the logarithms (base 10) of the bin counts.

After filtering, a clear molecular signal originating from current plateaus on the
traces can be observed around roughly —0.7 on the vertical axis, corresponding to
~ 1 nS. Similar to the data for 4[T3]4 (Section 5.2.1), current plateaus at many
different values could be observed at any given bias; however, the conductance
group highlighted here produces the largest current peaks in histograms and is
the only reproducible group that consistently scales with the applied bias. The
I(V) characteristics of this group are mapped in Figure 5.9a; for biases of mag-
nitude greater than 1.2 V, the conductance group could no longer be observed
on the low current amplifier and so the data points in these ranges correspond to
those measured on the high current amplifier. (Both amplifiers gave equivalent
measurements of the group, within experimental error, for biases of £1.0 V). Fig-
ure 5.9b shows a conductance versus break off distance histogram for the group

(similar to that described in Figure 5.7).

Again, the group was temperature-independent and hence the line of fit to the
I(V) curve (Figure 5.9a) was generated by considering the tunnelling through an
indented barrier (Figure 5.2), where ¢1 = ¢3 = 2.0 eV, ¢ = (1.30 £ 0.03) eV,
L = 2.31 nm (full molecular length), and m* = (0.169 £0.001) m. (Er = 5.5 €V,
T = 295 K). These parameters are reasonably close to those required to fit the

low group measured from 4][T3]4, suggesting the molecules are in a similar config-
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Figure 5.9: a) The I(V') characteristics of the reproducible conductance group
for 3[T3]3 measured with the I(s) method at temperatures of 295 K (blue)
and 390 K (red). The line of fit was generated by computation of the quan-
tum mechanical transmission through an indented barrier (parameters described
in the text) and subsequent intergration with the Landauer equation (Equa-
tion 2.13). b) Two-dimensional histogram showing conductance (Gp) against
absolute tip-sample separation distance (sp) at the point of molecular break
off for the I(s) method. The figure includes the room-temperature data from
roughly 500 curves measured in the bias range |V| < 0.8 V. Distance calibration
was performed using Equation 3.1 with an average measured decay constant of
B = (11.0 £ 0.2) nm~!. The values on the colour bar are the counts in each
two-dimensional bin.

uration in both cases. Furthermore, Figure 5.9b shows that the majority of the
bridges experience break off at distances of roughly 1.3 — 2.2 nm. The extent of
this range and its position relative to the length of the molecule are both similar
to those observed for the low group of 4[T3]4 in Figure 5.7. A reproducible, bias-
scaling conductance group analogous to that of the high group of 4]T3]4 was not
observed (on either the low or high current amplifiers); possible reasons for this

discrepancy are discussed in Section 5.4.

Figure 5.10 is similar to Figure 5.9 but details processed results for 5[T3]5.
Again, only one bias-scaling conductance group could be isolated and the I(V)
characteristics are shown in Figure 5.10a. The break off conductance wersus

distance characteristics for the group are shown in Figure 5.10b; the low-bias
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Figure 5.10: a) The I(V') characteristics of the reproducible conductance group
measured for 5[T3]5 with the I(s) method at temperatures of 295 K (blue) and
390 K (red). The line of fit was generated by computation of the quantum
mechanical transmission through an indented barrier (parameters described in
the text) and subsequent intergration with the Landauer equation (Equation
2.13). b) Two-dimensional histogram showing conductance (G p) against abso-
lute tip-sample separation distance (sp) at the point of molecular break off for
the I(s) method (comprising data from 1000 room-temperature curves in the
|V| < 0.8 V regime). Distance calibration was performed using Equation 3.1
with an average measured decay constant of 8 = (10.8 £0.2) nm~!. The values
on the colour bar are the counts in each two-dimensional bin.

conductance is roughly 0.04 nS and the majority of the bridges are destroyed at
tip-sample separations between 2.15 — 2.75 nm (compared to a molecular length
of L = 2.82 nm; Section 5.1). The results were again temperature-independent,
within experimental uncertainty, over a range of 295—390 K. Hence, the indented
tunnel barrier model was applied to the I(V) curve, with ¢; = ¢35 = 2.0 eV
(Ep = 5.5 eV, T = 295 K) and L = 2.82 nm, yielding best estimates of
m* = (0.174 £ 0.002) m, and ¢o = (1.36 £ 0.02) eV.

Figure 5.11a summarises and compares the key (V) characteristics of the
molecules studied in this section, and Figure 5.11b illustrates the low-bias con-
ductance trend with molecular chain length (for variations in alkyl group chain
length). The I(V) characteristics for 6[T3]6 could not be convincingly deter-

mined from the experimental measurements. Whilst a few current plateaus were
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Figure 5.11: a) The I(V) characteristics of 3[T3]3, 4[T3]4 (low group), and
5[T3]5 (highest to lowest) at 295 K (circles) and 390 K (crosses). The fit lines
were computed using the indented tunnel barrier model (parameters described
in the text). b) The zero-bias conductance of each molecule (G = I/V) was
estimated from linear fits to the experimental I(s) data points measured for
|V| < 0.6 V and this is plotted against molecular length on a semi-log plot. The
red line is a linear fit to the data, weighted by the error estimates (determined
from the linear fits); the gradient implies 8 = (0.78 4+ 0.15) A~1.

observed at any given bias (similar to the observations from the other molecules),
a reproducible, bias-scaling conductance group could not be isolated. It is likely
that a portion, or majority, of the I(V) curve resides below or too close to the
noise threshold of the low current amplifier (0.0015 nA). This potentially means
that the entire linear region, used for zero-bias conductance estimates, cannot be
measured. This idea is elaborated upon in Section 5.4, and other possibilities
for the lack of signal are also discussed. The estimate for the decay constant
associated with the alkyl chains, stated in the figure caption, is compared to the

value measured for pure ADTs in Chapter 4, in Section 5.4.

5.2.3 Thiophene Unit Dependence

Data for 5[T2]5 and 5[T1]5 are presented in this section in order to investigate the
thiophene unit dependence of the molecular (V') characteristics. (The results for

5[T3]5 are shown in Figure 5.10 and are referenced for comparison.)

97



5. OLIGOTHIOPHENES

(a) . )
25
2.5
— _ 2
< 2 <
= =]
= s =
S S
0 o0 1
) 1 @)
- -
0.5 0.5
0 0
(c) 05 (d) 30
0.4
0.3 25
0.2 20
<5 0.1
< 0 15
~ -o0d1

-0.2
-0.3
-0.4
-0.5

10g10 (GB/HS)

1 15 2 25 3 35 4
sp/nm

V)V

Figure 5.12: Area density plots for I(s) traces from 5[T2]5, measured on the low
current amplifier, with applied tip biases of a) +0.8 V (86 traces) and b) —0.8 V
(79 traces). The values on the colour bar are the logarithms (base 10) of the
bin counts. ¢) The I(V') characteristics of the reproducible conductance group
determined by the I(s) method at temperatures of 295 K (blue) and 390 K
(red). The parameters for the line of fit are described in the text. d) Two-
dimensional histogram showing conductance (Gp) versus absolute tip-sample
separation distance (sp) at the point of break off for the I(s) method (compris-
ing roughly 800 room-temperature curves acquired at biases of |V| < 0.8 V).
Distance calibration was performed using Equation 3.1 with a measured average
decay constant of 3 = (11.0 & 0.1) nm~!.

98



5. OLIGOTHIOPHENES

-15 -1 -05 0 0.5 1 1.5 1 1.5 2 25 3 3.5

V/V sp/nm

Figure 5.13: Area density plots for I(s) traces from 5[T1]5, measured on the low
current amplifier, with applied tip biases of a) +1.2 V (88 traces) and b) —1.2 V
(50 traces). The values on the colour bar are the logarithms (base 10) of the
bin counts. ¢) The I(V') characteristics of the reproducible conductance group
determined by the I(s) method at temperatures of 295 K (blue) and 390 K
(red). (Elevated temperature measurements were only performed at biases of
+0.6 V and +1.2 V.) The parameters for the line of fit are described in the
text. d) Two-dimensional histogram showing G versus sp for the I(s) method
(from roughly 600 room-temperature curves taken at biases of |[V| < 0.8 V).
Distance calibration was performed using a measured decay constant of 5 =
(10.9 4 0.1) nm~1.

99



5. OLIGOTHIOPHENES

Figure 5.12 summarises key results for 5[T2]|5 along with example data (raw
I(s) curves binned into two-dimensional current-distance histograms). The I(V)
characteristics of the single reproducible conductance group (~ 0.08 nS, Figure
5.12¢) did not demonstrate any dependence with temperature between 295 K
and 390 K, and so were fitted using the indented tunnel barrier model with
$1 = ¢3 =2.0eV (Ep =55eV, T =295 K), L = 247 nm (full molecular
length), ¢ = (1.46 £0.07) eV and m* = (0.196 £ 0.003) m.. From Figure 5.12d,
the majority of the molecular bridges are severed at tip-sample separations in
the approximate range 1.6 — 2.5 nm. Figure 5.13 shows a results summary for
the only reproducible conductance group (~ 0.12 nS) identified for 5[T1]5; the
measurements are again temperature-independent and the parameters yielded
from the application of the indented tunnel barrier model to the I(V') curve were
¢o = (1.64 £ 0.09) eV and m* = (0.237 £ 0.005) m, (with the width set to the
full molecular length, L = 2.12 nm).
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Figure 5.14: a) The I(V') characteristics for 5[T1]5, 5[T2]5, and 5[T3]5 (highest
to lowest) at 295 K (circles) and 390 K (crosses). The fit lines were computed
using the indented tunnel barrier model (parameters described in the text). b)
The zero-bias conductance of each molecule (G = I/V) was estimated from
linear fits to the experimental I(s) data points measured for |V| < 0.6 V and
this is plotted against molecular length on a semi-log plot. The red line is a
linear fit to the data, weighted by the error estimates (determined from the
linear fits); the gradient implies 8 = (0.16 £ 0.04) A=1.
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Figure 5.14 is analogous to Figure 5.11, summarising all the (V') character-
istics for the molecules measured in this section and illustrating the conductance
versus thiophene unit trend. A thorough interpretation and discussion is provided

in Section 5.4.

5.2.4 Summary

Table 5.1 summarises the key results for the oligothiophene molecules measured
by the I(s) method, as well as the parameters required to fit the I(V') curves
with the indented tunnel barrier model. Only information relating to the low
conductance group of 4[T3]4 has been included in the table because, as suggested
in Section 5.2.1, the application of the indented barrier model to the high conduc-
tance group is likely inappropriate. These results are compared and contrasted

both with each other and with literature values in Section 5.4.

Table 5.1: Summary of the zero-bias conductance and break off distance values
for each oligothiophene molecule, along with the parameters required to fit the
measured I (V') curves using the indented tunnel barrier model.

Mol. L/nm sp/nm G/nS m*/me p2/eV
3/T3]3 2.31 1.75£0.45 1.00 £0.02 0.169 £0.001  1.30 £ 0.03
4[T3J4 2.57 210+0.40 0.092£0.005  0.186 £0.003  1.3340.02

) 2.47 2.05+045 0.078 £0.002  0.196 £0.003  1.46 +£0.07

[T3]
[T3]
5(T3)5  2.82  245+0.35 0.038£0.004 0.174+0.002  1.36 %+ 0.02
[T2]
[T1]5 212  1.75+0.35 0124001  0.237£0.005 1.64+0.09

5.3 1(V,s) Measurements

Figures 5.15a and 5.15b show example I(V,s) measurements for 5[T2]5. In Fig-
ure 5.15a, the curves first converge to a high conduction group (~ 0.5 nS at zero
bias) and subsequently follow a lower conduction group after an abrupt transition

during a single (V') sweep. The characteristics of the low group closely match
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those of the only group isolated from I(s) measurements (albeit deviating slightly
at very low biases). Also, the tip-sample separation at which molecular break off
occurs, o = (2.05 £ 0.05) nm, lies in the middle of the range of values measured
by the I(s) method (Figure 5.12d). The high group, not identified from I(s)
measurements, was fitted using a simple rectangular tunnel barrier model with
¢ =1.5eV, L =1.65nm, and m* = 0.20 m,.. Possible explanations for the origin
of this group and its lack of observation during /(s) measurements are discussed
in Section 5.4. In Figure 5.15b all of the I(V') curves in the set adhere closely to
the curve modelled from I(s) data, despite the tip-sample separation exceeding
the full length of the molecule; this may have arisen from distortion of the tip
or substrate during retraction e.g. formation of gold atomic chains. Figure 5.16
shows I (V) s) examples for 4[T3]4 in which the curve sets converge toward the low
conduction group measured during the I(s) method. There are also convincing
I(V,s) results for the other molecules of the species that give good agreement
with the theoretical fits suggested from the respective I(s) data. Further inter-

pretation and discussion of these results is given in Section 5.4.
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Figure 5.15: Two I(V, s) measurements performed on 5[T2]5; the tip approached
the surface by 0.5 nm from a setpoint of —1.5 V and 0.5 nA before being
retracted in 0.1 nm steps. The I(V) curves shown are the forward traces from
—1.5 to +1.5 V at each step. Distance scales were calibrated using Equation
3.1 with 8 = 11.0 nm~'. In both cases, the blue dashed line is the theoretical
I(V) curve for the conductance group identified by the I(s) method (Figure
5.12¢). In a) the curves first converge to a high conductance group, fitted with a
green dashed line (parameters are in the text). A spontaneous transition (green
arrow) to the blue conduction group occurs during the I(V') curve measured at
sp = (1.55 4+ 0.05) nm, before break off occurs at sy = (2.05 + 0.05) nm (blue
arrow). Interestingly, all the curves in b) are close to the blue dashed line.
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loglo (I/HA)

10g10 (I/HA)

Figure 5.16: Two I(V, s) measurements performed on 4[T3]4; the tip approached
the surface by 0.5 nm from a setpoint of —1.5 V and 0.5 nA before being
retracted in 0.1 nm steps. The I(V) curves shown are the forward traces from
—1.5 to +1.5 V at each step. Distance scales were calibrated using Equation
3.1 with 3 = 10.8 nm~!. In each case, the curves converge toward the blue
dashed line, which is the theoretical I(V) curve for the lowest conductance
group identified by the I(s) method (Figure 5.6a). Molecular break off occurs
between consecutive traces at gap values of a) sp = (2.00 & 0.05) nm and b)
so = (1.90 £ 0.05) nm; these values lie within the range of values determined by
I(s) measurements (Figure 5.7).
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5.4 Discussion

For 3[T3|3, 5[T3]5, 5[T2]5 and 5[T1]5, a single temperature-independent (295 —
390 K) conduction group was measured with the I(s) method. (The I(s) method
is expected to rule out any possible temperature dependence originating from
conformational flexibility by stretching the molecules [34]). The derived I(V)
characteristics for these groups could be fitted using the indented tunnel barrier
model with seemingly reasonable parameters (Table 5.1), after assuming barrier
widths that correspond to the full molecular lengths. (The tip-sample separation
analyses indicate that break off typically occurs at distances within 0.7 nm lower
than the full molecular lengths.) Multiple groups arising from different contact
geometeries [60, 102], analogous to those observed for ADTs in Chapter 4, could
not be conclusively identified (Figure 4.2). However, given the relative obser-
vation probabilities of the different conductance groups witnessed for the ADT

species, the groups measured here likely correspond to B group contact geometry.

For 4[T3]4, two conduction groups were measured, the lowest (~ 0.09 nS) of
which seems to be consistent with the reproducible groups for the other molecules
(likely arising from a near fully-stretched conformer), whereas the second group
has a zero-bias conductance roughly fifty times larger (~ 5 nS) and a spread of
break off distances (1.1 — 1.7 nm) much shorter than the full molecular length
(2.57 nm). The large differences in the conductance values and break off dis-
tances between the two groups likely preclude an explanation based solely on
contact geometry; for comparison, the C group for ADTs is typically only five
times larger than the B group and only twenty times larger than the A group.
A more plausible explanation for the origin of the high group is measurement
of the molecule between a thiol end group and one of the thiophene rings, in-
stead of between both thiol end groups. Arroyo et al. have indeed demonstrated
that it is possible to establish good electrical contacts between gold electrodes
and thienyl groups by measuring benzene molecules with thiophene anchoring
groups using an STM BJ method [126]. If this situation is true, then modelling
the I(V') characteristics (Figure 5.6b) with an indented tunnel barrier shape is

clearly inappropriate. Modelling was also attempted with a step-shape barrier,
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but this involved the use of more free parameters, more unjustified assumptions,
and produced a fit no better than that from a simple rectangular barrier model
(0 = 1.0 eV, L = 1.37 nm, m* = 0.26 m.). The validity of the hypothesis
proposed here could possibly be investigated by performing measurements on
asymmetric molecules such as 4[T3] or 4[T1] and comparing the I(V') character-
istics to those of the high group. However, the research group at the University
of Liverpool report (private communication) that meaningful data could not be
obtained for 6[T3] [52]. Further confusion is added by the lack of observation of
high groups from the other molecules. It might be possible that the quality of the
sample or the vacuum were somehow better during these measurements than they
were during measurements for the other molecules, allowing for the measurement
of a more difficult to observe group. The SMC value of the 4[T3]4 low group is
somewhat lower than the line of fit in Figure 5.11 and a slightly higher effective
mass is required to fit the (V') characteristics; given the hydration state depen-
dence mentioned in Section 5.1, this might indicate a sample or vacuum with
less contamination. (However, there was no difference in the sample preparation

procedure and no noticeable difference in the chamber pressure at the time).

Convincing measurements could not be obtained for 6[T3]6 as it is suspected
that a significant portion of the I(V') curve lies beneath the noise threshold of the
low current amplifier. Extrapolation of the line of fit in Figure 5.11, describing
the variation of conductance with alkyl chain length, suggests a zero-bias con-
ductance for this molecule between 0.001 and 0.008 nS. Thus, potentially, the
curve may not be measurable in the bias regions |V| < 1.5 V (given that the
low amplifier noise level is 0.0015 nA), making the group incredibly difficult to
isolate in a convincing manner. For comparison, Leary et al. report a value of
(0.012 4+ 0.006) nS for the same molecule measured under dry argon gas [104].
More recent experiments by the University of Liverpool research group [52] sug-
gest values of roughly 0.01 nS under dry argon gas and 0.19 nS under air for the
same molecule. As anticipated, these values are slightly larger than the value

range estimated here for UHV conditions.

In general, the plateaus were far more noisy than those measured from ADTs
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(and became worse at higher biases), and this is reflected in the relative quality
of the various area density plots of I(s) data sets as well as the two-dimensional
break off distance plots; for example, Figure 4.5 for HDT is far more clear than
Figure 5.5 for 4[T3]4. Low temperature measurements were attempted for 4[T3|4
and 3[T3]3 but were inconclusive due to excessive noise; therefore, such measure-
ments for the other molecules were not attempted. As mentioned in Chapter
4, low temperature measurements involved coupling a clamping block and cop-
per braid to the sample stage, which likely made the tip-sample interaction even
worse by introducing mechnanical vibrations. A reasonably large temperature
range could still be investigated by heating. Furthermore, imaging of sufficient
quality for these samples was not possible, even with tungsten tips. The reason
for the relatively poor quality current signal (compared to that from ADTSs) is
not known. There were often a large range of plateaus for each molecule, cor-
responding to conductance values other than those of the reproducible groups.
However, these were not reproducible and did not produce convincing histogram
peaks that scaled with applied bias. Hence, very little meaningful information can
be extracted from such data. It is possible that many of these other plateaus can
be explained either by integer multiples of the reproducible groups, by different
contact geometries, or by different molecular conformations. Given the increased
length and structural complexity of the molecules compared to ADTSs, far more

molecular conformations should be anticipated.

For the terthiophene molecules (N[T3]N), the /3 factor corresponding to vari-
ations in the length of the alkanethiol chains was measured to be (0.784:0.15) A~
(Figure 5.11); this is in agreement with the value of (0.80 4 0.01) A~! measured
for pure ADTs in Chapter 4, albeit, within a large experimental uncertainty. It is
interesting to extrapolate the linear fit from Figure 5.11 to give crude estimates
of (70£50) nS and (700 £ 600) nS for 1[T3]1 and 0[T3]0 (terthiophene with thiol
anchoring groups), respectively. Clearly, there are problems with this approach.
The initial linear fit is based upon only three data points, so the fit parame-
ters have large associated uncertainties. Moreover, it may not be appropriate to
extrapolate the fit back this far (from lengths of roughly 2.3 to 1.5 nm) if the

transport properties of the molecules change abruptly at very short alkyl chains.
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Zhang et al. and Binggian et al. both report a value of roughly 2 nS for 1[T3]1
measured under humid conditions [105, 112], whereas Tang et al. report a value of
approximately 6 nS from theoretical modelling [108]. The disagreement between
these literature values and the value reported here likely stems from problems
with the extrapolation, but may also result from the measurement of different
conduction groups that arise from either different contact geometry, molecular
conformation, or both. The issue is further complicated by humidity variation
between different experiments. For 0[T3]0, Zhou et al. arrive at a conductance of
10,000 nS from theoretical simulations, whereas Taniguchi et al. measure 100 nS
using a nanoparticle assembly [107, 117]. The estimated value reported in this
thesis resides between these two values, but is significantly closer to the latter

experimental value.

The measured f3 factor associated with the thiophene units is (0.164:0.04) A~
(Figure 5.14), which is significantly smaller than that for the alkyl chains. This
value falls within the range of values measured experimentally under dry con-
ditions and calculated theoretically; 0.1 to 0.2 A~ [104, 106, 114, 115]. The
addition of thiophene units is less detrimental to the overall conductance than
the addition of the equivalent length of alkyl chains. Extrapolation of the lin-
ear fit in Figure 5.14 yields a conductance value of (0.27 £ 0.14) nS for 5[T0]5
i.e. 1,10-decanedithiol (DDT). In Chapter 4, the conductance values of the A,
B, and C groups for DDT were measured to be (0.20 £ 0.01), (0.74 +0.01) and
(1.96 4 0.03) nS, respectively. The extrapolated value matches most closely that
of the A group, despite the expectation (from Chapter 4) that it match the B
group value. For reasons discussed in the previous paragraph, this kind of extrap-
olation is not definitive and ideally the trend needs to be refined by measurement
of further molecules. The A and B groups for DDT are relatively similar in
magnitude when compared to the potential scope of the systematic error in the
extrapolation; thus, the conduction group identified from the 5[Tn|5 molecules
could realistically correspond to either of contact geometry. (The very broad
range of values in the tip-sample break off distance histograms makes identifica-
tion of contact geometry extremely difficult for these molecules). Nevertheless,

the fact that the extrapolated value is reasonably close to both groups is encour-
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aging and goes some way toward verifying the validity of the measurements.

The zero-bias conductance values measured for the low group of each molecule
are listed in Table 5.1, along with the key parameters required to fit the derived
I(V') characteristics using the indented tunnel barrier model. (The conductance
values are in close agreement with recent measurements performed by [52] under
a dry argon gas environment.) In general, this barrier model was able to generate
very close fits to the experimental I(V') curves for seemingly reasonable param-
eters. For the terthiophene molecules, the model implies that the energy level
mediating charge transport through the conjugated system is roughly 1.33 eV
away from the Fermi level; the literature suggests that this is the HOMO, due
its relative proximity to the Fermi level compared to the LUMO [104-108]. The
barrier value can be doubled to yield a crude estimate of the HOMO-LUMO gap
size for the ring system; 2.66 eV. This value lies between the values of 2.15 eV for
6[T3]6 and 3.4 eV for 1[T3]1 reported by Leary et al. and Bingqgian et al., respec-
tively [104, 105]; as stated in Section 5.1, the former estimate is based on DFT
calculations and is likely an underestimate of the true gap size. It is possible that
there is a slight increase in gap size in going from 3[T3|3 to 5[T3]5 (2.60 eV to
2.72 V), but the size of the error estimates make such a trend impossible to prove
conclusively. However, such an increase might be anticipated because increasing
the length of the alkyl chains on either side of the thiophene rings should increase
electron confinement in the conjugated system and open the HOMO-LUMO gap
slightly wider [17].

The fit parameters for 5[T2]5 and 5[T1]5 suggest larger gap sizes of roughly
2.92 and 3.28 eV, respectively. (Again, these gap values are estimated by simply
doubling the barrier height ¢,). This general trend is in agreement with that
described in Section 2.1; increased conjugation leads to decreased HOMO-LUMO
gap sizes [17]. Interestingly, this trend can be observed by the colour change in
the molecular powders; bright yellow to pale yellow as the thiophene ring number
is decreased. For further comparison, DFT calculations reported in the literature
suggest values of 2.0 — 2.3 eV for infinite polythiophene chains [127, 128]. The

method of estimation employed in this thesis may be unreliable for numerous
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reasons, chiefly because; i) the HOMO is slightly closer to the Fermi level than
the LUMO, so doubling the measured barrier yields an underestimate, and ii) the
I(s) method involves stretching the molecules, which can lead to increased gap
sizes compared to the expected values for relaxed molecules [105]. Nevertheless,
the estimates presented here still seem to be consistent with the expected trend
and reside within the spread of literature values. Ideally, photoelectron spec-
troscopy under UHV should be used to verify or refine the estimates reported in
this thesis, but this was not possible for technical reasons involving equipment

failure.

The effective charge (hole) carrier masses determined from fitting the I(V)
curves of terthiophene molecules range between 0.168 and 0.189 m,; considerably
lower than the values determined for the ADTs (0.32 + 0.02 m,). This value
seems to increase with decreasing numbers of thiophene units; (0.196 + 0.003)
and (0.237 £ 0.005) m, for 5[T2]5 and 5[T1]5, respectively. It is unclear what
this means, but a possible interpretation is that the measured effective mass is
an average of the carrier mass through the alkanethiol components and a much
lower carrier mass through the conjugated component. Though, a spatially vary-
ing effective mass does not seem compatible with coherent tunnelling. Robust

theoretical calculations of the carrier mass for these molecules are desirable.

In general the indented barrier model produced excellent fits to the experi-
mental data and yielded an internally consistent set of parameters, which are in
reasonable agreement with external literature values. It should be noted, that for
any given data set, it may be possible that there exists more than one optimum
set of parameters to which a regression algorithm may converge. This situation
was generally not observed even after adjustment of the initial conditions. Fur-
thermore, manual adjustment of the parameters to fit by eye always seemed to
suggest parameters very close to those suggested by the automated regression.
As implied in Section 5.2.1, similar fit lines could be generated for most of the
I(V') curves using a simple rectangular barrier model, with a similar effective
carrier mass, but with a height roughly equivalent to the width-weighted average

of the heights of the individual sections of the corresponding indented barrier.
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However, the rectangular model conceals more information about the component
energy levels system and so is not as useful as the indented barrier model. In
principle, it may be possible to distinguish the barrier shapes from one another
if the experimental I(V') curves had more resolution (voltage steps smaller than
0.2 V), and extended further (|V| > 1.6 V), on the voltage axis; if an experimen-
tal transmission function was obtained from this curve by reversing the Landauer
equation, then ripples in the function at high energies may allude to which barrier
shape more accurately describes the system (Section 2.2.2.1). Given the outcome
of the fitting in Chaper 4, the effects of the image potential were not considered
here. Moreover, additional assumptions (that are difficult to justify) would need
to be introduced regarding the modification to the shape of the indented bar-
rier when under the influence of the image force. Consideration was leant to the
molecular level model (Section 2.2.2.2) for the purposes of modelling the trans-
port through the thiophene ring system (as suggested in Section 5.1); however,
suitable I(V') characteristics could not be derived for any reasonable parameters.
Even if this were not the case, it is difficult to see the benefit of such a model over
the numerical tunnelling model; effective carrier masses are replaced by coupling
strengths, which are equally, if not more, difficult to interpret. The indented
barrier model with the numerical tunnelling code is adequate for describing the

transport, and is consistent with the work of Chapter 4.

The conduction groups observed by the I(s) method were also observed by the
I(V, s) method. Figure 5.15a demonstrates a spontaneous transition from a high
group (~ 0.5 nS), which was not observed with the /(s) method, to the low group
(0.078 + 0.002 nS) identified by the I(s) method. The conductance ratio for the
transition is similar to those observed for the ADTs in Section 4.4 and can likely
be explained in the same manner ¢.e. transition from C to B contact geometries
(or less likely, B to A). The reason for the lack of observation of this higher group
(not to be confused with the high group from 4[T3]4, which likely stems from
a different molecular conformation) with the 7(s) method is not known. Never-
theless, the utility of the I(V,s) method is once again demonstrated; potentially
only one measurement is required to establish the full (V') characteristics of mul-

tiple and improbable conduction groups and observe transitions between them.
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However, the observation of such transitions are indeed rare, and positive results
indicating molecular bridge formation with this method are usually more akin
to those shown in Figure 5.16; several such results were obtained for the other

molecules, which verify the groups identified by the I(s) method.

Finally, recent measurements by the research group of Reference [52] have
seemingly corroborated and expanded upon the hydration state dependence re-
ported by Leary et al. (Section 5.1.1) [104]. The group report vastly increased
molecular conductance when going from a dry argon atmosphere to ambient con-
ditions, and the effect is more pronounced for molecules with more thiophene
units; in fact, monothiophene molecules exhibit no detectable conductance change
when the environmental conditions are varied. Moreover, in ambient conditions,
the molecules exhibit conductance increases with temperature (300 — 373 K);
again, this effect is not present for monothiophenes and becomes more pronounced
with increasing numbers of thiophene units. All the molecules studied are shorter
than the shortest molecule studied by Lee et al. [116], so the transport is expected
to be far from the thermal hopping regime, and dominated by tunnelling within
the stated temperature range. Thus, the proposed explanation for this temper-
ature effect is hydration state. The formation of a solvation shell around the
thiophene backbone shifts the LUMO resonance very close to the Fermi level of
the electrodes, leading to increased conductance. (At the same time, the HOMO
resonance is shifted very far away from the electrode Fermi level). As the thio-
phene backbone gets longer, the solvation shell comprises more water molecules,
enhancing the effect. The temperature dependence then derives solely from the
temperature dependence of the Fermi distribution function; if a transmission res-
onance is closer to the applied bias interval, then the contribution to the current
from thermal broadening of the Fermi distributions is more pronounced [129].
The UHV measurements reported in this thesis are temperature-independent,
and the values are in excellent agreement with the aforementioned argon atmo-
sphere measurements; thus, they provide support for the proposed theory and
will form an integral part of a forthcoming manuscript, which is currently being

drafted in collaboration with Reference [52].
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5.5 Summary

The I(s) and I(V,s) methods were used to study the I(V') characteristics of
N[T3]N and 5[Tn]5 oligothiophene molecules, over a temperature range of 295 —
390 K. These UHV measurements were spurred by a recent report suggesting that
the presence of water can dramatically and reversibly increase the conductance of
the molecules [104]. For each molecule, a temperature-indepedent reproducible
conduction group was measured, which, from tip-sample separation analyses,
corresponds to a near fully-extended conformer. The precise contact geometry of
these groups could not be determined conclusively, though B group configurations
are heavily suspected based on the work of Chapter 4. (In a few instances, other
conduction groups were identified, which likely correspond to different molecular
conformations or contact geometries). With increasing alkanethiol chain length,
the conductance decreases exponentially, with a decay constant of (0.78 £ 0.15)
A-' in experimental agreement with that measured for ADTs, (0.80 + 0.01)
A='. The exponential decay associated with increasing thiophene units is far
more shallow; the measured decay constant for which, (0.16 = 0.04) A=, being
within the spread of values reported in the literature. An indented tunnel barrier
model was utilised to fit the measured I(V') characteristics; with the surround-
ing barrier heights set to the anticipated value for alkanethiol chains (2 eV), the
regression-optimised height of the central barrier for terthiophenes was roughly
1.33 eV. This value is thought to correspond to the distance from the HOMO to
the Fermi level, and suggests HOMO-LUMO gap sizes in loose agreement with
those of literature values; it increases slightly when the number of thiophene units
is decreased, reflecting the increase in gap size that accompanies increased par-
ticle confinement. For terthiophenes, the charge carrier mass was determined to
be approximately 0.17 to 0.19 m,, which is decidedly lower than (0.32 £ 0.02)
m, for ADTs (toward which the values for molecules with fewer thiophene units
seem to converge). The I(V,s) method gave excellent agreement with the I(s)
method and again demonstrated many advantages over which. The UHV mea-
surements give good agreement with recent measurements performed under dry
argon gas, and provide an excellent baseline from which to better understand new

and interesting hydration dependent conductance versus temperature trends [52].
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Chapter 6
Conclusions

The electrical transport properties of single ADT and alkanethiol-terminated olig-
othiophene molecules have been characteristed under UHV, over large temper-
ature ranges. The measurements were realised through two STM point-contact
techniques; the well-known /(s) method and the novel I(V,s) method; both of
which depend upon stochastic molecular bridge formation between gold tip and

substrate, and compel statistical data analysis.

Chapter 4 provides a thorough investigation of the (V') characteristics of
the Au-ADT-Au system under UHV, otherwise absent from the literature. The
anomalous reduction of the molecular conductance for small chain lengths, re-
ported by various groups for measurements performed in other environmental
conditions, was far less pronounced here; the conductance adheres closely to the
anticipated exponential decay with chain length until a small deviation is observed
for the shortest molecule. Thus, the most likely explanation for the anomalous
effect and its suppresion under UHV is hydration of the thiol contacts (or lack
of); the presence of water around the thiol contacts adds a constant resistance in
series with the molecular resistance, which becomes more dominant for shorter,
less resistive, molecules. This effect is clearly extremely important and should
be taken into consideration when characterising the transport properties of any
molecular system. Three conduction groups were identified, and judging by the
tip-sample separation analyses, these are likely explained by, and provide sup-

port for, the step edge contact coordination geometry model (Figure 4.2). The
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groups were proven to be temperature-independent over larger temperature and
molecular chain length ranges than have been previously investigated, lending
support for the existing theory that the transport is dominated by off-resonance
coherent hole tunnelling. In each case, the transport characteristics were suc-
cessfully modelled by considering the transmission through rectangular tunnel
barriers, the parameters of which being in agreement with reported literature
values. Hopefully, these latest measurements will help clarify some points of
confusion in the literature and help streamline the future development of new
measurement techniques (in which ADTs are likely to continue to play a promi-
nent role). Though the Au-ADT-Au system is now thoroughly studied, there is
still much work involving ADTs that should be carried out. For example, charac-
terisation of their transport properties between electrodes of different materials
e.g. Co-ADT-Co, Au-ADT-Co etc. Furthermore, relatively little work has been
performed on methylene chains that are terminated by anchoring groups other
than thiol groups, and this should be addressed e.g. carboxylic acid, pyridine,

amine, and other anchoring groups could be more thoroughly investigated.

The I(V') characteristics of N[T3]N and 5[Tn]5 oligothiophene molecules, as
measured under UHV| are reported in Chapter 5. For each molecule, one repro-
ducible temperature-independent conduction group was isolated that is thought
to correspond to molecules in near fully-extended conformations, likely with B
group contact geometry. When the length of the alkanethiol chains is increased,
the conductance exhibits an exponential decay in accordance with that observed
for single ADT molecules. The exponential decay corresponding to increases in
the length of the thiophene backbone is far more shallow; potentially making the
molecules, and those with similar conjugated systems, excellent candidates for
efficient nanoscale transport of charge in devices (molecular wires). The phys-
ical and electronic structure of the molecules point toward an indented tunnel
barrier model for the transport; and such was used to fit the measured (V)
characteristics, with parameters that are in agreement with the expected trends
and literature values. The study of these molecules was necessitated by recent
reports suggesting that the conductance can be substantially, and reversibly, in-

creased by the introduction of water vapour into the system. Even more recent
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measurements by other parties involved in the same collaborative research group
also suggest that hydration of the molecules leads to temperature-dependent con-
ductance values (increasing with temperature). Thus, the UHV measurements
reported here (otherwise absent from the literature), for which the level of hy-
dration is expected to be extremely low, provide a solid control experiment from
which to better understand these effects and how exactly the electron transport is
altered in the presence of water. This effect has important implications for molec-
ular electronics and should be taken into account when the transport properties
of similar molecular systems are being characterised. Moreover, the prospect of

single molecule humidity sensors is very exciting.

There is a lot of work that needs to be carried out on the oligothiophene
system in the future. First, atomic resolution imaging of the samples should be
attempted under UHV in order to better understand exactly how the molecules
distribute themselves on the gold surfaces; this may lead to a better understand-
ing of exactly which molecular conformers and contact geometries are being mea-
sured during the spectroscopy. Second, additional molecules of the same species
should be investigated; in particular, those molecules with greater numbers of
thiophene units (n > 3) should be characteristed in order to explore whether or
not the hydration state dependence, and the hydration state induced tempera-
ture dependence, of the conductance persists according to the proposed model.
Third, it is necessary to extend the range of temperatures investigated both in
humid and dry conditions. With regards to the latter, this could be attempted in
UHV by using liquid helium as the cryogen, which is likely to introduce far less
mechanical noise to the STM measurements than the constantly-boiling liquid
nitrogen used in the experiments reported in this thesis. Fourth, it would be
very interesting to understand how, if at all, subtle alterations to the chemical
structure of the molecule change the observed conductance trends; in particular,
it would interesting to find out whether the introduction of certain functional
groups to the molecules can disrupt the formation of the solvation shells and nul-
lify the observed hydration effects. Finally, UV-Vis photoelectron spectroscopy
measurements should be conducted to obtain accurate estimates of the HOMO-

LUMO gap sizes; this information would be instructive during an investigation
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of the effects of background illumination on molecular conductance. (A system
would need to be developed for the UHV chamber in which the wavelength and
intensity of incoming light onto the STM sample stage can be varied in a con-

trolled manner.)

The new I(V,s) method has proven to be a powerful alternative to existing
STM-based point-contact SMC measurement techniques. The technique allows
the full 7(V') characteristics of multiple conduction groups to be measured from
an individual molecule. Moreover, remarkable spontaneous transitions between
the different groups can sometimes be observed. The method may not be appro-
priate for STM systems with substantial tip drift (in or out of the plane of the
sample) due to the decreased retraction speeds, but should definitely be consid-

ered if this is not a problem.
The field of molecular electronics, though promising, is still in its infancy;

much more work is required, both incremental and innovative, before its full

potential can be realised and molecular electronic devices become commonplace.
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Appendix A

Here is listed the Fortran code for the numerical calculation of the quantum
mechanical transmission through an arbitrary one-dimensional potential barrier.
The code embodies the equations outlined in Section 2.2.2.1 and was originally
developed by Dr Martin Elliott, and subsequently modified by the author. A po-
tential defined by V(x) is fed from Python into the Fortran method, tau(), which
then returns the absolute transmission for a given energy and mass, E (in eV)

and mu (in units of m.).

function tau(n, E, V, x, mu)

'Physical constants & variables

real (

real ( ), parameter:: q_e=1.60217653e—19 !IC

real (kind=8), parameter:: hbar=1.05457168e—34 !Js
(kind=8) :: tau, E, V(n), x(n), mu, dx, kl, k2
( ) alpha2(n), Pi(2,2)

real

real

!Barrier segment width

dx=(x(n)=x(1))/(n-1)

'Assume E > V in incoming and outgoing regions (travelling waves)
kl=sqrt (2*xmux(E-V (1) )*(m_exq_e/hbar=*%2))

k2=sqrt (2*xmux (E-V(n) ) *(m_exq_e /hbar*%2))

alpha2=(2smux*(V-E) *x(m_exq_e /hbar*%2))

I'Start with identity matrix
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Pi(1,1)=1.0; Pi(1,2)=0.0
Pi(2,1)=0.0; Pi(2,2)=1.0

do i=1,n
Pi=matmul (Pi, KK(alpha2(i), dx))
end do

tau=4/((Pi(1,1)+Pi(2,2)*(k2/k1))*+2 + (Pi(1,2)*k2-Pi(2,1)/kl)**2)

end function tau

The method tau() makes n calls (number of rectangular segments) upon KK() in
order to calculate the K matrices (after Equation 2.28) for each segment. The
product of these matrices is computed, allowing the transmission to be deter-
mined (after Equations 2.26 and 2.29).

function KK(alpha2, w)
real (kind=8) :: alpha2, w, alpha, alphaw, beta, betaw, KK(2,2)
if (alpha2>=0.0) then !Decaying solution

alpha=sqrt (alpha2); alphaw=alphasxw
KK(1,1)=cosh (alphaw)

if (abs(alpha)<le—20) then
KK(1,2)=—1.0%xw

else
KK(1,2)=sinh (alphaw)/alpha

endif

KK(2,1)=alpha2+KK(1,2); KK(2,2)=KK(1,1)

else !Propagating solution

beta=sqrt(—alpha2); betaw=betax*w
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KK(1,1)=cos (betaw)

if (abs(beta)<le—20) then
KK(1,2)=—1.0%xw

else
KK(1,2)=-sin (betaw)/beta

endif

KK(2,1)=alpha2+KK(1,2); KK(2,2)=KK(1,1)

endif

end function KK

If the computation is repeated for different energies, then the resultant transmis-
sion function, T'(F), can be integarated in accordance with the Landauer equation

(Equation 2.13) to calculate the I(V') characteristics for the system.
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Preliminary single molecule conductance measurements under ultra high vacuum
were performed on the porphyrin dimer, 2LLE099; the structure of which is shown

in Figure 1.

Figure 1: Structural diagram of the 2LE(099 porphyrin dimer. Pyridyl anchoring
groups are present instead of the more commonly used thiol groups.

The investigations on this species were not thorough and little information can
be extracted from the data. However, one conductance group was isolated over
the bias range +0.3 V; the key attributes of which are presented in Figure 2.
Interestingly, despite a molecular length of roughly 3 — 4 nm, Figure 2b suggests
an average break off distance of roughly 1.7 nm. Thus, it is likely that the
conductance group in question corresponds to transport across only one porphine

unit.
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Figure 2: a) An example I(s) data set after filtering for current plateaus, mea-
sured with a tip bias of —0.2 V. b) Plot of conductance against distance at the
point of molecular break off i.e. the end point of a current plateau, comprising
data from approximately 400 curves measured with tip biases between —0.3
and +0.3 V. Absolute tip-sample separations were calculated using Equation
3.1 with a measured decay constant of 10.8 nm~!. ¢) The I(V) characteristics
for the conductance group in a) and b), determined by reading the position of
histogram peaks at different biases. (Zero current is assumed for the zero bias
data point.) The gradient of the linear fit is (1.41 £ 0.03) nS.
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