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Chapter 1

Introduction

1.1 Preface

1.1.1 Nanoscience and Surface

Over the last twenty-five years nanoscience has developed from embryonic
beginning to a fully edged cross-disciplinary field of academia, with research
now being carried out in ficlds as diverse as power generation"" , catalysis™ ,
drug delivery and metamaterials'”'. During this time,developments in optical,
electronic,and scanning probe microscope techniques have allowed new and
varied insights into the workings of physical world on the sub-micron to atomic
level. However, despite rccent advances, attempting to understand how
physical and chemical forces affect,and operate on,nanometer sized features is
still an active area of research with many unanswered questions. Even in
tightly controlled ultrahigh vacuum (UHV) conditions at low-temperature,
there is still debate as to how some of the most commonly used techniques
interact with materials and what the fundamental limits of such techniques
actually are. One of the key goals of nanophysics is not only to develop the
control of matter on the nanoscale but also to reach a complete understanding
of forces,and critically how they interact. With the size of a system varies, the

dominant controlling force can often change due to different scaling
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behaviors. In general,the observation of unexpected or unexplained behavior
in well understood experiments can point the way to new and exciting areas of
research.and nanoscience is no exception.

In addition to developing a fundamental understanding of forces on the
nanoscale,a primary motivation is using the tools to build structures. The
traditional route for manufacturing nanoscale features. optical lithography, is
still the most widely used, despite numerous premature predictions of its
drawback'"". The development of increasingly ingenious techniques now show
that sub-wavelength features are routinely produced” and used around the
world. It now appears that the fundamental limit for silicon-based electronics
may be the very materials they are created from. rather than the technique
used to create features. Despite optical lithography’s great success, it still has
its acknowledged fundamental limits, and is not suited for general-purpose
applications, especially manufacturing outside of clean-room level facilities.
Increasingly large investments are required for diminishing returns® , and, as
such,research into alternative techniques that may be applied more cheaply or

perhaps more widely in different environments continues a pace.
1.1.2 Surface Charge

Surface charge is the amount of electricity present at an interface or a surface.
There are many different processes,which can lead to a surface being charged,
including adsorption of ions, protonation/ deprotonation and the application of
an external electric field. It is defined as the amount of electric charge g .that
is present on a surface of given area A.and ¢ = g/ A. The relation between the
surface charge and the surface potential can be expressed by the Grahame
equation,which stated that the total charge of the double layer must be equal
to the negative of the surface v::hargfe:'"7J . Surface charge or potential
distributions are very significant properties of materials, and they affect

various physical and chemical processes on surface, such as surface chemical
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reactions. catalyst. electrostatic, dielectric and magnetic properties, contact
charging.etc. Figure 1-1 is a typical charge transfer on TiO, surface. which
states that the surface is always partially reduced after preparation, but soon,
even in UHV, ambient water molecules begin to dissociate at the oxygen
vacancies resulting in hydroxyl groups. Surface charge distributions are usually
measured by using Kelvin probe force microscopy ( KPFM )™ and

“%) combined with noncontact atomic force

electrostatic force microscopy (EFM)
microscopy ( NC-AFM)"'*"*/. NC-AFM gives the topographic information and

KPFM (EFM) gives the potential distribution information.

Defect

Charge Transfer
OH

"
o,

e

Figure 1-1 Surface charge of charge transfer on TiO, surface

(For colored figure please scan the QR code on page 15)

1.1.3 Scanning Probe Microscopy

Surface science was revolutionized in 1982 by the invention of the scanning
tunneling microscope by Binnig and Rohrer'*'"'. In 1986 the invention of the
atomic force microscope widened the range of samples from conductive to non-
conductive ones . Further research develop the non-contact (or dynamical)
mode of the atomic force microscopy ( AFM)"**", where a cantilever
supporting a sharp tip at its end is vibrated close to its resonance frequency and
changes in the vibration because the tip-sample interaction is employed to
maintain a constant distance to the sample surface while scanning across the
sample.as shown in Figure 1-2. Forces exerted by the tip on the sample are
minimal in non-contact mode. In this case, the elastic force on the cantilever
overcomes the van der Waals attraction of a tip to a surface and prevents the

»[21]

so called “jump-to-contact Since the tip is not then in permanent direct
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hard contact with the surface. By using NC-AFM, surface topography.atomic
structure and film growth, the measurements of adhesion and the strength of
individual chemical bonds, friction and lubrication. atom/molecular
manipulation, and many others from the micrometer to the sub-nanometer
scale have been achieved by extracting the interaction force from the
frequency shift or amplitude variation. Figure 1-3 show the frequency shift

(amplitude variation) as a function of tip-sample distance.

Oscillation I\I\]

»- Cantilever
Interaction Force

Figure 1-2 Diagram for dynamic AFM and interaction between tip and sample surface

(For colored figure please scan the QR code on page 15)

o
o

Amplitude

Resonance Frequency

Figure 1-3 Resonance variation induced by the interaction force
the resonance frequency f, was shift to f, ,amplitude variation was AA

(For colored figure please scan the QR code on page 15)

A wide field of applications has been opened by the combination of the
AFM"""* with other measurement methods, thus providing additional sample
properties on a lateral scale in the nanometer range,such as the large family of
electrostatic force spectroscopy (EFS) and electrostatic force microscopy

(EFM)""', Inspired by classical Kelvin probe. KPFM is probably one of the
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most important types of electrostatic AFM. Nonnenmacher et al'®® first
developed KPFM and it allows to plot surface electronic properties,namely the
contact potential difference (CPD). The name “KPFM” originates from the
macroscopic method developed by Lord Kelvin in 1898 using a vibrating
parallel plate capacitor arrangement, where a voltage applied to one vibrating
plate is controlled such that no current is induced by the vibration. The
reduction of this exact principle to the microscopic scale.however,results in a
poor sensitivity,since the size of the plates is too small to generate a sufficient
current. Therefore.in KPFM the electrostatic force is used. The cantilever in
an AFM is a very sensitive force sensor. thus the CPD can be measured with

high sensitivity. A DC-bias applied to the sample (or the tip) is controlled in

such a way that the electrostatic forces between tip and sample are minimized.
For KPFM, it has reached atomic-scale resolution on various conductive %",

[25.26] [27-29

semiconductor ©** ,insulating surfaces“*" and even on a single molecule™*" since

last two decade years, just as shown in Figure 1-4, Figure 1-5 and Figure 1-6.

0.15¢
0.10
0.05p

110F

CPD/mV, Tip Height/nm
g 8
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3 4 5 6
Distance/nm
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Figurel-4 Potential measurement of atomic resolutions on various surfaces all

(=]
(]

dangling bonds by KPFM

(For colored figure please scan the QR code on page 15)



6 The Kelvin Probe Force Microscopy and Its Related Technology ...

Although the interpretation of KPFM contrast on the atomic-scale is under
dispute*"*" , the detection of KPFM images is definitely closely related to the
charge distribution on the sample surface. Basic principle of the KPFM is: by
applying AC bias voltage which modulates the electrostatic interaction between
tip and sample.CPD can be detected from the resultant shifts of amplitude or
the resonance frequency of cantilever. The DC bias voltage is used to nullify
the detected oscillating electrical forces, which originated from CPD between
the tip and sample surface. Recently. potential measurement in liquid ™ and
without the bias voltage™' was introduced to broaden KPFM application and to
avoid the unstable of system. In particular, current status and many prospects of

KPFM for applications in applied sciences have been reported by Barth et al'*" .

LCPD

Scan Direction
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Figurel-5 Potential measurement of atomic resolutions on various surfaces of atomic
contrast of geometry and charge by KPFM
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