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Abstract

The modification of the surface properties of Au( 111) and Ag( 111) films upon
deposition

of

self-assembled

1,4-benzenedimethanethiol

(BDMT)

and

2-

phenylethanethiol (PEM) monolayers is investigated. This is done by means of an
atomie force microscopy (AFM) based technique referred to as "adhesion force
spectroscopy". Deposition of BDMT monolayers is observed to increase and decrease
the maximum AFM tip-sample adhesion on Au(111) and Ag(111) films, respectively,
by about an order of magnitude, while PEM monolayers result in a decrease of the
maximum adhesion for Au( 111) films by a factor of two. These differences in adhesion
are caused by a thin water film on tip and sample, which results in the formation of a
capillary neck.

The experimental results are interpreted within the theoretica!

sphere/plane model. It is found that Aun clusters can be visualised by etching of the
AFM tip or by working under low-humidity conditions. Finally, scanning tunneling
spectroscopy indicates that the resistance of the BDMT monolayer is of the order of
several giga-ohms. These experimental findings will be crucial to characterise metallic
clusters deposited on BDMT covered Au films and to study the electronic behaviour of
these systems with reduced dimensionality.

V

Technology Assessment

Each new generation of electronic devices continues to become increasingly faster and
smaller than their more robust ancestors. This continuous miniaturisation implies that
the electronic behaviour of computer chips soon can no longer be predicted by the
classica! theories that are used today. Upon further reducing the dimensions of the
system into the nanometer regime, the wavelike character instead of the particlelike
character of electrous will become more dominant. The hereby-associated quantummechanical confinement phenomena will therefore start dominating the characteristic
operational behaviour of electronic devices.

Single-electron tunneling devices are considered a powerful tooi to study this transition
from classica! to quantum-mechanical behaviour. They can be created by deposition of
metallic clusters with tuneable sizes on metallic substrates that are covered with a highresistive layer.

As a high-resistive layer, self-assembled monolayers (SAMs) are

thought to be a good candidate. On the other hand, SAMs enable the tuning of the
surface properties of various surfaces, in view of the desired application. Therefore, the
characterisation and investigation of monolayers have gained an increasing interest
during the latest years, for basic research as well as for technology.

This work contributes to both the research on selective tuning of the surface properties
by self-assembled monolayers and the research on the electronic properties of systems
with reduced dimensionality.

vu

V111

Introduetion

Investigation of the electrooie properties of systems with a reduced dimensionality, such
as metallic clusters, is considered to be a powerful tooi for studying the transition from
classical to quantum-mechanical behaviour.

This transition will dominate the

operational behaviour of electrooie devices upon further miniaturisation of the
dimensions of these devices down to the nanometer regime. A single-electron tunneling
(SET) device cao be created by deposition of metallic nanoclusters (small groups of
atoms) with tuneable size and composition on atomically flat metallic substrates that are
covered with an electrically insulating layer (see Figure 1). This model system allows
us to study a variety of interesting quanturn effects, such as Coulomb charging of the
double-harrier system (the Coulomb blockade and the Coulomb staircase), by
measuring the electron tunneling current through the cluster by scanning tunneling
spectroscopy (STS). 1 The study of the size-dependent electrooie effects is crucially
depending on the careful characterisation of the deposited clusters (e.g. size and shape
determination), the insulating layer and the substrate, which is the main focus of this
thesis.
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Figure 1: Schematic representation of a single-electron tunneling device. A metallic cluster is isolated
from its environment (i.e. the substrate and the scanning tunneling microscope tip) by an insulating layer
and the medium (e.g. air or vacuum).

A criti cal issue in fabricating this model system is the deposition of the insulating layer.
Organic self-assembled monolayers (SAMs) are ideally suited for this purpose because
these layers retain the atomie flatness of the substrate, a characteristic that is absent for

2
thin oxide layers. Th is implies that individual metallic clusters with dimensions of the
order of a nanometer can be identified after deposition. Furthermore, the insulating
layer must immobilise the deposited clusters in order to be able to position the STM tip
above one single cluster.

Based on these requirements we selected a system of

deposited gold clusters on atomically flat gold films that are covered with a SAM of
1,4-benzenedimethanethiol (BDMl) molecules. Previous experiments suggested that
these molecules have a tilted orientation, implying that one thiol group binds to the gold
substrate, teaving the other thiol group available for binding (and hence immobilising)
the gold cluster.

However, the BDMT monolayer seems to drastically modify the

surface properties of the substrate, resulting in a poor and extremely difficult or even
impossible imaging (and hence characterisation) of deposited clusters with AFM or
STM? The visualisation problem can be clearly observed in Figure 2. The left panel
illustrates that individual gold clusters (the white areas) on bare gold films can be
visualised, while it appears to be impossible to obtain similar clear images on BDMT
covered gold films (see right panel). Distortiens (observed as the sharply delineated
dark grey spots) prevent clear cluster imaging. Until now, no clear imaging on BOMT
monolayers has yet been reported in literature.

Figure 2: 200 x 200 nm2 (/eft, z-range

=

12 nm) AFM image ofgold clusters (bright are as), deposited on

2

a bare gold film. 200 x 200 nm (right, z-range = 12 nm) AFM image of gold clusters on a BDMT
covered gold film. Distortions, observed as the sharply de/ineated dark grey spots, prevent clear cluster
imaging and hence characterisation. 2

It is thought that these difficulties stem from alterations in the adhesive and wetting
properties of our gold substrates upon BDMT deposition.

The presence of a thin

condensed water film on surfaces is known to possibly lead to the formation of a strong
capillary neck, 3 thereby disturbing proper STM and AFM operation. Knowledge about
these SAM induced modifications is therefore of major importance.

Introduetion
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The above observations inspired us to start a thorough characterisation and investigation
of gold and silver films (with and without monolayer) by means of adhesion force
spectroscopy.

The latter spectroscopy is an AFM based technique where surface

adhesion is measured as a function ofthe relative humidity, which varies the water film
thickness and hence the strength of the capillary neck. By observing the changes in the
surface adhesive behaviour that occur upon BDMT deposition and understanding the
origin of these modifications, we should be able to solve the cluster visualisation
(characterisation) problem. This study therefore clears the road towards the application
of SAMs to create a single-electron tunneling device by cluster deposition on a
monolayer-covered substrate.

On the other hand, interesting phenomena such as wetting and adhesion and the
modification of these properties by self-assembled monolayers are an interesting and
broad research field on itself. Consequently, the characterisation and investigation of
these monolayers have received an increasing interest during the last few years for basic
research as wellas for technology. Our work therefore contributes to both the research
on electronic nanostructured matenals and the research on surface tuning by selfassembled monolayers.

Chapter overview
In the first chapter, a general description of self-assembled monolayers is gtven,
tagether with the deposition methods and some applications based on SAMs. In view of
the desired application, the surface properties of various substrates can be modified by a
proper selection of the SAM molecule. In this work, we describe the use of these
monolayers for the very specific application of creating a single-electron tunneling
device, in which an insulating dithiol layer is used as a tunnel harrier between a metallic
nano-cluster and the substrate.

The cluster based device is described in detail and

further attention is given to the quanturn effects that can be expected to occur in this
device: electron confinement inside the cluster and Coulomb charging ofthe cluster.

In the second chapter, the experimental techniques that are used for the local SAMcharacterisation and for the visualisation of deposited clusters, namely STM and AFM,
are described. In view of solving the visualisation problem, the modification of the
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surface properties of our substrates upon molecule deposition are investigated with a
specific AFM-based technique referred to as "adhesion force spectroscopy".

This

technique is explained in more detail and we also present an overview of the associated
interaction forces.

In the third chapter, the three distinct steps m our sample production scheme are
explained.

First, gold and silver films are fabricated either by sputtering or by

molecular beam epitaxy. The film quality is checked by means of STM. In the second
step, self-assembled monolayers of 1,4-benzenedimethanethiol or 2-phenylethanethiol
molecules are grown on top of these metallic films. We macroscopically characterised
the layers by means of ellipsometry and contact-angle measurements.
ellipsometry the molecule orientation is determined.

With

lt is investigated whether the

change of the surface properties can be observed by means of contact-angle
measurements.

Finally, metal clusters are produced and deposited on top of SAM

covered films.

In the fourth chapter, the experimental results are presented.

The influence of the

monolayers on the surface properties of the films is investigated by adhesion force
spectroscopy. The molecule orientation and the molecule head group are found to be
determining parameters in the surface modifications. A water layer, condensed on top
of our substrates, plays a major role in the adhesion measurements. Furthermore, a
qualitative and quantitative comparison with the sphere/plane geometry model gives
more insight in the different kinds of interactions that are involved in our experiments.

In the fifth and final chapter, we consider the relevanee of the experimental findings for
making a single-electron tunneling device.

Knowing the origin of the adhesive

properties modifications of the substrates after SAM deposition, a method to circumvent
the problem with the visualisation and hence characterisation of the deposited metallic
nanoclusters by tapping-mode AFM and STM is introduced. As a next step towards the
single-electron tunneling device, the insulating properties of the monolayer are verified
with scanning tunneling spectroscopy, in order to check the reliability of the BDMT
monolayer as a tunnel barrier between cluster and substrate.

Chapter 1 : Self-assembled monolayers

In the first section, a general description of SAMs is given, together with the deposition
methods and somerecent SAM-involving applications. The second section emphasises our
specific interest in these monolayers, namely using them as a tunnel barrier in a singleelectron tunneling (SET) device. Several quanturn effects can be studied with such a
device, e.g. Coulomb charging of and electron confinement effects in a deposited metallic
nanocluster.

These phenomena, together with the requirements for the single-electron

tunneling device, are explained in more detail at the end ofthis chapter.

1.1 General
With the observation of the calming influence of oil on water surfaces by Frankfin in the
1760's, the research on organic thin films has rather old roots. On solid surfaces, Blodgett
was the first person to deposit long-chain carboxylic acids. The concept of monolayers
had its first application: the control ofthe wetting behaviour in steam engines. However, it
was only in the 1930's that Zisman perforrned the first systernatic research on the
microscopie and macroscopie properties of these systems. 4

The latest years, the interest

in self-assembled monolayers has increased significantly, due to the wide variety SAMapplications that are known present-day or that forrn a potential for the near future. This
increased interest is illustrated in Figure 1-1, showing the yearly the amount of published
research papers on SAMs.

Generally speaking, self-assembled monolayers (SAMs) have 3 main characteristics:
1. A single layer of molecules covers a solid substrate.
2. This monolayer grows by the processes of self-adsorption and self-organisation.
3. The forrned layer exhibits a high degree of orientation, molecular order and
packing.
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Figure 1-1 : The number of published artie/es on the subject of self-assembled monolayers has increased
significantly during the latest years, starting f rom the late 80 's.

Figure 1-2 shows a crude schematic representation of a SAM on a solid substrate. The
reactive head group enables binding of the molecular backbone to the substrate, thus
allowing the end group to define a new interface.

--. End group
--. Backbene
--. Head group

Figure 1-2: Schematic view of the molecules of a self-assembled monolayer onto a solid substrate, consisting
of a head group, backbone and an end group.

For high quality self-assembly, a strong head group-substrate bonding (chemisorption) is
required, combined with lateral interactions between the individual molecules and a
sufficient packing density. The self-assembled monolayer has to be at least stabie enough
to resist removal by solvent rinsing. 5

Chapter 1 - Self-assembled monolayers
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1.1.1 Growth methods
The two most common methods for monolayer deposition, from solution and from vapour,
are schematically presented in Figure 1-3.

4

Salution deposition (Figure 1-3, left) offers

two important advantages: the ease of preparation and the low costs associated with this
method.

The molecule in powder or liquid form is dissolved in a molecule-specific

solvent. By dipping a properly cleaned substrate into the solution, the molecules selfattach onto the substrate within several minutes and self-organize on the substrate in the
hours thereafter. When the substrate is removed from the solution, an adequate rinsing and
drying procedure must be applied to remove the residual solution and eventually
physisorbed molecules on the surface.

---- ...... -~ - &Wi ·

CL& _ _ .................

Figure 1-3:Monolayers can selfassemble onto surfaces by salution deposition (left) and gas phase
deposition (right). 4

The second procedure for monolayer growth is gas phase deposition (Figure 1-3, right).
The substrate is placed in an ultra-high vacuum (UHV) chamber and the surface can be
cleaned by e.g. ion sputtering or annealing. The SAM molecules are kept in powder form
in a little container or glass bulb. This is connected to the UHV chamber by a valve, which
enables the choice of deposition rate and duration. By opening the valve, the molecules
enter the UHV chamber and self-assemble on the surface of the substrate. An important
advantage in comparison to solution deposition is the controlled cleanliness of the
environment, an important requirement for self-assembly.
involves higher costs.

A disadvantage is that is

8

1.1.2

Applications of self-assembled monolayers

Self-assembled monolayers form an interesting object of study from the fundamental point
of view: they exhibit a unique combination of physical properties, e.g. the interfacial

chemistry between the molecules and the substrate, the solvent-molecule interactions and
the process of self-organisation of the molecules. Furthermore, growth of SAMs on
surfaces can lead to a drastical modification of the surface properties. Such properties are
e.g. the wettability, the chemica! reactivity, friction, adhesion and many others. This makes
SAMs also interesting from the techno logica! point of view. By selection of a proper head
group, backbone and end group, SAMs can be grown on various kinds of surfaces to tune
the surface properties for the desired application. 4

One of the most exciting properties of SAMs is the possibility to generate a surface with
biologically relevant functionalities.

The SAM can be terminated with a specific

functional end group, to which e.g. a receptor can be attached, serving as one part of a
lock-key pair to specifically bind a biomolecule of interest (Figure 1-4). 6

Au

Figure 1-4: Example far SAM-based bia-interfaces, invalving bath campanents far specific adsarptian
(fallawing a 'lack-key ' mechanism) and campanents far avaiding unspecific adsarptian (using aligaethylene-glycal terminatian). 6

In nanoscale scanning probe lithography, SAMs can be employed as resist layers, which
can be pattemed simply by flowing current through the AFM-probe/monolayer junction. 7
A frequently used and fairly inexpensive alternative for this technique has been developed
in the form of microcontact printing. For this, a stamp with the desired surface relief
pattem is "inked" with SAM molecules and printed onto the substrate. Only the regions
that come into contact with the stamp are covered with the SAM. Applications can make

Chapter 1 - Self-assembled monolayers
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use of either the structured SAM itself or use the SAM as etching mask to obtain a
structured substrate. 4
A)

+
B)
ink

C)

lnk

al

D)

+

{((_

{((

Substrata

Figure 1-5: Schematic ofthe microcontact printing techniquefor lateral structuring. A structured stamp (A)
is "inked" with SAM-molecules (B) and printed onto the substrate (C). After release of the stamp (D), a
laterally structured SAM is obtained on the substrate.4

Applications can also be found in the electronic research field. For instance, the quality of
the interfaces of organic optoelectronic devices determines both the charge transfer from
the metal contacts and the durability and reliability of the device. Zuppiroli et al. show
that the use of self-assembled monolayers at these interfaces is a good solution for
improving both the charge injection into organic semiconductors and the acthesion of the
molecular semiconductor onto the electrode. 8 Furthermore, Lee et al. 9 presented a SAMbased field-effect transistor, where a self-assembled monolayer defines the channel length
and acts as the semiconducting channel (Figure 1-6).

(A

0

c

(I
CD

Figure 1-6: Schematic of a SAM-based field-effect transistor consisting of a source, drain and gate (i.e.
Al/A /2 0 3) and with a SAM (i.e. 1,4-benzenedithio/) acting as the semi-conducting channe/. 9

SAMs can also be used for corrosion inhibition or other protective layers and even as a
coating of colloidal particles to tailor the interactions between these particles and with the
solvent. 4
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1.2 The single-electron tunneling device
When small metallic clusters (of the order of a few nanometers) are deposited directly onto
a metallic film, electrons are only confined laterally inside the cluster and they can still
move freely in the vertical direction. However, when a highly resistive layer is placed
between the cluster and the film, the electrons are both laterally and vertically confined
inside the cluster. In this way, a double-harrier junction can be realized by positioning a
STM tip above a single cluster (Figure 1-7, left).

This corresponds to an electtonic

contiguration of two times a capacitor in parallel with a resistance, coupled in series
(Figure 1-7, right).

STM tip

STMtip~
Cluster~

Substrate_

Substrate

Figure 1-7: Schematic representation of an STM tip above a metallic cluster, deposited on a self-assembled
monolayer on a metallic substrate (left) and the equivalent circuit of the double-harrier junction (right).

The resistance between the cluster and the tip is determined by the medium (e.g. air or
vacuum) and can be controlled by regulating the tip-cluster distance.

Under the

appropriate conditions (stated in section 1.2.1), individual electrons can only move from
the tip to the substrate by the process of tunneling via the cluster. This process is called
single-electron tunneling (SET). I (V) characteristics measured above a single cluster reveal
several quanturn effects due to Coulomb charging of the double-harrier junction and due to
the electron confinement inside the cluster (sections 1.2.2 and 1.2.3). 1• 10- 13

There are three main requirements for candidate layers to be an "ideal" tunnel harrier:

14
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1. The layer must retain the atomie flatness of the substrate since nano-sized clusters
cannot be distinguished from large surface roughness. This makes it impossible to position
the STM tip on top of a single cluster. SAMs grow homogeneously on films and are
therefore ideally suited for this purpose, in contrast to e.g. thin oxide layers.
2. The layer must have a sufficiently high electrical resistance in order to be an effective
tunnel harrier.
3. The layer must immobilize the clusters in order to be able to position the STM tip above
a single cluster and to prevent coagulation of individual clusters into larger clusters.

1.2.1 Conditions for single-electron tunneling
A first SET condition is that the single-electron charging energy Ec of the total clustersample capacitance C = C1 + C2 (see Figure 1-7, right) must exceed the thermal energy
k8 T Otherwise, thermally excited electrans disturb the single-electron tunneling process

and it will not be possible to distinguish the Coulomb charging and the electron
confinement effects in the !(V) curves that are as measured on a tunneling device.
Therefore, we have a first condition given by:

13

( 1.1)
in which eis the electron charge and k8 is Boltzmann's constant. In principle, SET can be
studied at room temperature by sealing down the cluster size, thus making the capacitance
C smaller. At room temperature, equation ( 1.1) tums into the condition:
(1.2)

A second SET condition that the resistances R 1 and R2 of the two tunnel junctions must
both be larger than the quanturn unit of resistance RQ = h I e 2 (= 25 krl) where h is Planck's
constant. This is necessary to avoid that several electrans can tunnel through the harriers at
the same time as a single coherent quantum-mechanical process (in contrast to singleelectron tunneling). The second condition is thus written as:

12

(1.3)
Note that the equations (1.2) and (1.3) arealso conditions for the insulating SAM-layer and
the size of the deposited clusters, because these determine the capacitance

c2

and the

12

resistance R2• We will come back on this at the end of chapter 5. C1 and R1 can be
regulated as desired by changing the tip-cluster separation. This is done by regulating the
setpoint voltage

Vset

(between tip and sample) and the setpoint current

f set

(the tunneling

current that flows between tip and sample): the tip approaches the sample until a tunneling
current I

set

is measured at a tip-sample voltage

Vset·

1.2.2 Coulomb charging effects
Suppose the two junctions in series (Figure 1-7, right) are driven by an external voltage
source. The voltage drops V1 and V2 across the junctions of this electronic circuit are
proportional to the external voltage

Vex

and the capacitances

C1

and

C 2.

Furthermore, fora

fixed external applied voltage Vex. the voltages across each junction are also a function of
the charge that is storedon the central electrode, e.g. the cluster. This charge is determined
by the amount of excess electrans N on the central electrode. Tunneling of an additional
electron from the tip to the cluster electrode (fora positive biased sample and a grounded
tip), leads to a decrease of the voltage drop V1 by an amount e/C1+C2 , while the voltage
drop V2 increases by the same amount.

This is encompassed in the following

equations: 10• 11

v.,- c2

V_
C, +C2 cr

V2-

Ne

(1.4)

c, + c2

C, V + Ne
C, +C2 ex CI +C2

(1.5)

By the tunneling from tip to cluster, the electron gains an energy equal to E1 - Ec :2: 0, with
Et and Ec being the Fermi energy on the tip befare tunneling and on the cluster electrode

after tunneling, respectively. This depends on the amount of charge that is transferred

from the environment to the junction. If we assume that the charge relaxes faster than the
tunnelling time, which is much shorter than the time between two tunneling events, the
energy gain in tunnelingacross the first or secondjunction is:

10 11
•

(1.6)

The first term is energy supplied by the voltage souree and the second term is the
electrastatic charging of the junction with one electron.

The value

e/2( C, + C2 ) is

Chapter 1 - Self-assembled monolayers
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therefore the critica! voltage at which an individual junction is first able to transfer charge:
if the magnitude of the bias is less than this value, electron tunneling is suppressed.
Combination of equations ( 1.4) and ( 1.6) results in: 11
(1.7)

It is clear that the extemal bias Vex must exceed the threshold value

(N +_!_)_!_
2 C2

in order

for tunneling to occur through the first junction. The same reasoning can be made for
tunnelingacross the second junction, resulting in a threshold voltage of

(N __!_)..!!__·
2 C1

In

terms of the extemal bias (rather than the bias across the individual junction), the turn-on
occurs when Vex exceeds where C> is the greater of C1 or C2 • The !(V) characteristic ofthe
double-harrier system therefore shows a gap of full width e/ C> . This is the Coulomb
blockade (shown Figure 1-8).

Behaviour at higher biases is highly dependent on the junction parameters, in particular on
the ratio of the charging times of the two junctions, R 1C 1/ R2C 2• If this ratio is of order
unity, the current is linear in voltage above the critica! bias, with offset e/C>. Such !(V)
curves are only characteristic of the Coulomb blockade. If, however, the ratio of charging
times is large, steps appear instead. This is called the Coulomb staircase (shown in Figure
1-8). Physically, the charge state of the central electrode is determined by the slower
junction. Suppose C1<Cz and R1<R2, then an extra electron will be able to tunnel across
the first junction for each increase of the extemal voltage with a value e/C2, according to
equation (1.7). This produces a jump in the voltage V2 with a value e/(CI+C2) (N.
in equation (1.5)), resulting in a sudden increase ofthe current by: 10
M=f..Vz

R2

=

e

R2 ( C1 + C2 )

=

N+ 1

(1.8)

According to equation (1.6), the first step in the !(V) curve occurs at e/2(CI+C2),
corresponding to an increase of the current by half this amount.

In order to observe clear steps, both the conditions RI « R2 and cl « c2 ( RIC/ R2C2 « 1)
must be fulfilled. 10-12 The tunneling rate across the junctions (inversely proportional toRi)

14

must be much faster for the first junction than that for the second, so that the central
electrode is always "maximally charged". This means that N can take on its large st va1ue
(for which V1 is still positive). For every increase of Vex (i.c. with an amount e/ C2), an
additional electron can tunnel to the central electrode and N increases with one unity. This
is observed as a new step in the !(V) curve at the voltage Vex·
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Figure 1-8:Schematic representation of the Coulomb blockade and the Coulomb stairs, as expected in the
!(V) curvefora single-electron tunneling device at low temperatures for the case of RI

« R2 and cl « c2
0

1.2.3 Electron confinement inside the cluster
In the double harrier junction, electrons tunnel from tip to cluster and from cluster to
substrate.

Inside the small cluster, the electrons are spatially confined.

In a first

approximation, this confinement corresponds to a square potential well, in which the
energy is quantised into discrete energy levels according to:
(1.9)

with L being the width of the well. For small metallic clusters (small L) these energy
levels will be well separated, while for larger clusters (large L) the energy spectrum has a
more continuurn character. Electrons will thus tunnel via the quantised electronic states of
the cluster, resulting in the appearance of non-equidistant steps in the !(V) characteristics
(not in Figure 1-8), together with steps resulting from the Coulomb charging ofthe system.
The steps are more pronounced at low temperature because of the absence of thermal
excitations. 14

Chapter 2 : Scanning probe microscopy

This chapter presents and explains the different scanning probe microscopy techniques that
are employed in our experiments. The first section of this chapter describes the basic SPM
set-up. The specific SPM techniques that were applied in this work, namely scanning
tunneling microscopy (STM) and atomie force microscopy (AFM), are explained in detail
in the following sections. STM and AFM are used for the local SAM-characterisation and
the visualisation of deposited clusters.

Specific attention is given to the AFM-based

technique called "adhesion force spectroscopy". With this method, we investigated the
modification of the surface properties of our substrates upon molecule-deposition,
measuring the tip-sample dissipation energy as a function of the environmental relative
humidity. An overview of the thereby-associated interaction forces is presented. The
chapter ends with a presentation ofthe experimental set-ups.

2.1 General set-up
Scanning probe microscopy (SPM) is a type of microscopy used for studying surface
properties from the micron down to the atomie scale. The operation is based on two
principles. First, a sharp probe is used to detect a strongly distance dependent prohesurface interaction. Second, this interaction is measured while moving the tip according to
a raster pattem across the sample surface.

The basic SPM contiguration is illustrated in Figure 2-1. The sample is mounted on a
piezoelectric scanner. By applying a voltage to the scanner, the piezo is extended and
contracted laterally and vertically in order to move the sample according toa raster pattem
undemeath the tip.

The tip-sample approach is obtained manually with the coarse

positioning system. Further refined tip-sample approach is controlled by the computer,
connected to a feedback system. During raster-scanning of the surface, the interaction
between the probe and the sample is measured with the detector and the feedback system.
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The detector signal, together with the output signal of the scanner (- the scanner position),
is registered by the computer system.
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Figure 2-1: The common SPM configuration withall its components.

2.2 Scanning tunneling microscopy
Scanning tunneling microscopy (STM) is the ancestor of the scanning probe microscopy
family. It was invented in 1981 by Binnig and Röhrer at IBM Zurich, for which they were
awarded the Nobel Prize in Physics five years later. STM was the first technique to
generate reai-space images of surfaces with atomie resolution. 13

2.2.1 Working principle
Scanning tunneling microscopes (STMs) use a sharpened conducting tip for topographic
imaging of surfaces. A bias voltage is applied between tip and sample and measurement of
current due to tunneling of electrons between the probe and the surface provides an image
of the sample topography.

It is required that sample and tip are conducting or

semiconducting in order to have free electrons available for tunneling.
When the tip is brought within about 10 A of the sample surface and by applying an
extemal voltage V, electrons are able to tunnel through the potential harrier (Figure 2-2).
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This is called the tunneling effect. The prohahility for this effect to occur and hence also
the tunneling current decay exponentially as a function of the tip-sample separation. This
can he seen clearly in the expression for the tunneling current /" as determined for the onedimensional case of electrens with an energy E that are tunneling through a finite potential
harrier ofwidth Land work function c/;0 :

15

Va

11 oc -exp( -2La),
L

with a=

2

(2.1)

m(</Jo2 - E) . Incorporating material-dependent electronic properties of the tip

n

and the sample results in a more complicated expression for the tunneling current (the
potential harrier width L now corresponds to the tip-sample separation distance):

13

where n1 (ns) and c/;1 ( c/Js) are the local density ofstates and the work function ofthe tip (the
sample) , respectively. Ris the tip radius of curvature and me and e are the electron mass
and charge, respectively (Figure 2-2).
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Figure 2-2: The tunneling current not only depends on the tip-sample separation distance L, but also on the
e/ectronic properties ofthe tip and the sample (e.g. their workfunction r/;1 and rPs and local density of stafes n1
and ns). The exponential distance-dependence of the tunneling current makes it highly sensitive to height
variations in the sample topography.
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The exponential dependenee of the tunneling current results in a sub-angstrom vertical
resolution.

Since the tunneling current is dominated by the outermost tip atom, this

vertical resolution is not influenced by the tip shape. On the other hand, resolution in the
lateral direction is limited by the tip dimension (typically 1x lnm2 ).

From equation (2.2), it is clear that the tunneling current does not just resembie the height
variations of the sample surface. More precisely, it is determined by the local electron
density of states of the tip and sample surface. The amount of (un)occupied electron states
close to the Fermi level are measured, within an energy range that is determined by the
applied voltage.

There are two modes for STM operation: the constant-height and the constant-current
mode. In constant-height mode, the tip scans the sample surface laterally while keeping
the Z-position of the tip fixed (Figure 2-3, left). The tunneling current, measured at each
location on the sample surface, constitutes the data set for the topographic image. This
mode is preferabie for relatively smooth surfaces: it allows fast scanning because the
scanner does not need to extend and contract. In constant-current mode, the tunneling
current is kept constant during the scanning of the surface (Figure 2-3, right) by adjusting
the tip-sample separation. Registration of the scanner motion constitutes the data set for
the topographic image. This mode can measure irregular surfaces with high precision, but
. a 1onger scannmg
. time.
.
16
reqmres

Figure 2-3: In constant-height mode (left), the position of tip and sample is kept constant during scanning.
In constant-current mode (right), the tunneling current is kept constant during scanning of the sample
surface. The measured tunneling current variations and the scanner motions respectively provide the data
set for the topographic image. 16
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2.2.2 Scanning tunneling spectroscopy
Assuming that the tip-sample separation and the tip characteristics are constant during the
scanning of the surface, information about the local electronic structure of the sample
surface can be obtained from the tunneling current according to equation (2.2).

This

technique is called scanning tunneling spectroscopy (STS).

STS encompasses several methods of investigation: comparison of topographic (constantcurrent) STM-images taken at different bias voltages and comparison of current (constantheight) images taken at different heights. For this thesis, STS was used in the meaning of
ramping the bias voltage with the tip positioned at a fixed X, Y, Z location above the
surface while recording the tunneling current.

This spectroscopie mode allows us to

measure the electronic properties of e.g. clusters that are deposited on an atomically flat
substrate. lnformation on the local electron density of states ns(E) can be extracted out of
measurements of lr(V) characteristics, according to the relationship (derived from equation
(2.2)):

dl
n (E)oc-1
s

dV

(2.3)
V =e- IE

2.3 Atomie force microscopy
Another memher of the scanning probe microscopy family is the atomie force microscopy
(AFM) group. STM can be used for both topographic imaging and measurement of the
local electronic structure of sample surfaces. On the other hand, with AFM it is possible to
discem a large variety of surface properties: physical topography, charge density, magnetic
field, ... We specifically used AFM in measurements ofthe dissipation energy between tip
and sample by the method of adhesion force spectroscopy, for investigating the surface
properties modifications of our samples upon SAM-deposition. 13 The hereby associated
interaction forces (e.g. the van der Waals and the capillary interaction) are discussed,
foliowed by a thorough description ofthe method ofadhesion force spectroscopy.
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2.3.1 Working principle
The cantilever tip is brought into the vicinity of the sample surface until a significant tipsample interaction occurs. This interaction is measured by positioning a laser beam on top
of the cantilever (Figure 2-4 ). Bending of the cantilever due to interaction with the sample
results in different positions of the reflected laser beam on a position-sensitive detector.
The measured voltage signals are thus related to deviations of the cantilever, which are in
turn related to the tip-sample interaction force and separation.
A

B

Position-sensitive
photodetector

Cant il ever

Figure 2-4: The tip-sample interaction is measured by registering the rejlections of a laser beam by the
cantilever with a position-sensitive photodetector. 17

Several kinds of tip-sample interactions cause the cantilever to bend (see section 2.3.2).
The forces most commonly associated withAFMare the capillary force, exerted by a thin
water layer on tip and sample, and the interatomie van der Waals force, an interaction that
is always present when two bodies (i.c. tip and sample) are in close vicinity of each other.
Our samples are electronically and magnetically neutral, so electronic and magnetic
interactions are ignored here. The distance dependenee of the latter force is shown in
Figure 2-5.

Three regimes are distinguished in AFM: the contact, non-contact and

intermittent-contact (tapping) regime.

Contact regime: the tip is separated by only a few angstroms separated from the sample

surface. The interatomie force is repulsive (positive) in this regime, because the tip and
sample atoms are so close together that their electron clouds begin to repel each other
electrostatically. This van der Waals force is balanced by the capillary force (attractive)
and the force that is exerted by the cantilever itself (repulsive or attractive). Depending on
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the mode of operation, constant-height or constant-force, the topographic 1mage is
generated from the cantilever deflection or the scanner motion, respectively.

Q)

~
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lntermittentcontact
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t

Repulsive
force

.1_Attractive

T

force

Figure 2-5: Interatomie (van der Waals) force versus distance curve. Three regimes can be distinguished:
the contact, non-contact and intermittent-contact (tapping) regime.

Non-contact regime: the tip is up to several hundreds of angstroms separated from the

sample surface. The interatomie force is attractive and depends less on the separation than
in the contact-regime.

Direct registration of the cantilever deflection is not possible,

therefore an AC detection method is applied: the cantilever is forced to vibrate near its
resonant frequency (typically 100 to 400kHz) with an amplitude of a few tens to hundreds
of angstroms. Changes in the resonance frequency are registered as the tip is brought into
the vicinity of the sample surface. These changes are used as a measure of changes in the
force gradient, which reflect changes in the tip-sample separation and thus the sample
topography. The cantilever must be stiff in order to prevent that it is pulled into contact
with the sample.

Intermiltent-contact regime: also called tapping mode AFM.

As for the non-contact

regime, this AFM method makes use of a vibrating cantilever, but now the cantilever tip is
brought closer to the sample surface, implying that the tip "taps" the surface at the
maximum cantilever deflection. The advantage of tapping mode AFM is twofold. First, it
reduces surface darnaging by eliminating lateral forces (friction or drag) that are present in
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contact-mode AFM.

Second, the cantilever penetrates through the water layer on the

surface. This increases the resolution when compared to non-contact AFM (see Figure
2-6).

16

T
Figure 2-6: Non-contact (left) and tapping mode (right) AFM imaging of a sample surface with a water
drop/et. In tapping-mode AFM the tip penetrafes through the water resulting in an image of the actual
surface. 16

2.3.2 Origins of tip-sample interactio os
2.3.2.1 The van der Waals interaction
The van der Waals force represents the electromagnetic interaction of fluctuating dipoles in
the atoms of the tip and surface. It acts between all molecules or atoms, on a di stance that
ranges from more than 10 nm downtoa few Aandit can be both attractive and repulsive.
Basically, fluctuations of the electtonic structure in one component induce dipoles in the
other, the dipoles in both componentsinteract and a force betweenthem is generated. This
force is always present regardless of the employed tip/surface set-up or the environmental
conditions of the experiment. The distance dependenee of this van der Waals force is
shown in Figure 2-5. 18

2.3.2.2 The capillary interaction
When two surfaces of different materials (e.g., a liquid droplet on a solid surface) are
brought into contact with each other, an unbalance in molecular forces is created at the
interface, resulting in an internal force that is called "surface tension". This force is due to
the tendency of materials to reduce their surface area in response to this unbalance in
molecular forces. The result of this force varies for different systems of liquids and solids,
determining the wettability of the surface and the contact angle between the droplet and the
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surface. The surface energy 1 is defined as half the energy needed to separate two flat
surfaces from contact to "infinity". 19

We can distinguish between hydrophilic and

hydrophobic matenals.

Hydrophilic materials exhibit an affinity for water. Such matenals readily adsorb water in

ambient environments (at non-zero humidity), allowing these matenals to be wetted by
forming a water film or coating on their surface (Figure 2-7, left). Hydrophilic ("waterlaving") matenals possess a high surface tension value and have the ability to form
hydragen honds with water.

Figure 2-7: On a hydrophilic material (left), water adsorbs at the surface and farms a continuous film in an
ambient environment. On hydrophobic materials (right), discrete water dropiets are formed instead of a
continuous film .

Hydrophobic ("water-haring") matenals exhibit the opposite behaviour in surface-water

interaction: they have little or no tendency to adsorb water and water tends to form discrete
draplets insteadof a water film (Figure 2-7, nght). Hydrophobic matenals (e.g. alkanes,
hydrocarbons, fluorocarbons, inert atoms) possess low surface tension values and are
unable to form hydragen honds with water due to the absence of active groups in the
surface chemistry and the strong tendency of water molecules to form H-bonds.

The surface-specific value of the surface tension can be used to determine the wettability
(- degree of hydrophobicity/hydrophilicity) of the surface by a specific liquid. On the
other hand, by contact angle measurement (in which a water droplet is put at the surface;
the contact angle cj; is then determined as the angle between the surface and the line tangent
to the droplet radius from the point of contact with the solid, Figure 2-8), the mutual
surface tensions can be calculated, according to Young' s equation:
YLv cosfjJ

= Ysv -rsL'

19

(2.4)

where 1 is the surface tension between the liquid droplet (L), the vapour environment (V)
and the flat substrate (S).

- - - - - - - - - - - - - - - - - - - -- - - -- - - - - -- - - -- -- -- -- - - - - -- - - - - - - - - ---·- - - -
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Vapour

Figure 2-8: The contact angle of a droplet on a solid substrate depends on the mutual surface fension of the
liquid (L), the solid (S) and the vapour (V).

A contact angle of

oo

(Ysv ~rsL +rLv) results in wetting, while 180° (Ysv ~rsL -rLv)

corresponds to complete non-wetting. The region in between these extremes exhibits
partial-wetting behaviour: an angle between

oo

and 90° results in spreading of the drop

(due to molecular attraction), while angles greater than 90° indicate that the liquid tends to
contract in order to reduce its contact area with the solid surface.

The capillary meniscus

The mechanica! and adhesive properties of many substances are very sensitive to the
presence of even trace amounts of vapours in the atrnosphere. For example, the adhesion
of powders, the strength of quartz and the seismie properties of rocks are dependent on the
relative humidity. All these effects are partially due to the capillary condensation ofwater
around surface contact sites, which can have a profound effect on the strength of adhesion
joints.

The relative humidity (RH) is defined as the ratio of the partial pressure Pv of water vapour
in the atmosphere to the partial pressure Ps at the saturation point, where the rate of
condensation equals the rate of evaporation in an enclosed space with a water source:

RH= Pv xlOO%

P,

(2.5)

Liquids that wet or have a small contact angle on surfaces will spontaneously condense
from vapour into cracks and pores as liquid. The presence of the thin layer of water
adsorbed on the sample surface is thus responsible for the formation of a meniscus between
an SPM probe and the sample, which results in large interaction forces (adhesion). This
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layer barely affects the attractive forces, whereas it prevents the tip from pulling off from
the surface due to its high surface energy. 13

2.3.2.3 Other interactions
Besides the van der Waals and the capillary interaction, several other interactions arise
between the SPM probe and the sample surface, or between two surfaces in general,
especially when working in liquid instead of air. 18

Double-layer interactions

In water or other liquids, all surfaces of high dielectric constant are usually charged. The
charging may occur via either dissociation of surface groups (e.g. COOH
or adsorption of ions from the solution.

~

coo- + H +)

Whatever the charging mechanism, the final

surface charge is balanced by a charged region of counterions that are equal in magnitude
and that have an opposite charge. Some of these counterions are bound to the surface,
while others form an atmosphere of ions near the surface known as the electric doublelayer. The resulting double-layer force can both be attractive or repulsive, depending on
the pH and the surface charge ofboth bodies. 18

Solvation interactions

Repulsive solvation interactions arise whenever liquid molecules are forced to order into
quasi-discrete layers between two surfaces or within any highly restricted space. These
forces exhibit oscillatory behaviour and have only a short interaction range. At a vapourliquid or a liquid-liquid interface there is no oscillatory behaviour in the density of the
liquid. At a solid-liquid interface, liquid molecules begin to order in layers close to this
interface.

This variation in ordering with distance from the interface generates the

solvation force.

18 19
'

Hydration interactions

The repulsive hydration force arises between hydrophilic surfaces, such as silica and mica,
since H-bonding surface groups modify the H-bonding network of nearby liquid water
molecules. This force acts on a very small range and is in most cases very weak. It
depends exponentially on the distance, but the origin of this exponential behaviour is
unknown. 18

26

Hydrophobic interactions
A sample surface can be made hydrophobic by means of a layer of hydrocarbons (such as
gold or platinum when exposed to air). It is thought that when a hydrophobic sample is
dipped in water and the SPM tip makes contact with the sample, hydracarbon molecules
form a meniscus that exerts a strongly attractive force. Although several explanations have
been given, the exact origin of these interactions is not well understood. 18

Steric interactions
Steric interactions anse when the interacting surfaces have thermally mobile surface
groups. An example is a surface covered with chain molecules that dangle out into a
solution, e.g. a polymer-covered surface. When another surface is approached confining
these dangling chains in a well-defined volume, a repulsive entropie force known as a
"steric" force arises. 18

2.3.3 Adhesion force spectroscopy
Adhesion farces and force-distance curves
Adhesion force spectroscopy is the measurement of force versus distance curves as a
fi.mction of the relative humidity by means of an AFM apparatus. The force-distance curve
is a plot of the prohe-sample interaction as a function of the tip-sample separation,
measured at a fixed location. During such a measurement, the piezoelectric scanner is
fully extended and contracted in the vertical direction, while keeping the X- and Y-position
fix ed.

A force-displacement measurement involves two kinds of interactions, namely the tipsample interaction F(D) and theelastic force Fe1 ofthe cantilever, given by Hooke's law:
(2.6)
where kc is the spring constant and bc the deflection of the cantilever. For each separation
the cantilever deflects until the elastic force of the cantilever equals the tip-sample
interaction force, in such a way that the total system is in equilibrium.
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The vertical position of the piezoscanner Z is the variabie and controllab ie parameter in the
measurement. It is related to the distance D between the tip and sample surface according
to:
(2.7)
where 6c is the cantilever deflection and Ós is the sample deformation (Figure 2-9). The
raw force-displacement data (F versusb'c) are converted into the actual force-distance curve
(F versus Z) by equation (2.7). 18

Figure 2-9: Schematic representation of the sample surface and the cantilever with the tip. The tip-sample
separation D depends on the deviation of the cantilever from its equilibrium position Z, due to tip-sample
interactions.

A typical force-distance curve is shown in Figure 2-10. The vertical force acting on the
cantilever tip due to the presence of the sample surface is plotted as a function of the
separation distance.

c:=J Scanner extension
-

Scanner retraction

+

Distance

Figure 2-10: Typicalforce-distance curve. The snap-inforce (a, grey) equals the tip-sample van der Waals
interaction.

The pull-of! force (b, black) contains besides the van der Waals force also a capillary

interaction due to the presence of a thin water film on the sample surface.
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At the far right side ofthe curve, when the scanner tube is fully contracted, the net force on
the cantilever is zero. The tip has no contact with the sample and hence the cantilever does
not deflect from its equilibrium position. Upon extending the scanner tube (moving from
the right to the left in Figure 2-10, see grey curve), the cantilever remains undeflected until
the tip is close enough to the sample to experience the attractive (negative) van der Waals
force. When the van der Waals interaction is larger than the elastic force of the cantilever,
the tip will snap towards the surface (see the distance dependenee in Figure 2-5). This
point is called the snap-in point (point a). The scanner continues to extend and the net
force exerted on the tip becomes repulsive (positive ). The cantilever bends away from the
surface.

At some point during the scanner extension, the signal representing the cantilever bending
saturates.

The position-sensitive photodetector has saturated and the detector cannot

measure any further deflection of the cantilever.

After the scanner tube has fully extended (at the far left side of Figure 2-10), the scanner
starts contracting (moving to the right in Figure 2-10, see black curve). At a certain point,
the photodetector will return out of saturation and cantilever deflections can again be
measured. Upon further contraction, the force on the cantilever tip becomes less repulsive
and it follows a horizontally shifted path when compared to the "piezo extension" (grey)
curve, due to scanner hysteresis. The additional portion of the curve shows an attractive
(negative) force on the tip (point b), which can mainly be attributed toa thin layer ofwater
that is usually present on the sample surface when the surface is exposed to an ambient
environment.

This water layer exerts a capillary force on the cantilever tip, which is

attractive and can make a very significant contribution to the total force. A possible water
layer, together with contaminants and surface lubricants can cause variations in the shape
of the force versus di stance curve.

The scanner tube eventually contracts far enough for the cantilever tip to jump off the
sample surface; this is called the pull-off point. Beyond the pull-off point, the cantilever
returns again to its rest position, measured as a zero net force.
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The dissipation energy as a quantity of measure

When the sample is pressed against the cantilever tip, D = 0 in equation (2. 7). Assume that
both the cantilever deviation and the sampledeformation can bedescribed by Hooke's law
(equation (2.6)). Fora stationary system (kcoc =kso,), the relation betweenZand bc now
becomes:
k0
c c

=

k

kcks Z
k ,

c

+

(2.8)

s

where ks is the elastic constant of the sample (sample stiffness). If the sample is much
stiffer than the cantilever, the cantilever deflection bc equals the tip-sample separation Z,
while if ks « kc then Je ~ ( ks /kc) Z . Thus, for stiff samples (as in our case) the slope of
the force-distance curve is dependent on the spring constant of the cantilever. The pull-off
force

Fpu/1-off

and the snap-in force

Fsnap-ïn

are only being determined by interaction forces

and are thus independent of the spring constant.

Fora qualitative comparison of our force-distance curves, a new quantity is introduced: the
dissipation energy DE. This is the energy that is required for the cantilever/piezo-scanner
to break free from the surface. It is calculated as the area between the free cantilever
oscillation level and the withdrawal curve, as illustrated in Figure 2-11.

Force

Distance

FPull-off

Figure 2-11: The energy dissipated by the tip during the withdrawal of the probe is equal to the area of the
withdrawal curve under the X-axis. This quantity has a quadratic dependenee on changes in the sulface
adhesion.
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The advantage of this new quantity ts that it has a quadratic force-dependenee
( oc 11.Fpul/-off I snap-in ' with .0. as indicated in Figure 2-11' being proportional to

Fpul/-ojjlsnap-in)

and is thus more sensitive to changes in the surface adhesion than Fpull-off and

Fsnap-in

only.

Sounilhac et al. 20 and Jam es et al. 21 also used the dissipation energy for data comparison.
Other researchers used different quantities to campare adhesion force spectroscopy data:

Eastman et al. 22 and Thundat et al. 3 have used the di stance .0., while Sedin et al. 23 , He et
al. 24 and X u et al. 25 have employed the pull-off force

Fpull-off·

The data in the experimental sectien about adhesion force spectroscopy on self-assembled
monolayers (chapter 5) are all plotted as the dissipation energy against varying relative
humidity. Since all our measurements (chapter 4) are performed with the same type of
cantilever, no rescaling is needed.

2.4 Experimental set-up
2.4.1 The scanning tunneling microscope
The STM apparatus used for imaging under ambient conditions and at room temperature is
a commercial Nanoscope II STM from Digital Instruments. 26 It differs only little from the
general set-up in Figure 2-1: the probe is mounted on the piezoelectric crystal scanner
instead of the sample. The mechanically cut tip is made out of an alloy of Pt90 Ir 10 • The
coarse positioning system consists of three magnetic spheres, on which the scan head (that
contains the tip) is mounted. The apparatus used for spectroscopy at ambient conditions is
a CP Scanning Probe Microscope from Park Scientific, contigured in STM mode and
operated with supporting software. The coarse tip-sample approach is performed manually
by means of an optical microscope.

The STM-apparatus is positioned on top of an active anti-vibration table to minimize noise
due to extemal vibrations. The anti-vibration table (MOD-1 from Halcyonics, GmbH)
consists mainly of two large plates, which are mutually connected by several springs and
on which smaller capper plates are attached. 27 These plates are surrounded by magnets.
When the plates move due to extemal vibrations, the movement of the conduction
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e1ectrons in the copper plates will generate vortex currents. These currents together with
the magnetic field of the surrounding magnets result in damping of the vibration of the
plates.

Additionally, a metal head is p1aced over the apparatus to avoid influence of

acoustic noise. Image treatment is done by means of the software program Scanning Prohe
Imaging Processor (SPIP) from Image Metro1ogy. 28

2.4.2 The atomie force microscope
The emp1oyed apparatus is again the CP Scanning Probe Microscope, configured in AFM
modes. It is designed to image areas of up to 100 x 100 Jlm2 • The apparatus is enclosed in
a plexiglass glovebox, in which the relative humidity can he regulated by an inlet and an
outlet for flows of dry and water-saturated air (Figure 2-12).

Wet air is created by

saturation of dry air that bubbles through a reservoir filled with water. The air is mixed by
means of a ventilator and the humidity is measured with a hygrometer. Precautions similar
to those for the STM apparatus are taken to avoid the influence of vibrational and acoustic
nmse.
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Figure 2-12: A schematic representation (left/ and a picture (right) of the experimental set-up of the AFM
apparatus, enclosed in a plexiglass glovebox with in/et and outlet for control of the relative humidity.

Silicon Ultralevers with silicon conical tips from the Veeco Metrology Group were used in
the AFM experiments (Figure 2-13, leftand right). 26 The tips are very sharp and have a
high aspect ratio. They have a nomina} height of 5-7

~-tm

with a typical radius of curvature
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of 10-50 nm. Their force constant is 3.2 N/m. These cantilevers are ideally suited for both
the non-contact and intermittent-contact regime.

Figure 2-13: Cantilever (left) and conical tip (right). Cantilever dimensions: 180 x 38 1m/
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In our experiments, the glovebox set-up was brought to 0 % RH (or 80 % RH) by
circulation of dry (or water-saturated) air ovemight. After every subsequent increase (or
decrease) of the humidity, the system was stabilized for 15 minutes before starting the
actual measurements.

Chapter 3 : Sample preparation

This chapter describes the three distinct steps in the production of our samples. First, the
evaporation techniques that are used for the fabrication of the gold and silver films by the
sputtering technique and the molecular beam epitaxy technique are presented.

In the

second section, the deposition process of the self-assembled monolayers of 1,4benzenedimethanethiol and 2-phenylethanethiol molecules is described.

Finally, the

production and deposition process of gold clusters on top of these substrates is discussed.

3.1 Gold and silver evaporation
3.1.1 Polycrystalline films on silicon
140 nm thick gold films were produced at room temperature on silicon wafers by Demagnetron sputtering at a deposition rate of about 0.5 nm/s. A 5 nm thick titanium layer
was pre-deposited on the silicon wafers at a deposition rate of about 0.3 nm/s to assure
good adhesion of the gold films on the substrate.

The sputtering technique has the

advantage of being a relatively easy and fast deposition method. The set-up is shown in
Figure 3-1. It is provided with a vacuum pump and an inlet for argon (Ar) gas. The
substrate is positioned above the target.

The basic principle of sputtering is the acceleration of gas ions out of a plasma towards a
target consisting of the deposition material (e.g. gold or titanium). Groups of atoms are
detached from the target upon ion collision and are deposited on the substrate. The process
is realized in a vacuum chamber with a base pressure around 10-7 mbar. To enable the
ignition of a plasma, Ar gas is driven into the sputter chamber up to a pressure of the order
of 1o-3 mbar, while a negative potential of typical some hundred volts is applied to the
target for the acceleration of Ar ions. Ar ions that are present in the gas due to ionization
by natural cosmie radiation collide with the target and detach groups of atoms. The Ar-ions
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produce also secondary electrans that cause a fi1rther ionization of the gas. A ring magnet
is mounted below the target: the magnetic field traps the electrans so that they circulate
over the target surface. This trapping causes a higher ionization probability and hence a
plasma ignition forms at pressures that are lower than for conventional sputtering. The
highest sputter yield occurs in the area where the electron density is highest, that is where
the magnetic field is parallel to the surface. The gas pressure and the electrode distance
determine the break-through voltage for plasma ignition. 17
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Figure 3-1 : Schematic representation of the DC-magnetron sputtering technique. 17

The surfaces of the films exhibit a polycrystalline (granular) structure (see Figure 3-2),
typical for sputtered films at room temperature. On a microscopie scale, the root mean
square (RMS) surface roughness is rather high, around 2.4 nm.

However, on a

macroscopie scale these films are very homogenous.

Figure 3-2: 1000x1000 nm 2 (left, z-range = 15 nm), 500x500 nm 2 (middle, z-range = 16 nm) and 250x250
nm 2 (right, z-range = 12 nm) STM images of a gold film, deposited on silicon wafers by the DC-sputtering
technique. Thejilms exhibita typical polycrystalline (granular) structure on microscopie scales.

Chapter 3 - Sample preparation

35

3.1.2 Atomically flat films on mica
Au( 111) and Ag( 111) films are grown on mica( 100) and on silicon wafers with a
molecular beam epitaxy apparatus (MBE). Au( 111 ), Ag( 111) and mica( I 00) have similar
crystal structure and lattice constants. Therefore, films of Au and Ag grow epitaxially on
freshly cleaved mica substrates because no or little strain is created at the interface. With
the MBE technique, an incident molecular beam of gold or silver atoms forms the epitaxial
layer on the mica substrate.

The MBE apparatus consists of an annealing chamber in which the substrates are degassed
at elevated temperatures.

A sample train in the transport tube (kept under ultra-high

vacuum conditions) brings the substrate to the main chamber of the MBE system for the
evaporation of the film. A water-cooled Knudsen cell is used as the evaporation source.
This is a cell containing a crucible with the pure material and it is thermally heated with
tantalum wires, enabling to reach temperatures up to 1750 °C.

Epitaxial growth of gold and silver on mica can only be realized with very specific growth
parameters.

The mica sheet is first degassed at a temperature of 550

oe

and a base

pressure of w-to mbar. 140 nm thick Au films and 200 nm thick Ag films are evaporated at

oe and 230 °C, respectively, with a deposition rate ranging between
0.03 and 0.1 nm/s. After the deposition, the sample is post-annealed, at 530 oe during at
least 30 minutes for gold and at 200 oe during at least I h, in order to improve the epitaxy.
a temperature of 500

The Au and Ag films on mica are characterized with STM before SAM growth or cluster
deposition. STM images (Vser = 100 mV and fser = I nA) show a film with the typical
island growth (Figure 3-3), with atomically flat terraces with dimensions up to 800 x 800
nm2 (with RMS roughness of 0.2 nm; Figure 3-3, right) and deep holes (black areas in
Figure 3-3, leftand middle) in between the islands that go onto the mica. These films are
well suited for cluster deposition for three reasons:
1.

The atomically flat terraces ensure distinguishing ofthe nanometer-sized clusters.

2.

Cluster aggregation is avoided by the limited cluster mobility on the substrate.

3.

The Au and Ag layers are conducting (mica is not), which makes the samples
suited for STM imaging and STS measurements. 14
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Figure 3-3: 3000x3000 nm 2 (left, z-range
2

nm (right, z-range

=

=

67 nm), 1350x1350 nm 2 (middle, z-range

=

16 nm) and 800x800

1.6 nm) STM images of gold films on cleaved mica sheets, grown by molecular beam

epitaxy. These films exhibit typical is land structures, with deep holes (black areas in the left and middle
figure) separating large atomically flat terraces (the terrace in the right figure has RMS roughness of 0.2
nm).

3.2 Self-assembled monolayers of 1,4-benzenedimethanethiol
and 2-phenylethanethiol
3.2.1 The molecules
Two types of molecules have been investigated:
( l) l ,4-benzendimethanethiol (BDMT): a benzene ring with a methanethiol-group
at both ends, having a theoretica! stretched head to taillength of 1.1 nm (see Figure
3-4, left).
(2) 2-phenylethanethiol (PEM): a benzene ring with a ethanethiol group, having a
theoretica! stretched head to taillength of0.92 nm (see Figure 3-4, right).
Thiol based molecules are popular for the deposition of SAMs on gold and silver surfaces,
because the thiol endgroup makes a strong covalent bond with these surfaces.
Furthermore, the (m)ethylene unit enhances the self-organisation process of the monolayer
due to an increase in flexibility of the molecules. 29 In our case, this is important for
retaining the atomie flatness of our substrates. Another advantage of both the BDMT and
PEM molecules is their expected high electrical resistance, due to the benzene ring. This is
required for the use of the monolayer as a tunnel harrier between metallic clusters and the
substrate. 30
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Figure 3-4: Fu/1-stretched BDMT molecule, consisting of a benzene ring and two methylethiol-groups at bath
ends (left). The PEM molecule resembles the BDMT molecule, but contains only one thiol group (right).

3.2.2 Solution deposition
Self-assembled monolayers of BDMT and PEM (Sigma-Aldrich) are grown on atomically
flat Au(lll) and Ag( 111) by solution deposition.

Molecules of BDMT and PEM in

powder form are dissolved in tetrahydrofuran (THF) and ethanol respectively, both in a
concentration of 1 mM. The substrates are immersed in the solution for at least 24 hours.
After removal of the samples from the solution, they are rinsed subsequently in the solvent

(THF or ethanol), acetone and distilled water to remove excess molecules and they are
driedunder a nitrogen flow afterwards.

Since high-quality self-assembly only occurs in ultra clean environments, special care was
taken during preparation. The glassware for the solution deposition is copiously cleaned
by immersing in piranha solution (1: 1 mixture of H202 30% and H2S04 98%) for 30
minutes and 10 minutes of sonicating in distilled H 20 afterwards. The silicon substrates
follow the same procedure with a 1:3 piranha solution. Pincets are cleaned by sonicating
in isopropanol and distilled water, respectively, both forabout 5 minutes.
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3.2.3 Characterisation with ellipsometry and contact-angles
We macroscopically characterised the samples of BDMT and PEM monolayers on gold
and silver films by means of ellipsometry and contact-angle measurements.

With

ellipsometry, we are able to leam about the self-organisation of the molecules on the
substrates. More precisely, from the ellipsometric thickness of the monolayers and the
theoretica! length of the molecules, we can determine their orientation.

Furthermore,

contact-angle measurements can give a fi.rst indication of either the surface properties have
changed drastically or not: a modification of the surface properties of the gold and
substrates upon monolayer deposition will affect their surface tension, which can be
reflected in the contact-angle of a water droplet, deposited on the substrate (section
2.3.2.2).

A. Ellipsometry
Principle of ellipsometry
Light consists of photons that can be described as an electromagnetic wave.

This

electromagnetic wave is a transverse wave consisting of both an electric and a magnetic
field vector, mutually perpendicular and perpendicular to the propagation direction of the
wave.

Most light sourees emit photons with electric fields that are orientated in all

possible directions (perpendicular to the direction of travel).

However, light can be

linearly polarized by means of an optical element.

In ellipsometry, elliptically polarized light beams are used. For these beams, the light
consists of two "components" of linearly polarised light, of which the electric field veetors
are tilted under a certain angle with respecttoeach other (the polarisation angle). Two sets
of data are measured with an ellipsometer, namely the ellipsometric quantities Ll and

lf/.

Ll

is the change in polarisation angle between both light beam "components" that occurs upon
reflection at the sample surface (Figure 3-5). lP is the angle whose tangent is the ratio of
the reflection coefficients of both light beam "components".
measured for different angles of incidence Bz.

Several sets of data are

The ellipsometric thickness is then

calculated from these data by the assumption of a model. Prior to the actual thickness
measurements, the optica! constants such as the index of refraction of the bare substrates
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are determined by a measurement on a bare substrate.

More information about

ellipsometry can be found in the cited reference. 31

Light souree
Detector

Figure 3-5: The parallel and perpendicular components of the linearly polarized light beam rejlect at the
sample surface. From measurements of the change in phase shift and the ratio of the rejlection coefficients
of bath components, the ellipsametrie thickness can be determined.

Ellipsometry results
The atomically flat Au( 111) and Ag ( 111) films on mica are not suited for the ellipsometry
experiments because of the presence of deep holes.

These inhomogeneities cause

di storting reflections of the incident light beam, inhibiting an accurate determination of the
ellipsametrie thickness of the monolayer.

Gold and silver films on silicon wafers are

macroscopically flat and are therefore more suited for these experiments.

The

ellipsametrie thicknesses of the BDMT monolayer on Au and Ag are shown in Table 3-1.
The measurements were performed in the Metallurgie, Elektrochemie en Materialenkennis
group of Prof Herman Terryn of the Vrije Universiteit Brussel.

Depending on the

substrate, a different molecule growth was observed.
Table 3-1 : Ellipsametrie thicknesses of BDMT and PEM monolayers on an Au substrate and a BDMT
monolayer on a Ag substrate. The metal films were evaporated on Si02 substrates and the SAMs were grown
in a 1 mM solution. The samples were stared in air.

Au

0.85 ± 0.05

Ag

0.18 ± 0.05

These results are similar to findings from other researchers, measured with several
different techniques (ellipsometry32 , reflection/absorption infrared spectroscopy33 , surface
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enhanced Raman spectroscopy and X-ray photo-electron spectroscopy34).

From these

results, it is generally concluded that on silver substrates the BDMT molecules have a flat
orientation: both thiol groups bind to the silver atoms and the benzene ring is oriented
parallel to the surface (Figure 3-6, bottom). In contrast, the BDMT molecules are tilted on
gold surfaces under an angle of about 45° with respect to the surface: one thiol group
makes a streng chemica! bond to the gold surface while the other remains free (Figure 3-6,
top left). The PEM molecule has only one thiol group to bind to the surface and therefore
has a tilted orientation under an angle of 68° with respect to the surface (Figure 3-6, top
right). The orientation angles (}are determined from the ellipsometric thickness Leu of the
monolayers and the theoreticallength Lrh of the molecules according to sin() = Leu .
L rh

The vertical orientation of BDMT on the gold samples makes the BDMT layers interesting
for application in a single-electron tunneling device (section 1.2): when gold clusters are
deposited on top of this layer, the free thiol group at the interface will bind to the cluster.
The clusters are thus immobilized, making it possible to position an STM tip above a
single cluster in order to perferm STS.
H

;jj)Jjj)- ~

~(-J ;~ ~r ~r ~~ ;~ ~r

3

Figure 3-6: The BDMT and PEM molecules have a tilted orientation on Au(JJJ) (45° and 68", respectively),
one thiol group binds to

the surface (top, left and right); BDMT molecules on Ag(lll) have a flat

orientation, both thiol groups make a bonding to the surface.
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Furthermore, we investigated if the BDMT ellipsametrie thickness on gold depends on the
concentration ofthe solution (1 mM, 10 mM and 50 mM) or the storage medium (air and
nitrogen). The results of the thicknesses as measured by ellipsometry (Table 3-2) show
that there is no significant dependence.
Table 3-2: The ellipsametrie thickness of the BDMT mono/ayer on gold surfaces does not exhibit any
significant dependenee on the concentration of the salution and the starage medium of the samples.

10mM

0.95 ± 0.05

50mM

0.88 ± 0.05

50mM

0.85 ± 0.05

B. Contact angle measurements
The measurements were performed with a Drop Shape Analysis System DSA 10 Mk2
apparatus at the Department of Chemica! Engineering (Faculty of Engineering, K.U.
Leuven), with the help of Katleen Boussu. Contact angles have been measured on Si0 2 ,
Ag (bare substrate and covered with BDMT) and Au (bare substrate and covered with
BDTM and PEM).

Table 3-3 reveals that the Si02 substrate is the most hydrophilic

sample. This sample was investigated because our AFM tips are also made of Si0 2•
Table 3-3: Overview of the contact angle measurement results.

The samples are arranged from more

hydrophilic (smal/ angle) to more hydrophobic (large angle).

Si02

45 ±3

Ag

85±3

Au BOMT

86 ,±' 3

Ag BOMT
AuPEM
Au

92 ±.3
±3

Clearly, deposition ofthe BDMT/PEM monolayer on the Au and Ag substrates resulted in
a small change of the contact angle.

This does however not imply that there is no

modification of the surface properties of the substrates upon monolayer deposition
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(according to the cluster visualisation problems shown in the Introduction, a significant
modification is expected): the surface tension ysL between the droplet and the substrate
can have changed significantly without a change in contact angle <(>, if the surface tension
between the vapour and the substrate Ysv undergoes a similar change (see Figure 2-8 and
equation (2.4), section 2.3.2.2).

3.3 Production and deposition of gold clusters
Two different approaches can be used for the synthesis of gold nano-sized clusters on
surfaces.

2 14
•

In one method, clusters are grown on the substrate through diffusion and

aggregation of deposited atoms. In the other method, the clusters are preformed before
their deposition.

Two categones of preformed clusters are distinguished.

The first

category contains clusters that are grown in the gas phase or liquid phase and that are
stabilized by a chemica! shell before the deposition. The second category contains clusters
that are grown in the gas phase and that are cooled during adiabatic expansion, with no
chemica! shell needed for stabilization. The latter method was used to produce and deposit
Aun clusters in our experiments (Figure 3-7). The apparatus consists of three sections: the
souree chamber, the extraction chamber and the deposition chamber.

Figure 3-7: Schematic view of the cluster beam deposition setup.

The apparatus consists of three

differentially pumped vesse/s: the source, extraction and deposition chamber.14
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The apparatus contains a laser vaporization souree to produce the clusters. A metal vapour
is created by means of pulsed laser ablation of the metal target material in the souree
chamber. This vapour is exposed toa short pulse of helium gas (purity 99.999%) and it is
introduced into the extraction chamber, where the metal vapour cools by the adiabatic
expansion in the helium gas. It becomes supersaturated and condenses in the form of
clusters, which have a kinetic energy of typical 0.4 eV/atom. Due to this low value, no
fragmentation of the clusters is expected upon impact on the substrate.

An extended

description about the cluster beam deposition apparatus can be found in the references?·

14

By tuning the souree parameters, the mean size of the clusters can be fixed. The typical
mean diameter of the clusters is around 2 nm, corresponding to about 250 atoms per
cluster. A typical cluster abundance spectrum is shown in Figure 3-8. 14 The produced
clusters contain up to around 500 atoms. The abundance maximum of the cluster size
distri bution corresponds to a cluster diameter of 2 nm (or about 250 atoms per cluster).
Figure 3-8 (top) shows the amount of clusters that is detected as a function of the cluster
diameter, while Figure 3-8 (bottom) shows the weight distribution of the clusters as a
function of the cluster diameter.
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Figure 3-8: A bundance spectrum as recorded with the mass spectrometer offree cationic Aun clusters as a
function ofthe cluster diameter (top) . Histogram ofthe integrals ofthe mass peaks corresponding to clusters
containing 1, 5, JO, 15, 20, .. . atoms (bottom). The majority ofthe clusters have a diameter between 1.5 nm
and 2.2 nm, corresponding to 100 and 300 atoms, respectively. 14
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Figure 3-9 shows two STM images of Aun clusters deposited on a Au(lll) substrate, as
obtained by N Vandamme et a/. 14 The clusters can be observed as the bright circular
spots. The structure of the underlying gold substrate is clearly observable in Figure 3-9
(left): two steps can be distinguished. Figure 3-9 (right) zooms in on an atomically flat
terrace (one step can be distinguished), revealing that the clusters are compact and nearly
circular (see the height profile). Here, typical cluster diameters are 5 nm, while the typical
cluster heights are an order of magnitude smaller, as can be seen in the cross-sections given
for both STM images.
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Figure 3-9: STM images (1nA, 100 mV) of Au 11 clusters deposited on a Au(111) substrate. 200x200 nm 2
image (z-range = 2 nm) where the structure of the substrate is still clearly visible (left). The height profiles
are taken along the white lines in the jigure. No preferenrial growth of the clusters at the step edges (at a
position of 60 nm in the height profile) is observed, and the spreading of the clusters across the surface is
random. 100x100 nm 2 image (z-range

=

1.5 nm) zoomed-in image of an atomically flat terrace (right) .

Compact clusters are observed, corresponding in size to one individual cluster or an assembly of at most a
few clusters.14

Chapter 4 : Dissipation energy measurements on selfassembled monolayers

Local atomie force spectroscopy at varying humidity is applied to investigate the
modification of the surface properties of gold and silver films by (di)thiol SAM growth.
Our final goal is to solve the cluster visualisation (and hence characterisation) problem
on the BDMT covered gold films, which is thought to be caused by major changes in
the adhesive surface properties upon BDMT deposition.

The adhesive forces between two surfaces (i.e. tip and sample) are mainly determined
by the van der Waals and the capillary force, as discussed in chapter 2. The capillary
force often has a significant contribution to the total adhesive force. It results from the
presence of a thin water layer on both tip and sample, which is influenced by the
relative humidity (RH) of the environment. By varying RH, we are able to distinguish
both adhesive force components and it can therefore be investigated how SAM
deposition modifies the surface adhesion of the samples.

The first section discusses the role of RH on the energy that is dissipated during tipsample separation. Before the influence of the SAMs on the samples can be discussed,
the role of the AFM tip in the measurements is thoroughly described in the second
section. The experimental results on the bare and SAM covered Au and Ag samples,
respectively, are presented and discussed in the third section. The exact origin of the
modification of the surface properties is investigated. In the final section, a qualitative
and quantitative comparison with the sphere/plane geometry model is made to gain
more insight in the different kinds of interaction that are involved in our experiments.
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4.1 General RH dependenee of the dissipation energy
The dissipation energy between an AFM tip and a sample upon retraction generally
exhibits a humidity (RH) dependenee as shown qualitatively in Figure 4-1.

24 25 35
• •

Four

regimes can be distinguished. At low humidity (regime I), the surfaces of both tip and
sample are free of condensed water (Figure 4-2 a) and the mutual interaction is
dominated by the Van der Waals interaction. Upon increasing RH, vapour gradually
condenses on the surfaces, without a significant increase of the interaction.
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Figure 4-1: Gene rally, Jour regimes can be discerned in the humidity dependent behaviour of the energy
that is dissipated upon tip-sample retraction: (!) the van der Waals regime, (!!) the mixed van der Waals
& capillary regime, (JIJ) the mixed capillary interaction & water cohesion regime and (IV) the water

cohesion regime.

At a certain point, the humidity has reached the critic al value of the water film thickness
on tip andlor sample that is necessary for the formation of a capillary neck (Figure 4-2
b), resulting in a continuous increase of the dissipation energy. 3•

24 25 35 37
• • -

In regime II,

the Van der Waals force and the formation and growth of the capillary neck determine
the tip-sample interaction. The capillary neck formation between two surfaces results
from the self-association of water and the adhesion of water towards the surfaces. 24 As
the humidity gradually increases, more water condenses on both surfaces and a larger
volume of water is available for the formation of a larger capillary neck. Therefore,
more energy must be dissipated during tip-sample contact in order to break the liquid
neck.
Although the water film thickens with increasing RH/ 8 the dissipation energy reaches a
maximum value at a certain humidity. From this point on (regime III), the interaction
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decreases with increasing RH (Figure 4-2 c). For thicker water films, an interplay
starts between capillary forces and forces related to the chemica} bonding of the water in
the gaps around the contacting nano-asperities (~ surface roughness) of tip and sample
(more about this force in section 4.4). The capillary contribution to the dissipation
24 25 35 37
•
'
'

energy therefore diminishes for increasing RH.

For very high RH (regime

IV), the interaction is mainly dominated the van der Waals force and by water cohesion
forces (Figure 4-2 d). 24 ' 25

(a) Regime I: VdW

(b) Regime 11: VdW + capillary neck

(c) Regime Ill: vdW +cap. neck + H-cohesion

(d) Regime IV: vdW + H-cohesion

Figure 4-2: Schematical representation of the formation and growth of the capillary neck between tip and
substrate for the Jour different regimes indicated in Figure 4-1 .

4.2 Characterisation of the silicon tip
If we want to draw any conclusions out of the RH measurements on our Au and Ag
samples, a thorough understanding of the role of the silicon AFM tip in our RH
measurements is crucial:

when working under humid conditions, a water layer is

formed on all surfaces, thus also on the AFM tip.

First, we considered a symmetrical case, performing adhesion force spectroscopy on a
silicon sample using a silicon tip, both oxidised by storage under ambient conditions
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(Si0 2). Si0 2 is known to be more hydrophilic, as also indicated by the contact-angle
measurements (chapter 3).

The energies dissipated between tip and sample during

snap-in andpull-o.ffare shown in Figure 4-3. Below, these energies are called

DEsnap-in

and DEpull-o.ffrespectively.
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Figure 4-3: Adhesion force spectroscopy data for the symmetrical configuration of a Si02 tip and a Si02
sample. The dissipated energy during snap-in is RH independent, while the energy dissipated during
pull-of! continuously increases until 25 %RH, foliowed by a discontinuous decrease.
DEsnap-in

is determined by the van der Waals force, which does notshow any significant

RH dependenee (0.5 fJ) as can be expected (more information on this insection 4.4).
For this reason,

DEsnap-in

is constant in all our measurements and it is therefore not

plotted in the further figures. Furthermore, it is clear from Figure 4-3 that DEsnap-in and
DEpu/1-off

do not coincide at low RH, indicating that a water layer already has formed

even at very low humidities. Regime I is therefore not present in this case. From 0 %
up to 25 % RH,

DEpull-of! increases

continuously and reaches a maximum value of 9 fJ at

25% RH, foliowed by a discontinuous transition to a low adhesion level (regime IV).
Due to the strongly hydrophilic Si02 and the symmetrical configuration, a thick water
layer forms on both tip and sample already at 25% RH and the interaction is dominated
by water cohesion for higher humidities. This implies that under ambient conditions
(RH- 30-40%), the interaction will always be situated in regime IV.

The oxidised and hydrophilic silicon surface can be made strongly hydrophobic by
removing the oxide layer with an etching procedure. For the tip, this is achieved by
scanning in tapping mode AFM on a mica surface covered with small dropiets of
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hydrogen fluoride (HF). The substrate is etched by dippingit into HF.

DEpu/1-off

results

obtained with an etched tip on an oxidised sample and with an oxidised tip on an etched
sample are shown in Figure 4-4.
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Figure 4-4: Pull-off dissipation energy data for the asymmetrical case of a Si tip with a Si02 sample (top)
and Si02 tip with a Si sample (bottom). The etching procedure results in a RH independent interaction,
due to prevention of capillary neckformation.

For both cases,

DEsnap-in

again remained constant at 0.03 fJ, determined by the material-

dependent van der Waals force. The RH dependenee of DEpu/1-off no longer resembles
the general behaviour of Figure 4-1:

DEpull-of! remains

constant at 0.06 fJ for the etched

tip and 0.1 fJ for the etched substrate. The etched tip (Figure 4-5, right) or sample
(Figure 4-5, left) is strongly hydrophobic: no or little water will condenseon its surface,
even at high humidities.

This inhibits the formation of a strong capillary neck,

independent of the amount of water that is adsorbed at the oxidised surface.
equals thus

DEsnap-in

DEpu/1-off

and is mainly attributed to the van der Waals interaction (-regime

I).

Note that the etched surface will re-oxidise in air. However, during the measurement,
neither the tip nor the sample has re-oxidised, because no increase in interaction is being
observed. Adhesion force measurements by Binggeli et al. also show that the capillary
condensation of water is greatly reduced on more hydrophobic surfaces (i.e. amorphous
carbon films), observed as a decreasein the adhesive forces. 36

50

Si02

Figure 4-5: Sample (left) or tip (right) can be made hydrophobic by remaval of the oxide layer with an
etching procedure. The interaction is humidity independentand being determined by the van der Waals
force, i.e. no capillary neck is formed.

4.3 Modification of surface properties by self-assembled thiol
monolayers
4.3.1 Effect of 1,4-benzenedimethanethiol on gold films
We investigated the effect of BDMT growth on the acthesion properties of gold.
Ellipsametrie thickness measurements have shown that the BDMT molecules have a
tilted orientation on Au substrates, with only one thiol group binding to the surface
(Figure 3-6).

For both the Au and Au/BDMT substrate,
DEpu/1-off

DEsnap-in

remained constant at 0.03 fJ. The

results are presented in Figure 4-6: the RH dependenee of DEpu/1-off resembles

the general behaviour of Figure 4-1, containing all four regimes.

However, the

maximum dissipation value of DEpull-of! increases drastically upon BDMT deposition on
gold: from 0.6 fJ at 40% RH for Auto 6 fJ at 55% RH for Au/BDMT, an increase by
order of magnitude. The smaller

DEpu/1-off

values on the Au substrate can be explained

by the fact that carbon hydrogen groups form at the surface upon storage under ambient
conditions. This induces a higher degree of hydrophobicity of the surface, resulting in
little tendency to water layer formation and hence a smaller capillary interaction. Upon
BDMT self-assembly, thiol groups are at the interface instead of hydracarbon groups,
teading to a significant modification of the surface properties when compared to the Au
sample.
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Figure 4-6: The dissipation energy increases with about a f actor of 10 upon deposition of BDMT on Au
(left), although the RH dep endenee shows simi/ar trends fo r Au (triangles) and Au!BDMT (squares). At
low RH values (right), dissipation a/ready starts increasing with increasing RHfor both samples.

Contact-angle measurements (section 3.2.3) have shown that Si02 is significantly more
hydrophilic than Au and Au/BDMT samples: a water layer will grow more rapidly on
Si0 2 than on Au and Au/BDMT.

The position of the

DEpull-off maximum

for the latter

substrates is therefore shifted to higher RH values when compared to Si0 2 •
Furthermore, the small increase in interaction between 0 and 30 % RH for both samples
(Figure 4-6, right) is attributed to the formation of a thick water layer on the hydrophilic
Si02 tip, as observed in the previous section. Once this thick layer has formed, the
amount of water is sufficient to start capillary neck formation, resulting in a sudden
increase ofthe interaction from 30% RH.

23 36
•

Several researchers 3•

have performed similar adhesion experiments on other

substrates, in which they only observed regime I and II in the

DEpull-off versus

RH data,

in contradiction with our findings. The authors did not mention what time was taken to
stabilize the system after each RH increase. The absence of the high humidity regimes
in the data may be attributed to an insufficient stabilization time. Furthermore, Freund
et a/. 38 investigated the distribution and the amount of adsorbed water by means of STM
and AFM. They have observed water to adsorb in the form of dropiets with a complete
water layer formation at 55 % RH, with a thickness of at least 10 nm.
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Three questions can be put forward in order to understand what is the origin of the
increase in interaction:
1. Contact angle measurements showed that BDMT deposition on Au does not
result in a pronounced hydrophilic or hydrophobic behaviour of the surface.
This does not necessarily indicate that there is no significant modification of the
surface tension of the water layer towards the substrate, according to equation
(2.4). Can the increase in interaction be attributed to the water layer or rather to
a direct interaction between the BDMT molecules and the tip?
2. Ellipsometry measurements showed a different molecule orientation of the
BDMT molecules on Au and Ag substrates.

What is the influence of the

molecule orientation on the change in surface properties and the adhesion?
3. Can the increase in interaction be attributed to the entire BDMT molecule or is it
localized to the thiol end group only?
The following sections give an answer on these questions.

4.3.2 loftuenee of the water layer
In Figure 4-7, DEpull-otr data as measured with an oxidised tip on Au/BDMT are
compared with the data obtained with an etched tip.
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Figure 4- 7: Dissipation energy as measured on Au/BDMT with an oxidised tip and with an etched tip.
With an etched tip, almast no RH dependenee is observed.

The measurement performed with an etched tip does not reveal any dependenee on RH
that is similar to the general trend of Figure 4-1: the highly hydrophobic tip prevents
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capillary neck formation.
DEpull-off

DEpu/1-off
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remains constant at a value of 0.3 fJ, similar to

measured on Au and Au/BDMT due to the van der Waals interaction at low

humidities (Figure 4-6 and Figure 4-7). This implies that the increase in DEpull-of! upon
BDMT deposition cannot be attributed to direct monolayer-tip interaction, but to a
rather indirect increase of the interaction: the BDMT monolayer interacts more strongly
with the adsorbed water film than does the Au film, making it more difficult for the tip
to break the capillary neck.

Next, we investigated how the water film evaporates from the BDMT surface. The
system was stored for several hours at high RH (80%) before starting the measurements.
Similar trends in

DEpull-of! can

be observed in Figure 4-8 for increasing and decreasing

RH, having comparable maximum values.
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Figure 4-8: Comparison of the RH dependenee of the dissipation energy as measured on Au/BDMT,
performed with increasing (squares) and decreasing (triangles) RH. Simi/ar trends and maxima are
observed, with a shift of the maxima from 55 % RH to 40 % RH.

The shift of the maximum from 55 %RH to 40% RH, together with the fact that the
curve for decreasing RH is less steep between 40 % and 65 % than the curve for
increasing RH between 55 % and 70 %, implies that it is more difficult to evaporate
than to condense the water layer. The 'true' maximum of

DEpull-o.f!

is thus situated

between 40% and 55% RH. At low humidities, the water layer is completely removed
from tip and sample and the interaction is being determined by the van der Waals force.
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Experiments performed by Xu et al. on mica with a hydrophilic ShN4 tip show similar
results for increasing and decreasing RH: a less steep increase towards the maximum
and a peak shift to lower humidities are observed for the decreasing RH curve. 25

4.3.3 Influence of the molecule-orientation
Ellipsometric thickness measurements showed a different molecule orientation of the
BDMT molecules on Au and Ag substrates: only one thiol group binds on the Au, while
both thiol groups bind on the Ag surface (see section 3.2.3). By performing adhesion
force spectroscopy on Ag and Ag/BDMT samples, we investigated if a different
orientation of the BDMT molecules can lead to a different modification of the surface
properties. The DEpull-o.ffversus RH data of these samples are presented in Figure 4-9.
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Figure 4-9: Large adhesion farces are measured on Ag samples (triangles). Growth of BDMT on Ag
(squares) decreases this interaction by about a factor of 8. BDMT molecules have a flat orientation on
Ag films.

A large DEpu/1-ofTmaximum of 8 tJ around 60-65% RH is measured on the bare Ag films.
This large dissipation energy is attributed to oxidation of the Ag films upon storage in
air, resulting in a more hydrophilic surface (as was the case for Si). The maximum
DEpu/1-ofT value drops to 1.1 tJ at the same RH upon growth of a BDMT monolayer on

the Ag surface. Both samples reveal a RH dependenee similar to the general trend
shown Figure 4-1.
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lt is clear from Figure 4-9 that the BDMT monolayer leads to a very different

modification of the adhesive properties of Ag films when compared to Au films : tilted
BDMT molecules correspond to an increase of the tip-sample interaction, while a flat
orientation corresponds to a decrease of the interaction.

4.3.4 Influence of the molecule end group
BDMT and PEM molecules have essentially a similar composition; the main distinction
is that PEM has only one thiol end group, while BDMT has two thiol end groups
(Figure 3-4). With ellipsometry it was observed that both molecules have a free end
group on Au films; the molecules have a tilted orientation (Figure 3-6). By comparing
Au/BDMT and Au/PEM samples we can thus investigate if the modification of the
surface properties of Au is caused by the entire BDMT molecule or by the free end
group at the interface. The adhesion force spectroscopy data on both Au and Au/PEM
are presented in Figure 4-10.
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Figure 4-10: Growth of a PEM monolayer on Au films results in a decrease ofthe maximum dissipation
energy value by a factor of 2. Both curves exhibit the same trend in which the Jour general regimes can
be distinguished.

The two curves reveal the same trend, where the four general regimes of Figure 4-1 can
be discemed. They both show a maximum

DEpull-~ff value

at 40 % RH. In contrast to

the case of BDMT, deposition of PEM lowers the maximum adhesion of the Au films
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from 0.6 D to 0.3 D. Upon storage of Au substrates in air, carbon hydrogen groups will
partially cover the surface.
Therefore, the decrease in

These groups make the surface more hydrophobic.

DEpu/1-o.ff

for the case of PEM can be understood by the fact

that the Au/PEM film is completely covered with hydrocarbon groups, making the
surface more hydrophobic (indicated by the contact-angle measurements in section
3.2.3). From these findings it is clear that the end group of the molecule dominates the
modification of surface properties.

4.4 Influence of humidity on adhesion: a comparison with
the sphere/plane geometry model
A qualitative and quantitative comparison with the existing sphere/plane geometry
model is made in this section.

This yields more insight in the different kinds of

interaction that are involved in our experiments and it can help to predict surface
modifications by other future SAMs.

4.4.1 Interactions in the sphere/plane geometry model
The humidity dependent behaviour of the dissipation energy can be understood as a
superposition of physical and chemical phenomena. The tip-sample adhesion is the sum
of the capillary force Fcap and the interaction force between the two solid surfaces, with
a condensed layer of water on both surfaces. This solid-solid interaction has two main
contributions: the van der Waals force (Fvdw) and a chemical bonding force (Fchem). The
total adhesion force (Fadh) is thus given by:

36

(4.1)

The RH dependent behaviour of the adhesion force between two contacting bodies is
now discussed by looking at the different contributions.

A. The van der Waals interaction

In order to model the van der Waals interactions taking place in AFM, it is necessary to
study these interactions between surfaces, rather than between atoms or molecules.
Assuming that the potential is non-retarded and additive, the interaction between two
macroscopie bodies may be obtained via summation of the interactions of all atoms in
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the two bodies with each other. For the sphere/plane geometry (Figure 4-11), the van
der Waals force can be calculated as

22 35
• :

AR

FvdW

(4.2)

= 6a2'

where A is the conventional materialand medium dependent Hamaker constant, a is the
separation between both objects and R is the radius of the sphere. Separation values of
about 2-3

A are generally assumed in calculations of the van der Waals and capillary

interaction. 8 Typ ical val ues of the Hamaker constant of condensed phases in vacuum
areabout 10- 19 1. 18' 19' 35

According to equation (4.2), the van der Waals force appears to be independent of the
humidity. However, the medium in between the two macroscopie bodies is modified
upon increasing the humidity, which can result in different values for A: low
environmental RH can be thought of as vacuum, while high environmental RH can be
thought of as water.

Therefore, a minor in- or decrease of the van der Waals

contribution to the total tip-sample interaction may be present in the adhesion force
measurements.

Substrate

r1

Figure 4-11: A liquid water meniscus farms between the spherical probe and the substrate due to the
presence of a thin water film on the surface.
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B. The capillary interaction

For the sphere/plane geometry (Figure 4-11 ), the capillary meniscus formed in a humid
environment has been well studied. For macroscopie spheres (radius R), where the
meniscus radii

Ij

»

r 2 and the filling angle cjJ ~ 0° and assuming that the contact angles

on bothbodies are the same, the commonly used formula for the capillary force is: 37

Fcap = 4ny R COS{) ,

(4.3)

which is modified when the two contact angles are different to:

F::ap = 2ny R (COS B1 + COS B2 )

19 35 39
·
•

,

(4.4)

where ()1 and ()2 are the contact angles of the liquid with the tip and the sample,
respectively (Figure 4-11). Both equation (4.3) and (4.4) predict a RH independent
capillary force and thus a constant dissipation energy for a macroscopie tip (R >> 100
nm). In our case, this approximation fails since our AFM tip radius of curvature is very
small (- 30 nm). At relatively low humidity, r 1 is comparable to r2 • At high humidity,
the small tip radius translates into a large filling angle c/J. Therefore, another description
is needed forsmaller tips.

Assuming a circular curvature of the capillary neck, the capillary force exerted on the
tip by the neck contains two contributions: the capillary pressure !::.p (= pressure
difference between the outside Pv and the inside PI of the neck due to the curvature) and
the surface tension f', teading to the forces Fp and Fs respectively. The total capillary
force equals then F::ap = FP+ F, , with the two components given by: 35
1)
FP = -Jrlj 2!::.p = -Jrlj 2( Pv- Pt ) = -Jrylj 2(1
- +Ij
r2

(4.5)

+cos~()~

(4.6)

F,. = 2Jrylj sin ( B1 + ç}) = 2ny R sin ç} sin ( B1 + ç})

(4.7)

= JrY R[- sin ç}

+ ç}) + cosB2 sin2 ç}J
-+ 1-cosç}
R

For macroscopie spheres, the ratio aiR is very small and it is typically ignored. Note
however, that keeping a finite value for aiR is important. Otherwise, at zero humidity,
equation (4.6) would become equal to equation (4.4), by taking first a= 0 nm and then
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rj;

=

0°.
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A non-zero capillary force at zero humidity is obviously an unphysical result.

Further, notice that a capillary neck, with a corresponding (attractive) capillary force,
only exists for positive values of Fp > 0. By using equations (4.5) and (4.6), this results
in the conditions Pv < p 1 and 0° < tjJ < 90°.
requmng Fp >0 results in cos (
satisfied.

Using tjJ = 90° in equation (4.6) and

e + 90° ) +cos e > 1,
1

2

a condition that can never be

For high humidities with tjJ approaching the limiting value of 90°, the

memscus starts to degrade, the capillary force contribution Fp will decrease and
eventually disappear completely at a filling angle of 90°. Furthermore, also notice that
for very hydrophobic tips ("water-hating",

e

1 ;::::

180° ), the surface tension contribution

Fs can become repulsive according to equation (4.7).

At equilibrium, the meniscus curvature (1 /r1 + llr2) is related to the relative vapour
pressure p/ps (relative humidity for water) by the Kelvin equation (with Pv and Ps as
defined in chapter 3), which in turndetermines the filling angle rj;:

kT

P

yv In
0

p:

tJ.p ( 1 1
=-y= 'î + r2

19 35
•

J

e

1
cos (el + t/J) + cos
= Rsint/J- a+R(l-cost/J)

2

'

48
( . )

where v0 is the molar volume of the liquid ( yv0 I kT= 0.54 nm for water at 20°C).

Other empirica! and theoretica! expressions by Thundat et al. 3 and Sedin et al. 23 have
been proposed to explain and simulate interactions due to capillary forces, but their use
is limited to experiments in which only regime I and 11 are observed.

C. The chemica/ interaction

The contribution of the chemical interaction to the tip-sample interaction is often
ignored in theoretica! estimates, although it can play an important role in the general RH
dependence.

It namely accounts for the multi-asperity nature of the contact from

roughness considerations, which are obviously not incorporated in the ideal
sphere/plane geometry. Since the liquid water is at equilibrium with the water vapour,
the chemical potential of the liquid in the gaps around the contacting asperities is
J1

= kT In (pIPs).

From thermodynamics, the component of the attractive force acting

on the tip from the liquid in the gaps is then given by:

24 36
•

60

Fchem =- àG
a

=-~~~=-~kTln(Pv
J
r

Z

Vo

(4.9)

Ps

Vo

where G is the Gibbs' free energy and A the area of the liquid film. Therefore, the force
from water in the gaps becomes less attractive with increasing relative humidity,
consistent with the reduction in adhesive forces observed in the experimental section.

4.4.2 Quantitative and qualitative comparison
We now investigate to what extent the forces FvdW, Fcap (Fp plus Fs) and Fchem are able to
quantitatively and qualitatively simulate the behaviour of the RH dependenee of the
adhesion force, assuming a spherical tip and a flat substrate. For the simulation, we
take the case of the oxidised silicon tip and the bare gold substrate, with an AFM tip
radius R - 30 nm, the sphere-plane separation a

3

=

2

A,

'Y = 73 mJ/m and v0 = 0.030

nm 3 •40 The experimental data of the snap-in and pull-off forces are plotted in Figure
4-12.
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Figure 4-12: Snap-in and pull-olf force as a function of the relative humidity, as measured with an
oxidised silicon tip on an atomically flat gold substrate.

The asymmetrical Hamaker

constant m air can be calculated from the

Hsi-Au

symmetrical constants H s i-Si and H Au-Au in air:

19

(4.10)

Using

HAu-Au =

44 10-201,41 and Hsi-Si

=

20

7.1 10- J

42

this becomes Hsi-Au

=

18 10-20 J. A

theoretica! value for the van der Waals force between tip and sample is then given by
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equation (4.2), resulting in a value of 10 nN, in reasonable agreement with the measured
value of 8 nN for the snap-in force and the pull-off force at low RH (Figure 4-12).

In order to calculate the capillary adhesion forces, an estimate of the contacting angles
()I

(of the water with the Si02 tip) and

fh (of the water with the Au film) is required. As

a rough estimate, the angles found in the contact-angle measurements could be used, but
these values did not result in a significant RH dependenee in theoretica! simulations. It
can be argued that the values of ()I and

fh must be taken significantly smaller than the

values found by contact-angle measurements: once a water layer has formed at the
surface, ()1 and ()2 are the angles formed with the water film and not the underlying
surface (as shown in Figure 4-11). Especially for mildly hydrophobic surfaces (such as
gold, with a contact angle - 90°), the true () can be drastically lower. In the following
calculations, values of 30° and 45 ° are taken for ()I and B2 respectively. The filling
angle c/J can now be calculated according to the Kelvin equation (4.8). The result is
plotted in Figure 4-13 .
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Figure 4-13: Theoretica/ increase ofthefilling angle as ajunetion ofthe relative humidity.

The calculated filling angle increases significantly for humidities above 80 %. Based
on these values, Fvdw, Fp and Fs can be obtained from the equations (4.2), (4.6) and ( 4. 7)
, resulting in the total force F 10r plotted in Figure 4-14. As mentioned, the van der Waals
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force

is constant at 10 nN. The two capillary contributions show a strong RH

F vdW

dependence. The force Fs due to the surface tension ofthe water continuously increases
from 0 nN to more than 10 nN, meaning that the involved water area increases with
increasing RH. The force Fp due to the pressure difference increases continuously from
0 nN, reaches a maximum of 13 nN around 70 % RH and further decreases to about 0
nN for very high humidities.
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Figure 4-14: Theoretica/ simu/ation of the pull-off force (filled squares) and its different contributions:
the van der Waals force (circles), the force due to the capillary pressure (triangles) and the surface
fension (stars).

The theoretica! maximum corresponds reasonably well with the experimental
maximum: 27 nN versus 40 nN respectively. Moreover, the theoretica! data (squares in
Figure 4-14) resembie the experimental data (triangles in Figure 4-12). However, in the
calculation, the transition from regime I to 11 occurs at significantly lower humidities.
This can be explained by the fact that our measurement system is never perfectly
stabilized, which can explain the 'shift' ofthe experimental data to lower humidities (as
was also discussed in the context of Figure 4-8). Furthermore, regime IV is not reached
in the theoretica! simulation. This can be explained by the fact that F chem ( equation (4.9)
) has not been incorporated in the calculations. An incorporation of this contribution
requires knowledge of the RH dependent growth of the surface A of the liquid film that
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is participating in the interaction. In order to estimate the influence of this term, let us
assume a growth of A that is linearly proportional to RH. The RH dependenee of F chem
basedon this assumption is plotted in Figure 4-15, with a maximum already around 40
% RH and a strongly decreasing behaviour for higher RH. Addition of F chem to

F

101

would shift the curve to values that are more close to the experimental values and, more
important, the curve would have a maximum at lower humidities, as found in the
experiments.
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Figure 4-15: Behaviour of the chemica! con tribution to the adhesion force as a fun ction of RH, upon
assumption of linear RH growth of the liquid film area.

It can therefore be concluded that the theory based on the sphere/plane geometry model

is able to simulate qualitatively the RH dependenee of the experiments, but that a more
refined knowledge of all parameters involved is necessary in order to obtain a complete
quantitative modelling.

4.5 Summary
Using AFM adhesion force spectroscopy, a drastic modification of the surface
properties ofthe Au(lll) and Ag(lll) films upon BDMT deposition is observed. For
Au( 111 ), the maximum tip-sample adhesion increases with an order of magnitude upon
BDMT deposition, while, for Ag(lll), a decrease with an order of magnitude is
observed. The origin of these modifications lies in the presence of a thin water layer on
both substrate and tip: depending on the interaction of the substrate surface with the
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water layer, this can result in the formation of a weak or a strong capillary neck between
tip and sample. The observed difference in surface modification for gold and silver
films originates from a different molecule orientation: BDMT molecules are tilted on
gold with only one thiol group binding to the surface, while they are oriented parallel on
silver with two thiol groups binding to the surface.

Further, it is shown that the

modification is attributed to the molecule end group and not to the entire molecule. The
adhesive interaction of gold films is observed to decreases upon PEM coverage.
Because PEM and BDMT molecules have a similar molecular contiguration except for
their end groups (hydrocarbon and thiol groups, respectively), it is concluded that the
thiol groups of BDMT are responsible for the increased interaction on Au.

The

complete coverage of the Au surface by hydracarbon groups of PEM makes it more
hydrophobic, resulting in a weaker capillary neck.

These findings have major implications for the single-electron tunneling device of Aun
clusters on BDMT covered Au( 111) films, namely for the SPM visualisation and hence
characterisation of the deposited clusters on BDMT covered Au(ll1) films.
implications are explained in the next chapter.

These

Chapter 5

••

Towards the single-electron tunneling

device

A major issue related to creating a single-electron tunneling device (see also section 1.2)
is the characterisation of the clusters that are deposited on the self-assembled monolayer
of dithiols. In the former chapter it was shown that deposition of this monolayer results
in a drastic augmentation of the tip-surface interactions, due to an increased wetting.
Therefore, special care has tobetaken to visualise the clusters. In the first section, we
propose two solutions for the cluster visualization, one for STM and one for AFM
measurements, respectively. Analysis of these measurements gives information on the
cluster shape and configuration. In the second section, the electrooie behaviour of the
BDMT monolayer is investigated by tunnel spectroscopy measurements. The measured
l(V)-curves together with the cluster morphology can indicate if the total system is a

good single-electron tunnelling device.

5.1 Visualisation of deposited clusters
5.1.1 Tapping mode atomie force microscopy with modified tip
Figure 5-1 (left) shows a typical image of deposited Aun clusters on an atomically flat
Au(111) film, as visualized with tapping mode AFM using a standard Si02 tip at a
re1ative humidity (RH) of 35 %.

Randomly distributed small clusters can be

distinguished. The strong cluster-surface interaction leads to a nearly epitaxial growth
of the clusters after deposition, resulting in a negligible cluster mobility. 14

In Figure 5-1 (right), a typical distorted tapping mode AFM image of deposited Aun
clusters (bright areas) on a BDMT covered Au(111) film (homogenous dark
background) is shown (using a standard Si0 2 tip): the image is unstable and no clear
topographical features can be distinguished. High peaks (white areas) surrounded by
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sharply delineated, deep depressions (dark grey areas) appear. The dissipation energy
measurements revealed a huge increase of the tip-sample interaction upon BDMT
growth on the Au( 111) films, caused by the formation of a strong capillary neck
between tip and sample (section 4.3.1 ).

Due to this increased adhesion, the AFM

regime randomly alters between non-contact, contact and tapping mode during
scanning, thereby inhibiting reliable prohing and resulting in distorted imaging. 14 The
vibrating AFM tip subsequently "sticks to" and "jumps off' the BDMT surface .
•

Figure 5-1: 200 x 200 nm 2 (left, z-range = 12 nm) and 200 x 200 nm 2 (right, z-range = 12 nm) tapping
mode AFM images made with a standard silicon tip of Aun clusters. deposited on a bare Au(JJJ) film
(left) and a BDMT covered Au(JIJ) film (right). Large adhesion farces inhibit a clear visualisation of
the Aun clusters on AuB DMT, due toa capillary neck between tip and substrate.2 The relative humidity
was 35%.

This unstable scanning regime can be avoided by local HF etching of the Si0 2 tip in
order to make it more hydrophobic and hence prevent large tip-sample adhesion
(formation of a capillary neck), as was found insection 4.3.2. Employing this etched Si
tip, stabie topographical images of Aun clusters on BDMT covered Au(lll) films can
be obtained. Figure 5-2 shows such an image of a Au/BDMT sample, with a high
coverage of Aun clusters (RH= 35 %).

Chapter 5 - Towards the single-electron tunneling device

Figure 5-2: Undistorted 200x200 nm 2 image (z-range
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=

5 nm) of Aun clusters deposited on BDMT

covered Au(lll) films. Th e tip-sample interaction is be strongly reduced by HF-etching ofthe AFM tip,
thus preventing capillary neckformation.2 The relative humidity was 35%

5.1.2 Scanning tunneling microscopy at low humidity
Figure 5-3 shows a typical image of deposited Aun clusters (bright areas) on a Au(lll)
film (homogenous dark background), as visualized withSTMin constant current mode
under ambient conditions with RH
setpoint bias voltage Vser

=

=

35 %, using a setpoint current Iser = 1 nA and a

100 mV. The imaging is reproducible: no darnaging ofthe

surface or the clusters occurs upon scanning.

Figure 5-3: 290x290 nm2 STM image (z-range = 3 nm) ofAun clusters on a bare Au(lll) film, using f,e1 =
1 nA and Vser = 100 m V at a relative humidity of about 35%
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On the other hand, imaging a BDMT covered Au(lll) sample results in significant
darnaging of the surface. This is clear from the typical STM images in Figure 5-4 (left
and right), made under the same environmental conditions using lset = 0.5 nA and

Vset

=

500 mV. The darnaging is observed as significant depressions or holes (black areas) in

the ofthe atomically flat Au/BDMT surface (bright background).

Figure 5-4: 200x200 nm 2 (left, z-range = 19 nm) and 600x600 nm 2 (right, z-range = 12 nm) STM image
of a BDMT covered Au(111) film , using 1,_1 = 0.5 nA and V,e1 = 500 mV The relative humidity of the
environment was 35 % During scanning, the tip is moving in the adsorbed water film, thereby darnaging
the surface by scratching o.IJ the BDMT monolayer (left).

The resulting damage is seen clearly after

zooming out, enclosing the previously scanned area (right).

Although the STM tip is made of Pt90Ir 10 , which is more hydrophobic than Si02, the
imaging process is strongly influenced by the presence of the water layer on the BDMT
covered surface.

The STM apparatus has difficulties in keeping the tip at a constant

height above the sample and damages the surface upon scanning, by scratching off the
BDMT monolayer (Figure 5-4, left). The resulting damage is seen more clearly after
zoomingout on the samearea (Figure 5-4, right). The surface damage makes imaging
and thus characterisation of deposited Aun clusters on BDMT covered Au(lll) films
impossible.

The dissipation energy measurements of chapter 4 showed that the tip-sample
interaction is considerably reduced by working under low humidity conditions.
Decreasing of the relative humidity to 20 % appeared to be sufficient for repeatable
imaging of Aun clusters on BDMT covered Au( 111) films, without darnaging (no

69

Chapter 5 - Towards the single-electron tunneling device

significant depressions or holes) the surface, as can be observed in Figure 5-5. Island
structures with atomically flat terraces and corresponding steps can be distinguished. A
multitude of clusterscan be observed as the bright areas on top ofvarious terraces.

Figure 5-5: 500x500 nm 2 (left, z-range = 7 nm) and 250x250 nm 2 (right, z-range = 3 nm) STM image of
Au11 clusters on a BDMT covered Au(JJJ) film, using l ,e1 = 0.5 nA and 500 mV. The relative humidity of
the environment was 20 %.

5.2 Scanning

tunneling

spectroscopy

on

the

dithiol

monolayer on gold
Scanning tunneling spectroscopy has been performed under ambient conditions at room
temperature on a BDMT covered Au(111) film and a bare Au(111) reference sample,
with a standard Si02 tip. These measurements are performed to verify the insulating
behaviour ofthe BDMT monolayer.

A typ ical I (V) characteristic as measured on the bare Au( 111) film is shown in the inset
ofFigure 5-6

(Vset =

100 mV, f set = 1.5 nA). The /(V) behaviour exhibits the symmetrie

and linear behaviour that is typical for metallic electrodes. The resistance of order of
107 nis determined by the tip-sample separation (controlled by

Vset

and f ser).

A multitude of I (V) characteristics were measured at many different locations on
samples of BDMT covered Au( 111) films. Figure 5-6 shows a typical set of these
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curves, measured with

= 2.0 V fora range of l set values: 0.05 nA, 0.35 nA, 0.65 nA,

Vset

1.05 nA and 1.45 nA.

It is clear that the electronic behaviour has changed significantly upon BDMT

deposition. The !(V) curves show a non-rectifying behaviour: the current for equal
values of positive and negative bias are within 50-100 % of each other.

STS

measurements on octanedithiol molecules by Cu i et al. show similar I (V)
characteristics. 44

Further, we abserve a gap of 2-3 V around zero bias where the

tunneling current is strongly suppressed. This property is required in order to use the
BDMT monolayer as a tunnel barrier between Aun clusters and a Au film. Tian et al.
found a similar gap on BDMT SAMs. 43 The resistance in the region around zero bias in
our I (V) measurements is ofthe order of several giga-ohms, while at higher voltages, for
instanee from the slope of the l set = 1.45 nA I (V) curve, a resistance of 20-30 MD can be
deduced.
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We end this chapter by coming back onto the single-electron tunneling conditions for
the SAM-based single-electron tunneling device (see Figure 1-7) as stated in section
1.2, namely ~ > 25 kO. and C2 < 10- 18 F (equations (1.2) and (1.3)). A value for C2
can be estimated by using the parallel-plate capacitor model for a cluster on a SAMeavered substrate:
(5.1)
in which

&,

is the dielectric constant or relative permittivity ofthe SAM,

&0

the electric

permittivity of inter-plate spacing, A the contact area of the cluster with the SAM and d
the thickness of the SAM.

The capacitance C2 can be estimated as follows.

N

Vandamme et al. determined the height and the diameter of the semi-spherical shaped

deposited clusters (250 atoms, see section 3.3) on BDMT covered Au(lll) films to be
on average 0.9 nm and 2.4 nm respectively? Using the diameter value in equation (5.1)
and

&,

= 1.5

for the relative permittivity of BDMT,

45

gives

US

c2 ::::::

10- °F, largely
2

satisfying the single-electron condition for the BDMT SAM.

Furthermore, a value of R2 can be estimated by the following reasoning. STM studies
by of alkanethiolates on Au( 111) reveal that the molecules are packed on the gold
according to a hexagonal compact lattice, corresponding to a

.J3 x .J3

reconstruction

with an area per molecule of 0.214 nm 2• Assuming that BDMT molecules order in a
similar way, it follows that a large cluster-surface misfit is present and therefore, the
number of molecules supporting the mean cluster (250 atoms) can be calculated to be
20. 2 Dorogi et al. have determined the BDMT molecule resistance to be about 5 M0.
With this value, R2 can be estimated to be on the order of 2.5 105

n,

45

largely satisfying

the single-electron tunneling condition for the BDMT SAM. Additionally, the lattice
misfit between the cluster and the BDMT surface has the advantage that deposited
clusters will not flatten on the surface due to epitaxial growth, as was the case for
clusters deposited on the bare films (as mentioned insection 5.1.1).
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Conclusions

This study prepares the road towards the application of a single-electron tunneling
(SET) device, created by metallic cluster deposition on a metallic substrate that is
covered by a layer with a highly resistive layer. Deposition of Aun clusters on top of
1,4-benzenedimethanethiol (BDMT) covered Au( 111) films provides a reliable solution,
except for the fact that cluster visua1isation, and hence characterisation, appears to be
impossible on BDMT covered gold films, while this is no problem for the bare gold
films.

Therefore, we performed a systematic scanning probe microscopy (SPM)

investigation, together with a theoretica! comparison of our findings with the
sphere/plane model.

For our study we considered BDMT and 2-phenylethanethiol

(PEM) self-assembled monolayers, grown on atomically flat Au( 111) and Ag( 111)
films.

BDMT and PEM deposition is not seen to result in a significantly modified contact
angle.

However, a dramatic modification of the adhesive properties of Au( 111) and

Ag( 111) films upon BDMT deposition is observed with an atomie force microscopy
(AFM) based technique referred to as "adhesion force spectroscopy". For gold the
maximum acthesion force between tip and sample increases by an order of magnitude
upon BDMT deposition, while for silver a reduction by an order of magnitude is
observed.

Measurements on BDMT covered Au(ll1) films with a HF-etched (and hence
hydrophobic) tip revea1 an adhesive interaction that is independent of the humidity.
This implies that the increase in interaction, as measured with a non-etched
(hydrophilic) tip, sterns entirely from capillary neck formation due to a condensed water
layer and not from a direct tip-molecule interaction. Moreover, the difference in surface
modification for gold and silver films is shown to originate from a different molecule
orientation, as can be concluded from ellipsometric thickness measurements. BDMT
molecules are tilted on gold (one thiol group binds to the surface ), while they are
oriented parallel on silver (two thiol groups bind to the surface). Furthermore, the
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adhesive interaction of gold films is observed to decrease upon PEM coverage. This
implies that the (BDMT) thiol end groups are responsible for the increased interaction
obtained for gold films.

The decrease in interaction upon PEM coverage is due to the

complete coverage of the gold surface by the (PEM) hydracarbon end groups, which
make the surface more hydrophobic, resulting in the weaker capillary interaction.

By incorporation of the van der Waals force and the capillary force in the sphere/plane
geometry model, humidity-dependent rnadelling shows a good qualitative agreement
with the experimentally determined values of the adhesion farces. For a quantitative
agreement additional incorporation of the chemica! interaction force is crucial, but
requires a refined knowledge of the involved parameters such as the area of the water
film area. This knowledge is presently unavailable.

Once the origin of the modified surface properties of the gold samples upon BDMT
deposition is known, we are able to circumvent the cluster visualisation problem, a
crucial step towards the SET device. The difficulties with tapping-mode AFM are
known to arise due to the increased tip-sample interaction upon monolayer-deposition.
This can be circumvented by HF etching of the AFM tip. The problems with STM
visualisation arise due to the uncontrollable interaction between tip and sample, caused
by the presence of a condensed water layer on top of the surface. This results in a
destruction of the SAM by scratching into the monolayer. The problem is solved by
working under low-humidity conditions with a maximum relative humidity of 20 %.

As a next step towards the SET device, the insulating behaviour of the layer is checked
by scanning tunneling spectroscopy. This is observed as a gap of 2-3 V around zero
bias, where the tunneling current is largely suppressed, corresponding to an intemal
resistance ofthe BDMT-layer ofthe order ofseveral giga-ohms.

All together, the BDMT SAM retains the atomie flatness of the Au( 111) substrate, a
characteristic that is absent for a thin oxide layer. Moreover, the free thiol-group at the
BDMT surface immobilises the deposited Aun clusters and the dithiol monolayer
satisfies the requirements for using it as a tunnel harrier. Therefore, BDMT SAMs are
an excellent candidate for the fabrication of a single-electron tunneling device.
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