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Abstract

Abstract

HIS thesis is concerned with a comprehensive understanding of particle-trapped
T near-field scanning optical microscopy. This technique is unique in that it relies on
the collection of scattered evanescent waves from a sample with a laser-trapped particle.
In comparison with the other forms of near-field scanning optical microscopy with a
tapered fibre or a metallic needle probe, particle-trapped near-field scanning optical
microscopy offers several advantages such as no need of distance control, high signal

collection efficiency, and easy replacement of a particle probe.

In consideration of the major problems of particle-trapped near-field scanning
optical microscopy such as low signal strength and low transverse scanning speed due to
the use of a dielectric particle, a two-dimensional laser-trapped metallic particle is
proposed as a near-field probe for imaging. This proposal is based on the fact that a
metallic particle possesses a high reflection capacity that may lead to efficient near-field
Mie scattering. Furthermore, surface plasmon resonance can be excited for metallic
particles, which may improve signal strength further. Since the transverse trapping
efficiency of a metallic particle increases with the numerical aperture of a trapping
objective, a high scanning speed and a high signal-to-noise ratio can be obtained

simultaneously for near-field imaging with a laser-trapped metallic particle.

Two major aspects, laser trapping and near-field Mie scattering of metallic
particles, are considered in our study of particle-trapped near-field scanning optical
microscopy. Specifically, the fundamental issues of laser trapping such as apodization of a

high numerical aperture trapping objective, spherical aberration induced by index
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mismatch, and the effect of numerical aperture on the transverse trapping efficiency of a
metallic particle, are investigated in detail. In terms of near-field Mie scattering, signal
strength and depolarisation of scattered evanescent waves are characterised with respect to

particle size for image improvement.

The main results attained from this research are summarised as follows:

1. The maximum transverse trapping efficiency increases with the numerical
aperture of a trapping objective for a laser-trapped metallic particle, while it
decreases for a dielectric particle. As a result, a high scanning speed and a high
signal-to-noise ratio can be obtained simultaneously for near-field imaging with
a laser-trapped metallic particle.

2. A'metallic particle shows a higher scattering efficiency than a dielectric particle
of the same size. Consequently image contrast in particle-trapped near-field
scanning optical microscopy is significantly improved with a laser-trapped
metallic particle.

3. For particle-trapped near-field scanning optical microscopy, both signal strength
and noise level affect imaging. Although the strength of scattered evanescent
wave increases with the size of a laser-trapped particle, there exists an optimal
image contrast for a particle of a particular size when the detector sensitivity is
given.

4. Evanescent waves scattered by laser-trapped dielectric and metallic particles are
depolarised. In particular, the degree of polarisation increases with the size of a
dielectric particle while it decreases with the size of a metallic particle.
Depolarised photons carry less information of an object, and can be suppressed

by a polarisation-gating method for imaging enhancement. Applying a
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polarisation-gating method to near-field imaging with a laser-trapped metallic

particle provides advantages in achieving better contrast and resolution.

Throughout our study, we have demonstrated that using metallic particles is
feasible for the applications of particle-trapped near-field scanning optical microscopy.
Our investigation has confirmed that the use of a metallic particle leads to enhanced image
quality and increased scanning speed for image acquisition. Imaging with trapped metallic
particles provides advantages since photons scattered by small metallic particles are less

depolarised and may carry more information of the original signal from a sample.
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CHAPTER ONE

Introduction

1.1 Introduction

HE advent of near-field optical scanning microscopy (NSOM) in the 1980's [Pohl
T et al., 1984] has drastically changed our view of the microscopic world. It opens
up vast new opportunities for extracting fine information from a sample under
inspection with resolution beyond the diffraction limit [Betzig et al., 1991]. Unlike
conventional optical microscopy that relies predominantly on the use of a microscope
objective for signal collection, near-field imaging is obtained via probing evanescent
photons localised in the near-field regioh of a sample under study. The characteristics of
a near-field probe, in the form of an open aperture or a scatterer, determines primarily
image quality such as image resolution and contrast in NSOM [Paesler and Moyer,

1996].

Recently, laser-trapped Mie (diameter ¢ >> A, where A is the wavelength of

illumination) and Rayleigh (diameter @ << A ) particles have been utilised as near-field
probes and their capabilities in near-field imaging have been demonstrated [Malmgqvist
and Hertz, 1994; Kawata et al., 1994; Sugiura et al., 1997]. In particular, in the
approach of Kawata et al., a dielectric particle is trapped in two-dimension (2D) against
a sample under the radiation pressure caused by a highly focused laser beam [Kawata et

al., 1994]. The distance between the particle and the sample is maintained to be zero
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during a scanning process by focusing the trapping laser beam below the central

equatorial plane of the particle. Imaging of a sample is achieved by collecting the

evanescent photons scattered by a laser-trapped particle.

This imaging scheme, termed as particle-trapped NSOM, has inherited the
merits of the laser trapping technique such as its noninvasive access to a sample, which
is particularly of interest to biological applications. Particle-trapped NSOM is simple
since no distance regulation is needed. A trapping objective of high numerical aperture
(NA) also serves for signal collection with an efficiency higher than that provided by a
tapered fibre [van Labeke and Barchiesi, 1993] or a low NA lens [Inouye and Kawata,
1994]. The problem of probe damage, as frequently occurred in the other forms of
NSOM, could be avoided since a particle probe may be readily replaced by another
particle in a sample solution. Those unique features of particle-trapped NSOM provide

enormous chances for the study of near-field physics.

1.2 Objective of the research

Although particle-trapped NSOM is an appealing tool because of the advantages
described in section 1.1, there are still a few problems to be solved for the further
development of this technique. Firstly, signal scattered by a trapped dielectric particle is
not strong for image construction since a dielectric particle is refractive. Secondly,
although imaging of particle-trapped NSOM uses a high NA objective, the transverse
trapping efficiency of a dielectric particle decreases with the NA of a trapping objective.
In other words, a compromise must be made in between signal strength and scanning

speed, which results in degraded imaging performance.
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Fortunately, those problems in particle-trapped NSOM may be avoidable with
the employment of a laser-trapped metallic particle. Compared with dielectric particles,
metallic particles, especially noble metallic particles, have small skin depths and are less
transmissive [Born and Wolf, 1997]. In other words, metallic particles may scatter more
efficiently than dielectric particles. As will be introduced in Chapter 4, transverse
trapping force (or scanning speed) on a metallic particle increases with the NA of a
trapping objective. As a result, fast imaging and high signal-to-noise ratio can be
obtained simultaneously for near-field imaging with laser-trapped metallic particles.
With the use of a trapped metallic particle, surface plasmon resonance may be excited,

which could enhance the strength of the scattered signal.

The objective of our research is to investigate particle-trapped NSOM with the
use of a laser-trapped metallic particle. Two major aspects related to the image
formation of particle-trapped NSOM, the trapping performance and the scattering of
evanescent waves, are examined for metallic particles in comparison with those
obtained for dielectric particles. In particular, the following issues are addressed
regarding the topic of laser trapping; apodization of a high NA trapping objective that
determines the light distribution in the focal region of the objective; the refractive-index
mismatch that affects light intensity and trapping force; and the effect of the NA of a

trapping objective on trapping force.

It is known from Mie theory that scattering of a propagating wave introduces
depolarisation [Born and Wolf, 1997]. Depolarisation also occurs to the evanescent
waves scattered by small particles [Chew et al., 1979]. In our study, both depolarisation

and signal strength of scattered evanescent waves, which affect the image formation of
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particle-trapped NSOM, are characterised for trapped metallic particles of different

sizes. Our investigation of the scattering of evanescent waves is conducted mainly

within the frame of experimentation due to the complicity involved.

1.3 Preview of the thesis

Based on the objective described in the last section, we structure our thesis as follows:

Chapter 1 contains an introduction to our research scheme. The advantages
of particle-trapped NSOM for near-field imaging are listed with the
problems pointed out. Consequently, the objective of our research is stated
and the structure of the thesis is outlined.

Chapter 2 presents an overview of the concepts, principles and
classifications of NSOM. The advantages and drawbacks of individual
imaging techniques are discussed. An introduction to the principle of
particle-trapped NSOM is then presented. To understand this technique, the
principle and development of laser trapping of small particles including
metallic particles are reviewed. In particular, a comparison of trapping force
between metallic and dielectric particles is given. Because of the importance
of near-field Mie scattering for image formation in particle-trapped NSOM,
we present in this chapter a review of theoretical and experimental work on
scattering of evanescent waves by small particles.

Chapters 3 and 4 deal with the fundamentals of laser trapping including
apodization and refractive-index mismatch. In particular, in Chapter 3, the

sine condition obeyed by a high NA objective [Sheppard and Gu, 1993] is
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examined for the quantitative characterisation of trapping force. The effect
of spherical aberration induced by refractive-index mismatch [Térék et al.,
1995] is characterised for estimating the effective trapping power in the focal
region of a trapping objective. Based on this investigation, the principle of
tube length change for compensation for spherical aberration [Sheppard and
Gu, 1991] is demonstrated and the improved transverse trapping force is
measured. As a foundation of our study, Chapter 4 deals with the detailed
force evaluation for trapped metallic particles. The effect of the NA of a
trapping objective on the transverse trapping force on metallic particles is
investigated with the consideration of spherical aberration. A method based
on the use of an annular lens is proposed and demonstrated for improving the
transverse trapping force on a metallic particle.

Chapters 5 and 6 contribute to an investigation into near-field scattering with
trapped metallic particles. Chapter 5 focuses on the effect of signal strength
on near-field imaging with trapped metallic particles. The dependence of
signal strength and image contrast on the size of a laser-trapped metallic
particle is compared with that for dielectric particles. An optimal image
contrast is obtained for a particle of a particular size and a detector of a given
sensitivity. The image enhancement with the use of a metallic particle
instead of a dielectric particle is demonstrated evidently by imaging
evanescent wave interference patterns and the surface structure of a prism.
Chapter 6 presents an investigation into the depolarisation of evanescent
waves scattered by laser-trapped metallic particles and its impact on image
formation. The degree of polarisation of near-field Mie scattering is

characterised for metallic particles of different sizes. The different behaviour
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of the depolarisation between dielectric and metallic particles is discussed in
terms of high scattering efficiency and excited surface plasmon resonance
associated with metallic particles. A polarisation-gating method based on the
utilisation of polarised and/or less depolarised photons for improving image
quality is demonstrated.

Chapter 7 summarises the significance of the main results obtained in this

research. Future work on particle-trapped NSOM is discussed.
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CHAPTER TWO

Literature Review of Near-Field
Scanning Optical Microscopy

2.1 Introduction

ESEARCH of near-field imaging has been prosperous over the last two decades,
Rdriven by the progress of material science and surface physics [Betzig and
Trautman, 1992]. As a result, the family of near-field scanning optical microscopy
(NSOM) has grown rapidly, including photon-tunnelling NSOM, vibrating metallic tip
shear-force NSOM, atomic force microscopy-based NSOM, and their miscellaneous
variations [Paesler and Moyer, 1996]. In general, each imaging technique has its own

features and is suitable for particular occasions and samples.

Recently, using a laser-trapped particle as a near-field probe for NSOM has been
demonstrated [Malmqvist and Hertz, 1994; Kawata et al., 1994]. This novel technique,
termed as particle-trapped NSOM, relies on collecting scattered evanescent waves from
a sample with a laser-trapped particle and allows remote sensing (imaging) of a sample

that is mechanically unreachable.

For the development of particle-trapped NSOM, one should be attentive to the
existing problems and the fundamental issues of this technique. This chapter is therefore
to provide the essential background knowledge for this study through an overview of

the recent development of NSOM. In section 2.2, we introduce the key concepts and the
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imaging mechanisms of NSOM. The advantages and drawbacks associated with
individual near-field imaging techniques are discussed. Based on this introduction, the
principle of particle-trapped NSOM is described in section 2.3. A comparison of this
technique with the other forms of NSOM is summarised to reveal its unique features.
Consequently, the problems associated with particle-trapped NSOM are pointed out. To
understand the imaging mechanism of particle-trapped NSOM, laser trapping technique

and near-field Mie scattering are reviewed in sections 2.4 and 2.5, respectively.

2.2 Near-field scanning optical microscopy

Optical microscopy is useful for the study of the microscopic world owing to its
versatility, ease-of-use, and low cost features [Betzig and Trautman, 1992]. The
growing demand of high spatial resolution of modern optical and surface science has
inspired the emergence of such advanced imaging techniques as confocal microscopy
[Minsky, 1957] and NSOM [Pohl ef al., 1984; Betzig et al., 1991; Girard and Dereux,
1996]. In particular, NSOM has significantly pushed imaging resolution down to the
level of tens of nanometres, which is far beyond the diffraction limit [Betzig et al.,
1991]. As a result, NSOM has found itself versatile applications in surface chemistry
(e.g., single-molecule detection and fluorescence imaging of polymer films), biology
(e.g., NSOM imaging of single proteins and photosynthetic membranes), materials
science (e.g., photoconductivity measurements and waveguide analysis), and
information storage (e.g., near-field magneto-optics data storage) [Betzig and Trautman,

1992].
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2.2.1 Principle of NSOM

2.2.1.1 Near-field and far-field
The concepts of optical near-field and far-field are essential for the understanding of
NSOM. As illustrated in Fig. 2.1, an opaque screen with an aperture of sub-wavelength
is illuminated with an incident plane wave [Betzig and Trautman, 1992]. The light field
transmitted through the aperture comprises both longitudinal evanescent and transverse
propagating components. The intensity of the evanescent wave along the longitudinal
direction follows

I =1]exp(2ez), 2.1
where I, is the light intensity at the output of the aperture, and « the attenuating factor
of the evanescent wave field related to the physical properties of the incident plane
wave (e.g., wavelength and polarisation) and the medium (e.g., absorption and

scattering) where an evanescent wave arises.

An incident plane wave

e

Aperture (sub-wavelength)

e

! | i ¥
- = - Ay

Jue screen 0
Near-field |

Far-field <

Fig. 2.1 Concepts of near-field and far-field (after Betzig and Trautman, 1992).

Because of the exponential decay of light intensity, evanescent wave can barely
travel beyond a particular distance originated from the aperture. The region inside and

outside this critical range (less than half the illumination wavelength in normal case) is
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consequently termed as the near-field and far-field regions of the aperture, respectively.

To obtain signal of high spatial frequencies, a small probe that can be physically placed

in the near-field region of a sample (in this case, an aperture) is essential.

2.2.1.2 Principle of NSOM

In conventional optical microscopy, imaging is performed by collecting the propagating
photons from a sample under study. The non-propagating components, in the form of
evanescent waves, are relinquished in the detecting process as they are strictly localised
in the optical near-field [Betzig and Trautman, 1992; Paesler and Moyer, 1996]. The
evanescent photons, however, carry information on fine structures of a sample and
therefore are vital for high-resolution imaging. The idea of NSOM is to utilise these
'evanescent photons by introducing a near-field probe of sub-wavelength in close
proximity to a sample under study. In the presence of this probe, the evanescent photons
from the sample are converted to propagating ones by scattering or waveguiding.
Imaging of NSOM is then realised by scanning a probe across a sample and collecting

the propagating photons with far-field optics.

2.2.2 Classification of NSOM

2.2.2.1 Classification of NSOM based on probe types

Based on probe types used for near-field imaging, one can group NSOM into two
divisions: aperture and apertureless NSOM [Paesler and Moyer, 1996]. For the family
of aperture-type NSOM, the commonly used probes are tapered fibre tips [Betzig and
Trautman, 1992] and sub-wavelength apertures [Leviatan, 1986], while the typical

probes for apertureless-type NSOM are semiconductor tips [Zenhausern et al., 1994],
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metallic needles [Inouye and Kawata, 1994], and semiconductor [Mertz et al., 1994] or

metallic [Bachelot ef al., 1995] cantilevers.

In the following, we shall briefly review three representative forms of NSOM:
photon-tunnelling NSOM (aperture-type) [Reddick ez al., 1990; de Fornel ef al., 1993],
vibrating metallic tip NSOM (apertureless-type) [Inouye and Kawata, 1994], and the
newly developed atomic force microscopy-based NSOM (aperture- or apertureless-type)
[Ohta and Kusumi, 1997]. Though their imaging mechanisms are markedly different,
the superior capacities in acquiring fine information from a sample enable these types of

NSOM the most commonly adopted for near-field research.

2.2.2.1.1 Photon-tunnelling NSOM (aperture-type)

Ever since the invention of NSOM, the use of a fibre probe has been a conventional
approach for high-resolution imaging [Betzig et a/., 1991; van Labeke and Barchiesi,
1993]. This is because optical fibres are inexpensive waveguides that can be served as
illumination sources or collecting components (see Fig. 2.2). In practice, a fibre probe is
produced by heating and stretching a single-mode optical fibre with an infrared laser
beam or an arc discharge device, and then processed using chemical etching [Betzig et
al., 1991]. To prevent light leakage, the surrounding of a fibre tip is usually coated with
some opaque metallic materials (e.g. aluminium [Betzig and Trautman, 1992] or silver

[Vikram and Witherow, 1999)).

Fig. 2.2 illustrates a schematic diagram of photon-tunnelling NSOM where a
fibre probe acts as a collecting component for near-field imaging. The evanescent

photons from a sample, generated with an illumination laser beam under the condition
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| Detector—

o o eda] B sl Distance
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.| Sample .
Fig. 2.2 Schematic diagram of photon-tunnelling NSOM.

of total internal reflection, are coupled (tunnelled) to a far-field detector via the fibre
probe. The vertical motion of the fibre tip is controlled by a distance regulation
mechanism based on feedback electronics. Imaging is performed by raster scanning the
fibre tip in close vicinity to the sample. This type of NSOM can be operated at a

constant height or a constant gap mode.

For the applications of fibre probes in NSOM including photon-tunnelling
NSOM, the inherent problems are low optical throughput and poor signal collection
efficiency because of the low numerical aperture (NA) of a fibre probe and heat
dissipation in the tapered region of a fibre probe induced by metallic coating [Partovi et
al., 1999]. Another concern is that they are fragile to use and hardly reproducible, which

is a major dilemma for practical users.
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2.2.2.1.2 Vibrating metallic tip NSOM (apertureless-type)

Fig. 2.3 illustrates another type of NSOM, vibrating metallic tip NSOM. In this case,
near-field imaging of a sample is realised by collecting the scattered evanescent photons
from a sample with a sharpened metallic needle. This arrangement allows for imaging
of a localised area with structures much smaller than the illumination wavelength
through perturbation to the local optical field with a metallic tip. By monitoring the
signal at the perturbation frequency, resolution beyond the diffraction limit can be
reached. The specular reflection of the illumination light is removed from detection by
making the angle of incidence larger than the collection angle of a low NA objective

lens [Inouye and Kawata, 1994].

Dlstance
regulatlon

4 Sample to be--:maged

b Ay 080 ) SIS F etk

Fig. 2.3 Schematic diagram of vibrating metallic tip NSOM (after Inouye and Kawata, 1994).

Compared with the use of aperture-type NSOM, the use of a metallic needle
may not only increase the lifetime of a near-field probe but also ensure the enhancement
of the strength of the scattered evanescent waves from a sample under inspection. Under
the resonance condition, the evanescent field surrounding the probe tip can be much

enhanced due to the excitation of surface plasmon polaritons and image quality can be
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substantially improved [Novotny et al., 1998]. Similar to photon-tunnelling NSOM,
apertureless-type NSOM can also be operated at a constant height mode or a constant
gap mode depending on the mechanism of shear-force detection [Hatano et al., 1998].
Apertureless-type NSOM has now been widely adopted by researchers in near-field

optics [Zenhausem et al., 1994; Gleyzes et al., 1995].

Although its merit is significant, the use of a metallic probe in apertureless-type
NSOM frequently interferes with the optical near-field. Under this circumstance, the
“optical” image obtained is coupled with the topographic information of a sample under
study. This artefact needs to be expelled from optical images; otherwise it will increase

the difficulty for image processing and analysis.

2.2.2.1.3 Atomic force microscopy-based NSOM (aperture- or apertureless-type)

Fig. 2.4 Scheme of atomic force microscopy-based NSOM (after Ohta and Kusumi, 1997).
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The combination of atomic force microscopy (AFM) [Binnig et al., 1986] with NSOM
is a recent development. This arrangement enables the simultaneous acquisitions of both
topographic and optical images of a sample, which is obviously advantageous over the
other forms of NSOM [Ohta and Kusumi, 1997]. As shown in Fig. 2.4, a bent optical
fibre mounted on a bimorph is vibrated vertically against a sample under inspection. A
laser beam incident on the fibre cantilever is reflected to a detector to build up a surface
image of the sample with resolution at an atomic level (few nanometres). An optical
image of the sample is simultaneously obtained via transmission NSOM that utilises the
bent fibre as an illumination source for the sample. In addition to a fibre probe, a
metallic cantilever can also be served as a near-field probe for AFM-based NSOM.
Depending on the probe type, AFM-based NSOM possesses the advantages and

disadvantages as summarised individually for aperture- and apertureless-type NSOM.

2.2.2.2 Classification of NSOM based on signal collection modes

Depending on the configurations of the collection optics, one can classify NSOM as
either a reflection mode (top part of Fig. 2.5) or a transmission mode (bottom part of
Fig. 2.5) [Paesler and Moyer, 1996]. Fig. 2.5 illustrates a general arrangement of a
sample, collection optics, and detectors for NSOM with a fibre probe. The criterion for
adopting a reflection or transmission mode for NSOM lies in the optical property of a
sample to be imaged. In many occasions, the spatial frequency information contained in
the signal transmitted through a sample represents the most important data. In
collecting the signal from a sample in a transmission mode, a high NA microscope
objective is often used. In a reflection mode configuration such as vibrating metallic tip

NSOM, an objective of low NA is employed to attain a long working distance,
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Detector

Detector

Fig. 2.5 Schematic diagram of the essential optical elements of NSOM (after Paesler and Moyer, 1996).

and the probe tip mounted between a sample and an objective may be bent to provide
optical access [Tsai and Guo, 1997]. Simultaneous operation of NSOM in reflection and
transmission is possible and provides the freedom in selecting image of better contrast

without moving a sample [Wei et al., 1996].

2.3 NSOM with laser trapping
The use of a laser-trapped particle as a sensing element for high-resolution microscopic
imaging was innovated in early 1990’s [Ghislain and Webb, 1993]. Since a laser-

trapped particle can be remotely controlled in two or three dimensions with a high
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accuracy and the trapped particle itself can act as an efficient scatterer, laser trapping

has provided a novel approach for signal acquisition in both force microscopy and

optical microscopy.

2.3.1 Applications of laser trapping in near-field imaging

2.3.1.1 Force microscopy with laser trapping

Recently, it has been demonstrated in the mechanical measurements of individual
biomolecules that an optical trap can act as not only a noninvasive micromanipulator
but also a force transducer [Ashkin et al., 1990; Block et al., 1990; Kuo and Sheetz,
1993; Svoboda et al., 1993; Finer et al., 1994; Miyata et al., 1995; Simmons et al.,
'1996; Visscher et al., 1996]. The use of an optically trapped object as a sensing probe
for scanning force microscopy, which detects the interaction between a sample and a
probe, was reported by Ghislain and Webb [Ghislain and Webb, 1993]. Compared with
a mechanical cantilever that converts force into displacement, the spring constant
(stiffness) of an optically trapped probe is reduced by three to four orders of magnitude
while high resonance frequency is retained. This is desirable as a small spring constant
improves sensitivity as well as isolates vibration noise. In addition, laser trapping has an
advantage that the spring constant of a trap can be instantly changed during the
measurement by varying the laser power. By employing a three-dimensional (3D)
trapped dielectric bead as a position sensor, applications of laser trapping in scanning
force microscopy and evanescent wave microscopy have become possible [Florin et al.,
1996; Friese et al., 1999]. It was found that with a laser-trapped metallic particle, the
lateral spring constant of an optical trap can be reduced to 10°°N/m, which detects force

as small as 10 N [Higurashi et al., 1999].
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2.3.1.2 Optical microscopy with laser trapping

The motivation of utilising laser trapping for optical imaging is to perform high-
resolution imaging of materials. In 1992, Malmqvist and Hertz proposed a novel optical
imaging method using an axially trapped dielectric particle as an illumination source for
a sample under study [Malmqvist and Hertz, 1992]. In 1994, Malmqvist and Hertz
further demonstrated that near-field imaging of a sample could be achieved with an
axially trapped frequency-doubled dielectric particle as an illumination source

[Malmgqvist and Hertz, 1994].

However, the microscope proposed by Malmgqvist and Hertz suffers from low
resolution due to the Brownian motion of a trapped particle. This is because that the
evanescent wave of a sample is extremely sensitive to the axial position of a trapped
particle, and therefore the axial displacement of a trapped particle may severely degrade

image resolution.

Recently, Kawata et al. used a two-dimensional (2D) laser-trapped dielectric
particle as a near-field probe [Kawata et al., 1994]. With this form of NSOM (referred
to as particle-trapped NSOM in this thesis), spatial resolution of less than 100 nm was
demonstrated. Near-field imaging was also reported with an axially trapped metallic
Rayleigh particle [Sugiura et al., 1997]. The particle probe was lifted against the bottom
surface of a sample by the axial gradient force. Two laser beams of different
wavelengths were employed for trapping and illumination, respectively, using a single
high NA objective. However, image resolution obtained with this imaging system was

not quite satisfactory possibly due to the collection of light scattered directly from the

sample.
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Compared with conventional stylus-based NSOM that is restricted to mechanical
access to smooth surfaces, the use of a laser-trapped particle enables noninvasive
imaging of surfaces and objects in a solution. The axial pushing force acting on a
trapped particle eliminates the requirement of distance control. The problem of probe
deterioration may be avoided since plenty of particles are available for injection in the
trap. Furthermore, accidental collisions with an object will not result in probe or object
destruction due to the elastic nature of laser trapping. Finally, shape and material of a
particle probe can be more easily controlled than that of stylus-based NSOM, thus

providing more freedom for experimenting.

2.3.2 Principle of particle-trapped NSOM

Fig. 2.6 Schematic diagram of particle-trapped NSOM (after Kawata et al., 1994).
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In this section, we will introduce the principle of particle-trapped NSOM. As shown in
Fig. 2.6, a particle is optically trapped with a laser beam focused by a high NA
microscope objective. The particle is laterally pulled toward the optical axis of the
focused laser beam, while it is vertically pushed down toward the sample surface by the

gradient force of the laser beam. As a result, the distance between the sample and the

particle is maintained to be zero.

In addition to the trapping laser beam, another laser beam of a different
wavelength is incident at the interface between the sample and its substrate (normally a
prism) under the condition of total internal reflection. An evanescent wave from the
sample is generated with this illumination laser beam and is scattered by the trapped
particle to a photon-multiplier-tube (PMT) placed in the far-field region. This process,
i.e., the scattering of evanescent waves by small particles, is termed as near-field Mie
scattering in analogy to the concept of Mie scattering. For particle-trapped NSOM, the

strength of scattered evanescent waves determines image contrast.

To remove stray light scattered from other locations than the trapped particle and
therefore improve signal-to-noise ratio of imaging, a pinhole is mounted at the
conjugate point of the particle with respect to the trapping objective. The reflection of
the trapping beam on the particle surface is blocked with a band-pass filter. The image
of the sample is reconstructed by scanning the particle in 2D across the sample [Kawata

et al., 1994].

In comparison with the other forms of NSOM, imaging of particle-trapped

NSOM is unique since it relies on collecting evanescent waves scattered by a particle
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from a sample for image formation. The strength of scattered evanescent waves is
dependent on the scattering efficiency of a particle and the illumination intensity for a
sample under study. The performance of laser trapping determines the speed of image
acquisition and affects image resolution. The dual-function of a high NA objective in
particle-trapped NSOM for signal collection and particle trapping provides such

advantages as high signal-to-noise ratio and compactness.

It should be pointed out that in spite of the advantages as have been described,
the development of particle-trapped NSOM has encountered some problems such as low
scattering efficiency and low scanning speed. However, these problems are associated
with laser-trapped dielectric particles and may be overcome by using metallic particles.

These issues will be addressed in detail in Chapters 4, 5 and 6.

2.4 Laser trapping

From the introduction of particle-trapped NSOM given in the last section, it is
conceivable that the performance of laser trapping may affect image quality of particle-
trapped NSOM in many aspects including scanning speed, image resolution, and image
contrast. As the trapping performance of a particle is mainly determined by trapping
force it experiences, we review in this section the laser trapping technology with a focus

on the factors that determine trapping performance.

In the pioneering work of Ashkin, he observed that transparent particles, such as
latex spheres and air bubbles freely suspended in liquids and gases, could be accelerated
and levitated under the radiation pressure irradiated by a single focused laser beam or

multiple focused laser beams [Ashkin, 1970; Ashkin and Dziedzic, 1971]. The radiation
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pressure, though in the order of pico-Newtons, is strong enough to levitate and move

microparticles against gravity and viscous drag of the solution where these particles are

suspended.

In 1986, Ashkin et al. proposed and demonstrated that dielectric particles can be
optically trapped with a single laser beam focused by a high NA objective lens [Ashkin
et al., 1986]. This technique, known as single-beam gradient force trapping or laser
tweezers, has generated enormous impact on physical (e.g., self-lasing [Sasaki et al.,
1993] and fluorescence sensing [Zhang ef al., 1998]), biological (e.g., manipulation of
blood cells [Buican et al., 1987] and DNA molecules [Smith et al.,, 1996]), and
chemical (e.g. probing and analysing of chemical compounds [Sasaki et al., 1996])

researches.

2.4.1 Principle of laser trapping

Optical trapping is conceptually simple. An object in an electric field of a laser beam is
polarised. In the presence of an electric field gradient, the polarised object moves
towards the region of highest field due to momentum transfer. The transverse Gaussian
intensity profile across the width of the laser beam pulls the object towards the beam
axis. In practice, the gradient force of a laser beam, sufficient for trapping a small
particle, is generated with the aid of a high NA microscope objective (Fig. 2.7) [Block,

1992].

When an object is optically captured (trapped) in the potential well of a signal

laser beam, it experiences conservative gradient, non-conservative absorption and
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Fig. 2.7 Schematic diagram of single-beam gradient force trapping.

scattering forces [Svoboda and Block, 1994]. To obtain an effective trap, the gradient
force needs to be maximised, while absorption and scattering forces should be
minimised as they tend to repel the trapped object away from the focal region of a
trapping laser beam in the direction of the local electromagnetic energy flow. The
absorption force can be minimised by ensuring that the frequency of a trapping beam is

off resonance [Sato ef al., 1994].

2.4.2 Characterisation of trapping force

An accurate knowledge of trapping force is essential for the applications of laser
trapping technique. In this section, the theoretical approaches for the characterisation of
trapping force on a dielectric particle are reviewed. In particular, the fundamental
differences of the trapping force between a dielectric particle and a metallic particle are
pointed out. The factors that affect the performance of laser trapping, such as light
distribution in the focal region of a high NA trapping objective and the Brownian

motion of a particle inside a solution, are discussed.
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2.4.2.1 Theoretical approaches for trapping force

Although a general treatment of trapping force on particles is not yet available [Sato and
Inaba, 1996], the mostly adopted ray-optics (RO) model and the electromagnetic (EM)
wave model do provide a reasonable guidance for the evaluation of trapping force on
small spherical particles except for the range between 4-104 (A is the wavelength of a

trapping laser beam) [Wright and Sonek, 1993].

2.4.2.1.1 Ray-optics model

In the ray-optics (RO) model, a trapping laser beam is simply decomposed into
individual rays, and the ray density on an objective lens is assumed to be the same as
that of the power density. For a dielectric particle, as shown in Fig. 2.8 (a), a single ray
of power P gives rise to a series of reflected and refracted rays. As a result, the particle
experiences forces in the Y and Z directions due to the net change in momentum per

second in the respective directions. These forces can be expressed as [Ashkin, 1992]

Fy, = —ﬂsin(ﬂ+25)+ i ﬂTZRmSin(a'o +/5)s
c m=0 C
nP _nPR 22)
F, ———[—-COS(ﬂ'+ 26) + Z —T R"™cos(a, + mB,)].
c m=0 C

Here R and T are the Fresnel reflectance and transmittance at the incident angle &, n is
the refractive index of the particle relative to the swrrounding medium, o, and /4 are the
angles relative to the forward direction of the incident ray, and c is the speed of light in
vacuum. Defining the forces parallel (axial) and perpendicular (transverse) to the

incident ray as the scattering and gradient forces F; and F,, we have [Ashkin, 1992]
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(b)

Fig. 2.8 (a) Geometry for calculating force on a dielectric particle. A single incident ray of power P
causes a series of reflected and refracted rays (after Ashkin, 1992). (b) Relative strength of the gradient

and scattering forces of a single ray.

T*[cos(26 - 26") + R cos 26]

1+ R* +2Rcos28'
T?[sin(260 - 268') + Rsin 28]
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F, =2 1+ Reos20 -
c

’
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F, =" (Rsin20- ),
c

where &' is the refractive angle of a single ray.

Assuming the light intensity distribution over the aperture of an objective lens is

I(p), we express the total trapping force on a particle as

27 Pmax

[Tk, 1) papde | TF, -10)- pipdp

F,=F +Fs =-—"— o ; (2.4)
| T1(p)- pdpdp { {I(p)-/ai/aw

where p is the radial position over the objective lens used for trapping, Omax is the

maximum radius of the objective aperture, ¢ is the azimuthal angle (see Fig. 2.9), F,
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and F; are the vectorial gradient and scattering forces of a single ray, and F, and F;

are the vectorial gradient and scattering forces on a particle, respectively. In Eq. (2.4),
the gradient and scattering forces of a single ray are weighed by the ray density
(proportional to the light intensity) before integration and normalised by the total power

entering the back aperture of an objective lens.

Beam
axis Ray
2 ;
An objective lens 2 :
| Ray’,
!
/ ,
I‘,
4
/sl
/" (o] Y
A particle
X
Y

Z

Fig. 2.9 Schematic diagram of the RO model of trapping force (after Ashkin, 1992). S and §’ are the axial

and transverse trapping positions.

The trapping efficiency (), a parameter independent of trapping power for the
evaluation of trapping force Fj, is defined as

_Ee

Q=—5 j=gs. @2.5)
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Here O, and Q; are termed as the gradient and scattering efficiency of a single ray,
respectively. The gradient (Q,; ), scattering ((J; ), and total (Q,) trapping efficiency on a
particle can be defined in a similar way based on Eq. (2.5) with respect to the gradient
(F;), scattering ( F; ), and total trapping force (F;), respectively. The projections of the
total trapping force (efficiency) along the transverse (Y) and the axial (Z) directions

(Fig. 2.9) are defined as the transverse and axial trapping force (efficiency) and

represented by F, (Q,) and F, (Q,), respectively (Q, =02 + Q2 ).

0 1 I .
polarisation direction

Qt

Fig. 2.10 Distributions of the total trapping efficiency Q, in the x-z plane for a polystyrene particle. The
polarisation direction of the laser beam is parallel to the x-axis. The laser beam used for trapping is
uniform over the aperture of an objective (oil-immersion, NA =1.25) and linearly-polarised (4 =488

nm).
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Using Egs. (2.4) and (2.5), we can calculate the total trapping efficiency Q, for
a dielectric particle (polystyrene, n, =1.59) suspended in a water solution (7, =1.33).

The force diagram is illustrated in Fig. 2.10. In this calculation, the trapping objective
(oil-immersion, NA =1.25) is assumed to obey the sine condition (see section 2.4.2.2.1
or [Stamnes, 1986; Born and Wolf, 1997]). The laser beam used for trapping is uniform
over the aperture of the objective and linearly-polarised in parallel to the x-axis
(A4 =488 nm). The trapping laser beam propagates in the direction of the z-axis. The
distribution of the total trapping efficiency (, on the right plane is omitted due to its
symmetry with respect to the plane at x=0. The particle radius is normalised to be
unity. Each individual arrow originates from the trapping position of the laser beam and
points towards the direction of the total trapping force. The length of the arrow is

proportional to the strength of Q, .

As shown in Fig. 2.10, in the axial direction, the trapping force on a dielectric
particle can be either lifting or pushing depending on the axial trapping position S (see
Fig. 2.9 for definition) is above or below the central equatorial plane of the particle.
Along the transverse direction, the force on a dielectric particle tends to attract the
particle back to the beam axis. A maximum transverse trapping force occurs for a

dielectric particle when the transverse trapping position |S'| —1 (see Fig. 2.9 for

definition).

Our study, as will be described in Chapter 3, has found that the maximum
transverse trapping efficiency Q7 (i.e., the maximum absolute value of the transverse

trapping efficiency) of a dielectric particle decreases when the NA of a trapping
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objective increases (Fig. 2.11). This is because the gradient force is dominant over the

scattering force for a dielectric particle due to high refraction (refer to Fig. 2.8 (b)).

0.16

0.12 1

Maximum transverse
trapping efficiency
o o
o o
H oo

0.8 0.9 1 1.1 1.2
NA

Fig. 2.11 Maximum transverse trapping efficiency Oy as a function of the NA of a trapping objective for

a polystyrene particle (n, =1.59 ). The polarisation direction of the laser beam is parallel to the transverse

direction. The light distribution over the aperture of the objective is uniform and linearly-polarised

(A4 =488 nm). An oil-immersion objective (NA =1.25) is assumed for trapping.

2.4.2.1.2 Electromagnetic wave approach

The electromagnetic (EM) wave approach for the calculation of trapping force on
dielectric particles was introduced by Barton et al. [Barton et al., 1988; 1989; Barton
and Alexander, 1989]. Their results are reasonably consistent with experiments when
the particle diameter is smaller than 4 [Wright and Sonek, 1993; Wright et al., 1994]. In
this model, an incident laser beam is assumed to have a Gaussian intensity profile at the
focus of a microscope objective [Barton et al., 1988]. Once expansion coefficients,

which are needed to describe the incident and scattered laser fields and expressed in an
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infinite series representation, are found, the axial and transverse forces exerted on a

micro-sphere can be derived from Maxwell’s stress tensor as [Barton ez al., 1989)
(Fy)=([heTdo), (2.6)
where ( ) represents a time average, F, is the net radiation force, n is an outward

normal unit vector, 7 is Maxwell’s stress tensor, and o is the surface area of the

particle.

In order to obtain the expansion coefficients, the EM wave model requires an
accurate expression for the radial component of the incident electric field. As the laser
beam used to hold the sphere is tightly focused, the paraxial approximation for the
incident Gaussian beam is no longer valid [Barton and Alexander, 1989]. Instead, the
fifth-order corrected expressions are applied to the incident electromagnetic field
components of a monochromatic Gaussian beam (i.e., a focused TEMy mode laser
beam). Under this approximation, the expressions for general electromagnetic fields
(incident, scattered and internal fields) can be obtained by applying boundary conditions
at the surface of the sphere. The general electromagnetic field solution i1s obtained by
expressing the field as a sum of two subfields, the electric wave field which is assumed
to have a zero radial magnetic field component, and the magnetic wave field which is

assumed to have a zero radial electric field component [Barton et al., 1989].

For the steady-state optical condition, the Maxwell’s stress tensor can be

expressed, in the traditional Minkowski form, as [Barton ez al., 1989]

1 1 .
E(€°EE +HH - 5(€0E2 +HHI), (2.7)
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where E and H are the electric and magnetic fields at the surface of the particle, and &

is the permittivity of the particle. The trapping force can be further expressed as

(2.8)

b
rp>r

1 o )
(FN>=EK EI<[€&:E,E+H,H—%(€ME2 +H2)rj>rpzsin€pd6’pd¢p

where & is the permittivity of the surrounding medium, E, and H, are the radial field
components, I is the outward radial vector, r is the particle radius, and (rp, 6, &) are

spherical coordinates. Finally the axial and transverse components of the trapping force

can be worked out for different incident fields.

2.4.2.1.3 Comparison of different approaches

0
1O T
EM|model RO modela
™™
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Maximum axial trapping efficiency
o
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Radius r (um)
Fig. 2.12 Maximum axial trapping efficiency Q" as a function of the microsphere radius r. The

microsphere is assumed to be polystyrene (n=1.57) suspended in water (n =1.33). For the EM wave
model calculation (r <1 pm), the wavelength was 1.06 pm and the spot size was 0.4 pm. The RO model

calculation (7 =100 pm) used a cone angle of 60°. Note the »* dependence on o for 0.01<r<0.1 pm,

decreasing to the r° dependence as r becomes large (r > 100 pm) (after Wright and Sonek, 1993).
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Fig. 2.12 illustrates the maximum axial trapping efficiencies calculated using the EM
wave model and the RO model. When compared with experiments, the RO model has

proved to be suitable only for large particles (diameter ¢ >104). By contrast, the EM

wave model is applicable only to small particles (¢ < 4) [Wright and Sonek, 1993].
This is due to the fact that the Gaussian beam is not the exact solution to the Maxwell
equations near the focus of an objective regardless of the level of approximation
adopted. The errors in the predicted forces become more significant when the particle
size gets larger [Wright ef al., 1994]. One of the remarkable differences between the
results of the RO model and the EM wave approach is the existence of an on-axis dip on
the force-position curve in the later case. In spite of the similar envelope, the force is
zero on the surface of the sphere by the EM wave approach [Barton et al., 1989],
whereas it is a maximum by the RO calculation [Ashkin, 1992]. A second difference is
that the force curve in the EM wave approach is not simple, but has an oscillating

structure [Sato and Inaba, 1996].

When the particle size is in the region between 4-104, neither the RO model nor
the EM wave approach gives the result consistent with the experimental measurement
[Wright and Sonek, 1993]. This is because both models have overlooked an important
issue in laser trapping, i.e., the light distribution in the focal region of a high NA

trapping objective as will be addressed in the following section.

2.4.2.2 Effect of light distribution in the focal region of a trapping objective
It is evident from the principle of laser trapping that the light distribution in the focal
region of a trapping objective determines trapping performance. To improve the

positioning sensibility and efficiency of an optical trap, the spatial profile of the force
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potential well generated with a trapping objective is desired to be steep and narrow.
This can be achieved by increasing the trapping power, reducing the trapping

wavelength, or using a high NA trapping objective with different apodization methods.

To evaluate trapping force on a particle, the apodization of a trapping objective
must be considered since it determines the ray density (for RO model) and the light
distribution in the focal region of the objective (for EM model). In addition, the light
distribution in the focal region can be also affected by spherical aberration which arises
when a trapping laser beam enters a solution with a refractive index different from that
of the original medium. These factors are related to the vectorial properties of a field

produced by a high NA trapping objective and will be addressed in this section.

2.4.2.2.1 Sine condition

The sine condition is a basic imaging principle obeyed by commercial microscope
objectives for two-dimensional space-invariant imaging [Born and Wolf, 1997
Sheppard and Gu, 1993; Gu, 1999]. This principle is of fundamental importance for the
accurate characterisation of trapping force but has been neglected in previous treatments
[Ashkin, 1992]. For an example, in the Mie region, the axial trapping efficiency for a

particle of diameter ¢ =20 pum predicted by the RO model was up to 40% larger than

the experimental value for a high NA objective [Wright and Sonek, 1993; Wright et al.,
1994], while it was approximately 10% smaller than the measured value in the
transverse direction [Wright et al., 1994]. This discrepancy is mainly due to an
assumption used in the RO theory that a microscope objective used for trapping satisfies

the tangent condition.
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According to the RO model [Ashkin, 1992], the trapping force exerted on a
particle is calculated as a sum of the force produced by each ray passing through the
aperture of a microscope objective. When the ray density over the objective aperture is
projected into the ray density over the angular aperture of ray convergence, the
following condition has been used [ Ashkin, 1992]:

L= ftané, (2.9)
where p is the position of a ray incident upon the objective aperture &, #is the angle of
convergence of a ray after it is refracted by the objective, and fis the focal length of the
objective (see Fig. 2.13). Eq. (2.9) is defined as the tangent condition based on the
Helmholtz invariant [Sheppard and Gu, 1993; Born and Wolf, 1997; Gu, 1999]. An

objective obeying the tangent condition has a constant magnification factor and the

wavefront after the objective is a plane.

Fig. 2.13 An incident ray at position p focused by a lens & with an apodization function P(6) and a focal

length f.

In practice, it is extremely difficult to design and manufacture an objective

satisfying the tangent condition. Instead, a commercial high NA objective is designed in
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such a way that the sine condition [Stamnes, 1986; Born and Wolf, 1997; Gu, 1999],
which can be expressed as

p=fsind, (2.10)
is satisfied. An objective obeying the sine condition produces a spherical wavefront
[Sheppard and Gu, 1993; Born and Wolf, 1997] after the incident rays are refracted by
the objective, so that all the incident rays can be converged into a single point and the

two-dimensional space-invariant condition is satisfied [Sheppard and Gu, 1993].

20

15 -

0 . ,
0 30 60 90

@ (Degrees)
Fig. 2.14 Apodization function P(8) of a lens obeying the sine condition (thick line) and the tangent

condition (thin line).

As shown in Fig. 2.13, the relative ray density over the converging wavefront w

of a focusing lens can be represented by an apodization function P(6). A comparison of

the apodization function between the sine (P(€)=cosl/ 26) [Gu, 1999] and tangent

(P(@)=cos™"%8) [Gu, 1999] conditions is illustrated in Fig. 2.14. For a lens obeying

the sine condition, the apodization function decreases monotonically with the
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converging angle ¢, while it approaches infinity when the convergence angle #is close

to 90° for a lens satisfying the tangent condition.

The significant difference in the calculation of trapping force between using Egs.
(2.9) and (2.10) is that when the maximum convergence angle of an objective increases,
the ray density in the former case approaches infinity while the ray density in the latter
case approaches zero. As a result, trapping force in these two cases behaves differently

if the NA of an objective is large. This issue will be addressed in detail in section 3.2.

2.4.2.2.2 Effect of spherical aberration induced by refractive-index mismatch

When a beam is focused into a second medium with a refractive index n, different from
that of the incident material, n,, as illustrated in Fig. 2.15, spherical aberration presents.
As a result, the axial position of the main peak intensity is shifted by a negative and

positive value under the condition (a) »n, > n, and (b) n, <n,, respectively.

ni{>n2

(@)

Fig. 2.15 Illustration of spherical aberration induced by refractive-index mismatch by an interface
between medium 7, and medium 7,. Negative and positive axial shifts As; (i =12 ) are generated under the

condition (a) n, > n, and (b) n, <n,, respectively.
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The effect of spherical aberration on the light distribution in the second medium
was investigated in detail by T6rok et al. [Torok et al., 1995]. This treatment is
applicable to any imaging system involving a high NA objective lens because it is
mathematically rigorous and satisfies the homogeneous wave equation. Although only a
two-layer media system is considered in this thesis, the formulae obtained can be

readily extended to the cases for multiple-layer media [T6rok and Varga, 1997].

Interface z=-d

Fig. 2.16 Diagram showing light focused by a lens into two media separated by a planar interface (after

Torok et al., 1995).

Consider an incident beam is focused by an aberration free lens into a second
medium with a refractive index n, different from that of the incident medium, », (see
Fig. 2.16). The electric fields in the first and second media are represented by E; and E,
respectively. By applying the Fresnel refraction law and boundary conditions to the
interface separating the two media and assuming that the resulting field is constructed as
a superposition of refracted plane waves, one can express the electric field components
at position p (r,, &, &) in the second medium as a combination of a set of three

integrals, /o, I, and I, [T615k et al., 1995]:
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e,, =-iK[I, +1 2€0s(26,)],
e,, = —iKl,sin(26 ), (2.11)
e,, =—2Kl,cosé,,,

2
where K =m—2/%ﬂ—° , f 1s the focal length of the objective, and /, is an amplitude factor.

For a plane-polarised wave, the integrals I,, J, and I, can be described as [T6rok et al.,

1995]

Iy = [*(cos8,)""*sin6,explik, ¥ (8,,6, ~d)] x
(7, +7,c086,)J, (kon rsin b, Yexp(ikyn,zcos8,)d 6, ,

I, = B’ (cosé, )” 2Sin 6,explik,¥(6,,6, —d)]x
z,8ind,J, (kyn,rsiné, )exp(ik,n,zcosb,)dé,,

I, = [*(cos6,)" *sinb,explik, ¥(6},6,,~d)] x

2.12
(7, —7,c086,)J, (kon rsind, exp(ikyn,zcos6,)d o, @12)

where Jp, (m=0,1,2) is the Bessel function of the first kind, of order m, k; is the wave
number in free space, «; is the maximum convergence angle of an objective, & and 6

are the incident and the refractive angles in the first and second media, respectively, and

7, and 7, are the Fresnel coefficients for s and p polarisation states. The term (cosé,)'"?

in each integrand corresponds to the apodization function under the sine condition. The
aberration function can be expressed as [Torok ef al., 1995]

Y(4,,8,,~d)=-d(n, cos@, —n,cosd,). (2.13)

In the presence of spherical aberration, the intensity distribution in the focal
region of a microscope objective becomes broad in both the axial and transverse

directions [T6rok et al., 1996; Sheppard and Torok, 1997]. As a result, the laser power
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exerted on a particle is attenuated and the trapping performance becomes poor (see

section 3.3).

2.4.2.2.3 Compensation for spherical aberration by a change in tube length

objective
Image ON\Object
\\
\
\
A A -
f
[ i

Fig. 2.17 Tube length AB of an objective. / and s are the conjugate distances in image space and object

space of the objective, respectively. A change in tube length A/ (from A to A’) produces a shift As (from
B to B’) in the axial direction. For an objective of a focal length f used for confocal microscopy, the tube

length is o as illustrated by the dashed lines.

As pointed out by Sheppard and Gu [Sheppard and Gu, 1992], the effect of spherical
aberration induced by the refractive-index mismatch between two media of different
refractive indices can be compensated for by changing the tube length of an objective.
The tube length of an objective is defined as the distance AB between an object and its
image, where / and s are the conjugate distances in image space and object space of the
objective, respectively (see Fig. 2.17). For a commercial microscope objective and an

objective used for confocal microscopy, the tube length is designed to be 160 mm and

infinity, respectively.
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The spherical aberration ¥’ induced by altering the tube length can be expressed

¥'(6,) = Bsin*(6,/2), (2.14)
for an objective obeying the sine condition [Sheppard and Gu, 1993]. Here

2k, s’ Al

B= It

: (2.15)

where Al is the change in tube length of an objective (see Fig. 2.17). Both spherical
aberration ¥ induced by index mismatch and spherical aberration ¥’ induced by tube
length change affect light distribution in the focal region. If the sign of ¥' is chosen in
such a way that the total effect of ¥ + V' is minimised, the 3D intensity-point-spread-
function (IPSF) which defines the intensity distribution in the focal region of a
microscope objective for an ideal point object, can be improved [Sheppard and Gu,
1992]. Because trapping force is dependent on the optical power exerted on a particle,
the value of B can be chosen when the peak intensity of the 3D IPSF reaches the
maximum value in the presence of ¥ + V', which is called the compensation condition.
This method provides useful guidance for the improvement of trapping efficiency and

consequently image quality of particle-trapped NSOM (see section 3.3).

2.4.2.3 Effect of Brownian motion

In addition to the light distribution in the focal region of a trapping objective, the
performance of laser trapping is also affected by the random movement of a particle in a
solution. It is known from statistical physics that for a body immersed in gases, liquids,
or solids, random collisions exist between the foreign body and the molecules of the
surrounding medium [Besancon, 1974]. This phenomenon, termed as the Brownian

motion, can be estimated based on the equi-partition law as [Besancon, 1974]
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1/2mv? =3/2k,T,, (2.16)

where m is the mass of the particle, kg is the Boltzmann constant, 7, is the absolute
temperature of the surrounding medium, and v is the root-mean-square velocity of the

particle.

For a particle trapped in an aqueous solution, the Brownian motion tends to
destabilise trapping performance. As a result, a trapped particle is oscillating from the
balancing point of a trapping potential well similar to an object attached to a spring. The

spring constant &, of an optical trap can be estimated as [Higurashi et al., 1999]

1/ 2k (x2)=1/2k,T,, (2.17)

where x, 1s the dynamic position of the trapped particle. For example for dielectric
particles of 0.6 pm to 10 um in diameters, the lateral spring constant was measured to
be in the range from 10° N/m to 10™ N/m [Kuo and Sheetz, 1993; Svobada et al., 1993;
Masuhara et al., 1994; Sasaki et al., 1997]. The lateral trapping potential exerted on a
dielectric particle follows a parabolic function, while the longitudinal trapping potential
1s more complicated dependent on the optical power of a trapping laser beam [Sasaki et
al., 1997). The magnitude of the Brownian motion of a trapped particle is usually in the
order of tens of nanometres, and can be suppressed by choosing less absorbing solutions
or increasing trapping power. Clearly, the Brownian motion is detrimental to laser

trapping and should be minimised for the applications of particle-trapped NSOM.

2.4.3 Laser trapping of metallic particles

In this section, we extend our introduction on laser trapping to the subject of laser

trapping of metallic particles considering its significance for our research. It was
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believed that trapping of a metallic particle can only be achieved for high refractive
particles [Sato et al.,, 1994]. However, it was demonstrated recently that iron, gold
(Rayleigh), and gold and silver (Mie) particles can be trapped with a scanned or a fixed
single Gaussian laser beam [Sasaki et al., 1992; Sato et al., 1994; Svoboda and Block,
1994]. The key to their successes lies in avoiding the repulsive (scattering) force and
maximising the attractive force for a metallic particle by manipulating the scanning

modes or the focal positions of trapping laser beams.

In comparison with the theoretical work on trapping force on dielectric
particles, the theoretical treatment on trapping force on metallic particles is not
comprehensive. Generally speaking, trapping force on metallic particles has been
evaluated using the RO model [Sato, 1995] and EM wave theory [Furukawa and
Yamaguchi, 1998]. In particular, the RO model has been employed for the evaluation of
the trapping force on metallic Mie particles [Sato, 1995]. The multiple-reflection by the
inner surface of a metallic particle has been considered for the expression of trapping
force. This treatment may not be necessarily true for metallic Mie particles because their

skin depths are only of several or tens of nanometres [Born and Wolf, 1997].

To gain an overview on the current status of research on laser trapping of
metallic particles, the representative experiments are listed in Table 2.1. It has been
demonstrated that a metallic Rayleigh particle can be trapped in 3D with a TEMy, mode

laser beam [Svoboda and Block, 1994; Sugiura ef al., 1997], while a metallic Mie

*
particle can only be trapped in 2D with a TEMg mode or a TEM; mode laser beam

[Sato et al., 1994; Furukawa and Yamaguchi, 1998].
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Table 2.1 Important experiments on laser trapping of metallic particles

Particle Trapping Laser Objective
Sasaki et al., | iron particles Ca§ed TEMgy, mode beam from a Oil-immersion
1992 Nd”* : YAG laser of 145 mW,
A=1064 nm
Svoboda ¢=36 nm gold particles Polarised TEMy, mode beam froma | 100x NA=1.3
and Block, Nd: YLF Laser of 2.5 W, A=1047
1994 nm
Sato etal, | ¢=2-5 um gold particles, | TEMy, mode from a Nd** : YAG Water-immersion
1994 $=2, 3 um silver Laser of 8 mW, A=1064 nm NA=1.2
particles, and ¢$=2-15 pm
bronze particles
?8;05 etal., ¢—38 nm, andd _ TEMy, or TEM :, mode from a VlylaAtirl-izmlnerSion
¢=2-5 pm gold particles | g+ y A G Laser of 30 mW, -
A=1064 nm
Heetal, ¢=1Q-30 pm aluminium He-Ne: 633 nm, 7mW, TEM Zl Oil-immersion
1995 particles

2.5 Near-field Mie Scattering

Near-field Mie scattering is a physicai process in the imaging of particle-trapped
NSOM. The characteristics of the scattered evanescent waves resulting from this
process determine signal strength, contrast and resolution of particle-trapped NSOM. In
this section, the concept of near-field Mie scattering will be introduced in comparison

with that of far-field Mie scattering. Research progress on this topic will be reviewed.

2.5.1 Mie scattering and near-field Mie scattering

Solutions to scattering of propagating waves by a spherical particle are generally termed
as Mie theory (see Fig. 2.18 (a)). For almost a century, the theory of Mie scattering has
been applied extensively to various disciplines including physics, meteorology,
chemistry, biochemistry, and astronomy. The formalisms of Mie theory [Bom and

Wolf, 1997] will not be listed here since they are well known. In particular, when the

PhD Thesis 43



o[)ileralure p eview a/ Wear—jiea Scanm'ng Oph’ca/ Wicrodcopy CAapter jwo

particle diameter ¢ is small compared with the wavelength 1 of the incident light, i.e.,

27m,

A

when the dimensionless size parameter ¢ = #<<1, Mie scattering reduces to

Rayleigh scattering. Here n, is the refractive index of the medium surrounding the
particle. The interaction of light with a Rayleigh particle can be treated as the

interaction of an electric dipole with the incident light [Bom and Wolf, 1997].

By comparison, scattering of evanescent waves by a spherical particle is referred
to as near-field Mie scattering (see Fig. 2.18 (b)). Near-field Mie scattering was treated
for the first time by Chew et al. [Chew et al., 1979] in order to attain some guidance to
the applications of evanescent wave excitation in Raman spectroscopy. With the recent
development of laser trapping technology and near-field optics, research of near-field
Mie scattering has become active in analysing optical forces on particles in evanescent
wave fields [Almaas and Brevik, 1995; Lester and Nieto-Vesperinas, 1999] and

evaluating localised particle-surface interactions [Clapp et af., 1999].

Fig. 2.18 illustrates the schemes of Mie scattering and near-field Mie scattering.
The spatial distribution of scattered wave field differs in the two cases resulting from
the different characteristics of a plane wave and an evanescent wave. For an evanescent
wave, the light intensity decays exponentially along the normal to a boundary, while for
a plane wave it remains constant at a particular wavefront. The exponential decay of the
evanescent wave above the boundary introduces an asymmetry to the incident field,
which results in the presence of certain cross-polarisation components in the scattered
field [Chew et al., 1979]. The damping feature of an evanescent wave causes a strong

dependence of the strength of scattered evanescent waves on the distance between a
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particle and a boundary where an evanescent wave originates. The interaction between a
particle and the boundary is not negligible for the scattered field when the distance is

small [Lester and Nieto-Vesperinas, 1999; Quinten et al., 1999].

Fig. 2.18 Schematic diagram for (a) Mie scattering and (b) near-field Mie scattering. The wavefronts of
the plane and evanescent waves are illustrated using dashed lines. The distribution of light intensity along
the x direction is shown for the plane and evanescent waves, respectively. In case (b), a beam of light is

incident on a boundary separating two different media under the condition of total internal reflection.

2.5.2 Theoretical approaches
In this section, the results on near-field Mie scattering obtained with different

approaches are described and discussed.
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2.5.2.1 Multipole expansion method

In the approach of Chew et al. [Chew et al., 1979], analytical solutions were provided
via the multipole expansion method for the scattered and transmitted fields when a
particle is placed in an evanescent wave field. Fig. 2.19 illustrates the system
configuration adopted in their approach. Two dielectric media are separated by a plane
boundary in the y-z plane. The refractive indices of the media below and above the

boundary are n, and n, (n, > n, ), respectively. The incident angle of a plane wave is set
at @>sin”'(n,/n,) to generate evanescent waves at the upper surface of the boundary.

An isotropic dielectric particle is located at a distance ¢ away from the boundary. The

M2, €2,z

K1, €1,M

Fig. 2.19 Propagation of wave K, at incident angle #from a dense medium (44, &, n;) into a medium (s,

&, ny). A particle (z4, &, n;) with radius  is located at x = ¢ in the medium 7, (after Chew et al., 1979).

distance ¢ was chosen to be sufficient large so that the particle does not affect the
boundary conditions at the plane interface where the evanescent wave is generated, and

likewise the plane interface does not perturb the conditions at the surface of the particle.
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For an incident wave polarised perpendicular to the plane of incidence, the
electric vector of the incident plane wave in the dense medium 7, can be described as

E, =yexp(ik, 1), (2.18)
where k; represents the wave vector of the incident plane wave, y denotes a unit vector
along the y axis, and r is the position vector under inspection. The amplitude of the
incident wave is normalised to be unity. Consequently, the electric field in medium n,
incident on the particle (g 0, 0) can be expressed as

E,. = E, yexp(iAz - Zx), (2.19)
where Ey i1s the amplitude of the transmitted wave, and A and X are expansion
coefficients. The first exponential term in Eq. (2.19) represents the propagating property
of the field incident on the particle while the second term an evanescent component. It is
the second term that causes the differences in Mie scattering and near-field Mie
scattering. Once the electric field interacts with a particle, it produces a scattered field as
well as a field inside the particle. By expanding the incident field into a series of vector
spherical harmonics, one can solve the scattered field and the field inside the particle
based on Maxwell boundary conditions [Chew et al., 1979]. The scattered electric field
for an incident wave polarised in the plane of incidence can be worked out ﬁsing the

same procedures.

The results by Chew et al. show a distinctive difference between near-field Mie
scattering and far-field Mie scattering which is the cross-polarisation that occurs in the
former case. This is because the damping factor of the incident evanescent wave on the
particle, as represented by the second exponential term in Eq. (2.19), destroys the axial

symmetry that determines the absence of cross-polarisation in far-field Mie scattering.
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The intensity of the spin-flip component induced by cross-polarisation is comparable, in

magnitude, to the other component in certain angular ranges [Chew et al., 1979].

2.5.2.2 Multiple multipole (MMP) method

Very recently, Quinten and Wannemacher et al. investigated the scattering, absorption,
and extinction cross-section spectra for dielectric and metallic particles illuminated with
evanescent waves [Quinten et al., 1999; Wannemacher et al., 1999a; 1999b] using the
multipole expansion method and the multiple multipole (MMP) method [Hafner, 1990].
The cross-sections for scattering and absorption are defined by normalising the scattered
or absorbed power with respect to the total power incident on the particle. Accordingly,
the extinction cross-section is defined as a sum of the scattering and absorbing cross-
sections. The effect of multiple scattering between a particle and a boundary where an

evanescent wave is originated was considered in their MMP approach.

The MMP calculations indicate that the p- and s-polarised scattering spectra in
the case of evanescent waves differ from those in the case of a plane wave excitation
due to the inherent asymmetry of both polarisation states. Furthermore, for a silver
particle, the contributions from multipoles of high orders are strongly enhanced,
compared with the plane wave excitation, and the enhancement factors are polarisation
dependent. The corresponding changes in the scattering and extinction spectra are most
pronounced when multipoles of high orders exhibit resonances for the spectral range (0-

1000 nm) considered in their approach [Quinten et al., 1999].
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2.5.2.3 Discussion

In the later work by Liu et al. [Liu et al., 1995], the expansion coefficients derived by
Chew et al. were rectified. In addition to the multipole expansion method, the group-
theory method based on the transformation of coordinate systems [Pendleton, 1982] was

also adopted for calculating the scattered field for near-field Mie scattering [Zvyagin

and Goto, 1998]. Both methods give the same results.

Compared with the results calculated using the multipole expansion method
without considering multiple scattering, the results obtained using the MMP method
with the inclusion of multiple scattering are significantly different, particle resonances
are generally broadened, damped and slightly red-shifted due to multiple scattering

[Quinten et al., 1999].

In particle-trapped NSOM, a particle probe is trapped in touch with a sample.
Therefore the interactions (multiple scattering) between the particle and an evanescent
wave originated from the sample are not negligible [Lester and Nieto-Vesperinas, 1999;
Quinten ef al., 1999]. In this sense, the MMP approach by Quinten and Wannemacher ez
al. should be advantageous for the characterisation of near-field Mie scattering in

particle-trapped NSOM.

2.5.3 Experiments on near-field Mie scattering

The experimental characterisation of scattered evanescent waves is not extensive
[Prieve and Walz, 1993]. In the experiment by Prieve and Walz, it was found that the

dependence of the strength of scattered evanescent waves on the size of dielectric
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particles (¢ =7 -30 pm) is almost linear rather than "radius squared" as followed by

Mie scattering under plane wave illumination [Prieve and Walz, 1993; Born and Wolf,
1997]. However, the range of the particle size used in their experiment is beyond the

interest of particle-trapped NSOM.

2.6 Summary

In this chapter, we have reviewed the development and principle of NSOM. In
particular, we have discussed imaging mechanisms and special features of particle-
trapped NOSM utilised in our study. To understand the principle of this technique,
detailed introductions to laser trapping and near-field Mie scattering have been given.
The information in this chapter has provided instrumental and physical foundations for
the investigation into particle-trapped NSOM, which is necessary for comprehending

the philosophy of this thesis.
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CHAPTER THREE

Laser Trapping with a High Numerical-
Aperture Objective

3.1 Introduction

T has been known from Chapter 2 that the key component in particle-trapped near-
Iﬁeld scanning optical microscopy (NSOM) is a high numerical aperture (NA)
microscope objective that focuses a laser beam to form a diffraction limited spot. Laser
trapping of a particle probe is obtained in the focal region of the objective, where
intensity gradient 1s usually a maximal. To improve the trapping performance and
therefore image quality of particle-trapped NSOM, it is necessary to investigate the light

distribution in the focal region of a high NA trapping objective.

In this chapter, several issues discussed in section 2.4.2.2 will be addressed for
the applications of laser trapping involving a high NA microscope objective. These
1ssues are apodization of an objective and spherical aberration induced by refractive-
index mismatch. Specifically, the effect of the sine condition obeyed by a high NA
objective [Ignotowsky, 1919; Richards and Wolf, 1959; Stamnes, 1986; Sheppard and
Gu, 1993; Bomn and Wolf, 1997; Gu, 1999], and the influence of spherical aberration
[Torok et al., 1995] on laser trapping are discussed in section 3.2 and section 3.3,
respectively. It is also demonstrated that this type of spherical aberration can be partially

compensated for by a change in tube length of the objective used for trapping [Sheppard

PhD Thesis 51



o[)ader lzpping with a ﬂxg/; Mumerica/ _/4perfure Oéjectiue C/zapfer j/u-ee

and Gu, 1991; Sheppard et al., 1994]. Discussions and conclusions on the obtained

results are presented in section 3.4 and section 3.5, respectively.

3.2 Sine condition obeyed by a trapping objective

In this section, the issue of apodization of a high NA objective will be addressed by
investigating the effect of the sine condition on trapping force generated [Gu ef al.,
1997]. The sine condition is obeyed by a high NA objective to perform lateral space-
invariant imaging [Born and Wolf, 1997; Gu, 1999]. Our investigation into this topic is
based on a comparison of the trapping efficiency between the sine condition and the
tangent condition adopted in previous approaches (Ashkin, 1992; refer to section
_2.4.2.2.1). To obtain the main property of trapping under the sine condition, the
perturbation of a trapped particle to a light field in the focal region of a high NA
objective is neglected and only dielectric particles are considered in our treatment. The

obtained results are qualitatively applicable to the case of trapping a metallic particle.

3.2.1 Axial and transverse trapping forces obeying the sine and tangent
conditions

Fig. 3.1 shows the axial trapping efficiency of a particle calculated using Eqgs. (2.3)-
(2.5) in Chapter 2 as a function of the axial trapping position S§. Here

0, =0, =0, +0Q, (see section 2.4.2.1.1 of Chapter 2 for definitions). The maximum

convergence angle of the objective used for trapping is 70° and the particle is trapped

with a circularly-polarised uniform beam.
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It is clear that the axial trapping efficiency under the sine condition is smaller

than that under the tangent condition when the axial trapping position S| is

approximately less than 1.02. The difference between the two conditions can be up to
50% at the position where the total trapping efficiency is maximal. Qutside this axial
trapping position, the rays coming from large angles of convergence start missing the
particle. Since the trapping force on a dielectric particle is mainly contributed by the
gradient force, the axial trapping force experienced by the particle relies more strongly
on those rays from large angles of convergence (refer to Fig. 2.8 (b)). For a trapping
laser beam of a given power, the ray density at a large angle is lower under the sine
condition than that under the tangent condition, leading to the discrepancy of the axial

trapping efficiency under the two conditions.
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Fig. 3.1 Axial trapping efficiency as a function of the particle position S under the illumination of a
circularly-polarised uniform beam. The solid curves represent the result with the sine condition, while the
dashed curves represent that with the tangent condition. Q,, O, and Qs correspond to the total, gradient,
and scattering trapping efficiencies, respectively. The maximum convergence angle of the objective is 70°

and the relative refractive index is 1.18.
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The light intensity of a (Gaussian beam can be expressed as

1(p) = I,exp(=2p° /@) over the back aperture of an objective (refer to Fig. 2.9 in

Chapter 2). Here @ is the beam waist. Define a parameter a= Zo_ for an objective
Prmax

illuminated with a Gaussian beam, where gn., is the radius of the objective aperture.
Fig. 3.2 illustrates the maximum axial trapping efficiency Q7 calculated using Egs.

(2.3)-(2.5) in Chapter 2 as a function of the NA of the objective for circularly-polarised
uniform (@ =) and Gaussian beam (@ =1) illumination. The relative refractive index 1s

1.18 and the refractive index of the immersion material is 1.33 (water). For both

-

(6] =

G

5 O

@

o 0.1}

g

a -

g -02} uniform

= . \
% -0.3} Gaussian \\1
P \\
§ 0.4}

E

po

«© _0-5 4 M A " A 2

= 02 04 06 08 1 12

NA

Fig. 3.2 Maximum axial trapping efficiency g~ as a function of the NA for circularly-polarised uniform

and Gaussian beam illumination. For Gaussian beam illumination, the ratio of the beam spot size to the
radius of the objective aperture, a, is assumed to be unity. The solid curves correspond to the sine
condition, while the dashed curves satisfy the tangent condition. The relative refractive index is 1.18 and
the refractive index of the immersion material is 1.33 (water). The black spots represent the measured

values (a = 1) of the maximum axial trapping efficiency described by Wright et al. [Wright et al., 1994].
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uniform and Gaussian beam illumination, when the NA of the objective is low, the
difference of the maximum trapping efficiency between the sine and tangent conditions
is not significant but it becomes quite pronounced for a high NA objective. In
comparison with the measured values of the maximum axial trapping efficiency [Wright
et al., 1994], the experimental results fit well the theoretical curves predicted by the sine

condition rather than the curves based on the tangent condition, in particular, when the

NA is high.

n 4

Transverse trapping efficiency

0.2 0.4 0.6 0.8 1 12

Transverse position S'

Fig. 3.3 Transverse trapping efficiency as a function of the particle position S’ under the illumination of a
circularly-polarised uniform beam. $=0, Q,=Q¢ and Q,=Qs. The maximum transverse trapping force

occurs in the equatorial plane of the particle. The other conditions are the same as those in Fig. 3.1.

A comparison of the transverse trapping efficiency Q,, (refer to section 2.4.2.1.1
of Chapter 2 for definition) between the sine and tangent conditions is given in Fig. 3.3
for uniform illumination. It is noted that the trapping efficiency under the sine condition
1s now larger than that under the tangent condition if the transverse trapping position S’

(see Fig. 2.9 of Chapter 2) is approximately less than 1.02. Outside this transverse
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trapping position, the rays coming from large angles of convergence start missing the
particle. As mentioned above, the trapping force on a dielectric particle is mainly
contributed by gradient force. Contrary to the situation as described for the axial
trapping efficiency, the transverse trapping force on a dielectric particle relies more
strongly on those rays from small angles of convergence (refer to Fig. 2.8 (b)). For a
trapping laser beam of a given power, the ray density at a small angle is higher under
the sine condition than that under the tangent condition, leading to the discrepancy of

the transverse trapping efficiency under the two conditions.
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Fig. 3.4 Maximum transverse trapping efficiency Q" as a function of the NA for circularly-polarised

uniform and Gaussian beam illumination. $=0. The other conditions are the same as those in Fig. 3.2.

The maximum transverse trapping efficiency as a function of the NA for
circularly-polarised uniform and Gaussian beam illumination is illustrated in Fig. 3.4.
As expected, the difference of the maximum transverse trapping efficiency between the
sine and tangent conditions becomes pronounced for a high NA objective. For example,

when NA =1.2, the absolute value of the maximum trapping efficiency for the sine
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condition is approximately 23% larger than that for the tangent condition. Although
Wright ez al. [Wright et al., 1994] reported the measured transverse trapping efficiency
for different values of the NA, it is difficult to compare Fig. 3.4 directly with their
results. This is because the maximum transverse trapping efficiency was measured when
a particle was trapped at a position where the net axial force was zero and the
information of this axial position was not given. Nevertheless, in view of the fact that
the measured transverse trapping efficiency is larger than that given by the tangent
condition, using the sine condition does give the maximum transverse trapping

efficiency larger than that predicted by the tangent condition [Gu ez al., 1997].

Since the maximum transverse trapping efficiency decreases with the NA for a
dielectric f)anicle, the contribution to transverse trapping force by those rays at larger
angles of convergence is less significant. Therefore the values of the transverse trapping
forces generated with uniform and Gaussian beams approach an equal number when the

NA is sufficiently large as shown in Fig. 3.4.

For the applications of laser trapping such as particle-trapped NSOM, it is useful
to identify the trapping positions corresponding to the maximum transverse and axial
trapping forces. It is found that while S, corresponding to the maximum transverse
trapping force does not vary significantly with the illumination modes and the NA of a
trapping objective under both the sine and the tangent conditions (Sna: is close to the
surface of the central equatorial plane of a particle). However, S, corresponding to the
maximum axial trapping force changes dramatically with the NA of a trapping objective

but the difference of Sy.., between the sine and the tangent conditions is negligible (Fig.

3.5).
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Fig. 3.5 Axial trapping position Sy, corresponding to the maximum axial trapping force as a function of
the NA of a trapping objective for the sine (solid line) and the tangent (dashed line) conditions. Assume
that the trapping laser beam is uniform and circularly-polarised. The other conditions are the same as

those in Fig. 3.1.

3.2.2 Conclusion

In conclusion, the maximum axial and transverse trapping efficiencies for an objective
obeying the sine condition are, respectively, smaller and larger than those for an
objective obeying the tangent condition. The calculated axial trapping efficiency under
the sine condition agrees well with the reported experimental data. Although the
discussion in this chapter is restricted to the RO model for large-sized particles, the sine
condition also holds in the EM wave model for trapping of small-sized particles if a
high NA objective is employed. This effect should also be included when a metallic

particle is considered.
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3.3 Trapping force in the presence of spherical aberration caused by

refractive-index mismatch

A common problem in the applications of laser trapping including particle-trapped
NSOM is the poor trapping performance when a trapping beam is focused deeply into a
medium in which particles are suspended. This degradation of trapping performance is
due to spherical aberration caused by refractive-index mismatch between a cover slip
and a medium (e.g., water solution) where a particle is suspended (see section 2.4.2.2 or
Torok et al., 1995). Though noticed [Wright et al., 1994; Felgner et al., 1995], the
impact of spherical aberration on trapping force has not been thoroughly investigated.
This section is therefore aimed at investigating the effect of spherical aberration induced
. by refractive-index mismatch on trapping performance and compensating for spherical
aberration in terms of a change in tube length of a trapping objective [Ke and Gu,
1998a]. Only transverse trapping force is considered in our treatment since our imaging

scheme of particle-trapped NSOM is restricted to 2D.

3.3.1 Experiment

The experimental setup for measuring spherical aberration is illustrated in Fig. 3.6. A
linearly-polarised He-Ne laser of output power 17 mW was used as the trapping laser
source. This laser beam was expanded and collimated to a size of 20 mm by objective 1

(40 x, NA =0.65) and lens 1 ( f = 100 mm), respectively. A diaphragm was then used
to control the diameter of the collimated beam. Lens 2 ( f = 400 mm) was placed after

the diaphragm and focused the laser beam to a point b as shown in Fig. 3.6 after the
beam being reflected by mirrors 1 and 2. The laser beam was then sent into a

commercial microscope, and reflected downwards by a beam splitter, and re-focused
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Fig. 3.6 Schematic diagram of a system used for laser trapping. Lens 2 is mounted on a translation stage,

and the position of lens 2 determines the effective tube length bc of objective 2.

into a sample cell by microscope objective 2 (oil-immersion, 100 x, NA =1.25). The

tube length bc of objective 2 is designed to be 160 mm. The detailed structure of a
sample cell is illustrated in part 1 of Fig. 3.6 which consists of a stretched double-sided
tape sandwiched between a cover slip and a microscope slide. A long-pass edge filter
was inserted between the beam splitter and a relay lens to block the trapping laser beam,
and a CCD camera in conjunction with a computer monitor was used to view a trapping
process in real-time. The sample cell was translated by a piezo-driven scanning stage in
parallel with the polarisation direction of the laser beam. The trapping power was

determined by the power over the entrance aperture ¢ of the microscope objective,
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multiplied by a factor of 81% that was the measured transmittance of the trapping

objective.

The maximum transverse trapping force F” on a trapped particle (¢ = 1893

pum, a polystyrene latex sphere suspended in water) was measured by searching the
maximum translation speed v,, of the scanning stage at which the particle fell out of the

trap, and then calculated by the Stokes law F,” = 6mv, &, where r is the radius of a

trapped particle, v,, is the maximum translation speed, and £ is the viscosity of the
surrounding medium [Wright et al., 1994]. The maximum transverse trapping efficiency
Q. is then calculated using Eq. (2.5) in Chapter 2. According to the RO model

[Ashkin, 1992; Gu et al., 1997], the maximum transverse trapping force occurs when a
particle is trapped near the surface in its equatorial plane. Under this condition, a
trapped particle on the computer monitor appeared to be sharp and identical to those
adjacent non-moving untrapped particles, and therefore they were in the same focal
plane of the trapping objective. To reach this trapping position, the slide in the focal
plane of the trapping objective was moved downward by a distance equal to the particle
radius. Thus the trapping position was in the central equatorial plane of the trapped

particle.

The total transverse force experienced by a laser-trapped particle is determined
by the transverse trapping force and the friction between the particle and a microscope
slide. The friction is a product of the total axial force, which is a vectorial sum of the
gravity, the buoyant force, and the axial trapping force exerted on a trapped particle, and

the sliding friction coefficient. For a dielectric particle on a glass slide, the shiding
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friction coefficient is between 0.1 to 0.15 [Besancon, 1974]. As a result, the friction for
a trapped polystyrene particle of diameter ¢ =1.893 pm was less than 0.075 pN. A drop
of Triton-X100 solution was added to the sample cell to reduce the friction further. The

total friction was approximately two orders of magnitude smaller than the maximum

transverse trapping force (about 1 pN) and thus negligible.

The effect of spherical aberration induced by the refractive-index mismatch
between the cover slip (n, = 1.5) and the water solution (n, = 1.33) is affected not only

by the thickness of a sample cell D, but also by the NA of the microscope objective

used for trapping. The effective NA of the objective 2, NA', was evaluated by the

relation NA' =1.25x¢2 4 where ¢ corresponds to the diameter of the diaphragm
1

when the trapping laser beam just fills the aperture of the objective, and ¢, is the

reduced diameter of the diaphragm.

The measured transverse trapping efficiency as a function of NA’ for different
values of the sample cell thickness D is shown in Fig. 3.7. For a given value of D, the
transverse trapping efficiency decreases when NA' becomes large. This is due to the
smaller projection of the gradient force on the transverse direction for an objective of a
larger NA [Ashkin, 1992; Gu et al., 1997]. When the thickness of the sample cell
increases from 34 um to 94 um, the trapping efficiency drops by 25.5% and 66% for
NA'=0.6 and NA’'=1.25, respectively. This reduction of the trapping efficiency 1is
caused by the spherical aberration resulting from the refractive-index mismatch between
the cover slip and the water solution. To increase the transverse trapping force of a

dielectric particle, one can use an objective of a small NA, or reduce the thickness of a
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sample cell. However, these methods will restrict signal level in particle-trapped NSOM

and the depth of manipulation inside a biological medium [Sato and Inaba, 1996].
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Fig. 3.7 Maximum transverse trapping efficiency as a function of NA’ for different values of the sample
cell thickness D. 0y, 0,, and (5 correspond to the maximum transverse trapping efficiencies for D =34

um, 60 um and 94 pum, respectively. Qg is the theoretical prediction by the RO model under the sine

condition.

To improve the transverse trapping efficiency, we introduced the method for
aberration compensation used in confocal microscopy [Sheppard and Gu, 1991;
Sheppard et al., 1994], which is based on an alteration of the tube length at which a

microscope objective is operated (refer to section 2.4.2.2.3 in Chapter 2). In our

experiment, the tube length (bc in Fig. 3.6) of the microscope objective was altered
from 160 mm, a designed tube length of objective 2, to 140 mm by changing the
position of lens 2. The reduction of the tube length is to compensate for the negative
focal shift when light from a first medium (cover slip) enters a second medium (water)

of lower refractive index. The measured maximum transverse trapping efficiency is
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Fig. 3.8 Maximum transverse trapping efficiency as a function of NA’ for different values of the effective
tube length and the sample cell thickness D. O, and Qs correspond to the maximum transverse trapping
efficiencies for D=60um and D =94pum at a tube length of 160 mm, Q)" and Q' correspond to the
maximum transverse trapping efficiencies for D= 60 pm and D = 94 um at a tube length of 140 mm. Qg

is the theoretical prediction by the RO model under the sine condition.

shown in Fig. 3.8. For NA'=1.25, the improvement in the maximum transverse
trapping efficiency for D=34 pm, 60 pym and 94 pm is 6%, 12% and 20%,
respectively. A further improvement in the trapping efficiency is possible, as will be

discussed in section 3.4.

3.3.2 Calculation of light distribution in the focal region

To understand the experimental results, we calculate in this section the diffraction
pattern in the focal region of an objective in the presence of spherical aberration caused

by refractive-index mismatch. The light distribution over the back aperture of a trapping

objective is assumed to follow a Gaussian profile given by exp[—xp’]. Here x is an

PhD Thesis 64



o[) aser j-apping with a JUL;A Wumerica/ _/dperlure Oéjecﬁue Cé‘lpt‘” j /”' ee

attenuation factor of the Gaussian intensity profile and can be determined by the 6%
power variation over the objective aperture in the experiment. o is the radial coordinate

over the objective aperture, which can be expressed as p= fsiné under the sine

condition [Sheppard and Gu, 1993], where fis the focal length of the objective. Define
the cover slip and the water solution as the first and the second medium. For a Gaussian
beam which is normally used for trapping, the three-dimensional intensity point spread
function (3D IPSF) in the second medium can be evaluated by modifying the first

integral of Eq. (2.12) as [T6r6k et al., 1995]

I, = [* expl-xp"(cos6))" sinBexplik, (6, 6,,~d)] x

3.1
(7, +7,c086,)J (kon rsiné) )exp(ikyn,zcos 8, )d e, . G-D

172

Here the term (cosé)|) *~ is the apodization function of the sine condition obeyed by the

objective used for trapping. The depolarisation effect of an objective has been neglected
in Eq. (3.1). Compared with the 3D IPSF by the vectorial theory [T6rok et al., 1995],
the peak intensity of the 3D IPSF given by Eq. (3.1) is reduced by approximately 9%
when d increases up to 100 um, while the full width at half maximum (FWHM) of the

3D IPSF is almost unchanged.

In the experiment, the focus of the laser beam was positioned in the equatorial
plane of a trapped particle. Therefore the probe depth d and the thickness of the sample
cell D should satisfy the following relation:

d=D-r-Af (3.2)
where Af is the focal shift of the 3D IPSF as illustrated in part 1 of Fig. 3.6 and is
negative in our experiment as the refractive index of the cover slip (n, = 15) is larger

than that of the water solution (n, =133). For the three sample cells used in the
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experiment (D =34 um, 60 um and 94 um), the corresponding probe depth d is 39 um,

69 pm and 108 um, respectively.

0.6 — .
el °
-~ 05¢ \ \\\ {1 -3
3 \ ~— compensated —
S 04 \ S~ E
2 | N~ \\/ 1% 3
5] 0.3 ~—— \'\ 19 5
£ ——— ©
x 02} 12 8
s uncompensated 1 ©
O 04} {-15
0 : : : . 118
0 20 40 60 80 100

Probe depth d (um)

Fig. 3.9 Peak intensity and axial focal shift of the 3D IPSF as a function of the probe depth d under the

uncompensated (solid curves) and compensated (dashed curves) conditions (4 = 0.633 pm, NA'=1.25).

When the probe depth d increases from 39 pm to 108 pum, the peak intensity (a.
u.) drops dramatically from 0.1221 to 0.05656 (Fig. 3.9 and Fig. 3.10), and the FWHM
of the 3D IPSF along the axial direction, Azj., increases from 1.86 um to 3.04 um (Fig.
3.11). When d # 0, the light intensity distribution along the axial direction is no longer
symmetric and exhibits a series of strong sidelobes on one side of the main intensity
peak (top of Fig. 3.10). The use of the first integral in Eq. (3.1) instead of the three
integrals in Eq. (2.12) means that the longitudinal component of the light field is

neglected; therefore the diffraction spot becomes circular symmetric.

Compared with the case when d =0, the position of the peak light intensity is

shifted backwards as illustrated in Fig. 3.10. The FWHM of the 3D IPSF in the
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transverse direction, Arys, increases from 0.346 um to 0.41 um when the probe depth
increases from 39 um to 108 um, as shown in Fig. 3.11. It is clear from Figs. 3.9-3.11

that the 3D IPSF in the axial direction is more strongly affected by the aberration effect

than that in the transverse direction.

06— . : —
0.5 d=0 um
(B=0)
—~ 04
=
(3]
~ 03
™
7))
& o2}
460 d=39 um
0.1 d=108 pm hm
20 -15 -10 -5 0 5
Axial coordinate z (um)
0.5} ]
d=0
04} pm (8=0) o
3
CAPYY! d=39 pym (B=0)
TR
0 d=69 um (B=0)
o o2} ( :
d=108 pm (B=0)
0.1 [ 1
o N b
0 0.1 0.2 03 0.4 05

Radial coordinate r (um)

Fig. 3.10 Axial (top) and transverse (bottom) cross-sections of the 3D IPSF for different probe depths

under the uncompensated condition ( 4 = 0.633 pm, NA'=1.25).
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Fig. 3.11 Axial and transverse FWHMs of the 3D IPSF, Azy, and Aryp, as a function of the probe depth d
under the uncompensated (solid curves) and compensated (dashed curves) conditions (A= 0633 pm,

NA'=1.25).

3.3.3 Compensation for spherical aberration in terms of change in tube
length

To compensate for the spherical aberration induced by refractive-index mismatch and
therefore improve trapping efficiency, we adopt the method of a change in tube length
to produce an additional aberration but with a sign opposite to the aberrétion of
refractive-index mismatch. For the three sample conditions as used in our experiment,
the probe depth d [T6rok et al., 1995] should be chosen to be 36 pm, 65 pm and 102
pm in order to keep the focus of the laser beam in the equatorial plane of a particle. B is
815, 1226 and 1812, respectively, under the compensation condition (refer to section
2.4.2.2.3 for definition). The peak light intensity is thus increased from 0.1221 to
0.3505, 0.0801 to 0.2865, and 0.0566 to 0.2390, respectively (Figs. 3.10 and 3.12).

Accordingly, the axial FWHM Az);; of the 3D IPSF reduces from 1.86 pm to 0.90 pm,
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242 pm to 1.006 pm, and 3.04 pm to 1.12 pm (Fig. 3.11). Compared with the
uncompensated (B = 0) case, the positions of the intensity peak are shifted towards the

positive axial direction and the sidelobes of the IPSF in the axial direction become

much weaker (Fig. 3.10 and Fig. 3.12).
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' ,\ I I\
0.1} I\\'\’,\\IH
. YN [/ \J \ L
-20 -15 -10 -5 0 5
Axial coordinate z (um)
o5}
__ 04} d=0 um (B=0)
3 d=36 um (B=815)
£ o3}
L d=65 um (B=1226)
@ o2} d=102 um (B=1812) ‘
0.1}
0 . .
0 0.1 02 0.3 0.4 05
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Fig. 3.12 Axial (top) and transverse (bottom) cross-sections of the 3D IPSF for different probe depths

under the compensated condition (4 = 0.633 um, NA'=1.25).
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3.4 Discussion

While trapping force is related to the distribution of the 3D IPSF for an objective
according to the EM wave model [Barton ez al., 1989], it is directly proportional to the
trapping power according to the RO model [Ashkin, 1992]. Based on the 3D IPSF
calculated in section 3.3, we can estimate the average trapping power P on a trapped

particle according to the following approximate expression:

P=1_Ar}, (3.3)

where I, is the peak light intensity at the focus of the objective, and Ar,, is the

transverse FWHM of the 3D IPSF. The average trapping power as a function of the

0.12 k< ) ’ ) T
—~ N
3 01 N\
S M N compensated
- [ - S~ ——
g 008 \——\V\\_,.-
o
Q 006} 1
8; uncompensated
S 004!
g
< 002}

O —_— " " i L
0 20 40 60 80 100

Probe depth d (um)

Fig. 3.13 Average trapping power as a function of the probe depth d under the uncompensated (solid

curve) and compensated (dashed curve) conditions (4 = 0.633 um, NA'=1.25).

probe depth d, for the uncompensated (B = 0) and the compensated (B # 0) conditions,

is illustrated in Fig. 3.13. In particular, the average power under the compensated

condition is not constant but decreases with the probe depth, indicating the presence of
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high order spherical aberration terms which cannot be completely compensated for by

tube length alteration.

Without a change in tube length (B = 0), the trapping power (a.u.) drops from
0.0460 to 0.0299 when the probe depth d increases from 39 pm to 108 pm. After the
laser beam penetrates through a sample cell of thickness 34 pum, 60 pm and 94 pum, the
average trapping power drops by 59%, 65% and 74%, respectively, while the trapping
efficiency is reduced by 25%, 63% and 74% in the experiment compared with the result
given by the RO model [Ashkin, 1992; Gu et al., 1997]. The experimental results agree
well with the theoretical calculations for thick sample cells, while there 1s a discrepancy
when the sample cell is thin. A possible reason for this discrepancy is the strong
perturbation introduced by the boundaries of a thin sample cell. The heating effect on

the solution by the trapping laser beam may also become pronounced for a thin sample

cell.

When the value of B satisfies the compensation condition, the effect of the
spherical aberration can be minimised as shown in Figs. 3.9-3.12. Under this condition,
the average trapping power can be increased by up to 93% (B =815 and d = 36 um),
941% (B=1226 and d=65 pm) and 135% (B=1812 and d=102 um),
respectively, for those three sample cells (Fig. 3.13). In comparison with the
experimental improvement of 6%, 12% and 20% when the tube length is altered from
160 mm to 140 mm, there is a large difference. The discrepancy between the theory and
the experiment is because the objective operated at a tube length of 140 mm is not under

the compensation condition. For B =815, 1226 and 1812 under the compensation

PhD Thesis 71



o[) aser jrapping will; a JUg/L Wumerica/ ,/4perture Oéjecliue C/Lapter j/u-ee

condition, the corresponding change in the tube length Al is -294 mm, -443 mm, and
-654 mm, according to Eq. (2.15) in Chapter 2. These values mean that the tube length
of the objective should be shortened by 294 mm, 443 mm and 654 mm, respectively, for
the three sample conditions. Such a large change in tube length is clearly infeasible for
an objective designed to be operated at the 160 mm tube length. Instead, a microscope
objective of an infinitely-long tube length, which has been used in confocal microscopy
[Sheppard and Gu, 1992; Sheppard et al., 1994], should be employed in laser trapping
experiments. Using a correction lens in the collimated beam path produced by this kind
of objectives can easily result in a large change in tube length. Consequently, a

substantial improvement in trapping efficiency can be obtained.

3.5 Conclusion

It has been shown that spherical aberration induced by refractive-index mismatch
degrades trapping performance. However, this effect can be compensated for by
changing the tube length of an objective used for trapping, which leads to an increase of
the trapping efficiency by up to 20%. The theoretical prediction suggests that an
objective designed for operation at an infinitely-long tube length should be employed

for laser trapping applications such as particle-trapped NSOM.

The method for suppressing spherical aberration as demonstrated in the present
chapter is valuable for improving the trapping performance and therefore image quality
of particle-trapped NSOM. Although only dielectric particles are exemplified in this
study, the proposed method for aberration compensation by a change in tube length is

applicable to the applications of laser trapping with metallic particles.
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CHAPTER FOUR

Characterisation of Trapping Force on
Metallic Mie Particles

4.1 Introduction

T has been pointed out in Chapter 2 that the performance of laser trapping affects
Iimaging quality of particle-trapped near-field scanning optical microscopy (NSOM).
An investigation of trapping force on metallic particles is therefore needed for particle-

trapped NSOM with a metallic particle.

For laser trapping of metallic particles employing a high numerical aperture
(NA) objective, effects of NA and apodization of a trapping objective should be
investigated [Ke and Gu, 1999a]. This is because the NA of a trapping objective affects
not only trapping performance but also signal collection in particle-trapped NSOM.
Apodization of a high NA objective may generate a trapping force more efficiently.
Spherical aberration induced by refractive-index mismatch associated with the use of a
high NA objective also needs to be considered because it degrades trapping
performance. These issues have been considered in Chapter 3 for laser trapping of

dielectric particles and will be investigated in this chapter for metallic particles.

This chapter is organised as follows. In section 4.2, the principle of laser
trapping of metallic particles is introduced. In section 4.3, an expression for trapping

force on metallic Mie particles is derived based on the ray-optics (RO) model. Three

PhD Thesis 73



C;/Laracleridation a/ j-appmg jorce on mefa/éc muz parh'c&;t CLap[er jour

types of metallic Mie particles (gold, nickel and silver), which represent three typical
absorption properties of metallic materials, are selected to evaluate trapping force in the
transverse and axial directions for different values of the NA of a trapping objective. In
section 4.4, detailed measurements of the maximum transverse trapping force on
metallic Mie particles (gold, nickel and silver) are described. A discussion on the effect
of spherical aberration and thermal heating is presented. Based on this study, an
apodization method with the use of an obstructed objective lens (i.c., an annular lens) is
introduced in section 4.5 for the improvement of transverse trapping force on a metallic

particle. A conclusion on the characterisation of trapping force on metallic Mie particles

is presented in section 4.6.

4.2 Principle of laser trapping of metallic Mie particles

Skin depth x

(a) (b)

Fig. 4.1 (a) Geometry for calculating force on a metallic particle of skin depth 7. A single incident ray of

power P is mainly reflected. (b) Relative strength of the gradient and scattering forces of a single ray.

When light impinges on a metallic particle, most of light is reflected due to the high

reflectance of the metallic surface, while the rest of light penetrates through the particle.
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The energy density of the transmitted light falls to 1/e of its original value after the light
travels through a skin depth j that is usually of several or tens of nanometres [Born and
Wolf, 1997] (see Fig. 4.1 (a)). The momentum change of the incident light, or the
optical force experienced by a metallic Mie particle, is mainly determined by the
reflection at the surface of the particle. The optical force, caused by the multiple-

reflection on the inner surface of the particle, can be neglected for a metallic Mie

particle.

As a result of high reflection and small skin depth, the scattering force on a
metallic particle is dominant over the gradient force (see Fig. 4.1 (b)), which forms a
repulsive potential well for trapping at most of the positions except near the bottom of
the particle. However, it can be seen from simple geometry that when the angle &of a
ray of convergence is increased, the net transverse trapping force on a metallic particle
is increased (see Fig. 4.1 (b)). In other words, rays at larger angles of convergence
contribute more to the transverse trapping force on a metallic particle. Based on this
understanding, an apodization method based on the use of an annular lens is expected to

be more effective in generating transverse trapping force than that of a circular lens.

4.3 Calculation of trapping force on metallic Mie particles

The expressions for the scattering force F; and the gradient force F, caused by a single
ray incident on a metallic particle can be expressed according to the RO model as [Ke

and Gu, 1999a]
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F, = —’f (1+cos28-R),
c

4.1
nPR ‘1)
Fg =

sin24,
C

Eq. (4.1) is actually the first term of Eq. (2.3) for the gradient and scattering force of a
dielectric particle. The trapping force experienced by a metallic Mie particle, under the
illumination of a highly focused laser beam, can be determined using Eq. (2.4) by
integrating the gradient and scattering forces in Eq. (4.1) with respect to the angle of
convergence of the trapping objective. The ray density within the maximum angle of
convergence determined by the NA of the trapping objective is given according to the

sine condition [Stamnes, 1986; Born and Wolf, 1997].

For the applications of laser trapping including particle-trapped NSOM, an oil-
immersion objective, more economical than a water-immersion objective, is usually
employed. Assume that an oil-immersion objective is illuminated by a uniform
linearly-polarised laser beam at a wavelength of 488 nm, and that spherical metallic
Mie particles are suspended in water of refractive index 1.33. Three types of metallic
particles (gold, nickel and silver) are chosen in our calculation as they exhibit typically
high, medium and low absorption properties at this wavelength. Their refractive indices

are n, =0.82+1.59i, n,=1.67+293i and n =0.24+3.097 at A=488 nm,

respectively [Lide, 1996-1997].

Fig. 4.2 shows the distribution of the total trapping efficiency (refer to section
2.4.2.1.1 for definition) calculated using Egs. (2.4), (2.5) and (4.1) for gold, nickel and

silver particles at different trapping positions (x, z). Here x and z are the transverse and
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axial trapping positions originating from the centre of the particle, respectively. The
polarisation direction of the incident light is assumed to be along the x-axis. Notice that
the particle radius is normalised to be unity. Each individual arrow originates from the
trapping position of the laser beam and points towards the direction of the total
trapping force. The trapping laser beam propagates in the direction of the z-axis. The

length of the arrow is proportional to the strength of Q, .

Unlike a dielectric particle where the axial trapping force can be either a lifting
or a pushing force depending on the focal position of the trapping laser beam (refer to
Fig. 2.10), the axial trapping force on a metallic particle always pushes the particle
along the optical axis regardless of the focal position of the trapping laser beam. On the
other hand, when the focal position of a laser beam is shifted downward and away from
the centre of the particle, transverse force changes direction with the transverse
position. Transverse trapping of a metallic particle only occurs when the projection of
the total force along the transverse direction has a negative value (attractive force).
Repulsive force dominates otherwise. The area where transverse trapping exists is
located below the central equatorial plane of the particle and away from the beam axis.
This result is consistent with the experimental observation that a metallic Mie particle
can be trapped only in two dimensions (2D) near the bottom of the particle ([Sato et

al., 1994; Furukawa and Yamaguchi, 1998].

To compare the trapping force between gold, nickel and silver particles, the
axial and transverse trapping efficiencies are calculated and displayed in Figs. 4.3-4.5.

On the axis at x=0 (Fig. 4.3), a maximum axial trapping efficiency occurs when the
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focus of a trapping beam is located approximately at z =-05 for all three types of the

metallic particles.

w

g
o

N

15

Axial trapping efficiency Q4

Axial trapping position z

Fig. 4.3 Axial trapping efficiency as a function of the axial trapping position z when x=0 for gold,

nickel, and silver particles, respectively. The other conditions are the same as those in Fig. 4.2.

For the applications of near-field imaging with a metallic particle trapped in 2D,
the transverse trapping force on a particle mainly determines the speed of image
acquisition, provided that the axial trapping force is sufficient to keep the particle in
touch with a sample. Our attention is therefore focused on the transverse trapping force
on metallic particles. As illustrated in Fig. 4.4, when the axial trapping position is
above the equatorial plane of a trapped metallic particle, the transverse trapping force
in the x-z plane for gold, nickel and silver particles is predominantly repulsive. This
repulsive force becomes weak when the axial trapping position moves downward from
the equatorial plane. In the meantime, an attractive transverse trapping force appears.

This attractive force increases until it reaches a maximum, which is represented by a

PhD Thesis 79



C/zaracleridalion o/ jraplom.y jorce on mela//ic mce p artic&d

C/Laloter 30“-"

o
£
[« %
g
° T
25
> 9
=
c o
®©
|._
025 05 075 -1 -125 -15 -1.75
Transverse trapping position x
/’\\\ o -
0.6{ nickel 7 1
2 / \ ®
8o 0.4 / \ 1
o O / \
" S 02} =1 \
o ‘S / \
> & /! - ~
cC o ~~
S 0
|._
0.2
025 05 075 -1 -125 -15 -1.75
Transverse trapping position x
SN -
125}
E) silver // \ {c)
&s I/
< g 0.75 /
8 § . // Z=o—>\
598 o5 7/ \
> 9O / \
[ z=1.0 \
C @ 025} / —
© / \\
- ™~ ~_
0 z=§\ et
‘ﬁé\\‘———r —-

025 -05 075

-1 125 -15 -1.75

Transverse trapping position x

Fig. 4.4 Transverse trapping efficiency Q, as a function of the transverse trapping position x for gold

(a), nickel (b), and silver (c) particles, respectively. The other conditions are the same as those in Fig.

4.2. The solid curves correspond to the situation when a maximum transverse trapping efficiency occurs.
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Fig. 4.5 Transverse trapping efficiency Q, as a function of the transverse trapping position y for gold

(a), nickel (b), and silver (c) particles, respectively. The trapping position is in the y-z plane

perpendicular to the polarisation direction of the illumination beam and the other conditions are the same

as those in Fig. 4.2.
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solid curve in Fig. 4.4. For an example, the maximum transverse trapping efficiency
occurs at z=11, z=15, and z=16 for gold, nickel and silver particles, respectively.
Therefore, Fig. 4.4 suggests that when the axial trapping position is sufficiently low, a
metallic particle can be trapped at an on-axis position, while it can be trapped at an off-
axis position if the trapping position is slightly below the equatorial plane. This
conclusion agrees with the previous experimental observation by Furukawa and

Yamaguchi [Furukawa and Yamaguchi, 1998] and our experimental results given in

section 4.4.

As a result of using a linearly polarised beam, the trapping efficiency in the y-z
plane is smaller than that in the x-z plane, as shown in Fig. 4.5. This is due to the slight
difference in the trapping power between the two orthogonal planes [Ashkin, 1992].
Compared with the result in Fig. 4.4, the maximum value of the transverse trapping
efficiency at z=11,z=15, and z = 1.6 in Fig. 4.5 is reduced by 28%, 3.3%, and 2.1%
for gold, nickel and silver particles, respectively. By contrast, the maximum value of
the transverse trapping efficiency at z=0 in Fig. 4.5 is increased by 201%, 40.7% and

10.5% for gold, nickel and silver particles, respectively, compared with that in Fig. 4.4.

4.4 Effect of numerical aperture on transverse trapping efficiency
4.4.1 Theoretical results

For a given metallic particle, the transverse trapping efficiency changes with the NA of

a trapping objective [Ke and Gu, 1999a]. The maximum transverse trapping efficiency

Q. in the x-z plane for different values of the NA is shown in Tables 4.1-4.3 for gold,
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Table 4.1 Maximum transverse trapping efficiency Q7 as a function of the NA of the trapping

objective for a gold particle.

NA (x, 2) 0, “

0.8 (-0.79,2.8) 0.6788 -0.1638
0.9 (-0.70, 2.3) 0.7569 -0.1883
1.0 (-0.72,2.0) 0.7445 -0.2089
1.1 (-0.78, 1.7) 0.7232 -0.2308
1.25 | (-0.89, 1.1) 0.7444 -0.2595

Table 4.2 Maximum transverse trapping efficiency O as a function of the NA of the trapping

objective for a nickel particle.

NA (x, 2) 0, or

0.8 (-0.86, 3.0) 0.6209 -0.1561
0.9 (-0.85, 2.6) 0.6174 -0.1746
1.0 (-0.80, 2.2) 0.6521 -0.1965
1.1 (-0.80, 1.9) 0.6545 -0.2161
1.25 | (-0.80, 1.5) 0.6618 -0.2442

Table 4.3 Maximum transverse trapping efficiency Q" as a function of the NA of the trapping

objective for a silver particle.

NA (x, 2) 0, or

0.8 (-0.91, 3.1) 0.5920 -0.1483
0.9 (-0.88, 2.7) 0.5852 -0.1641
1.0 (-0.88, 2.3) 0.5931 -0.1817
1.1 (-0.90, 2.0) 0.5775 -0.1948
125 | (-0.89, 1.6) 0.5751 -0.2133
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nickel, and silver particles, respectively. The trapping positions (x, z) and the axial
trapping efficiency O, corresponding to the maximum transverse trapping efficiency

Q. are also listed in Tables 4.1-4.3. The positive and negative signs of the trapping

efficiency represent pushing and attractive effects, respectively. When the NA of the
objective increases, the maximum transverse trapping efficiency increases accordingly,
and the axial trapping position shifts upward although the transverse trapping position
does not change appreciably. For a given value of the NA of the objective, the
maximum transverse trapping efficiency reduces and the corresponding axial trapping

position moves downward, when a metallic material becomes less absorptive.

The fact that the maximum transverse trapping efficiency for a metallic particle
increases with the NA is different from the situation of a trapped dielectric particle
(refer to Fig. 2.11) in which case the maximum transverse trapping efficiency
decreases with the NA. The physical reason for this difference is that a metallic particle
has a small skin depth for light transmission and is highly reflective, and therefore the
scattering force is stronger than the gradient force for a ray at a given incident angle.
As a result, the transverse trapping force increases with the angle of convergence of a

trapping objective (Refer to Fig. 4.1 (b)).

4.4.2 Experimental results

To demonstrate the dependence of the transverse trapping efficiency on NA, the
transverse trapping force on metallic Mie particles was measured as a function of the
NA of a trapping objective. The experimental setup is similar to Fig. 3.6 in Chapter 3
except that a linearly-polarised Ar* laser at wavelength 4 =488 nm (Spectra-Physics:

Stabilite 2017, 5 W) was used for trapping with high power. Three types of metallic
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particles used in the experiment were gold (#=2 pum), nickel (#=3 um) and silver
particles (#=3 um), respectively, suspended in water. Under these conditions, the

size parameter g = 2zm,;4/ A (i=g,n,s) for each type of particle is much larger than
unity and therefore the RO model should hold. The effective numerical aperture of the
trapping objective NA' was determined using the same way as described in section

3.3.1. The trapping power P was measured at the back aperture of the objective, and

multiplied by a factor of 81% which is the measured transmittance of the objective.

' The maximum transverse force F" on a metallic particle was measured using
the method prescribed in section 3.3.1 of Chapter 3. The axial trapping position
corresponding to the maximum transverse force F," was achieved by slightly adjusting

the axial focal position of the objective until the maximum scanning speed was found.
Unlike a dielectric particle in which case the maximum transverse trapping force
occurs near the surface of the equatorial plane of the particle (Fig. 3.3 and Ke and Gu,
1998a), the position of the maximum transverse trapping force on a metallic particle is

much lower.

It was observed in the experiment that gold and silver particles were easily
trapped laterally and scanned at relatively higher speeds, while a nickel particle was
trapped at a lower speed due to its larger kinetic friction coefficient. As illustrated
in Fig. 4.6, a nickel particle of #=3 um at the top right corner of the figure was
trapped by an Ar* laser beam and stayed at the trapped position when the other
particles were moving with the microscope slide. It can be seen that a bright spot on the

trapped particle, corresponding to the focal position of the trapping beam, is not located
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in the centre of the trapped particle. This phenomenon is caused by the fact that the
axial trapping position was slightly below the equatorial plane. Consequently, the
balance between the trapping and repulsive forces was not at the centre of the particle,

as expected from the theoretical prediction in Fig. 4.4.

A trapped nickel particle of 3 ym

@) (b)

Fig. 4.6 Demonstration of a trapped nickel particle of diameter 3 um, recorded using a CCD camera.

Frames (a) and (b) were recorded at different times.

The measured maximum transverse force F," is listed in Tables 4.4-4.6 for gold,

nickel and silver particles for different values of the NA’ of the trapping objective. As
the maximum transverse scanning speed of the nickel particle was very small, the NA'
of the objective could be adjusted only from 1 to 1.25. For the gold and silver particles

the NA' was altered from 0.8 to 1.25. The maximum transverse trapping force F,

calculated using the values of Q,. in Tables 4.1-4.3 is also displayed in Tables 4.4-4.6.

Clearly, the experimental results qualitatively agree with theoretical results F, in the

sense that the larger the value of NA the larger the transverse force. The difference

between the theoretical and the experimental results will be discussed in the following.
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Table 4.4 Transverse force as a function of the NA’ of the trapping objective for a gold particle.

NA | FreN) | FLgN) | PP Fy’ (PN) E' +F, (N)
measured | calculated calculateq with estimated transverse
aberration trapping force
0.8 0.15 4.35 55.7% 242 2.24
0.9 0.27 6.77 41.2% 2.85 2.64
1.0 0.44 9.26 36.0% 3.33 3.33
1.1 0.53 11.56 34.7% 4.00 4.20
1.25 0.69 17.26 25.5% 4.40 4.59

Table 4.5 Transverse force as a function of the NA' of the trapping objective for a nickel

particle.
NA T PPNy | FigN) | PP ] Ful GN). Fr+F, GN)
measured | calculated calctl)llateq with | o ated transverse
aberration trapping force
1.0 0.07 10.02 36.0% 3.61 3.61
1.1 0.09 11.78 34.7% 4.08 428
1.25 0.15 17.11 25.5% 4.36 474

Table 4.6 Transverse force as a function of the NA' of the trapping objective for a silver

particle.
NA" | F/ ®N) | F.(pN) | P/P F,’ (pN)_ F] +F, ®N)
measured | calculated calculated with | ectimated transverse
aberration trapping force
0.8 0.58 4.01 55.7% 2.23 2.26
0.9 0.78 6.18 41.2% 2.60 2.48
1.0 0.95 8.46 36.0% 3.05 3.05
1.1 1.19 10.36 34.7% 3.59 3.82
125 1.50 14.94 25.5% 3.81 4.28
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4.4.3 Discussion

As shown in Tables 4.4-4.6, there exists a pronounced difference between the
theoretical and experimental results. The first reason for this difference is the effect of
spherical aberration induced by the refractive-index mismatch between a cover glass
and the water solution (refer to section 3.3.2). In the presence of spherical aberration,
the distribution of light intensity in the focal region of a trapping objective becomes
broad in both the axial and transverse directions, the peak light intensity is reduced and
a series of sidelobes occur along the axial direction (see Fig. 3.10). As a result, the
effective trapping power on a trapped particle is much less than the incident power
through the objective. According to our previous method (see section 3.3.2), the ratio
of the effective trapping power P’ at the focus of the objective to the measured incident

power P can be estimated and is shown in Tables 4.4-4.6. Consequently, the maximum

transverse trapping force F, is givenby F, = F, -P'/P.

The difference between F,', and F” may be caused by the heating effect of the

trapping beam on metallic particles. When the incident laser beam is incident at the
surface of an absorptive metallic particle, a temperature gradient could be generated
from the front illuminated surface to the back surface of the particle because of
intensity gradient and small skin depth [Wood, 1986]. A temperature gradient also
occurs in the transverse direction since the trapping laser beam irradiates the particle
asymmetrically. But this transverse temperature gradient is negligible because the
trapping beam propagates along the z-axis. The energy flow inside the metallic particle
and between the particle and the surrounding medium, in a form of heat transferring,

leads to a radiometric force opposite to the temperature gradient within the particle
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[Wood, 1986; Barber and Chang, 1988; Svoboda and Block, 1994]. As a result, the
friction between a trapped metallic particle and the glass slide is increased which may

lead to the discrepancy between the measured transverse force and the theoretical

predictions.

The radiometric force on a trapped metallic particle is dependent on many
factors including the illumination wavelength and intensity, the shape of the trapped
particle, and the thermal characteristics of the particle and its surrounding medium
[Lewittes ef al., 1982; Barber and Chang, 1988]. Adopting the expression for the
radiometric force on a particle suspended in a gas medium [Lewittes et al., 1982], we
may express the radiometric force F, on a metallic particle suspended in water as

F.=C - -mg-1/r*, 4.2)
where C is a coefficient depending on the thermodynamic and hydrodynamic features
of the metallic particle and the surrounding medium, m is the mass of the metallic
particle, and g is the acceleration constant of free fall. At a given wavelength, the light
intensity on the particle surface, 7, can be estimated by the effective trapping power P’

and NA’ of the microscope objective used for trapping. Eq. (4.2) can be rewritten as
F,=C,-p, -P'NA?r. (4.3)
Here p, is the density of the metallic material and C, is a parameter incorporating the

coefficient C; and the other constants. The accurate value of C, may be obtained by

calculating the three-dimensional heat flow inside and outside a metallic particle

illuminated by a high NA objective [Lewittes et al., 1982]. However, the value of C,

may be estimated by a comparison between F,

r

and F,".
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The maximum transverse force F,” on a metallic particle, as measured in the

r

experiment, is given by the difference between the maximum transverse trapping force

and the friction:

F'"=F, —-F,. 4.4)
Here the friction Fyis determined by the total axial force Fi,:

Fp=F, p, (4.5)
where 4 is the kinetic friction coefficient between a trapped metallic particle and the
microscope slide, and can be chosen to be 0.05, 0.08 and 0.05 for gold, nickel and
silver particles, respectively [Besancon, 1974]. The total axial force F;, on a metallic
particle is contributed by the axial trapping force F, (downward), gravity F,

(downward), the buoyant force F; (upward), and the radiometric force F, (downward),

which can be expressed as

F,=F,+F,-F, +F,_. 4.6)
The gravity and the buoyant force, F, and Fj, can be easily calculated using the

X 4 4 , .\
expressions F, =§m pP,8 and F, :gﬂr P&, where o, and p, are the densities of a .

trapped metallic particle and the water medium, respectively. The density of gold,
nickel and silver particles, is 19290 kg/m?®, 8900 kg/m* and 10500 kg/m’, respectively
[Raznjevic, 1976]. The axial trapping force F, can be calculated according to the axial

trapping efficiency Q, listed in Tables 4.1-4.3.

By applying Egs. (4.4)-(4.6) to F, and F" at NA'=1.0, the value of C, is
estimated to be 6.60x107 m3s’W, 5.65x107 m*s?W-' and 5.14x107 m’s?W' for gold,

nickel and silver particles, respectively. As expected, the stronger the absorption of a
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metallic particle the larger the value of C,. With the C, values, the maximum

transverse trapping force (F,” + F ) can be evaluated as shown in Tables 4.4-4.6. It can

be seen from Tables 4.4-4.6 that the maximum transverse trapping force (F, +F )
increases with the NA of the objective, which is consistent with the theoretical
prediction. The difference between F, and F+F; is less than 13%, even

for the maximum value of the NA.

The wavelength used in our study is 488 nm. Trapping with a shorter
wavelength beam may lead to a higher resolution in particle-trapped NSOM due to the
smaller diffraction spot generated, although a near-infrared wavelength is usually
selected for trapping in biological applications to prevent possible thermal damage to
samples [Buican et al., 1987; Zhang et al., 1998]. If a near-infrared wavelength is used
for trapping a metallic particle, the absorption property of metallic particles is different
from that discussed in this chapter. For example, a gold particle becomes much less

absorptive, which gives rise of a significantly reduced radiometric force.

4.5 Enhancement of transverse trapping efficiency for metallic

particles with an annular lens

As mentioned in section 4.2, the transverse trapping force on a metallic particle can be
increased with the use of an annular lens as a trapping objective. This topic will be

discussed in the following.
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Fig. 4.7 Schematic diagram for demonstrating the difference of trapping force between (a) dielectric and
(b) metallic particles. F, represents the gradient force and F; represents the scattering force. & is the angle

of a ray of convergence. The outer ring of the metallic particle indicates its skin depth.

For laser trapping of a dielectﬁé particle, Ashkin has predicated [Ashkin, 1992]
that the use of an obstructed beam (i.e., a ring beam) can increase the axial trapping
efficiency but reduce the transverse trapping efficiency. The reason for this feature is
that the gradient force is dominant due to the refraction on the surface of a trapped
dielectric particle. Consequently, the projection of the net trapping force in the
transverse direction of the trapping beam is decreased with the angle & of a ray of
convergence (Fig. 4.7 (a)). It can be found from the RO model [Ashkin, 1992] that for a
given trapping objective, the maximum transverse trapping efficiency for a dielectric
particle decreases approximately by up to 23% and 21% for p- and s-polarised trapping
beams, respectively (see Fig. 4.8). Here p- and s-polarised trapping beams represent that
the polarisation direction of the trapping beam is parallel and perpendicular to the

direction of the transverse displacement of a trapped particle, respectively.
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Fig. 4.8 Maximum transverse trapping efficiency as a function of the radius of the central obstruction &

for a dielectric (”p =1.59) particle in water (n =1.33), according to the RO model. The NA of the trapping

objective is 1.25 at wavelength 488 nm.

Since the net transverse trapping force on a metallic particle increases with the
angle dof a ray of convergence, the transverse trapping efficiency for a metallic particle
may be enhanced, if a circular obstruction is co-axially placed in the illumination path.
Such an enhancement becomes stronger as the radius of the obstruction becomes larger.
On the other hand, the reflection coefficient on a metallic surface is complex [Born and
Wolf, 1997], which implies the existence of depolarisation of an incident linearly-
polarised beam. Thus, the dependence of the transverse trapping efficiency for a
metallic particle on the polarisation states of a trapping beam becomes more

complicated than that observed for a dielectric particle in Fig. 4.8.

To demonstrate these features, we calculate the maximum transverse trapping

efficiency for a gold particle using the RO model (refer to section 4.3). The NA of the
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Fig. 4.9 Maximum transverse trapping efficiency as a function of the radius of the central obstruction &
for a gold particle, in water (n =1.33), of diameter 2 pm. The theoretical results are calculated according

to the RO model. The NA of the trapping objective is 1.25 at wavelength 488 nm.

objective is assumed to be 1.25 for wavelength 488 nm. The trapping objective obeys

the sine condition [Born and Wolf, 1997]. Fig. 4.9 shows the dependence of the
maximum transverse trapping efficiency Q," for a gold particle as a function of the
radius of the central obstruction & Here ¢ has been normalised by the outer radius of a
uniform illumination beam (see Fig. 4.7). O, is obtained by varying the focal spot
along the axial direction until the maximum value is found. As expected, Q, for £=1,

1.e. for a thin ring beam, is enhanced by factors of 1.9 and 2.8, respectively, for p- and s-

“polarised trapping beams, compared with that for £ = 0. Unlike the situation at £ =0 in
Fig. 4.8, Q. for a p-polarised beam is 24% larger than that for an s-polarised beam. But
the former becomes smaller than the latter as £ >0.3. This phenomenon may be
understandable as follows. For an objective of NA =1.25, the angle & of a ray of

convergence is approximately 15° when £=0.3. The reflectance on a gold surface
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under s-polarised beam illumination is much stronger than that for p-polarised beam

illumination if the incident angle is larger than 15° [Born and Wolf, 1997], which

results in the behaviour in Fig. 4.9,

25
?\ 20 _\\ p-polarised
L \ ~ — — s-polarised
S \
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Fig. 4.10 Calculated enhancement factor £ as a function of the NA of a trapping objective for a gold

particle suspended in water.

It should be pointed out that the enhancement factor 4, defined as the ratio of
Qr(e=1) to QO (£=0), is decreased with the NA of a trapping objective, although
Q7 (£=1) and Q7 (£=0) increase with the NA individually. According to Fig. 4.10,

the minimum value of #at NA =1.4 is 1.7 and 2.5 for p- and s-polarised trapping

beams, respectively.

In order to confirm the above theoretical prediction, we conducted trapping
experiments with gold particles of ¢ =2 um in diameter. The experimental setup is

similar to Fig. 3.6 in Chapter 3 except an opaque circular disk was co-axially placed
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within the entrance aperture to produce a ring illumination beam. An Ar" laser at
wavelength 4 =488 nm (Spectra-Physics: Stabilite 2017, 5 W) was used for trapping.
The radius of the obstruction was varied so that the value of £ changes from zero to 0.8.

The trapping power at the focus of the trapping objective was maintained to be

approximately 4.3 mW for all measurements.

The measured dependence of the maximum transverse trapping efficiency Q;
on £ is normalised by the calculated value at £ =0 for a p-polarised laser beam as
depicted in Fig. 4.9. It is seen that the enhancement of Q,” is 1.7 and 2.5, respectively,

for p- and s-polarised trapping beams, which agrees well with the theoretical prediction.

Fig. 4.9 also confirms the dependence of ;" on the polarisation states of the trapping
beams. When ¢ is small the measured values of Q, fit well the theoretical values.

However, there is a slight discrepancy between the experimental and theoretical results
when gbecomes large. The discrepancy is caused by light diffraction in the focal region
of the trapping objective [Mehta, 1974; Torok et al., 1995; Gu, 1999], which is not

considered by the RO model.

According to the diffraction theory [Mehta, 1974; Gu, 1999], the concentric
power in the focal region of an obstructed beam decreases with the size of the central
obstruction. For the particle size used in the experiment, the concentric power on the
trapped particle for ¢ = 0.8 can be up to 10% lower than that for £=0 [Mehta, 1974],
so that the transverse trapping efficiency is accordingly reduced. This estimation is in

agreement with the experimental observation in Fig. 4.9.
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In summary, the use of an annular lens for trapping a metallic particle leads to a
significant enhancement in the maximum transverse trapping efficiency. This
enhancement is caused by the fact that scattering force in trapping a metallic particle is
much stronger than the gradient force. As a result of the depolarisation upon reflection
on the surface of a gold particle, the enhancement factor for an s-polarised trapping

beam is larger than that for a p-polarised trapping beam.

4.6 Conclusion

It has been demonstrated that the maximum transverse trapping force on a metallic
particle increases with the NA of the trapping objective, while it decreases with the NA
of the trapping objective for a dielectric particle. This result is significant for near-field
imaging with laser-trapped metallic particles since a high NA objective can lead to high
signal-to-noise ratio as well as high transverse scanning speed. Based on this result, our
study has also further shown that the use of an annular lens as a trapping objective can
effectively improve the transverse trapping efficiency of metallic particles. The use of
an annular lens also provides a chance in suppressing radiometric force which degrades
the trapping performance of metallic particles. This method is advantageous for imaging
with laser-trapped metallic particles as the physical and chemical conditions of a sample

under inspection could be less affected due to the reduced heating effect.
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CHAPTER FIVE

Imaging Enhancement with Laser-
Trapped Metallic Particles: Effect of
Signal Strength

5.1 Introduction

N Chapter 4 we have shown that transverse trapping force on a metallic particle
Iincreases with the numerical aperture (NA) of a trapping objective (by contrast,
transverse trapping force on a dielectric particle decreases as the NA of the trapping
objective increases). As a result, utilising a laser-trapped metallic particle in particle-
trapped near-field scanning optical microscopy (NSOM) may increase the scanning

speed for image acquisition while maintaining high signal-to-noise ratio.

To improve image resolution, a small-sized metallic particle is needed but may
result in a reduced signal strength. Signal strength is an important issue in near-field
Mie scattering that may affect image contrast of particle-trapped NSOM. In addition to
signal strength, depolarisation of scattered evanescent waves is another issue to be

examined for the imaging of particle-trapped NSOM.

This chapter is to give a detailed investigation into signal strength and image
contrast in particle-trapped NSOM, with respect to laser-trapped metallic particles of
different sizes [Gu and Ke, 1999a; Ke and Gu, 1999b]. This investigation is performed

in comparison with that obtained for dielectric particles to demonstrate significant
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advantages of using laser-trapped metallic particles in achieving high signal strength,

high image contrast, and fast scanning speed. The depolarisation of scattered evanescent

waves will be treated as a separate topic in Chapter 6.

This chapter is arranged as follows: In section 5.2, we characterise the
dependence of the strength of scattered evanescent waves on the size of laser-trapped
particles (dielectric and metallic). In section 5.3, image enhancement with the use of a
laser-trapped metallic particle is demonstrated by imaging an evanescent wave
interference pattern. This property is further confirmed in section 5.4 according to the

image of the surface of a prism. Conclusions on the experimental results are given in

section 5.5.

5.2 Strength of scattered evanescent waves with laser-trapped metallic
particles
5.2.1 Experiment

To determine the dependence of the signal strength of scattered evanescent waves on
the physical size of a laser-trapped particle and demonstrate the associated advantages,
dielectric (polystyrene of diameter ¢ =0.1-2 pm) and metallic (gold of ¢=0.1, 0.5,
and 2 um, and silver of ¢ =2 um) particles were employed. The experimental setup of

particle-trapped NSOM is illustrated in Fig. 5.1.

An evanescent wave was generated at the surface of an equilateral prism (SF,,

n, = 1725, surface flatness 4/10) under the condition of total internal reflection of a

He-Ne laser of 17 mW output. The prism was mounted on a three-dimensional (3D)
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scanning stage (Melles Griot) driven by a piezoelectric controller (Melles Griot).
Particles of different sizes were subsequently suspended in water solution (7, =1.33)
inside a sample cell. The sample cell was formed of a double-sided tape sandwiched

between a cover glass and the prism. The thickness of the sample cell is approximately

120 pm.
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| G A_naw = ‘ ; ;
Computer
b Beam splitter
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Translation Polariser

Fig. 5.1 Schematic diagram of particle-trapped NSOM.

An Ar’ laser at wavelength 488 nm (Spectra-Physics: Stabilite 2017, 5 W) was
focused by an oil-immersion objective (Olympus, NA =1.3, 160/0.17) for trapping.
The short wavelength of Ar’ laser produced a sharp focal spot and a stable two-

dimensional (2D) trap was achieved for a metallic or dielectric particle by positioning
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the focal spot of the trapping laser beam near the bottom of the particle. Under this
condition, the trapped particle was held against the surface of the prism. The evanescent
wave scattered by the trapped particle was then collected by an air-cooled photo-
multiplier-tube (PMT, EMI 9658B) mounted at the conjugate imaging point of the
trapped particle. A CCD camera (Edmund Scientific) was used to monitor the trapping
process under the illumination of a white light source (not shown in the diagram). A
long-pass glass filter was utilised to attenuate the trapping light for viewing. A narrow
band-pass interference filter with a central wavelength of 633 nm and a bandwidth of 10
nm was inserted in front of the PMT to block the trapping laser beam. To improve the
signal-to-noise ratio of the imaging system, a pinhole of diameter 500 pym was aligned

in front of the interference filter to reject the stray light scattered from elsewhere other

than the trapped particle. The analyser sketched in Fig. 5.1 was not in use for the

experiments in Chapter 5.

Fig. 5.2 shows photographs of the particle-trapped NSOM system constructed in
the laboratory, corresponding to the schematic diagram of Fig. 5.1. The optical
arrangements for trapping (blue beam pass M5-—>M7) and illuminating (red beam pass
S1->M1) a particle inside a sample cell are displayed in Fig. 5.2 (a). The sample cell is
mounted on the surface of the prism (P). The Ar’ laser beam (S2) used for trapping is
separated from the system setup as shown in Fig. 5.2 (b). The controlling unit (S) for an
x-y-z scanning stage (D) and the monitors for signal recording (V1) and trapping (V2)

are shown in Fig. 5.2 (c). The PMT (B) for signal collection is illustrated in Fig. 5.2 (d).
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(a) (b)

(©) (d)

Fig. 5.2 Photographs of a particle-trapped NSOM system: (a) optical arrangements for trapping (blue
beam pass M5—>M7) and illumination (red beam pass S1->M1). A He-Ne laser (S1) for illumination is
steered by mirror M2 to a sample cell on top of a prism (P) under the condition of total internal reflection;
(b) An Ar" laser (S2) used for trapping. The beam is guided by mirrors M3 and M4 into tube T and then
passed to M5 shown in (a); (¢) a piezoelectric controller (S) for controlling scanning stage D (see (a) and
(d)) and monitors for signal recording (V1) and trapping (V2); (d) a PMT (B) for signal collection. M1-
M8: mirrors; O, O1, and O2: objectives; L1-L3: lenses; D1 and D2: diaphragms; PL: polariser; [: white

light source; A: unit for beam splitters, filter, and analyser; C: CCD camera; R: relay lens; and H: pinhole.
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For the measurement of the strength of scattered evanescent waves, the
reflection mirror (reflectance R =85%) parallel to the exit face of the prism was
replaced by a beam terminator (not shown in Fig. 5.1). The incident angle of the He-Ne
laser inside the prism was set at 65° and the polarisation direction of the He-Ne laser
was arranged normal to the plane of incidence (s-polarised). For a particle of given size,
the signal was measured three times at a time interval of approximately one-minute and

subtracted by the background noise when no particle was trapped.

Table 5.1 Strength of scattered evanescent waves and image contrast of evanescent interference

patterns for different types of laser-trapped particles at the surface of a SF,, prism.

Particle Dielectric Metallic
Polystyrene Gold Gold Gold  Silver
Diameter (um) 0.1 02 | 048 1 2 0.1 0.5 2 Z

Signal (a.u.) 0.005 | 0.01 | 0.04 | 0.15 | 025 | 0.02 | 035 | 1.95 27

Image contrast | 1.3% {2.3% | 6.2% | 10.6% | 49% | 3.9% | 6% | 12% | 143%

As shown in Table 5.1, for dielectric particles, when the particle size ¢ is small
(¢ <1 pum), the dependence of the strength of scattered evanescent waves 7 (a.u.) on
the particle size follows a "radius squared" relation of 77~ 0.154°. When the particle
size becomes large (¢ =1 pm), the signal strength displays an almost linear dependence

on the size of a laser-trapped dielectric particle.

PhD Thesis 103



jmaging gnAanccmcnl with o[)aur-j-appatl mta/zc lparlic&d: g/ﬁcl o/ SL?M/ Slrengl/z Céapler j lve

5.2.2 Discussion

The monotonic dependence of the strength of scattered evanescent waves on the size of
a dielectric particle is due to the increasing interaction (reflection and multiple
scattering) between the particle and an evanescent wave when the particle size is
increased. The interaction area is mainly located near the bottom of the particle due to

the exponential decaying feature of the evanescent wave field.

The enhancement of signal strength with the particle size may be also related to
the morphology dependent resonance (MDR) of a particle illuminated by an evanescent
wave [Barber and Chang, 1988]. The physical interpretation of MDR is that rays or
beams propagating around the sphere, confined by an almost total internal reflection.
After circumnavigating the sphere, the beam returns to the original position in phase
[Barber and Chang, 1988]. MDR occurs for a particle when size parameter

g =2n¢n,/A>1, where A is the illumination wavelength, and n, is the refractive index

of the medium [Wannemacher et al., 1999b]. Under the experiment condition (A = 633
nm, and n, =1.33), a particle of ¢ >76 nm is capable of generating MDR, which is
satisfied in our experiment (refer to Table 5.1). Due to the excitation of MDR, the local
fields within, near and on the particle surface become enhanced at the incident
frequency, causing the extinction, scattering and absorption to exhibit sharp peaks

[Messinger et al., 1981].

MDR also exists for metallic particles and is associated with the surface
plasmon (SP) resonance of metallic particles. SP resonance is known as sensitive to the

size of a metallic particle. For small particles in the Rayleigh limit (¢ << 4 ), dipolar SP
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resonance may occur, while for large metallic particies outside the Rayleigh limit (as is
the case in our experiment), SP resonances of multipolar orders may be excited with
phase retardation occurring from different parts of the particle [Messinger et al., 1981].

The enhancement of signal strength due to the excitation of SP resonance will be further

discussed in Chapter 6.

As shown in Table 5.1, for polystyrene and gold particles, the scattered signal is
increased by a factor of approximately 24 and 96, respectively, when the particle size is
increased from 0.1 pm to 2 pm. For a particle of diameter 2 pum, the scattered signal
from a gold and a silver particle is approximately 8 and 12 times stronger than that from
a polystyrene particle, respectively. The difference of the scattered signal strength
between metallic and dielectric particles becomes small as the particle size reduces. It
can be concluded from Table 5.1 that for a given particle size, metallic particles show
greater signal strength than dielectric particles, as a result of higher reflection, and the
possible MDR and SP resonance of metallic particles [Messinger et al., 1981; Barber
and Change, 1988; Born and Wolf, 1997]. These results suggest that image quality of

particle-trapped NSOM may be enhanced with a metallic particle.

5.3 Enhanced image contrast of particle-trapped NSOM with laser-

trapped metallic particles

In this section, we conduct an investigation into the dependence of image contrast on
the size of laser-trapped dielectric and metallic particles. The outcome of this study is to

quantify the relationship between the signal strength of scattered evanescent waves and
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image contrast of particle-trapped NSOM, and therefore demonstrate the significant

improvement of image contrast in particle-trapped NSOM with metallic particles.

5.3.1 Image contrast of particle-trapped NSOM with dielectric
particles

5.3.1.1 Measurement of image contrast with trapped dielectric particles of
different sizes

To characterise image contrast of particle-trapped NSOM, we utilise an evanescent
wave interference pattern as a test object. In the experiment, the evanescent wave
interference pattern was formed at the surface of the prism by aligning the reflection
mirror in parallel with the exit face of an equilateral SFy prism and setting the incident
angle of thé He-Ne laser (s-polarised) at & = 60° (see Fig. 5.1). The prism was scanned
in the x-y plane using an x-y-z scanning stage at a speed of 1 pm/s. The acquisition time

for each image (60x132 pixels) was approximately 2 min (top part of Fig. 5.3). The

I .
image contrast C is defined by C =Tm“TLm , where I, and Iy, are the measured

maximum and minimum light intensities, respectively. The image contrast measured
from the intensity cross-section (bottom part of Fig. 5.3) of the images at the marked
position is 1.3%, 2.3%, 6.2%, 10.6%, and 4.9%, for a particle of diameter ¢ =0.1, 0.2,
0.5, 1, and 2 um, respectively (see Table 5.1). The crooked area in Fig. 5.3 (d) is
possibly due to the drift of the trapping position or the alignment of the prism. A

maximum value of image contrast, C =10.6% , was obtained for a particle of #=1 pm

(Fig. 5.4).
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Fig. 5.3 (Top) Images of evanescent wave interference patterns obtained with a laser-trapped particle of

(a) #=0.1 pm; (b) ¢=0.2 pm; (c) ¢= 0.5 um; (d) g=1 pm and (€) = 2 pm, respectively. (Bottom) The

intensity cross-sections corresponding to the marked position of each image.
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Fig. 5.4 Dependence of the strength of scattered evanescent waves and the image contrast of the

evanescent wave interference pattern on the size of a laser-trapped polystyrene particle. The estimated

image contrast as a function of the particle size is illustrated as the dashed curve.
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5.3.1.2 Discussion

According to the previous study of evanescent waves on the surface of a prism upon
total internal reflection [Reddick ez al., 1990; Meixner et al., 1994], the evanescent

wave interference pattern can be expressed as [Bainer et al., 1996]

I(y)=1I,[1+RT* + 2JRT cos(2kysind + @)lexp(—2az) (5.1)
where I, is the evanescent wave intensity on the surface of the prism without
interference, R and T are the reflectance of the reflection mirror (R =85%) and the
transmittance (7 ~96%) of the prism, respectively, k is the wave number of the

incident light inside the prism, ® is the phase constant between two interfered waves,

and « is the attenuating factor of the evanescent wave in the water medium where
particles were suspended and can be expressed as @ =27/A\n?sin’ 6-n? .

Consequently the fringe visibility 7 of the evanescent wave interference pattern can be
expressed as [Paesler and Moyer, 1996]

I -1
r=_m% __min 52
Imax+Imin ( )

where Iy and Iy are the maximum and minimum light intensities on the surface of the
prism respectively. The value of r is approximately 98% under our experimental
condition. The detected light intensity Ip in Fig. 5.3 can be estimated by a convolution
of I(y) in Eq. (5.1) with the light intensity /. distributed on the cap of a trapped particle
in contact with the evanescent wave field

I,=1»)®I,. (5-3)

An accurate solution to Eq. (5.3) is not straightforward due to the lack of

information of 1. However, as an approximation, the description of /. can be considered
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A particle (n3= 1.59) in water solution (n,= 1.33)

Evanescent
wave

A laser beam \ e 1725,'

Fig. 5.5 Schematic diagram of a particle of radius » in contact with an evanescent wave field. The particle

is immersed in water solution (7, =1.33) on the top of a prism (n, =1.725).

to be the same as the tip shape. Because the interference pattern is extended in the y
direction, the cap in contact with the evanescent wave field can be approximate as a

simple one-dimensional rectangular function and its size (see Fig. 5.5) is given by

7 ={1 <! 5.4)

0 otherwise

Eq. (5.3) can be further simplified as a nonlinear function

1,07 = (1= 55)

The size of the cap can be estimated according to the condition under which the

evanescent wave intensity decays to 1/e its value on the surface of the prism, i.e.,

20=2. Jrz ~[r—-1/Q2a)]* . According to Eq. (5.5), the estimated contrast C for the

five particles under our experimental conditions is 7.3%, 9%, 16%, 12% and 8.7%,

respectively (dashed curve in Fig. 5.4). In particular, a maximum value of contrast,

PhD Thesis 109



jmagmg gnAanamenl with Jaxr-jappe&l m&z//ic pa.rh'c&d: g/ﬁd o/S@uJSbeth Cﬂaplfer jl:t/e

C =16%, is obtained for a particle of ¢=0.5 pum. This behaviour is qualitatively

consistent with the measured result of the image contrast except for the fact that the

particle size corresponding to the maximum value of contrast is ¢=1 pm in the

experiment. In addition, the fringe spacing measured in Fig. 5.3 is approximately 0.21
um which is consistent with that calculated from Eq. (5.1) under the experiment

condition ( 4y = 0.212 pum).

The occurrence of a maximum image contrast is due to the competition of two
adverse factors, the signal strength and the background level. Although a larger particle
can lead to stronger signal strength that may result in better image contrast, it produces
simultaneously a larger background that may degrade image contrast. The situation is
more complicated in practice as the noise level of an imaging system also contributes to
the background. Even for a given noise level, the effect of noise is more pronounced for
a smaller particle as the signal strength becomes weaker. As a result, the position
corresponding to the maximum image contrast is shifted towards the large particle size
as shown in Fig. 5.4. This result indicates that if a small particle is used fqr high-
resolution imaging, a high sensitivity detector is needed in order to achieve an optimal

image contrast.

5.3.2 Image contrast of particle-trapped NSOM with metallic particles

5.3.2.1 Measurement of image contrast with trapped metallic particles of different
sizes
In this section, we turn to image contrast of evanescent wave interference patterns with

metallic particles of different sizes.
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Fig. 5.6 (Top) Images of evanescent wave interference patterns recorded with a trapped particle of
diameter 0.1 pm: (a) polystyrene; (b) gold. (Bottom) The intensity cross-sections corresponding to the

marked position of each image.

Fig. 5.6 shows the images of the evanescent wave interference pattern recorded
with a trapped polystyrene or gold particle of diameter 0.1 pm. The scanning speed of a
trapped polystyrene and gold particle was 1 pm/sec and 1.5 pm/sec, respectively, and
the corresponding image acquisition time (70 pixels x 100 pixels) was 2.2 min and 1.6
min. As expected, a trapped gold particle of 100 nm exhibits an improvement in image

contrast from 1.3% to 3.9% due to its higher scattered signal strength.
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Fig. 5.7 (Top) Images of evanescent wave interference patterns recorded with a trapped particle of
diameter 2 pm: (a) polystyrene; (b) gold; (c) silver. (Bottom) The intensity cross-sections corresponding

to the marked position of each image.

According to Table 5.1 the scattered signal strength increases significantly with
the particle size. Therefore the evanescent wave interference patterns were also recorded
with trapped particles of diameter 2 um and the measured images are displayed in Fig.
5.7. The images were acquired with scanning speeds of 1 pm/sec, 1.5 pm/sec and 1.5
pm/sec for polystyrene, gold and silver particles, respectively. Consequently, the image
contrast measured at the marked position for polystyrene, gold and silver particles of
diameter 2 pm is 4.9%, 12% and 14.3% respectively. A comparison between Fig. 5.6

and Fig. 5.7 confirms that for a given material image contrast is improved by the use of
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a large particle mainly due to the enhanced signal strength. For example, image contrast
is increased by factors of 2.8 and 2.1 for larger polystyrene and gold particles (see Fig.
5.7), respectively. It is also demonstrated from Fig. 5.7 that the image contrast for gold
and silver particles is improved by factors of 1.5 and 1.9 respectively as compared with

that for a polystyrene particle.

It can be determined from Figs. 5.6 and 5.7 that the fringe spacing is
approximately 0.21 pm and 0.22 pm for a trapped particle of 0.1 um and 2 pm,
respectively. In other words, increasing the particle size by 20 times does not reduce the
ability of the particle-trapped NSOM system in resolving the evanescent wave
interference pattern at the given wavelength. This is understandable from Eq. (5.5) that
for a periociical test pattern, the size of a particle that determines the range of integration
only affects the signal strength and contrast of an obtained image. Image resolution can
be high for a periodical pattern provided that the difference between signal maximum

and minimum is detectable by a given detector.

5.3.2.2 Discussion
According to Eq. (5.5), the image contrast of evanescent interference pattern acquired

with a particle of 2 um in diameter is calculated to be C =16% and the fringe spacing

1s 0.212 um. The latter is in good agreement with the measured fringe spacings, whereas
the former agrees with the measured image contrast for gold and silver particles. In
general, the larger the size of a trapped particle the better the image contrast is.
However, it should be pointed out that the contrast of the measured periodic fringes is
also affected by the scattered signal strength when the noise of the experimental system

is given. Therefore, the image contrast in Fig. 5.7 (a) is poorer than that in Figs. 5.7 (b)
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and 5.7 (c) because of the lower scattered signal strength from a polystyrene particle in
Fig. 5.7 (2) and the image contrast in Fig. 5.6 is poorer than that in Fig. 5.7 resulting

from the lower signal strength from smaller particles.

5.4 Image enhancement for a prism surface with laser-trapped metallic

particles

The enhancement of image contrast with the use of a metallic particle is confirmed by
imaging the surface of a BK7 prism (surface flatness /4, n=1.51). The surface
structure was first recorded with a Fluoview confocal microscope (Fig. 5.8 (a)), and
then with a particle-trapped NSOM system (Figs. 5.8 (b) and (c)). The image in Fig. 5.8
(a) was recorded in a reflection mode with a single-line Ar' laser of 3 mW (A = 488
nm) and an oil-immersion objective (NA =1.25, 60x). The experimental setup used for
Figs. 5.8 (b) and (c) was the same as that in Fig. 5.1 except that the SFo prism was
replaced by a BK7 prism of lower refractive index and the incident angle was increased
to 70° to satisfy the total internal reflection condition. The particle probes used for Figs.

5.8 (b) and (c) are dielectric polystyrene and metallic gold particles of ¢=100 nm in

diameter, respectively. The images were acquired with scanning speeds of 1 pm/sec and
1.5 um/sec for polystyrene and gold particles, respectively. To strengthen the SP
resonance associated with the gold particle, the He-Ne laser used for illumination was

fixed at a p-polarised state (polarised in the plane of incidence) in Figs. 5.8 (b) and (c).
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(b)

Fig. 5.8 Images of the surface structures of a BK7 prism recorded with: (a) a Fluoview confocal

microscope; (b) a polystyrene particle of 100 nm in diameter; and (c) a gold particle of 100 nm in

diameter. The images in (b) and (c) were recorded with an illumination He-Ne laser of a p-polarised state.

Clearly, Figs. 5.8 (b) and (c) show more detail than Fig. 5.8 (a) owing to the
-superior resolution of the particle-trapped NSOM system over that of a confocal
microscope. Fig. 5.8 also indicates that the image obtained with a metallic particle (Fig.
5.8 (c)) shows more details than that acquired with a dielectric particle (Fig. 5.8 (b))
because of the increased signal strength resulting from high scattering efficiency of a
trapped metallic particle. The improvement of image quality may be also related to the
surface structure of the BK7 prism which could benefit MDR and SP resonance

[Wannemacher et al., 1999a].

5.5 Conclusion

In conclusion, it has been found that the strength of scattered evanescent waves
increases monotonically with the size of a laser-trapped particle (dielectric or metallic),
while a maximum image contrast of an evanescent interference pattern is obtained for a
particle of particular size. This result implies that an optimal image contrast can be

achieved for a small particle by employing a high sensitivity detector. Compared with
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imaging with a dielectric particle, the use of a trapped metallic particle leads to
enhanced 1mage contrast and increased scanning speed in particle-trapped NSOM. This

enhancement of image contrast results from strong signal strength scattered by metallic

particles.
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CHAPTER SIX

Imaging Enhancement with Laser-
Trapped Metallic Particles: Effect of
Depolarisation

6.1 Introduction

HE use of polarisation information of evanescent waves offers a new dimension for
Timage improvement in near-field scanning optical microscopy (NSOM) [Keller et
al., 1993, 1995; Adelmann et al., 1999; Aigouy et al., 1999]. This method has proved
advantageous for apertureless NSOM using a metallic needle probe since it is effective in

retrieving the original information of a sample with little distortion.

In Chapter 5, we have examined the issue of signal strength in near-field Mie
scattering. It has been demonstrated that the use of a metallic particle instead of a
dielectric particle for particle-trapped NSOM can result in better image contrast owing to
enhanced signal strength. Mie scattering theory states that scattering of a propagating
wave by a small particle leads to depolarisation [Born and Wolf, 1997]. By analogy,
scattering of an evanescent wave may also introduce depolarisation that could affect
particle-trapped NSOM. Our study on this issue as will be presented in the current
chapter is conducted initially for dielectric particles and then extended to that for metallic
particles because of the complicity in the latter case. Similar to the methodology adopted

in Chapter 5, our investigation into the depolarisation of near-field Mie scattering is
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focused on the effect of particle size on the degree of polarisation and particle-trapped

NSOM.

This chapter is arranged as follows. Section 6.2 is concentrated on investigating
the dependence of phase shift of evanescent waves on the polarisation direction of an
illumination laser beam. In section 6.3, the degree of polarisation of scattered evanescent
waves is characterised in detail for dielectric and metallic particles, respectively. The
polarisation-gating method, a technique previously employed in confocal microscopy
[Schmitt et al., 1992; Schilders et al., 1998], is adopted in section 6.4 for image
enhancement of particle-trapped NSOM based on section 6.3. The polarisation-gating
method is then applied to the imaging of a prism surface in section 6.5 to show its effect
on image contrast. A conclusion on the experimental characterisation is finally given in

section 6.6.

6.2 Evanescent waves on a prism surface on the polarisation states of
illumination

6.2.1 Phase shift of evanescent waves

In the following, we inspect the phase shift of evanescent waves under the illumination of

a laser beam of different polarisation states [Ke and Gu, 1998b].

As demonstrated by other researchers, an evanescent wave, generated at the
surface of a prism with a laser beam under the condition of total internal reflection,

experiences a phase shift when the polarisation state of an illuminated laser beam is
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altered [Courjon ef al., 1994]. This phase shift can be analytically solved based on

Maxwell boundary conditions.

Z
n, (Ez Ho) -v_]/"

Fig 6.1 Schematic diagram of a prism illuminated with an incident laser beam under the condition of total

internal reflection. The electromagnetic fields in the prism (n) and the medium (n,) are represented by (E,,

H,) and (E,, H,), respectively. The electromagnetic field in medium #, is evanescent (n, > n, ).

As shown in Fig. 6.1, a prism (refractive index n,) is illuminated with a p-
polarised beam (polarised in parallel to the plane of incidence for an illumination beam)

under the condition of total internal reflection. The refractive index of the medium above

the prism is n, (n, < n,). Assume b, = k,n,cosé and p, =\/k§nfsin2¢9—k§n22 , Where k, is

the wave number of light in free space. The tangential fields can be expressed as

{E "= —c0s8/ n, - Aexp(-ib,z) + cosé/ n, - Bexp(ib, z), 1)

H,, = Ajexp(—ib,z) + B,exp(ib,z),

in the prism, and
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{EyZ =iC\p, /(ko’l%) -exp(-p,2),

(6.2)
H,, = Ciexp(-p,2),

in the medium. Here 4; and B; are amplitude coefficients of the incident and reflected
beams inside the prism, and C; is the amplitude coefficient of the evanescent wave field

in the medium, respectively [Ke and Gu, 1998b]. Applying Maxwell boundary conditions

to Egs. (6.1) and (6.2), we obtain

{cosﬁ/ n -B, —cos@/n, - A =iC,p, /(kyn; ),

6.3
Al + Bl = Cl . ( )
The amplitude coefficients can be solved using Eq. (6.3) and given by
B /A = konzzcos¢9+zinlp2 ,
_ konycosé —in, p, (64
W C./d = 22k0n§cos.¢9 | '
| kon;cosé—in, p,

Hence for a p-polarised beam, the phase shift ¢, of the reflected and the phase
shift g, of the transmitted wave (evanescent wave) in relation to the incident wave can

be described as

e- B,/ A, 6.5)
e =C, /A,
which can be further explicitly expressed as
r » nn/nlzsinzﬂ—ng
¢lp = 2ta‘n ( 2 ),
n,cosd (6.6)
< .
—1 nn/nlzsinzﬂ— n;
¢2p =tan ( 2 )
| nycosé

PhD Thesis 120



jmaging Cf,nAammenl with o[’adcr-j'appczl mela//ic parlicéd: Cf,//;d o/%apoﬁzridation C/Lapter SX

Using the same approach, the tangential fields for an s-polarised laser beam

(polarised in perpendicular to its incident plane) can be expressed as

{En = A," exp(~ib,z) + B,' exp(ib,z),

H, =n,cos- A,"exp(-ibz) — mcosé - B, exp(ib, z), 6.7)
in the prism, and

E,, = C,'exp(-p,2), 65)

H,, ==iC\' p, /Ky - exp(-p,2), —

in the medium. Here again 4,' and By’ are amplitude coefficients of the incident and the
reflected beams inside the prism, and Cy’ is the amplitude coefficient of the evanescent
wave field in the medium, respectively [Ke and Gu, 1998b]. For an s-polarised laser
beam, the phase shift g of the reflected wave and the phase shift @ of the transmitted

wave can be finally expressed as

_, Anisin?0—n?
@ =2tan" (

)
n,cosé ’

) (6.9)
2.: 20_ 2
¢25 _ tan_l («n, sm n, )

n,cosé

It is obviously seen from Egs. (6.6) and (6.9) that for both s- and p-polarised
incident beams, the phase shift of the reflected wave is exactly twice as large as that for
the transmitted evanescent wave. Secondly, the phase shift on the surface of the prism
(transmission or reflection) is related to the incident angle of an illumination laser beam
and the refractive indices of the media forming the boundary. From Egs. (6.6) and (6.9),

the difference of the phase shift of the reflected and the transmitted light between the s-
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Fig. 6.2 Phase shift of a reflected propagating wave under the s- and p-polarised laser beam illumination.
The refractive indices of the prism and the medium above the prism are 1.75 and 1.33 (water), respectively.
#; and @, are the phase shifts of the reflected propagating wave for s- and p-polarised incident beams,

respectively.
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Fig. 6.3 Phase shift of a transmitted evanescent wave under the s- and p-polarised laser beam illumination.
The refractive indices of the prism and the medium above the prism are 1.75 and 1.33 (water), respectively.
¢ and @, are the phase shifts of the transmitted evanescent wave for s- and p-polarised incident beams,

respectively.
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and p-polarised beam illumination, Ag, and Ag,, can be calculated and are illustrated in
Fig. 6.2 and Fig. 6.3, respectively. At an incident angle of & =60°, Ag, for the reflected

propagating wave and Ag, for the transmitted evanescent wave is Ag, =28.2° and

A¢, =14.1°, respectively.

6.2.2 Measurement of the phase shift of evanescent waves

In practice, the phase-shift difference of the evanescent waves may be evaluated by
detecting the evanescent wave interference fringes under s- and p-polarised beam
illumination. This detection can be implemented using scanning tunnelling optical
microscopy [Courjon et al., 1994]. However, we have used a trapped particle as a near-
field probe to detect the evanescent wave interference fringe [Gu and Ke, 1999b]. The
experimental setup is the same as that in Fig. 5.1 but without the use of the analyser.
Following the method as described in section 5.3 of Chapter 5, we obtained images of
evanescent wave interference patterns with a laser-trapped particle of 2 pm in diameter
(see Fig. 6.4). The incident illumination laser beam was altered from an s- to a p-
polarised state. The signal strength under p-polarised beam illumination is weaker than
that under s-polarised beam illumination due to the lower reflectance of the steering
mirror (see Fig. 5.1) in the former case. The phase-shift difference of the evanescent

waves can be determined as Ag =10.47° from Fig. 6.4 according toAg =27z(L—-L")/L.

The measured value of the phase-shift difference is different from the calculated value

(Ag=14.1°) for an evanescent wave at the surface of the prism as described in section
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6.2.1. This discrepancy indicates that depolarisation occurs during the scattering of

evanescent waves by small particles.

400 nm
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Fig. 6.4 (Top) Images of evanescent wave interference patterns under s- and p-polarised beam illumination

(He-Ne laser beam). (Bottom) Intensity cross-sections correspond to the images.

Fig. 6.5 shows the measured strength of scattered evanescent waves as a function
of the incident angle under s- and p-polarised He-Ne laser beam illumination. The

evanescent wave intensity at the surface of the prism /y, normalised by the incident light

intensity Iy, can be expressed as
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Fig. 6.5 Measured strength of scattered evanescent waves as a function of the incident angle €. Itz and Iny:
calculated intensity of the evanescent wave at the surface of the prism under s- and p-polarised beam

illumination; /; and [,: measured scattered signal under s- and p-polarised beam illumination.

where #is the incident angle of the He-Ne laser, and ; is 0 and 1 for s- and p-polarised
incident beams, respectively [Mahan and Bitterli, 1978]. However, the measured signals
of the scattered evanescent wave by a trapped particle of ¢ =2 pm under s- and p-
polarised beam illumination (curves I; and I, in Fig. 6.5) show a different tendency from
the results (curves Itg and Ity in Fig. 6.5) calculated by Eq. (6.10). This discrepancy
indicates the occurrence of depolarisation during the scattering of the evanescent waves

by small particles. This effect will be further examined in the next section.
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6.3 Depolarisation of scattered evanescent waves

6.3.1 Depolarisation of evanescent waves scattered by trapped dielectric
particles

In this section, we conduct a detailed experimental investigation into the depolarisation of
scattered evanescent waves using laser-trapped dielectric particles of different sizes. The
experimental setup 1s similar to that illustrated in Fig. 5.1 of Chapter 5. The reflection
mirror was blocked 1n this experiment. The degree of polarisation of scattered evanescent
waves, y can be evaluated according to the following definition:

III_IL
L+1,°

y= (6.11)

where subscripts || and L denote an analyser parallel or perpendicular to the polarisation
state of the illumination He-Ne beam. The larger the y value, the weaker the effect of

depolarisation.

Fig. 6.6 illustrates the light intensities measured with a polariser and an analyser
for particles of diameters ¢= 0.1, 0.2, 0.5, 1 and 2 pm. ; and 1, were measured for s- and
p-polarised beams without an analyser, I;; and I;, were measured with an analyser parallel
and perpendicular to the incident s-polarised beam, and I, and I,; were measured with an
analyser parallel and perpendicular to the incident p-polarised beam, respectively.
According to the signal strength and the noise level of the imaging system, the incident
angle @ of the He-Ne laser was chosen to be 56° to 58° for a particle of 0.1 pm in

diameter, 56° to 62° for particles of 0.2 and 0.5 um in diameters, and 56° to 68° for

particles of 1 and 2 pm in diameters, respectively.
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Fig. 6.6 Dependence of the signal strength of scattered evanescent waves on the incident angle &of an

illumination He-Ne laser beam for dielectric particles of (a) g=0.1 pm; (b) g=0.2 pm; (c) #=0.5 pm;

(d) ¢=1 pm; and (¢) g=2 pm. I, and I,: measured scattered signal without using an analyser under s-

and p-polarised beam illumination; /;; and I,,: measured scattered signal with an s-analyser and a p-

analyser under s-polarised beam illumination, respectively; I, and I,,: measured scattered signal with

an s-analyser and a p-analyser under p-polarised beam illumination, respectively.
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As expected, for both s and p-polarised illumination beams, the scattered signals
decrease when the incident angle & increases due to the weaker interaction between a
particle and an evanescent wave. Further the intensity of scattered evanescent waves
changes with the polarisation directions of the polariser and the analyser. This indicates
that for a linearly-polarised incident beam, cross-polarisation components appear in the

scattered wave field in the process of near-field Mie scattering as a result of

depolarisation.

Using Eq. (6.11), the degree of polarisation of scattered evanescent waves for
individual particles shown in Fig. 6.6 can be evaluated and is plotted in Fig. 6.7. For an s-
polarised illumination beam, the averaged degree of polarisation of scattered evanescent

waves is approximately » =0.11, 0.17, 0.25, 0.31, and 0.51 for particles of diameters
#=0.1, 0.2, 0.5, 1 and 2 pm, respectively. By contrast, for a p-polarised illumination
light, the averaged degree of polarisation of scattered evanescent waves is approximately
y=0.06, 0.12, 0.30, 0.65, and 0.78 for particles of diameters ¢ =0.1, 0.2, 0.5, 1 and 2
um, respectively. The averaged degree of polarisation of scattered evanescent waves as a

function of the size of a trapped particle is summarised in Fig. 6.8 for both s- and p-

polarised beam illumination.

Several features of scattered evanescent waves can be summarised from Figs. 6.6-
6.8. Firstly, the degree of polarisation of scattered evanescent waves increases with the

particle size for both s- and p-polarised incident beams. This property is similar to that of
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Fig. 6.7 Dependence of the degree of polarisation of scattered evanescent waves on the incident angle &of

an illumination He-Ne laser beam for dielectric particles of (a) g=0.1 pm; (b) =02 pm; (c) g=0.5 pm;

(d) =1 pm; and (¢) g=2 pm.
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Fig. 6.8 The averaged degree of polarisation of scattered evanescent waves as a function of the size of a

polystyrene particle for an illumination beam of both s- and p-polarised states.

Mie scattering where the depolarisation of a propagating wave is stronger for a smaller
particle {Born and Wolf, 1997]. This is due to the difference in scattering cross-section
for Rayleigh and Mie particles. Secondly, the degree of polarisation is insensitive to the
incident angle of the illumination He-Ne laser since the interaction between a particle and
an evanescent wave is highly localised at the bottom of the particle. Thirdly, the
depolarisation of scattered éva.nescent waves is more significant for s-polarised light than

p-polarised light when the particle size is approximately ¢=>0.5 pm. However this
situation reverses for a smaller particle (4<0.5 pm). This may be related to the

scattering cross-section of a dielectric particle that has different dependences on the

particle size for s and p-polarised illumination beams [Wannemacher et al., 1999a].
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Fig. 6.9 Degree of polarisation of scattered evanescent waves as a function of the polarisation direction i of
incident light relative to the incident plane for polystyrene latex particles of (a) =0.5 pm (b) g=1 pm

and (c) #=2 pm, respectively. = 62°.

It 1s difficult to provide a theoretical explanation on the depolarisation effect
associated with small dielectric particles due to the complicity in theoretical treatment
involving a high NA objective for signal collection. However, the results shown in Fig.
6.8 can be indirectly confirmed by measuring the degree of polarisation of scattered
evanescent waves at different polarisation angle i of an incident beam relative to the

incident plane. Results are shown in Figs. 6.9 (a), (b) and (c) for particles of g=0.5, 1
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and 2 um at &= 62°, respectively. In each case, a “v” shaped pattern of the degree of
polarisation is seen when the polarisation angle of the incident light ; is altered from 0°
to 90°, indicating that strong depolarisation occurs near i=45°. This result has

demonstrated the evolution of depolarisation of scattered evanescent waves when the

polarisation state of an illumination laser beam is altered.

6.3.2 Depolarisation of evanescent waves scattered by trapped metallic
particles

Similar to the approach adopted for dielectric particles as described in the last section,
our investigation into the depolarisation of evanescent waves scattered by metallic
particles starts with a measurement of signal strength for the different polarisation
directions of the polariser and the analyser. Figs. 6.10 (a), (b) and (c) illustrate the signal
strength of scattered evanescent waves measured as a function of the incident angle of an

illumination laser beam for metallic gold particles of ¢ =0.1, 0.5 and 2 um, respectively.

The incident angle of the illumination He-Ne laser was varied from 56° to 62° in each

casc.

It is seen from Fig. 6.10 that the signal strength of scattered evanescent waves
decreases with the incident angle of an illumination laser for different polarisation
directions of a polariser and an analyser. This result is similar to that obtained for
dielectric particles (Fig. 6.6). It can be understood that as the incident angle of an

illumination He-Ne laser is increased, the decay length of an evanescent wave at the
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Fig. 6.10 Dependence of the signal strength of scattered evanescent waves on the incident angle & of an

illumination He-Ne laser beam for metallic gold particles of (a) ¢=0.1 pm; (b) #=0.5 pm; and (c) =2

pm. The definitions of I, I, I, Iy, I,, and I, are the same as those in Fig. 6.6.

surface of a prism is decreased and as a result the interaction between the particle and the

evanescent field is weakened.
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Fig. 6.11 Dependence of the degree of polarisation of scattered evanescent waves on the incident angle &of

an illumination He-Ne laser beam for gold particles of (a) #=0.1 pm; (b) #=0.5 um; and (¢) =2 um.

To evaluate the depolarisation effect induced by near-field Mie scattering of
metallic particles, we calculate in Fig. 6.11 the degree of polarisation for gold particles
based on Fig. 6.10 and Eq. (6.11). It is indicated in Fig. 6.11 that the interaction between
a metallic particle and an evanescent wave is dependent on the incident angle as well as

the polarisation state of an illumination laser beam.
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Fig. 6.12 Degree of polarisation as a function of the size of a gold particle under s- and p-polarised beam
illumination. Here pl, p2, p3, and p4 represent the results measured for p-polarised beam illumination at
incident angles of @ = 56°, 58°, 60°, and 62°, respectively, while s1, s2, s3, and s4 correspond to the
results measured for s-polarised beam illumination at incident angles of #=56°, 58°, 60°, and 62°,

respectively.

The degree of polarisation of scattered evanescent waves for metallic gold
particles of different sizes is summarised in Fig. 6.12 for both s- and p-polarised beam
illumination. Here p1, p2, p3, and p4 represent the results measured for p-polarised beam
illumination at incidenf angles of 8 =56°, 58°, 60°, and 62°, respectively, while sl, s2,
s3, and s4 correspond to the results measured for s-polarised beam illumination at
incident angles of & = 56°, 58°, 60°, and 62°, respectively. It is striking to see that the
degree of polarisation of scattered evanescent waves decreases with the size of metallic
particles particularly for p-polarised illumination. For an s-polarised illumination beam,

the averaged degree of polarisation is » =0.052, 0.04, and 0.028 for a gold particle of
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#=0.1, 0.5 and 2 um, respectively, while for a p-polarised illumination beam, the
averaged degree of polarisation is » =0.208, 0.135, and 0.065 for a gold particle of
$=0.1, 0.5, and 2 um, respectively. This result differs from that attained for dielectric

particles in which case the degree of polarisation increases monotonically with the size of

a dielectric particle (see Fig. 6.8).
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Fig. 6.13 Degree of polarisation of scattered evanescent waves as a function of the polarisation direction i

of an incident beam relative to the incident plane for gold particles of (a) ¢=0.1 pm (b) g=0.5 um and

(¢) ¢=2 um, respectively. §=62°.
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To confirm our results, the degree of polarisation of scattered evanescent waves
was measured as a function of the polarisation angle i of an incident beam relative to the
incident plane. Results are shown in Figs. 6.13 (a), (b) and (c) for gold particles of

¢=0.1,0.5 and 2 pm at & = 62°, respectively. Similar to Fig. 6.9 obtained for dielectric

particles, a “v” shaped pattern of the degree of polarisation is shown in each case when
the polarisation angle of the incident light i is altered from 0° to 90°, indicating that
strong depolarisation occurs near i=45°. This result exhibits the variance of the

depolarisation of scattered evanescent waves for metallic particles when the polarisation

state of an 1llumination laser beam is altered.

For metallic particles illuminated by an evanescent wave, the scattered light field
may be enhanced due to the strong surface charge density; the incident light drives the
free electrons in a metallic particle along the direction of polarisation, leaving ions
accumulated on the surface of the particle. The charge density is zero inside the particle.
The distribution of surface charges oscillates under the evanescent wave illumination (see

Fig. 6.14).

The oscillating charge distribution leads to radiation of electromagnetic waves
and can be approximately described as that of an electric dipole. As shown in Fig. 6.14,
for an s-polarised illumination beam, the electric field radiated from the dipole along the
x direction is symmetric about the x and y axes in the plane parallel to the prism surface.

Consequently, the magnitude of the electric field components in the far-field region along
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the x (EL) and y (E11) directions may not differ significantly, leading to a low degree of

polarisation of the scattered evanescent waves, .

A small metallic particle Electric Scattered field
: dipoles

= i

Boundary

s-polarised light

A small metallic particle Electric Scattered field
p— dipoles

Bl

)A Vertical dipole  Horizontal dipole

p-polarised light

Fig. 6.14 A model for evaluating the depolarisation effect with a metallic particle illuminated with s- and p-
polarised evanescent waves. The electrons (-) and ions (+) accumulated on the surface of the particle are

illustrated.

For a p-polarised illumination beam, the radiation generated by surface charges
may be simulated by two dipoles (vertical and horizontal) as illustrated in Fig. 6.14. The
electric field produced by each dipole is stronger than that with an s-polarised

illumination beam due to the enhancement of surface plasmon (SP) resonance [Kerker,
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1969]. The electric field generated by the vertical dipole is symmetric about the z-axis
and may contribute equally to the scattered field in the incident plane and that
perpendicular to the incident plane. The radiation of the horizontal dipole is symmetric
about the x and y directions. The difference between the electric field components along
these two directions caused by the SP resonance may contribute largely to the variance of
the detected signal by a high NA objective along the corresponding directions. This
experimental result suggests that the SP resonance for a metallic particle with a p-
polarised illumination beam may result in the less depolarisation of scattered evanescent

waves compared with that for an s-polarised beam (see Fig. 6.12).

The light intensity produced by the vertical dipole relative to that of the horizontal
dipole may determine the degree of polarisation of the scattered field. Therefore the
degree of polarisation may vary with the physical size of a particle due to the dependence
of | the SP resonance on particle size [Griffiths, 1981]. For a small particle illuminated
with a p-polarised beam, the radiation of the vertical dipole relative to that of the
horizontal dipole may be more enhanced than that for a large particle due to SP resonance
[Messinger et al., 1981]. As a result, the degree of polarisation of the scattered field may
decrease more quickly with the particle size for a p-polarised illumination beam than that

for an s-polarised illumination beam (see Fig. 6.12).

6.4 Imaging of particle-trapped NSOM by polarisation-gating

It has been demonstrated in our study that depolarisation is an important feature of near-

field Mie scattering. It is necessary to evaluate the impact of depolarisation of near-field
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Mie scattering on particle-trapped NSOM. This section is aimed at solving this task with

the aid of the polarisation-gating technique.

The polarisation-gating mechanism is one of the methods for efficiently selecting
unscattered and/or less scattered photons which are less depolarised and carry more
information of a sample than multiply scattered photons [Schmitt et al., 1992; Schilders
et al., 1998]. Based on the same physical intuition, one can assume that less depolarised
photons of scattered evanescent waves carry more information of a sample. Practically
this is achieved by deploying a polariser and an analyser in the illumination and
collection passes of an imaging system, respectively, to filter out the depolarised

components of the signal [Schmitt ef al., 1992].

6.4.1 Polarisation-gating for imaging with laser-trapped dielectric
particles

Recall that the scattered signal for a dielectric particle of 1 pm in diameter under p-
polarised illumination exhibits less depolarisation than that under s-polarised beam
illumination (Fig. 6.7 (d)). In the following, we shall utilise the polarisation-gating

method to evaluate the impact of this result on near-field imaging.

Using the procedures as described in section 5.3 of Chapter 5, we constructed an
evanescent interference field at the prism surface by aligning the reflection mirror in

parallel with the exit face of the prism and setting the incident angle of the He-Ne laser at
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Fig. 6.15 Images (top) and the corresponding cross-sections (bottom) of the evanescent wave interference
patterns for different polarisation directions of the polariser and the analyser. The images have been

normalised by the maximum intensity.

6 =60° (refer to Fig. 5.1 for the experimental setup). A polystyrene particle of #=1 um

was used and the scanning speed for imaging was maintained at 1 pm/s in x-y directions.
The definitions of I, L, I, Ip, Ipp and Iy in Fig. 6.15 are the same as those adopted
before (refer to section 6.3). The top part of Fig. 6.15 shows images of 110x256 pixels,
normalised by the maximum intensity, while the intensity cross-sections corresponding to
the marked position are placed in the bottom part of Fig. 6.15. According to these cross-
sections, the contrast for images constructed with I, Is, Lip, Ip, Ipp and Iy is approximately
9%, 28%, 6%, 18%, 12% and 14%, respectively. As expected, the image created with I

shows the best contrast. This result confirms the prediction that more strongly
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depolarised photons carry less information of an object. For p-polarised beam
illumnination, the image contrast for I,, is slightly poorer than that for I, because the

scattered signal I, is stronger than I, (Fig. 6.15) and the noise level is increased in the

latter case.

6.4.2 Polarisation-gating for imaging with laser-trapped metallic
particles

Using the same approach as described in section 6.2.2, we obtained images of evanescent
wave interference patterns with laser-trapped gold particles of ¢ =0.1 pm, 0.5 pm and 2
um, which are shown in Fig. 6.16, Fig. 6.17, and Fig. 6.18, respectively. The scanning
speed for imaging was maintained at 1.5 pm/s in x-y directions for three different sized
particles. According to the intensity cross-sections, for a gold particle of ¢ =10.1 um, the

image contrast constructed with I, I, Isp, I, In, and I, is approximately 4.2%, 6.2%, 2%,
3.1%, 7.0% and 2.5%, respectively. The improvement in image contrast is more obvious
under the illumination of a p-polarised illumination beam possibly due to the increased

signal strength (see Fig. 6.10). For a gold particle of ¢ =0.5 pm, the image contrast, in
the order same as that for a gold particle of ¢ =0.1 pm, is approximately 8.3%, 13.4%,
5.0%, 7.0%, 14.1%, and 3.0%, respectively. For a gold particle of ¢ =2 pum, the image

contrast constructed with I, L, Isp, Ip, I, and I, is approximately 9%, 11%, 4%, 6%,

13%, and 3%, respectively.
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Fig. 6.16 Images (top) and the corresponding cross-sections (bottom) of evanescent wave interference
patterns for different polarisation directions of a polariser and an analyser. The images were recorded with

a gold particle of ¢=0.1 um.
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Fig. 6.17 Images (top) and the corresponding cross-sections (bottom) of evanescent wave interference
patterns for different polarisation directions of a polariser and an analyser. The images were recorded with

a gold particle of g=05 pm.
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Fig. 6.18 Images (top) and the corresponding cross-sections (bottom) of evanescent wave interference
patterns for different polarisation directions of a polariser and an analyser. The images were recorded with

a gold particle of g=2 pm.

For gold particles of 0.5 um and 2 um in diameters, the enhancement of image
contrast by the polarisation-gating method for a p-polarised illumination beam is again
more pronounced than an s-polarised beam due to the reason mentioned above for gold

particle of ¢=0.1 um. However, the factors of improvement in image contrast are

different for different sizes due to the variances in signal strength and noise level. In
general, the polarisation-gating method is effective in improving image quality for
metallic particles of varying sizes due to the suppressing of depolarised scattering

photons.

PhD Thesis 144



Inaging Enhancemant with Lasor Trapped Wetalle Putichss: floct of Depolurisation Chapter Six

6.5 Polarisation-gating for imaging of a prism surface with laser-
trapped metallic particles

The use of the polarisation-gating method for improving image quality of particle-trapped
NSOM is also examined for the surface of a BK7 prism. The images were recorded under
the same conditions as described in section 5.4 of Chapter 5 except for that an analyser
was placed 1n the collection pass in the current case. For easy comparison, the He-Ne
laser used for illumination was fixed at a p-polarised state. The polarisation direction of
the analyser was placed parallel to and perpendicular to that of the polariser, respectively.
Images employing the polarisation-gating method were recorded in Fig. 6.19 and Fig.

6.20 for polystyrene and gold particles of #=0.1 pm in diameter, respectively.

Compared with the images recorded without the use of an analyser (Figs. 6.19 (a)
and 6.20 (a)), the image contrasts in Figs. 6.19 (b) and 6.20 (b) are obviously better when
the polarisation direction of the analyser is parallel to that of the polariser. By contrast,
images are degraded when the polarisation direction of the analyser is perpendicular to
that of the polariser as shown in Figs. 6.19 (c) and 6.20 (c). This result is consistent with
that obtained with evanescent wave interference patterns showing that depolarisation in
near-field Mie scattering is crucial for image formation and that polarisation-gating is
effective for image enhancement. In addition, imaging with a laser-trapped metallic
particle is advantageous over a dielectric particle in that better image contrast and
resolution can be obtained in the former case. This result agrees with that reported in

Chapter 5.
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Fig. 6.19 Images of the surface structure of a BK7 prism recorded with a polystyrene particle of 100 nm in
diameter under the condition: (a) no analyser; (b) with an analyser of the polarisation direction parallel to

that of the polariser; and (c) with an analyser of the polarisation direction perpendicular to that of the

polariser.

(b) (c)

Fig. 6.20 Images of the surface structure of a BK7 prism recorded with a gold particle of 100 nm in
diameter under the condition: (a) no analyser; (b) with an analyser of the polarisation direction parallel to
that of the polariser; and (c) with an analyser of the polarisation direction perpendicular to that of the

polariser.
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6.6 Conclusion

In conclusion, near-field Mie scattering is a depolarisation process for both dielectric and
metallic particles. Our study has found that the degree of polarisation in this process
increases with the size of a laser-trapped dielectric particle for both s- and p-polarised
illumination beams. The depolarisation effect is stronger for an s-polarised illumination
than a p-polarised illumination for a large particle but this tendency reverses for a particle
of small size. However, a different behaviour has been observed for the depolarisation of
near-field Mie scattering by metallic particles. The degree of polarisation decreases with

the particle size possibly due to the strong enhancements of SP resonance associated with

small metallic particles.

In our study, the effect of depolarisation on image quality has been examined in
terms of the employment of the polarisation-gating method. It has been found that for a

dielectric particle of ¢=1 pm, the image contrast of an evanescent wave interference

pattern is improved approximately by a factor of 3 if a parallel analyser is used under s-

polarised beam illumination. Similarly for a metallic gold particle of ¢=0.1 pm

illuminated with s- and p-polarised beams, enhancement factors of 1.5 and 2.2 have been,
respectively, obtained for the image contrast of the evanescent wave interference patterns
with the use of analysers in parallel to the polarisation direction of a polariser. These
results suggest that less depolarised scattered evanescent photons carry more information
of an object and that the polarisation-gating technique is effective in suppressing the

depolarised photons in image formation. In this sense, a metallic particle of small size
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may provide more advantages in that it scatters evanescent waves with less

depolarisation.
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CHAPTER SEVEN

Conclusion

7.1 Thesis conclusion

EPORTED in this thesis is a detailed characterisation of particle-trapped near-
Rﬁeld scanning optical microscopy (NSOM), resulting from the employment of
laser-trapped metallic particles. The use of a laser-trapped metallic particle has proved
efficient for resolving the major problems of particle-trapped NSOM such as the low
scattering efficiency and slow transverse scanning speed associated with a dielectric
particle. Consequently, near-field imaging has been performed with laser-trapped

metallic particles and image enhancement has been observed.

Considering image formation in particle-trapped NSOM, we have treated laser
trapping and near-field Mie scattering as two major issues in our investigation. Since
laser trapping is mainly determined by the light distﬁbution in the focal region of a high
numerical aperture (NA) trapping objective, the apodization of a high NA objective and
spherical aberration induced by refractive-index mismatch have been examined in
detail. It has been demonstrated that the sine condition obeyed by a commercial high
NA objective used for trapping increases the transverse trapping force on a dielectric
particle. A metallic particle can be trapped stably in two dimensions by focusing a
single laser beam near its bottom. The maximum transverse efficiency of a metallic

particle increases with the NA of a trapping objective while it decreases for a dielectric
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particle. Therefore high scanning speed and high signal-to-noise ratio can be obtained
simultaneously for metallic particles with the use of a high NA trapping objective for
imaging. It has been proved theoretically and experimentally that the presence of
spherical aberration affects the trapping force on a particle and degrades trapping
performance. However, spherical aberration can be compensated for and trapping force
can be improved based on a change in tube length of a trapping objective. A further
improvement of the trapping efficiency is possible if a microscope objective of
infinitely-long tube length is employed. It is also demonstrated that the use of an

annular lens is effective in improving transverse trapping force for metallic particles.

Regarding near-field Mie scattering, we have shown that signal strength is
improved with the use of a metallic particle, and that the improved signal can result in
better image contrast. This improvement is due to high reflection and the possible
surface plasmon resonance and morphology dependence resonance. Although the signal
strength increases monotonically with the particle size, a maximum image contrast is
obtained with a particle of given size. This result indicates that if a small particle is used
for high-resolution imaging, a high sensitivity detector should be employed to achieve
an optimal image contrast. In addition to signal strength, the effect of depolarisation has
also been examined in our study. It has been found that the degree of polarisation of
scattered evanescent waves increases with the size of laser-trapped dielectric particles
while it decreases for metallic particles. The depolarisation of scattered evanescent
waves is more significant for an s-polarised illumination beam than a p-polarised beam
for a large dielectric particle, but this situation reverses for a small dielectric particle. In
the case of a metallic particle, the degree of polarisation for a p-polarised illumination

beam is higher in comparison with that for an s-polarised beam.
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Based on the investigation of depolarisation of near-field Mie scattering, the
polarisation-gating method has been introduced for image improvement of particle-
trapped NSOM. It has been shown that for a constructed evanescent wave interference
pattern and a prism surface, the polarisation-gating method is effective in improving
image quality of particle-trapped NSOM. This result has suggested that depolarised

photons carry less information of a sample and should be relinquished for imaging.

In conclusion, we have examined the fundamental issues of particle-trapped
NSOM. Our study has shown that the use of a laser-trapped metallic particle is
advantageous for high quality near-field imaging. The introduction of a laser-trapped
metallic particle has proved effective not only for resolving the problems of particle-
trapped NSOM with a dielectric particle, but also for achieving fast scanning speed,
enhanced signal strength, improved image contrast and resolution. These advantages,
together with the noninvasive approach of laser trapping, enable particle-trapped NSOM
an alternative tool for the future applications of near-field imaging. Although our
treatment is mainly within the frame of microscopic imaging, the knowledge obtained in
this research is beneficial to the application of laser trapping and the study of near-field

physics.

7.2 Future work

Our research on particle-trapped NSOM has led to the future work in the following

aspects:
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The investigation of trapping forces on dielectric and metallic particles of A-
104 in diameters. By applying Térék’s theory [Torok et al., 1995] of
focusing light through different media to a practical trapping system, the
exact solution to the light distribution in the focal region of a high NA
trapping objective may be solved. Based on a combination of this approach
with the electromagnetic wave theory by Barton et al. [Barton et al., 1989],

the value of trapping force on a laser-trapped particle of a given size may be

solvable.

The study of the improvement of transverse performance with the use of an

annular lens under the doughnut beam (TEM:I) illumination. This 1s

because the phase singularity of a doughnut beam results in an intensity-
minimal on optical axis and may reduce the thermal effect, while an annular
lens only allows rays at high angles of convergence coming through a
trapping objective that produce sufficient transverse trapping force. This
investigation requires the employment of the rigorous diffraction theory, as
well as the consideration of spherical aberration induced by refractive-index

mismatch.

Near-field Mie scattering by small particles. This study includes the
theoretical and experimental characterisations on the interactions between a
particle (dielectric or metallic) and an evanescent wave in both the spectral
and temporal aspects. The theoretical characterisation of the strength and
depolarisation of scattered evanescent waves by metallic particles, in the

presence of a high NA objective for signal collection, needs to be further

PhD Thesis

152



Concliusion Clmpter Seven

explored with the multiple multipole (MMP) method or the finite-difference

time domain (FDTD) method [Umashankar and Taflove, 1982].
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Pmax - Maximum radius of an objective
aperture

0,- maximum convergence angle

a, b - angles relative to the forward
direction of an incident ray

R - Fresnel reflectance

T - Fresnel transmittance

TM - transverse magnetic mode

TE - transverse electric mode

7, - Fresnel coefficient for s polarisation
state

7, - Fresnel coefficient for p polarisation
state

I - intensity

I, - incident light intensity

I - detected light intensity

I(y) - light intensity of an evanescent wave
interference pattern

I - light distributed on the cap of a particle
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I, - peak intensity

Iy - intensity at the surface of a prism
Ig - calculated light intensity at the surface
of a prism for an s-polarised beam

Iy - calculated light intensity at the surface
of a prism for a p-polarised beam

I - measured maximum light intensity
I'nin - measured minimum light intensity
I, - measured scattered signal with the
polarisation direction of an analyser
parallel to that of a polariser

I, - measured scattered signal with the
polarisation direction of an analyser
perpendicular to that of a polariser

I; - measured scattered signal without an
analyser under s-polarised beam
illumination

I, - measured scattered signal without an
analyser under p-polarised beam
illumination

I, - measured scattered signal with an s-
analyser under s-polarised beam
illumination

I, - measured scattered signal with a p-
analyser under s-polarised beam
illumination

I, - measured scattered signal with a p-
analyser under p-polarised beam
illumination

I,; - measured scattered signal with an s-
analyser under p-polarised beam
illumination

P - trapping power

P’ - effective trapping power

F - outward radial vector

A

n - outward normal unit vector

T - Maxwell's stress tensor

r - position vector

§ - exit aperture

lo - amplitude factor

@ - particle diameter

r - particle radius

# - diameter of a diaphragm

@, - reduced diameter of a diaphragm
a - ratio of beam spot size to the radius of
an objective aperture

q - size parameter

o - surface area

S - axial trapping position

S - transverse trapping position

Smax - axial trapping position corresponds to
maximum axial trapping force

Smax - transverse trapping position
corresponds to maximum transverse
trapping force

% - skin depth
f - focal length

Af - focal shift

P(6) - apodization function

NA - numerical aperture

NA' - effective numerical aperture

d - probe depth

¢ - distance between a particle and a
boundary

/, s - conjugate distances in image space and
object space

Al - tube length change

As, Asy, and As, - axial shifts

D - sample thickness
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Ary;, - FWHM of the 3D ISPF in the
transverse direction

Az, - FWHM of the 3D ISPF in the axial
direction

B - compensation factor

T, - absolute temperature

V - root-mean-square velocity

Vm - Maximum translation speed

X, - dynamic position

o - beam waist

£ - viscosity

/b - density of a particle

P - density of water

m - mass

g - acceleration constant of free fall
4 - kinetic friction coefficient

« - attenuating factor of evanescent wave

x - attenuation factor of Gaussian intensity

profile

¥ - aberration function

¥ ' - spherical aberration by tube length
change

C,, (; - coefficients for radiometric force
A, Z - expansion coefficients

&- normalised central obstruction of an
annular lens

/- enhancement factor

F - scattering force of a single ray

F, - gradient force of a single ray
F; - total trapping force

F¢ - gradient force

Fs - scattering force

F, - transverse trapping force

F, - axial trapping force

Fy - net radiation force

F, - calculated maximum transverse

trapping efficiency without aberration

F,' - calculated maximum transverse

trapping efficiency with aberration

F, - radiometric force

F; - friction

F - gravity

F), - buoyant force

Q, - gradient trapping efficiency of a single
ray

O, - scattering trapping efficiency of a
single ray

Qg - gradient trapping efficiency

Qs - scattering trapping efficiency

O, - total trapping efficiency

Q. - transverse trapping efficiency

Q, - axial trapping efficiency

Q. - maximum transverse efficiency
QF - maximum axial efficiency

QOsine - theoretical prediction using the sine
condition

Jm (m=0,1,2)- Bessel function of the first
kind, of order m

77 - signal strength

C - image contrast

7- visibility

Ay, By, C, - amplitude coefficients of
incident, reflected and evanescent fields for
p-polarised light

A(', B, C,' - amplitude coefficients of
incident, reflected and evanescent fields for
s-polarised light

® - phase constant
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&p - phase shift of reflected wave for p-
polarised light

& - phase shift of transmitted wave for p-
polarised light

& s - phase shift of reflected wave for s-
polarised light

& - phase shift of transmitted wave for s-
polarised light

A¢ - phase-shift difference of a reflected

wave

Ag, - phase-shift difference of a transmitted
wave

A ¢ - phase-shift difference

7 - degree of polarisation

#% - degree of polarisation for s-polarised
light

7 - degree of polarisation for p-polarised
light
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