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ABSTRACT

Super-resolution optical microscopes have emerged as powerful and
enabling microscopic imaging tools available today. Microsphere-based
microscopy is one of the methods which provide the resolution below
the diffraction limit.

In this thesis, the analytical separation-of-variables method is used to
determine the internal, near and far field distributions of the light fields
with microsphere lenses based on Mie theory. The microspheres can
focus light and enhance the electromagnetic field along the incidence
axis for sub-wavelength illumination. They also enable the collection
of near field evanescent diffraction-free lights and transfer them to far
field propagating waves. The influence of the refractive index,
wavelength and the microsphere size on the location of light focal spot
Is studied. It has been found that, the distance between focal spot and
microsphere center increases with decreasing refractive index contrast,
increasing diameter of the microsphere, and decreasing wavelength of
the illumination.

The properties of the intensity enhancement capability of photonic
nanojets are investigated. The maximum intensity of nanojet is
sensitive to the size of microsphere, refractive index, and wavelength. If
refractive index contrast is low, the photonic jet can be elongated up to
30 times the wavelength. The dependence of the FWHM on the
refractive index, size of microspheres and wavelength of incident light
Is analyzed.

The virtual imaging plane position and image magnification factor of
microspheres are discussed. The characteristics of magnification with
different wavelengths, refractive index, and microsphere diameter are
analyzed by combination of geometrical optics and Mie theory. The
comparison of the focal lengths of microsphere, which is predicted by
Mie theory and geometrical optics, is given. The corresponding relative
errors are discussed. The images formed by microsphere are mainly
affected by radial distortion. This occurs because the magnification of
microsphere is different with distance from the optical axis. Several
experimental images of microspheres, which produce pincushion
distortion, were carried out. A radial distortion model is presented. The
distortion of images formed by microsphere are reduced using Matlab
applying the model.
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CHAPTER 1 Introduction

1.1 Research Motivation

Optical microscopy with high spatial resolving power is indispensable
in a wide range of sciences and technologies such as biology, material
science and nanotechnologies. There is an enormous growth in the
application of optical microscopy for micron and submicron level

Imaging in recent years.

The wave-like nature of light imposes a seemingly fundamental limit
on the resolving power of a microscope. Even without a rigorous
description, it is clear that spatial resolution is limited to approximately
half the wavelength of light, approximately 200 nm for visible light
(400-750 nm). The diffractive limit is always considered as the
ultimate barrier for the lens-based optical microscopes to pursue higher
resolution. Many researchers have worked on improving this limit and
obtained major successes in recent years. The solutions to overcoming
this obstacle seem available by using innovative ideas. We have seen
exciting developments that achieve improvements in optical resolution.

Resolution beyond the diffraction limit is usually obtained by using

16



stimulated emission depletion microscopy(STED), microsphere optical
nanoscopy(MONS) near-field scanning optical microscopy (NSOM),
total internal reflection fluorescence(TIRF) [1,2,3,4,5,6,7]. Microsphere
nanoscopy is a recently developed technology at The University of
Manchester. Therefore there is a need to advance the understanding the

basic characteristics of microsphere nanoscopy.

1.2 Scientific Challenges

The quality and reproducibility of super-resolution microscopy have
been greatly improved in the last few years. Although the diffraction
barrier has fundamentally been broken, the drawbacks of present
techniques are as evident as their merits. Apart from some specific
exceptions such as microsphere microscopy, most other techniques are
based on the evanescent field lacking the capability to reflect color
information, and are limited to imaging surfaces. The use of the
fluorophors is limited to the phenomena originating from nonlinear
effects of fluorescence in organic materials, which in turn confines their
applications. To activate fluorescence, the incident power of the laser
has to be strong that it may result in irreversible damage to the
biological sample. The viewing fields of nearly all super-resolution

imaging methods are not sufficiently large. Furthermore, how present

17



ideas can be combined to acquire multiple functions will also be a
critical part of the process. The use of intensity distribution alone is in
complete for rigorous image analysis. More other functional

information is always needed.

Comparing to the other super-resolution techniques, the microsphere-
based microscopy technique is free from constraints of fluorescence,
high intensity, and surface flatness. Even with numerous studies, the
mechanisms of high spatial resolution with microsphere-based
microscopy are still unclear. Many problems about super-resolution
imaging by microspheres still require further investigation. The
mechanism of microsphere-based microscopy is explained by the use of
geometrical optics approximation, Mie theory, numerical simulation in
many literatures [8,9,10]. The properties of microsphere-based
microscopy, such as location of focal points, the imaging plane
position and image magnification factor et al., predicted by different
methods do not agree among literatures. The characteristics of
microsphere interactions with light depended on the refractive index
contrast, diameter of the microsphere, and the incident wavelength
[10].A reasonable question arises, for example, how large the error of
the focal distance between geometrical optics and Mie theory is? How

strong is the influence of these parameters on the focal length of the
18
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microsphere? What is the relationship between light fields of

microsphere and imaging resolution of microscopy?

The images formed by microsphere are mainly affected by radial
distortion, similar to a lens. The radial distortion of image causes
measurement errors. In order to obtain good image quality, an effective
method is needed to eliminate radial distortion and achieve high quality

for image of microsphere.
1.3 Aim and Objectives

1.3.1 Aim

The aim of the thesis is to understand the interaction between
microspheres and light waves. Mie theory will be used to simulate the
relationships between internal field, near field of microsphere and
magnification, resolution of microsphere-based microscopy. The
properties of microsphere-based microscopy, such as location of focal
points, the imaging plane position and image magnification factor will

be studied.

1.3.2 Objectives
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To understand the optical properties of microsphere, which would
involve both near field and internal field effects by using Mie
theory. This will include the investigation of the influence of
refractive index contrasts, wavelengths and the microsphere size on

the location of focal spot.

To understand the characteristics of photonic nanojet generated by
the microspheres. The dependence of the FWHM on the refractive
index, size of microspheres and wavelength of incident light will be

analyzed.

To understand the characteristics of microsphere imaging including
image resolution and magnification by combination of geometrical
optics and Mie theory. The relative errors of focal length as a
function of refractive index contrast, wavelength and microsphere

radius will be investigated.

To understand the radial distortion of microsphere imaging and to
develop a radial distortion correction model. Experimental will be
carried out to examine various image distortions and pincushion

distortion is to be corrected.
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1.4 Outline of the Thesis

The thesis is structured as follows:

In Chapter 2, relevant literatures on ordinary optical microscopes and
some super-resolution microscopes is the reviewed. The basic
characteristics of stimulated emission depletion microscopy, near-field
scanning optical microscopy, microsphere-based microscopy are
described. The mechanisms of the existing optical microscopes and
super-resolution optical microscopes are introduced. Some resolution

criterions are reviewed.

In Chapter 3, Mie theory is discussed in detail, and the solutions for
internal, near and scattered light fields for a sphere are analyzed. The
intensity distributions of light interacting with microspheres are
calculated, which depend on the size of the sphere, relative refractive

index and the incident wavelength.

In Chapter 4, the super-focusing effects of photonic nanojet are studied.
Intensity distributions in the 2D and 3D photonic nanojets are simulated.
The influence of the wavelength, refractive index contrast and

microsphere diameter on focal point are investigated. The properties of
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full-width half-maximum of photonic nanojet, which corresponds to the

limit of resolution of Houston’s criterion, are discussed.

In Chapter 5, the properties of image magnification for microspheres
with different refractive index contrasts, wavelengths and radius are
given. The focal spots position of microsphere predicted by Mie theory,
are compared with those predicted by geometrical optics (GO), the

corresponding relative errors are discussed.

In Chapter 6, in a similar manner as Chapter 3 and 4, the characteristics
of sample microspheres in Wang’s and Darafsheh’s experiments are
analyzed respectively. The resolution and magnification of the images
for the spheres are investigated. A comparison in the image
magnification for different sphere diameters between that calculated
with geometrical optics and Wang’s approximations is given, the valid

range of two methods is further investigated.

In Chapter 7, the distortion aberration of image is analyzed both
experimentally and theoretically. A radial distortion model was
established to describe the phenomenon and correction was attempted

using the model and Matlab image processing tools.
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CHAPTER 2: Literature Review

2.1 Basic Principles of the Optical Microscope

2.1.1 The optical components of microscope

Around the beginning of the 1600’s, through work attributed to the
Janssen brothers in the Netherlands and Galileo in Italy, a compound
microscope was invented. The optical microscope is an optical
instrument to produce a magnified image of an object. It is projected

onto the retina of the eye or onto an imaging device, as shown in

Figure 2. 1 . The basic optical components of an optical microscope
include two lenses, the objective lens and the eyepiece (ocular), to
produce the final magnification of the image. The objective lens
collects light diffracted by the objects and forms a magnified real image
at the real intermediate image plane near the eyepieces. Then the
intermediate image is examined by the eyepiece and eye, which
together form a real image on the retina. Both the objective and
condenser contain multiple lens elements that perform close to their

theoretical diffraction limits. The optical components of a modern
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microscope are very complex. The optical path has to be very

accurately set up and controlled.

Eyepiece Clinical
Lenses Beamsplitters Microscope
and Prisms

Condenser
Lenses

Figure 2. 1 The compound light microscope [7].

The action of lenses on light are revealed by ray tracing and explained
by principles of refraction and reflection. Microscope objectives
contain multiple lens elements. When a microscope objective lens

focuses light on a specimen, the image is both real and magnified.

Modern microscopes with infinity focus objective lenses follow the
same optical principles described above for generating a magnified real
image. Only the optical design is somewhat different. For an objective
lens with an infinity focus design, the specimen is located at the focus
of the lens, and parallel bundles of rays emerging from the back
aperture of the lens are focused to infinity and do not form an image; it

Is the job of the tube lens in the microscope body to receive the rays
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and form a real intermediate image at the eyepiece. The advantage of
this design is that it allows greater flexibility for microscope design
while preserving the image contrast and resolution provided by the

objective.

2.1.2 Resolution criteria and resolution limit

The image of a self-luminous point object in a microscope or any other
Image-generating instrument is a diffraction pattern created by the
action of interference in the image plane [11]. The cross sectional
intensity profile of the diffraction pattern is called the objects’ Point
Spread Function (PSF), and the two-dimensional PSF of an optical
microscope is known as the “Airy disk”. The central diffraction of an

Airy disk contains 84% of the light from the point source [12,13,14].

For a microscope objective lens, the aperture angle is described by the

numerical aperture (NA), which is defined by

NA =msin &g (2.1)

where m is the refractive index of the medium between the lens
and the specimen, and ¢ is the half angle of the cone of specimen

light accepted by the objective lens.
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The far-field spatial resolution of an optical instrument is mainly
limited by the diffraction of light. Two-point resolution is defined as
the system’s ability to resolve two point sources of equal intensity.
There are several diffraction-related resolution criteria, such as
Rayleigh [15], Abbe [16], Sparrow [17], and Houston [18], which can

determine how close two sources can be discerned in the image plane.

Rayleigh’s criterion [15] is defined that two point sources are resolved
when the maximum of the diffraction pattern of one falls on the

minimum of the pattern of the other:

d- 0.611

NA 2.2)

where d is the distance of two point sources, A is the wavelength of the
illumination. If the distance between two point sources is greater than
this value, the two point sources are considered to be resolved. Note
that the Rayleigh criterion is based upon assumption that the two point

sources are incoherent.

In the Abbe's microscope theory [16], incident light is diffracted by
object features, which are considered as a diffraction grating with
periodd . The diffracted orders can be collected totally or partially by

the imaging system. The Abbe diffraction limit is defined:
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g 054
NA (2. 3)
The Abbe limit is ~200-250nm for conventional white light microscopy

systems.

According to the Sparrow criterion [17], two point sources are resolved
if the second-order derivative of the composite intensity distribution at
the center of the diffraction image just vanishes. In this case, the
composite intensity distribution shows no saddle at the middle because

both central maxima and the minimum in between just coincide [17]:

_ 0.4734
NA 2. 4)

d

Houston criterion[18] is that the two point sources are just resolved if
the distance d between the central maxima of the composite intensity
distribution equals the full width at half-maximum of the diffraction

pattern of either point source [18]:

0.5154
NA (2. 5)

d = FWHM =
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2.2 Super-resolution Microscopy and Theoretical

Limitations

2.2.1 Stimulated emission depletion microscopy

For more than a century, many efforts have been taken to break the
diffraction limit in microscopy [19,20]. Super-resolution microscopy
allows the capture of images with a higher resolution than the

diffraction limit [1, 21, 22, 23].

Stenfan W. Hell and Jan Wichmann developed Stimulated emission
depletion (STED) microscopy in 1994 [1], and was first experimentally
demonstrated by Hell and Thomas Klar in 1999 [21]. Hell was awarded
the Nobel Prize in Chemistry in 2014 for its development. STED is a
process that provides super resolution imaging by selectively
deactivating fluorophores. The principle of this approach is shown in
Figure 2. 2. Molecules in the fluorescent state S, return to the ground
state S, by spontaneous fluorescence emission. Return to S, might also
be optically enforced through stimulated emission. To prevail over the
spontaneous emission, stimulated emission depletion of the S, requires
relatively intense light pulses with durations of a fraction of the S,
lifetime. STED microscopy operates as follows: in the first step of the
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acquisition, the sample molecules in the diffraction-limited spot are
excited by a normal mode (Airy disk) laser pulse with duration of
picoseconds or less. This is followed immediately (within a few
hundred picoseconds) by a second donut-mode laser pulse irradiating
the same region, which induces stimulated emission in the majority of
the dye molecules, except those at the center of the focus (due to the
intensity distribution of the donut mode), as shown in Figure 2.3.The
sample molecules that are still in the excited state, and then left to
fluoresce normally, which is detected. Because of the depletion,
however, the fluorescence collection is effectively confined to a spot

with sub-diffraction dimensions, leading to an increased resolution.

® =—-=

]

Excitation
STED

| | ” Fluorescence

—T—— 5,

Figure 2. 2 STED principle [22]
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Figure 2. 3 STED microscopy [22]

This measurement cycle is then repeated at the next point on the sample,
until a complete image is obtained. In this way, a spatial resolution
down to a few tens of nanometers has been reported
[23,24,25,26,27,28]. The most attractive features of donut-based
microscopy are that the effective resolution increase is completely
dictated by the experimental setup and the irradiation powers used.
Moreover, the imaging is altered directly, and obtaining a sub-
diffraction resolution would require additional software processing and
standard microscope objective lens are still operating within the
diffraction limit. In addition, if stimulated emission is used, then the
Image acquisition times can be as fast as any laser-scanning microscope.
Saturation of fluorescent particles by the powerful laser beam is another

problem. In addition, the technique cannot be applied to metals,
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ceramics and semiconductors where labeling of protein by fluorescent

particles is not possible.

2.2.2 Near-field scanning optical microscopy (NSOM)

STED microscopy can obtain super-resolution in far-field optics. Near
Field Scanning Optical Microscopy (NSOM) works in the optical near
field zone where the evanescent waves, linked to sub-wavelength
optical component to target distances, are predominant. Access to the
evanescent waves allows achieving high optical resolution, which
resolution < 100 nm. The development of NSOM may be summarized
through the different historical steps shown in Table 1. When a small
object is illuminated, its fine structures with high spatial frequency
generate a localized field that decays exponentially normal to the object.
This evanescent field on the tiny substructure can be used as a local
source of light illuminating and scanning a sample surface so close that
the light interacts with the sample without diffracting. There are two
methods by which a localized optical field suitable for NSOM can be

generated.
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Table 1 Development of NSOM

1928 Synges idea[29]

1972 Ash & Nicholls' First demo in
microwaves[30]

1984 Lewis & Pohl: First version of NSOM[31]

1986 Reddick & Warmack & Ferrell: First
PSTM[32]

1986 Courjon: First STOM

1990 Feedback progress

1990 Photonic or plasmonic applications

1990 Fluorescence applications

1993 Betzig: Single molecule detection with
NSOM[33]

1994 Novotny & Pohl: Near field modeling[34]

1993- Kawatan &Wickramasinghe:

1995 "Apertureless"

1998 Veerman&van Hulst: Defined aperture
probes[35]

1999 Dunn: near field and biology
&Combined techniques with NSOM[36]

2002 Frey: Tip-on-aperture configuration[37]

now Enhanced NSOM & Bio/chem and NSOM
& Combined techniques with NSOM[38]
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Figure 2. 4 (a) Schematic of aperture NSOM; (b) Schematic of apertureless
(scattering) NSOM [39].

As illustrated in Figure 2. 4, one method uses a small aperture at the

apex of a tapered optical fiber coated with metal. Light sent down the



fiber probe and through the aperture illuminates a small area on the
sample surface. The fundamental spatial resolution of aperture NSOM
Is determined by the diameter of the aperture, which ranges from 10 to
100 nm. In the other method, called apertureless (or scattering) NSOM
and illustrated in Figure 2. 4(b), a strongly confined optical field is
created by external illumination at the apex of sharpened metal or
dielectric tip. Spatial resolution approaching the atomic scale is
expected, and laboratory experiments have yielded resolutions ranging
from 1 to 20 nm. A rather large (diffraction limited) laser spot focused
on a tip apex frequently causes an intense background that reduces the

signal-to-noise ratio.

The simplest setup for aperture NSOM, a configuration with local
illumination and local collection of light through an aperture, is
illustrated in Figure 2. 5. The probe quality and the regulation system
for tip-sample feedback are critical to NSOM performance. The light
emitted by the aperture interacts with the sample locally. It can be
absorbed, scattered, or phase-shifted, or it can excite fluorescence. The
fabrication of fiber-based optical probes can be divided into the three
main steps: (a) the creation of a taper structure with a sharp apex, (b)
coating with a metal (Al, Au, Ag) to obtain an entirely opaque film on

the probe, and (c) the formation of a small aperture at the apex.
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Figure 2. 5 Schematic of standard NSOM setup with a local Illumination and
local collection configuration [39].

There are two methods used to make tapered optical fibers with a sharp
tip and reasonable cone angle. One is the heating-and-pulling method,

where the fiber is locally heated using a CO, laser and is subsequently

pulled apart. The other method, based on chemical etching in a
hydrofluoric acid (HF) solution, is more reproducible production and

can be used to make many probes at the same time [40,41,42].
2.3 Microsphere Optical Nanoscopy

Li and his team developed an approach for microsphere optical
nanoscopy by placing a transparent microsphere on the surface of the
sample, a resolution of about 50 nm was achieved [3]. This technique
uses a dielectric microsphere as a “magnifying lens” creating a virtual
image of an object located at the surface of the structure. Visualization
of the virtual images of the surface requires a change of the depth of

focusing. In 2013, Li presented direct white-light optical imaging of 75-
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nm adenoviruses by submerged microsphere optical nanoscopy (SMON)
without the use of fluorescent labeling or staining [2]. This significant
progress undoubtedly will bring out a profound impact on related
disciplines in biology, chemistry, medicine, and semiconductor industry.
By combining a microsphere with a confocal optical microscope, 25nm

resolution was demonstrated by Li’s team.

2.3.1 Experiments on microsphere optical nanoscopy

In the experiments, the microspheres were placed on the top of the
object surface by self-assembly, as shown in Figure 2. 6. The diameter
of microsphere was 4.74xm | A halogen lamp with a peak wavelength of
600 nm was used as the white-light illumination source. The objects
were gratings, which consisted of 360nm-wide lines, spaced 130 nm
apart. The lines gratings cannot be directly resolved by the optical
microscope without particles on top because of the diffraction limit.
Only those lines with microspheres on top of them have been resolved.
The microsphere superlenses collect the underlying near field object
information and magnify it. The microsphere nanoscope resolves the
tiny pores that are well beyond the diffraction limit, giving a resolution
of between A / 8 (A = 400 nm) and A / 14 (A = 750 nm) in the visible

spectrum range. The performance of microsphere superlens is affected
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by the near-field interaction of the sphere and the substrate. The optical
microsphere nanoscope can be used in both the reflection and

transmission modes.

Li et al also reported another microsphere optical nanoscopy (SMON)
by the using submerged microspheres [2]. Optically transparent
microspheres with a diameter of 100 mm, were placed over the
specimen and deposited in deionized water, as shown in Figure 2.7. The
sub-diffraction-limited objects were a Blu-Ray DVD disk with
approximately 100-nm line spacing. The microspheres of

BaTiO, (diameter 100u4m ) submerged in water under white light

(reflective mode) illumination.

L_|

-

Figure 2. 6 Schematic of a transmission mode microsphere nanoscope [3].

36



Figure 2.7 Submerged microsphere optical nanoscopy [2]

Both the reflection and transmission modes were used in the optical
microscope. The structure (100-nm spacing) observed by the
submerged microsphere optical nanoscopy technique is well beyond the
spatial resolution limit of standard optical microscopes. The imaging

result is shown in Figure 2.8.

Figure 2.8 Imaging of a Blu-Ray DVD disk by (a) scanning electron
microscopy; (b) submerged microsphere optical nanoscopy [3].

There are also many reported investigations to study microsphere
microscopy [2,4,43,44,45,46,47,48,49,50,51]. Xiang Hao et al
experimentally demonstrated that the microspheres can discern the

details of the object whose size are below the conventional diffractive
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limit and such capability can be reinforced if semi-immersing the

corresponding microspheres in liquid meniscus [45].

Reflected Light
llumination Light

7 Micrespl heres
— Etﬁéﬁbt’teyer\

Figure 2. 9 X. Hao’s microsphere-based nanoscope [43].

The experiment is shown in Figure 2. 9. The different images of the
surface of the blue-ray disk were given in Figure 2. 10, which generated
by scanning electron microscope, optical microscope, 3jam microsphere
and 3pm microsphere semi-immersed in the ethanol droplet,

respectively.

(b)

(c) (d)

Figure 2. 10 The images of the surface of the blue-ray disk generated by
different technical methods: (a) scanning electron microscope; (b) optical
microscope with 100 >objective lens; (¢) 3 m microsphere; (d) 3pm
microsphere semi-immersed in the ethanol droplet[45].
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Darafsheh experimentally demonstrated the feasibility of performing
optical microscopy with spatial resolution A/4 using high-index

microspheres embedded in transparent elastomers [46].

2.3.2 The imaging mechanism of the microsphere

nanoscope

Many researchers investigate mechanism of microsphere and try to
provide physical insight for this super-resolution phenomenon [2,
3,43,49,52,53,54]. By using the microspheres, optical resolution has
been demonstrated in the range of 50-120 nm. This resolution is clearly
beyond the optical diffraction limits of these microscopes. The imaging
resolution and magnification of the microsphere superlenses are
fundamentally related to their focus properties. The microspheres can
generate photonic jets simulated using Mie theory [3,55,56,57]. The
calculated super-resolution window for different refractive indexes of
the sphere and the size parameters for spheres immersed in air are
shown in Figure 2. 11. It can be seen that refractive index has a strong
effect on super-resolution. The practical size window for n=1.46
microspheres is recommended as 2 um < diameter < 9 um for 50-nm-

resolution. The super-resolution strength is mainly dependent on a
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narrow window of the refractive index of the sphere and the size

parameters [3].
n=1.33 20 146 1.60 1.80
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Figure 2. 11 Super-resolution strength, defined as (size of focus spot -
Rayleigh limit)/R, as a function of size parameter x, defined as x=2 nR/ A, for
different refractive index particles [3].

0.797

Figure 2. 12. The conjugate model for microsphere converts the evanescent
waves from the target surface into propagating waves [2].

The process of light propagation is simulated by using electromagnetic
numerical method. When a microsphere is submerged in the water, a
weak energy coupling caused by the conversion of the evanescent

waves to propagating waves occurs through total internal reflection.
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The converted propagating waves contain the high spatial-frequency

information of the sub-wavelength slits.

When the transmitted light passes into the microsphere, the light is
focused, and the photonic nanojets are generated. The photonic jets
arrive on the object surface and illuminate the area below the
microsphere at a high intensity and a high resolution, beyond the
diffraction limit. The microsphere re-collects the light scattered by the
objects and converts the high spatial frequency evanescent waves (no
diffraction limits) into propagating waves that can be collected by far-

field imaging, which is illustrated in Figure 2. 12.

The evanescent waves in the near field are converted into the magnified
prorogating waves in the far field by the microsphere through the total
internal reflection. Because evanescent waves do not have a diffraction
limit, the transformation of the evanescent wave magnifies propagating
wave within the optical resolution limit of a standard optical

microscope.

Duan, et al studied the direct imaging calculation with classical imaging
theory [52]. They theoretically model the imaging process through a
microlens with vectorial electromagnetic analysis, and then exclude the

previously plausible explanation of super-resolution based on the
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superfocusing effect. Using the generalized multisphere Mie theory, A.
Heifetz et al theoretically investigated backscattering from a bi-sphere
system in a water background medium [53]. They found that the
nanosphere can be located with a subdiffraction transverse spatial

resolution in the H—direction as fine as A../3 for the resonant case

when the nanosphere is approximately 4..../4 behind the microsphere.

2.4 Summary

The desire that drives the development of optical super-resolution
microscopy is that visualizing samples with such unprecedented
resolution will yield miraculous discoveries. The applications of these
methods have already begun, but the full realization of the initial dream
Is yet to come. The researchers have long been eager to image fine
details below the surface. The universal and economical method to

obtain sub-10-nm optical resolution would come true in the near future.

The above studies covered only a small portion of the research
currently being pursued in the area of super-resolution optical
microscopes, involving stimulated emission depletion microscopy,
near-field scanning optical microscopy, microsphere-based microscopy.
The mechanisms of those super-resolution microscopes are described.

The principles in super-resolution imaging are analyzed. Micro-optical
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systems by microspheres and their characteristics are introduced. The
super-resolution microscopy has proved valuable for the study of area

of molecules and nanometer-size objects.
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CHAPTER 3: Analyzing
Electromagnetic Field of Microsphere

Using Mie Theory

3.1 Mie Theory

The physics of the interaction of electromagnetic wave with particles is
complicated. Interaction between particles with light wave is analyzed
based on Maxwell equations. Gustav Mie derived the solution for an
isotropic homogeneous sphere by using the separation of variables
technique in 1908 [58]. Mie theory is a complete formal solution to
Maxwell’s electromagnetic equations, and can be used to describe the
internal field, near field and far field and has no size limitations and

converges to the limit of geometric optics for sphere [59,60,61].

In the following discussion, suppose that a plane x-polarized wave with
amplitude E, propagates along z axis. Electromagnetic field in isotropic,
homogeneous medium must satisfy the Maxwell wave equation

[62,63,64]:

VE+K’E=0 (3-1)
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V2H +k2A =0 (3.2)

where k* =w’suis wave vector in the surrounding medium, ¢and #are

permittivity and permeability in the surrounding medium respectively.

The relation between g andH is [65,66]

E= " VxH (3.3)
A=t vxE 3.4
_ia)u ( : )

Defining a scalar function ¥, ¥ is a solution to the scalar wave equation:

Vi +k*y =0 (3.5)

Then, three independent vector solutions can be constructed:

M =V x(Fy) (3. 6)
L=Vy (3.7)
N=k*.VxM (3.8)

where t is the radius vector, then M , N and 7 are solutions to the

vector wave equation in spherical coordinates. M and the associated N
will be taken as solutions to the field equations.
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In spherical coordinates (r,6,¢) , the scalar wave equation can be

expressed by [64]

2
! a—l//+k2l//=0 (3.9)

iﬁ(rZG_W)JF 9 — 4
resin“e@ oe

r2or- or’ r*sin@ o0

.oy
sin@—) +
( ae)

By using a separation of variables, the scalar solution ¥, , ¥, are

obtained satisfy the scalar wave equation in spherical coordinates [64]
Wem = COS(Mp) B (c0s )z, (kr) (3. 10)
Wom =SiN(Me)Ry" (cos 0)z, (r) (3.11)

where z,(kr) is any of the four spherical Bessel functions, either
spherical Bessel functions j,(kr) , or spherical Neumann functions
y,(kr), or spherical Hankel functions of the first kind h{’(kr) , or of the
second kindh{® (kr). P"(cosé) is Legendre functions of the first kind of
degree n (n=12,..) and order m (m=0,£1+2,..£n). The subscripts €

and o denote even and odd functions, respectively.

The vector spherical harmonics are generated by V.., ,%.m ,which is a

set of linear independent and orthogonal vector:

— —

Memn = v x (rWemn) M omn = V x (rl/lomn) (3' 12)
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N, =k*-VxM N, =k*-VxM__ (3.13)
The explicit expressions in component form are [64]

dP" (cos &)

M, (kr,8,0)= %sin mg@P" (cos §)z, (kr)&, —cos mg z,(kr)e, (3. 14)
i

dP"(cos 0)

(e, (3.15)

M, (kr,0,p) = %cos m@P" (cos6)z, (kr)E, —sin mg
sin

(kr,8,p) = ——=cosmg¢z, (kr)P," (cos O)&,

enm

n(n+1)
k

1 d[rz,(kr)] dR" (cose)#

dr do
1 d[rz,(kr)] P"(cos 8) 5
ke dr sin@ o

+cosm ¢

(3. 16)

—msin mg —

(kr,8,p) =

sinmgz, (kr)P" (cos O)g,

onm

n(n+1)
k

1 d[rz,(kr)] de(cose)q
ke dr do
1 d[rz,(kr)] P"(cos ) &
ke dr sin@ o

+sinmg —

(3. 17)

+mcos m¢

Any solution to the field equations can be expanded in an infinite series

of the functions (3.14)-(3.17). Thus, by using vector harmonics, the

problem of scattering by an arbitrary sphere can be solved.
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3.2 Electromagnetic Field of Single Sphere

Figure 3. 1 Plane wave incident on a single sphere

Let us consider an incident plane wave propagating in the direction of
the positive z axis with X polarized. The sphere is illuminated by an

incident plane wave with wavelength 2, as shown in Figure 3. 1.

The incident, internal and scattered fields are expanded in vector

spherical harmonics [64]:

Incident field:
_ S ., 2N+l - ~
E =Eo§ ' m['\/‘éﬂ(ﬂ6’1¢7)—'N§,)1(fa49,€0)] (3. 18)
A= KB 2L TR0 (r,6,0) +NG(r0.0)] (3. 19)

o w5 n(n+l)

Internal field:
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= . 2n+1 = 1 N
E = Eonzzl: ' m[cn'\/‘éﬁ(rﬁ,(0)—'an§131(“9,(0)} (3. 20)

-~ = > ., 2N+l
le—klEo N —

o 5 n(n+1)[dnmeﬁ(r’a"”)”Cn'\'ﬁ’n(f’6’#’)] (3. 21)

Scattered field:

= = ., 2n+1 ~ —

E, = Eoé | m[—bn'v'éﬁ(rf@, @) +ia,N3 (r, 6, (P)] (3. 22)
L k&, 24l -
H, :a)_uEOnZ:l“ | m[an'v'éfﬂ(r,9,(P)+'bnNéfr)1(r,9,(P)] (3. 23)

where E, is the amplitude of the electric field at z=0, # is the
permeability of the sphere. k; is the wave number in the sphere. The a,,
b,,c, and d, are the expansion coefficients of the scattered and internal
field. In Eg. (3.18) —Eqg. (3.23), the superscript (1) of the vector
harmonics denotes j,(kr) to the kind spherical Bessel functionsz,(kr),

and the superscript (3) denotes h® (kr).

The continuity of the tangential components of fields on the surface of
the sphere makes it possible to find the analytical formulas of the
expansion coefficients of the internal and scattered field. The

Maxwell’s boundary conditions are applied at the surface of sphere [64]:
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atr=a (3_ 24)

The boundary conditions can be resolved to obtain all unknown

expansion coefficients a, b, ¢, and d, [64,67]:

— :um2 jn (mX)[Xjn (X)] l—,LLljn(X)[ijn(mX)]l (3 25)
Am? j, (MX)[XAY ()= 4y ()M, (Mx)]' '

n

_ M (M), ()] — i, ()M, (MX)]°
i £4§, (M) X0 ()] = h® () [mx,, (Mx)]' (3.26)

S 78 1 6] LR C) R I N CI) §
b ()XY 00T ey COImX, (mx)]

(3. 27)

_ My, 9D (91— gamh® ()X, ()T
pm? j, (M) DXAY (07— 4 COImX,, (Mx)]*

(3. 28)

n

The prime denotes derivation with respect to the argument. Xis the size
parameter, and M is the relative refractive of particle and medium.

Thus, all fields of sphere are determined [64,68].

3.3 Numerical Results for Far Field of Single Sphere

Considering the far field at large distances, the far electric field can be

given as follows [69,70,71,72,73]:
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E9=EOMSZ(9)COS¢ (3.29)

) kr
£, =—E 2P 5 (g)sing (3. 30)
where
5(0)=3 o j; [a,7,(c050) +b,z, (03 )] (3.31)
5,0)=3, n jg [2,7,(c0560) + b 7, (c0s )] (3.32)

7, ,7, are the angle dependent function,

Pl Pl
S S (3.33)
sin@ do

and can be computed by upward recurrence from the relations

2n+1 n
=——m ,C0S0———
ﬂ-n n—l ﬂ.n—l n_lﬂ.n—z (3 34)
r, =nz,cosf—(N+Yr, (3.35)

If the incident light I; is polarized parallel to a particular scattering
plane, the scattered light is also polarized parallel to the scattering plane.
The intensity of scattered light for the incident light polarized parallel

to the scattering plane:
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1, =1S,[ 1, (3. 36)

If the incident light is polarized perpendicular to the scattering plane,

the intensity of the scattered light is
1, =[S, 1, (3.37)

If the incident light is unpolarized, the intensity of the scattered light is
1 2 2
Is :§(|Sz| +|Sl| )Ii (3 38)

A microsphere with a size parameter x=3(x=22R/1), and refractive
index m=1.33+ix10"® is computed. The wavelength of incident wave is
0.55um. The far field intensity of microsphere is show in Figure 3. 2 (a).
The result was verified by comparing to that of Figure 4.9 in Ref [64].

They agree with very well.

Having validated the procedure, the far field of microsphere is studied
in detail. A SiO, microsphere with radius R=2.37um and refractive

index m=1.46 is illuminated by unpolarized plane wave with
wavelength 4=0.6um . The intensity is plotted as a function of
scattering, shown in Figure 3. 3. The scattered intensity in the forward
direction is more than 600 times greater than that in the backward

direction.
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Figure 3. 2 The scattering intensity of sphere with x=3and m=1.33+ix10®
illuminated by plane wave 4=0.55um_ (a) Blue curve is the incident light
polarized perpendicular to the scattering plane, and red curve is incident light
polarized parallel to a particular scattering; (b) result with same parameter in
ref[64]
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Figure 3. 3 the scattering intensity distribution for a SiO, microsphere with
radius R =2.37umand refractive index m=1.46 illuminated by unpolarized
plane wave 4 =0.6um,
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Figure 3. 4 The scattering intensity distribution with scattering angle for a
large BaTiO, microspheres with R=50um m=1.9 and 4 =0.6um

In Figure 3. 4, the scattering intensity distributions are calculated with a
scattering angle for a large BaTiO; microspheres with R=50um m=1.9
and 4=0.6um_ The scattering intensity diminishes as scattering angle
increases for each particle. At small angles, the scattering intensity is

stronger for large particles than that from small particles at the same

scattering angle.
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3.4 Numerical Results for Internal and Near Fields

of a Single Sphere

According to discussions in Section 3.2, by substitution of expansion
coefficients in Eq.(3.25)-Eq.(3.28) into electromagnetic field expansion
expression in EQ.(3.20)-Eq.(3.23), the internal and near field of single

sphere can be obtained [74].
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Figure 3. 5 The internal and near field of a sphere (R =5um) with different
refractive index at 4 =0.6um

Considering that the incident plane wave propagates in the direction of
the positive z axis and illuminates a sphere with radiusR=5um . Figure
3. 5 illustrates the internal and near field distributions of a sphere with

different refractive indexes. The wavelength of incident plane wave is
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0.6um . In this figure, the peaks of maximum intensity shift to center of

sphere as refractive index increases for same size of sphere.
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Figure 3.6 (a) 3-D plot of the intensity of internal and near field of the
microsphere in the y-z plane; (b) corresponding top view from z; (c)
corresponding radial internal and near-external intensity distribution of
BaTiO, microspheres along z axis.

Figure 3.6 illustrates near field effects with BaTiO, microspheres
(R=5um m=1.9) in air illuminated by plane wave 1 =055um_ The three-
dimensional intensity pattern of internal and near field of the
microsphere in the y-z plane is plotted in Figure 3.6(a). The

corresponding diagram view along the negative z axis is shown in
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Figure 3.6(b).The radial internal and near-external intensity distribution

of BaTiO, microspheres along z is illustrated in Figure 3.6(c).

It is noted that the red dot line is the location of the surface of sphere,
which means intensity between two red line is internal field of the

sphere. While in rangex <—-5um, x>5um intensity is near field, the

location of maximum intensity is inside sphere.
3.5 Summary

The EM fields of a sphere illuminated by a plane wave are analyzed
based on Mie theory. The expressions for incident, internal and
scattered fields expanded in vector spherical functions are given, and
the corresponding expansion coefficients are obtained by using the
boundary conditions. The scattering intensity distributions of a sphere
are calculated, which depend on the size of the sphere, relative
refractive index and the incident wavelength. The internal and near
field distributions of sphere (R=5um ) with different refractive index
are computed, and the results show that the peak of maximum intensity
widens and shift to center of sphere as refractive index increases. The
features of the internal and near field of microsphere are further

discussed in Chapter 4.
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CHAPTER 4: Application of Mie
Theory for Microsphere-based Super-

resolution Imaging

Microsphere-based microscopy systems have gained great interests
among the scientific communities, mainly due to their capacity in
focusing light and imaging beyond the diffraction limit. The
simulations of internal and near field show that when the microspheres
were illuminated by plane waves, it can produce narrow beams in the
near field of the shadow-side surface. Thus microspheres can focus
light and enhance the electromagnetic (EM) fields. The super-resolution
capability of the spheres stems from its extraordinary sharp focusing
properties, so-called “photonic nanojets”. The location and the intensity
of photonic nanojets depended on the refractive index contrast between
the sphere and their surrounding medium, diameter of the microsphere,
and the incident wavelength [75,76, 77, 78, 79, 80, 81]. Also, the
focused beams typically have full width at half maximum (FWHM)
waists smaller than the incident wavelength and remain sub-wavelength

over distances of several wavelengths. This phenomenon has been used

58



to break the diffraction limit in microscopy. In order to increase the
spatial resolution of microsphere-based microscopy, the optimal
parameters of microsphere are needed to create photonic nanojets with

desired resolution.

In this chapter, the influence of the refractive index contrast, the
incident plane wave wavelength and the microsphere size on the
position of the maximum of photonic jet for microscopy is studied. The
FWHM of photonic jet, which relate to the resolution of microscopy, is
discussed. The properties of resolution, and magnification with
different wavelength, refractive index, microsphere diameter are given.
In the following discussion, it is assumed that microspheres have not
internal resonances [82,83,84]. Microspheres can be used to focus light

with a broad range of wavelengths [85,86].

4.1 Focal Length of Microsphere in Different

Conditions

The spatial distributions of the internal and near external
electromagnetic fields of plane-wave-illuminated microspheres can be

calculated according to discussions in Chapter 3. Suppose that the plane
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wave (A=0.6328 pum) propagates along the z axis. The center of the

sphere is located on the origin of the coordinate.

Figure 4. 1 shows the electric field intensity of BaTiO, microspheres
(refractive index m=1.9) with radius R=5pm in x-z plane, while the
surrounding medium is water (refractive index m'=1.33). The plane
wave is incident from the left and impinges on the microsphere. The
particle border is represented by a white solid line. The field is highly
confined to the surface along the propagation axis z and produces a
photonics jet. The corresponding radial internal and near-external
intensity distribution of BaTiO, microspheres along z is shown in Figure
4. 2. For a given unitary incident plane wave, the intensity maximum
outside the sphere, which is the focal spot, is multiplied by more than
250. The peak of maximum intensity can be determined as indicated in
Figure 4. 2. The calculations have shown that high-intensity peaks exist
in both the internal and near-external fields along the incident axis. The
location and the intensity of these near-field peaks depend upon the
three parameters: refractive index contrast between microsphere and its
surrounding medium, the incident wavelength and the diameter of
microsphere. And the f (focal length) is defined as the length from
sphere center to focal point (projection point of peak intensity on Z

axis), as shown in Figure 4. 1 and Figure 4. 2.
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Figure 4. 1 Image of photonic nanojet for wavelength 0.6328 m, microsphere
radius 5 pm and refractive index contrast 1.4286.
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Figure 4. 2 The internal and near-external field distribution for BaTiO3
microspheres, the parameters are the same as in Figure 4.1.

A question arises: how strong is the influence of these parameters on
the focal length of the microsphere. The goal of our following work is
to find out the influence of focal length on the refractive index contrast,

the incident plane wave wavelength and the microsphere radius.
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4.1.1 The location of focal spot dependence on wavelength

To be specific, two kinds of microspheres with radius 5 pm, BaTiO,
fused glass microsphere (refractive index m =1.9) and polystyrene

microsphere (PS, refractive index m, =1.6) are considered.
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Figure 4. 3 The influence of different wavelengths on the focal position with
microsphere radiusR=5um . The red curve is for the BaTiO, microspheres in

water, black curve is the PS microspheres in air, and blue curve are PS
microspheres in water.

The microspheres are placed in air (m, =1) and immersed in water
(m'=1.33), respectively. The influence of different wavelengths on the
location of focal spot is shown in Figure 4. 3 for BaTiO, microspheres
and PS microspheres with radius R=5um. From Figure 4. 3, while the
wavelength increase from 0.40pm to 0.75pm, for the BaTiO,

microspheres in water (red line), the location of focal spot decreases
62



from 1.35R to 1.25R; for the PS microspheres in air (black line) and
water (blue line), the location of focal spot decreases from 1.12R to
1.05R, 2.098R to 1.897R. The shift of the focal position caused by
wavelength change is less than 6% per micron. The focal positions

move toward the center of sphere as wavelength increase.

4.1.2 The location of focal spot dependence on refractive

index contrast

The effect of refractive index contrast between the microsphere and the
surrounding medium on location of focal spot is shown in Figure 4. 4
with the wavelength A=0.6328jum and the radius of microsphere
R=5um . The focal spot shifts far away from the shadow-side surface of
the sphere along the z direction as refractive index decreases. The
higher the refractive index contrast, the closer the focal spot to the
sphere surface. If the refractive index is too high, the focal spot will be
inside the microsphere; if the refractive index is too low, the focal spot
Is far outside the microsphere. For the radius of microsphere R=5um,
the focal spot shift to inside of microsphere when refractive index

contrast decreases to 1.84.
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Figure 4. 4 The focal spot shift as a function of refractive index contrast when
the 2. =0.6328 pm and R =9#M

4.1.3 The location of focal spot dependence on microsphere

radius

The location of focal spot is plotted as a function of radius with
1=0.6328 pm, as shown in Figure 4. 5. The red curve is the BaTiO,

microspheres in water, blue curve is PS in air, and black one is PS in
water. While radius R of the microspheres increases from A to 15, the

focal spot shift far away center of sphere.
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Figure 4. 5 The influence of different radius of the microsphere on the location
of focal spot with 2=0.6328 pm.

In conclusion, the influence of different refractive index on the focal
spot position is larger than that of wavelength and radius of

microsphere.
4.2 The Intensity Distribution of Photonic Nanojet

The effects of the parameters: the refractive index contrast, incident
wavelength, and radius of microsphere on the intensity distribution of
photonic nanojet, are analyzed. Figure 4. 6 shows the influence on the
maximum intensity of photonic nanojet for different refractive index
with A = 0.6328 pm, microsphere radius R=5um . The intensity of

nanojet is enhanced compare to incident light. By increasing refractive
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index, the maximum intensity is more intense. Note that there is a peak
in intensity curve at m=1.736in Figure 4. 6. In the following, photonic
nanojets with different refractive index m=1.1, m=1736, m=1.84, are

analyzed respectively to explain this peak.
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Figure 4. 6 The influence on the maximum intensity of photonic nanojet for
different refractive index contrast with A = 0.6328 um, microsphere radius
R=5um,

In Figure 4. 7- Figure 4. 9, three-dimensional photonic nanojets in x-z
plane for different refractive index m=1.1, m=1.736, m=1.84 are given
with the microsphere radius of R=5um_ A plane wave with wavelength
A= 0.6328 pm is incident from the left and impinges on the microsphere.
Depending on the refractive index, one see that not only the nanojet
dimensions and intensity change but also the separation of the nanojet

from the microsphere surface changes. At low refractive index (m=1.1),

66



the nanojet is formed rather far from the shadow microsphere with a
lengthening of the mnanojet’s longitudinal direction along the

propagation. The length of the nanojet can be more than 20

micrometers (>301), as shown Figure 4. 7.

O —

Figure 4. 7 Three-dimensional photonic nanojet in x-z plane for refractive
index m=1.1, . =0.6328 pm, radius R=5um
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Figure 4. 8 Intensity distribution of microsphere in x-z plane with refractive
index m=1.736, . = 0.6328 pm, radius R=5um (a) Three-dimensional
intensity distribution in x-z plane; (b) The corresponding intensity distribution
along the z axis.
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At a refractive index m=1.736 the nanojet is close to but still outside the
surface of the microsphere with shortening of the nanojet’s longitudinal

distribution, the maximum intensity and formed the exponentially
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decaying trail, as shown in Figure 4. 8(a). For The corresponding
intensity distribution along longitudinal direction (z axis) is shown in
Figure 4. 8 (b). The intensity distribution of nanojet in longitudinal
direction becomes more complex. Some spikes appear around primary
peak in the radial direction and their widths are smaller. Intensity of

nanojet can be enhanced up to 600 times of the incident intensity.
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Figure 4. 9 Intensity distribution of the microsphere with refractive index
m=1.84, A =0.6328 pm, radius R=5um . (a) Three-dimensional intensity
distribution in x-z plane (b) The corresponding intensity distribution along the
zZ axis.

For refractive index of the microsphere m=1.84 = three-dimensional
intensity distribution in x-z plane is shown in Figure 4. 9(a). The
photonic nanojet is inside of the microsphere. There exist some
standing-wave-like interferences close to the inner surface of the
microsphere. Figure 4. 9 (b) is a plot to show the associated intensity
distribution along the z axis. The main intensity profile consists of

multiple sharp spikes, which have very narrow width and different
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intensity. In this case, the photonic nanojet is formed by several focal

spots.

In conclusion, the spatial configuration of the photon nanojet depends
essentially on the character of refractive index contrast variation. If
photonic nanojet is far from surface of the microsphere, it has a
lengthened nanojet’s longitudinal distribution and a lower intensity; if
photonic nanojet is closer to the surface of the microsphere, it has a
shortened nanojet’s longitudinal distribution and a higher intensity. The
reason for peak of curve in the Figure 4. 6 is that photonic nanojet is

almost on the surface of the microsphere with highest intensity.
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Figure 4.10 The influence on the maximum intensity of photonic nanojet for
different microsphere radius with A = 0.6328 pm.
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Furthermore, the photonic nanojet intensity grows with increasing
radius of microsphere, as shown in Figure 4.10. For PS microsphere in
air, the highest intensity can be achieved at more than 700 time of the

incident intensity.
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Figure 4. 11 The maximum intensity of photonic nanojet as a function of
wavelength with R=5um

The influence on the maximum intensity of photonic nanojet for
different wavelength with R=5um is shown in Figure 4. 11. While
wavelength increases from 0.4pm to 0.75pm, the maximum intensity of
photonic nanojet decrease, intensity at A = 0.75 pm is a half or less than

that one at A = 0.4pm.
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4.3 Diffraction Optical Resolution of Microsphere

Now we consider how refractive index, wavelength and radius of
microsphere affect the microsphere resolution, which is photonic
nanojet’s full-width at half maximum (FWHM). As discussed in section
2.1.2, there are several classic criteria defining the spatial resolution of
an imaging system, the Houston criterion is more practical among them.
According to the Houston criterion [18], two point sources with equal
intensities are just resolved if their central distance d is equal to the
full-width at half maximum (FWHM) of the intensity distribution of
either point source. FWHM is used as the spatial resolution [87,88].

Then, the optical resolution can be determined by Eq. (2.5).
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Figure 4.12 (a).Th(re)e-dimensionaI photonic nanojet in x-z plzgn)e generated by
BaTiO, microsphere (m=1.9) in water with A = 0.6328 pm, radius R=5um
with incident plane wave propagating along z axis. (b) The intensity
distribution of photonic nanojet, which is perpendicular to z direction at the
focal point.

For BaTiO; microsphere (refractive index 1.9) in water at A =0.6328m,

three-dimensional photonic nanojet in x-z plane is observed with the
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microsphere radius of R=5umilluminated by a plan wave incident light,

as shown in Figure 4.12 (a).
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Figure 4. 13 Full-width half-maximum of photonic nanojet as a function of
refractive index with A = 0.6328 m, microsphere radius R=5um

The photonic nanojet is generated with narrow and high intensity. The
intensity distribution of photonic nanojet, which is perpendicular to z
direction at the focal point, is shown in Figure 4.12(b). The
corresponding full width at half maximum intensity (FWHM) of
photonic nanojet is 0.327 pm. Figure 4. 13 illustrates the dependence of
the FWHM of a microsphere with radius R=5uzm illuminated at A=
0.6328 pm on different refractive indices. The FWHM of the photonic
nanojet decreases as the refractive index increases. The refractive index

changes from 1.2 to 1.7.
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Figure 4. 14 shows FWHM at different radius of microspheres. For a
PS microsphere in water, the peak intensity of photonic nanojet is
higher and FWHM is wider as microsphere radius increase, shown in
Figure 4. 14 (a). Also the FWHM increase as size of microspheres

increase, shown in Figure 4. 14 (b).
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Figure 4. 14 The FWHM as functions radius of microspheres with A = 0.6328
pm. (a) The FWHM for PS microspheres in water with radius R=1um
R=2um R=3um R=4um R=5um respectively; (b) The FWHM for
different microspheres with radius from 6410144 . Black curve is PS
microspheres in air, and blue curve is that in water. Red curve shows
BaTiO, microspheres in water.

The influence of different wavelengths on the FWHM for BaTiO, and
PS microspheres with radius R=5zm is shown in Figure 4.15. While
wavelength decreases from 0.4 pm to 0.7 pm, the FWHM increases
from 0.24 pm to 0.38 pm for BaTiO, microspheres in water, and from

0.23 pm to 0.36 m for PS microspheres in air.
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Figure 4.15 The influence of different wavelengths on the FWHM with
microsphere radius R=5um . Black curve is PS microspheres in air, and blue

curve is that in water. Red curve shows BaTiO; microspheres in water.

4.4 Example of PS Microsphere with Radius 2.5 m
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Figure 4. 16 (a). The influence of different wavelengths on the location of focal
spot with microsphere radius R =2.5um . The black curve is the PS
microspheres in air, and blue curve are PS microspheres in water. (b) The
internal and near field of PS microspheres in air (R =2.5um) with different
wavelengths.
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As example, the polystyrene microsphere (PS, refractive index m, =1.6)
with radius 2.5 jum are used. The microsphere is placed in air (m, =1) or

immersed in water (m'=1.33), respectively.

The influence of different wavelengths on the location of focal spot is
shown in Figure 4. 16. While the wavelength increase from 0.40pm to
0.75pm, for the PS microspheres in air (black line) and water (blue
line), the location of focal spot decrease from 1.09R pm to 1.02R pm,
1.85R pm to 1.65R pm, respectively. The focal positions of PS
microspheres in air are very close to the surface of microsphere and
move toward the center of sphere as wavelength increase, shown in

Figure 4. 16(b).
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Figure 4. 17 The maximum intensity of photonic nanojet as a function of
wavelength with R=2.5um,

75



The photonic nanojet intensity decreases with increasing wavelength.
For PS microsphere in air, the highest intensity can be achieved more
than 270 time of the incident intensity, shown in Figure 4. 17. When PS
microsphere is in water, the location of focal spot are far away center of

microsphere, and the photonic nanojet intensity is lower.
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Figure 4. 18 The influence of different wavelengths on the FWHM with
microsphere radius R=2.5um . Black curve is PS microspheres in air, and
blue curve is that in water.

Figure 4. 18 graphs the influence of different wavelengths on the
FWHM for PS microspheres withR=2.5um. The FWHM is less than
half wavelength for PS microspheres in air, which means optical

resolution of PS microspheres in air is lower than the diffraction limit.
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4.5 Summary

To provide explanation for the super-resolution of microsphere-based
microscopy, based on Mie theory, the super-focusing effects of
photonic nanojet have been studied. Intensity distributions in the 3D
and 2D photonic nanojets have been simulated based on microsphere
illuminated by a plane wave. The simulation results show that sub-
diffraction focus beam is generated at the shadow side of microsphere.
The maximum intensity of the nanojet increases with increasing the
size of the microsphere and refractive index of the surrounding, and the
Full-width half-maximum of photonic nanojet decrease simultaneously.
The highest intensity outside the microsphere is reached when the focus
point is close to the surface of the microsphere. Intensity can be
enhanced up to 900 times of the incident intensity. Analysing these
numerical results will allow to optimise the wavelength and the
refractive indices so that the FWHM can be minimised. A photonics jet
with higher resolution can be used to improve optical resolution for

microscopy and observe or manipulate of nano-objects.
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CHAPTER 5: The Properties of

Microsphere Imaging

51 Image Position and Magnification of

Microsphere

From the view of geometrical optics, the microsphere is the thick lens,
and the images can be formed by a microsphere. The imaging plane
position and image magnification factor can be given by considering

the spherical lens effect and spherical aberration, as follows [2]:

. (R+O)f
1= (5. 1)

f

"f-R-o (5.2)

B

where is I' the imaging plane position from the center of the

microsphere, g is the microsphere image magnification factor, f is the

focal length of the microsphere from the sphere center, ¢ is the distance

from the target to the microsphere surface.
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For visible light, the focal position for PS microsphere in water is
0.482pm from surface of microsphere with R=5pm, A = 0.6328um, as

shown in Figure 5. 1.
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Figure 5. 1 Intensity distribution of PS microsphere in air with R=5um  } =
0.6328 m, the focal position is 0.482pum from surface of microsphere, based on
Mie Theory.
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Figure 5. 2(a) The image distance as functions of object distance. (b) The image
distance around focal point is zoomed, based on Eq. 5.1.
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When an object is inside the focal point of microsphere, that is, object
distance is smaller than 0.482 pm, the image distance is negative and
located on the same side of the microsphere as the object, shown in
Figure 5. 2. Figure 5. 2(a) shows the image distance as functions of

object distance, Figure 5. 2(b) is zoomed around the focal point area.
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Figure 5. 3 (a) The magnification as functions of object distance. (b) The
magnification around focal point is zoomed, based on Eq. 5.2.

The image distance increases as the object is closer to focal point. The
image is virtual, upright, and larger than the object. The corresponding
magnification is positive, and grows as object distance is closer to focal
point, as shown in Figure 5. 3. While an object placed outside the focal
point of microsphere, that is, object distance is larger than 0.482m, the
Image distance is positive, and the image’s position is located on the
opposite side of the object. As the object is closer to focal point, image
is real and inverted, the relevant magnification is negative, as in Figure

5. 3. When the object is closer to focal point, absolute value of
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magnification increase, the image is moved farther away. Note that
object is placed at focal point, image should be at infinity. So, the
curves have high peak in Figure 5. 2 and Figure 5. 3, which mean that

the object’s position is very close to focal point.
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Figure 5. 4 The image distances for PS and BaTiO; microspheres at different
refractive index contrasts.

Figure 5. 4 and Figure 5. 5 compare the image distances and
magnification for PS and BaTiO, microspheres with different refractive
index contrast. For microspheres in water, the focal position are 4.81
pm away from the surface for PS, and 1.42 pm for BaTiO, .The
properties of image are similar to that of PS microspheres in air, but the
ranges of image distance and magnification are larger. For example, the

image distance and magnification for PS microspheres in water is
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zoomed with range of object distance from 0 m to 4.5 pm, as shown in
Figure 5. 6 (a) and (b), while object distance changes from O pm to 4.5
M, the image move far away from -10.14 pm to -103 pm, which is on
the same side of the object, and the relevant magnification is from 2.0

to 11.44.
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Figure 5. 5 The magnification for PS and BaTiO, microspheres at different
refractive index contrasts.
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Figure 5. 6 The object distance of PS microspheres in water changes from 0
M to 4.5 pm, (a) the image distance as functions of object distance; (b)
magnification as functions of object distance
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5.2 The Magnification in Different Conditions

Bases on computation for focal length of the microsphere in Chapter 4,
focal length of the microsphere is determined by three parameters, the
refractive index contrast surrounding medium, the incident plane wave
wavelength and the microsphere size. So, the magnification of

microsphere also depends on those parameters.

image magnification factor

1 1 1 1 1 1 1 1 1
1.1 1.15 1.2 1.25 1.3 1.35 1.4 1.45 15 155 16
refractive index

Figure 5. 7 The influence of the refractive index contrast on the magnification
of microsphere with R=5um 3 =0.6328 m, 5-¢.

Suppose that the object is very close to surface of microsphere, that is
6=0, Figure 5. 7 shows the influence of the refractive index contrast

on the magnification factor. The magnification increase more than 40
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times while the refractive index change from 1.1 to 1.7 with

microsphere radius R=5xm pm, A = 0.6328 pm.

The magnification as functions of microsphere radius is shown in
Figure 5. 8 with A=0.6328um. As the size of microsphere increases, the
magnification decreases. The magnification of PS microsphere in air is

larger because the object is close to focal point of PS microsphere.
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Figure 5. 8 The magnification as functions of microsphere radius with A =
0.6328 pm, 6=0

Figure 5. 9 shows the influence of wavelength on the magnification for
microsphere with R =5 pm. Magnification grows as the wavelength
increases. The influence of different refractive index on the

magnification is larger that of wavelength and radius of microsphere.
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Figure 5. 9 The magnification for microsphere as functions of wavelength with
R=5um, §=0.

5.3 Approximate Method for the Magnification

In our discussion above, if the object is very close to focal point, the
magnification becomes extremely large, even infinite, the results of
magnification in geometrical optics become invalid. For example, the
focal position of SiO, microsphere withR=1.2 from surface is 0.0pm
approximately for A= 0.6, when object is placed on the surface of
microsphere ( 6=0 ), the magnification by using Eqg.(5.2) is
(—3.3%x10°), which is invalid obviously. The focal position of PS in air

Is just around the surface of microsphere, when the object is placed on
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the surface (6=0), the image magnification factor appears some

fluctuation, as the black curve shown in Figure 5. 8 and Figure 5. 9.

Wang et al proposed that the virtual image magnification depends on
the maximal field enhancement produced by the microspheres [3].
Based on geometrical optics approximations, virtual image

magnifications g are calculated by fitted formula (2 pm < diameter < 9

pm, m=1.46):
p= () (5.3)

where the factor o =0.34is given by Ref [3]. As object is placed on
surface of microsphere with m=1.46 and A= 0.6 pm, the 1,, can be
computed by Mie theory, which is discussed in Section 4.2. The
magnification is calculated by using approximations formula Eq.(5.3),
as shown in Figure 5. 10 (b). Figure 5. 10 (a) is magnification given by
Ref. [3]’s Fig.4 (d), which I, is computed by geometrical optics

approximation [3,89]:

1
27m’* , m<+/2

m
m>/2

2m(m—\/§)+2

(foary -

IO (4_m2)3 (5 4)
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Two results are in good agreement. The magnifications, calculated by
Wang’s approximations formula, as functions of refractive index for
different microsphere radius with A = 0.6 jum are given in Figure 5. 11.

The magnifications increase as refractive index grows.
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Figure 5. 10 The magnification for microsphere with m=1.46, A= 0.6 pm, is
calculated by Wang’s approximations formula. (a) |, is calculated by

geometrical optics approximation in Fig.4(d) of Ref.[3]’s; (b) |.. is calculated
by Mie theory.
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Figure 5. 11 The magnifications as functions of refractive index for different
microsphere radius with A = 0.6 m.
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5.4 Error Analysis for Difference of Focal Length

between Geometrical Optics and Mie Theory

When the microspheres are illuminated by plane waves, they can focus
light and enhance the electromagnetic (EM) field. This resembles the
focusing effect of a lens. In geometrical optics, microsphere is
considered as a thick lens. Considering the spherical lens effect and
spherical aberration, the focal length of the microsphere from the

sphere center fso is given [2]:

|
fGO:sin{ 2sin”(1/R)—2sin*[(my /m))(1/R)] }

(5.5)

where | is the transverse distance from the optical axis, R is the

microsphere radius, m, is the ambient refractive index, m, is the

refractive index of the microsphere. However, the properties of such
focal spots by Mie theory, such as intensity, position, magnifications,

are distinct from those predicted by geometrical optics (GO).

The relative error of focal length is defined as

A — fGO _ fMie
feo (5. 6)

where fy. is focal length determined by Mie theory in chapter 4.
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Figure 5. 12 Relative error of focal length as a function of refractive index
contrast with R=5 pm, A = 0.6328 pm, 1=0.01 pm.
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Figure 5. 13 The relative error of focal length as a function of wavelength with

R=5 pm, 1=0.01 pm.

For a given R=5 pm, A =0.6328 jum, 1=0.01 pm, Figure 5. 12 compares
relative error of focal length as a function of refractive index contrast,

the lower is refractive index, the higher is the relative error for the
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microsphere. The maximum relative error is about 55% at m=1.1 for

this case.

Figure 5. 13 shows the influence of wavelength on the relative error of
focal length with R=5 pm, 1=0.01 pm. The relative error is less than
40 % for PS microsphere in air or in water and less than 25 % for

BaTiO, microsphere in water.
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relative error

045k BaTiO3 microsphere in water i
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0 1 1 1 1 1 1 1 1
6 7 8 9 10 1 12 13 14 15

Radius of sphere (unit of )

Figure 5. 14 The relative error of focal length as a function of microsphere
radius with A =0.6328 pm, 1=0.01 pm

The relative error of focal length as a function of microsphere radius is
given in Figure 5. 14 with A = 0.6328 pm, 1=0.01 pm, the influence of
microsphere size on the relative error is lower than 40%. As the

microsphere size increases, the relative error becomes small, because if
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light propagates through a very larger microsphere, the results of Mie

theory are close to that of geometrical optics.
5.5 Summary

Bases on Mie theory, the imaging plane position and image
magnification factor are discussed by using the geometrical optics. The
properties of the image distances and magnification for microspheres
with different refractive index contrast, wavelength and radius are given.
As the object is very close to focal point, the results of magnification in
geometrical optics become invalid, the virtual image magnification,
which depends on the maximal field enhancement produced by the
microspheres, are calculated based on geometrical optics
approximations. The focal spots positions of microsphere predicted by
Mie theory, are different from those predicted by geometrical optics
(GO). A detailed comparison of the focal lengths by using two theories

Is given, the corresponding relative errors are discussed.
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CHAPTER 6: Comparison of

Theoretical and Experimental Results

It is clear from previous discussion that a microsphere can focus an
incident plane wave. Depending on parameters of microsphere, medium
and incident wave, the focus point can be inside or outside the sphere.
As the focus point of microsphere is close to the surface of the sphere,
the full width at half-maximum of the focus point becomes smaller than
the half a wavelength. Using microsphere capacity in focusing light and
imaging, microsphere-based microscopy systems have been developed
in recent year, and the highest spatial resolution beyond the diffraction

limit can be achieved [2,3,46,47,90,91,92].
6.1 Microsphere-based Microscopy

Z Wang presented 50-nm-resolution microscopy that uses silica spheres
with a refractive index m =1.46. and with diameters in the range
2um< D <9um to overcome the light diffraction limit and obtain high
resolution [3].The microspheres are placed on the top of the object
surface, the object was Blu-ray DVD disk which has 200-nm-wide

stripes separated 100 nm apart, as shown in Figure 6.1.
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Figure 6.1 Microsphere (R =2.37 pm, m=1.46) is placed on Blu-ray DVD disk
(200-nm-wide lines separated 100 nm apart). The sub-diffraction-limited 100
nm lines (left image) are resolved by the microsphere (right image) with A = 0.6

bm [3].

The experiment demonstrates that a microsphere was able to focus light
down to sub-diffraction-limited dimensions. Using Mie theory, three-
dimensional photonic nanojet in x-z plane is obtained for microsphere
(R=2.37 pm, m=1.46, » = 0.6 jum ), as shown in Figure 6.2 (a). The
corresponding radial internal and near-external intensity distribution of
microspheres along z is shown in Figure 6.2 (b). The focal spot from
sphere surface is 0.35 m. The ratio of maximum intensity to incident
intensity of the microspheres is 105.67, so, the magnification by using
Wang’s approximations formula, which depends on the maximal field
enhancement produced by the microsphere, is 4.9. The full width at half
maximum intensity of photonic nanojet for this microsphere is 0.288um,
illustrated in Figure 6.3, and is lower than one-half of the incident
wavelength 0.3 pm, which indicates that the diffraction limit is

overcome.

93



120

100

80+

60

Intensity(a.u.)

40t

20

(a) (b)
Figure 6.2 (a) Three-dimensional photonic nanojet in x-z plane for
microsphere (R=2.37 pm, m=1.46, » = 0.6 pm ); (b) The corresponding radial
internal and near-external intensity distribution of microspheres along z.
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Figure 6.3 The full width at half maximum intensity of photonic nanojet for
microsphere, the parameters are same as Figure 6.2.
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6.2 Super-resolution by Ligquid-immersed

Microspheres

As discussion in section 4.1.2 and 4.2, if the index contrast of
microsphere is larger than 1.84, the focal point is inside the
microsphere. Then the object is placed outside the focal point of
microsphere, so the image is real and inverted. And the image’s
position is on the opposite side of the object, the magnification of
image is too small to discern the object. Darafsheh et al experimentally
demonstrate that high index m~1.9—2.1 microspheres did not produce

any imaging [46].

e (D)

Liquid
/7 Object
l',/
,:I'X/irtualg Sample
'." imageg

(@) (b)
Figure 6.4 (a) Experimental configuration of the setup nanoscope. (b) Virtual
image formation by a liquid-immersed microspheres [46].

Some methods are presented, such as semi-immerse or total- immerse
the microsphere in the liquid, to make the relative refractive index less

than 1.84 when using high index microspheres [43,46,48]. Darafsheh et
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al obtained the super-resolution imaging experimentally by

microspheres totally immersed in the liquid [46,93].

The configuration and a virtual image formation are illustrated in
Figure 6.4 (a) and (b), respectively [46]. The barium titanate glass
(BTG) microspheres with a refractive index mM~1.9-2.1 are immersed

in isopropyl alcohol (IPA) with index m, =1.37. The peak illumination

wavelength is 0.550 pm.

Raith 150 100nm EHT = 2.00 kV
Mag= 3591 KX |—| WD= 5mm

(@)

Figure 6.5 (a) SEM image of a Blu-ray disk; (b) Virtual imaging of the Blu-ray
disk through the microspheres with diameters in the range ~5-20 pm fully
immersed in IPA [46].

One of the samples is a commercial Blu-ray disk with track pitch sizes
of 0.3pm consisting of 0.2jum width stripes separated by 0.1 pm width
grooves, as shown in Figure 6.5(a). The microspheres with diameters in
the range 5-20 pm were placed on the sample and totally covered by
IPA. It is seen that the virtual images of Blu-ray disk are resolved in

Figure 6.5 (b). The results show that high-index liquid-immersed
96



spheres have super-resolution capability due to photonic nanojet

properties of microspheres [46].
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Figure6. 6 The dependence of the focal point on the diameters of the BTG
microspheres fully immersed in IPA with A = 0.55 pm.

The relative refractive index contrast of the barium titanate glass

m
microsphere immersed in IPA (isopropyl alcohol) is F=l-39. And the
0

focal position for microspheres with the diameters~5-20um are given in
Figure6. 6. As diameter changes from 5 to 20um, the photonic nanojet
moves away from the surface of microsphere from 1.24R to 1.47R, and
the maximum intensity of photonic nanojet increases from 122.4 to

621.1, as shown in Figure 6.7.
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Figure 6.7 The dependence of the maximum intensity of photonic nanojet on

the diameters of the BTG microspheres fully immersed in IPA with A = 0.55

pm.
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Figure 6.8 The dependence of the resolution on the diameter of the BTG
microspheres fully immersed in IPA with A = 0.55 pm.

The dependence of the resolution on the diameters of the BTG

microspheres is illustrated in Figure 6.8. The resolution became
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deteriorated with increasing diameters of the microspheres, which can

be demonstrated by experiment [46].
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Figure 6.9 (a) SEM image of gold nanoparticle dimers with 120 nm
nanoparticles with 120 nm separations. The irradiance profiles were measured
along the axis connecting two nanoparticles by BTG microspheres with m=1.9
and different diameters is (b) 4.2 pm (c) 21.5 1 m (d) 53 pm [46].

| wAl I

The sample is 2D arrays of gold nanoparticle dimers (NPDs) with 120
nm separations in y axis, illustrated in Figure 6.9 (a). The experimental
results in Figure 6.9 (b), (c) and (d) show that the microsphere with
lower diameters is better. The magnification of the virtual images can
be calculated by both geometrical optics Eq.(5.2) and Wang’s
approximations formula. But the results of these two methods have
great differences, as shown in Figure 6.10 (a) and Figure 6.10 (b)
respectively. And the experimental results of magnification are
measured using microspheres (m=1.9, 2<D<220um) and nanoparticle

dimers (NPD) with 150 nm separations [46].
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Figure 6.10 The magnification of the virtual images for spheres with diameters
in 5-20 pm range according to (a). Geometrical optics Eq(5.2); (b) Wang’s
approximations formula.
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Figure 6.11 Experimental results for magnification measured by using
microspheres (m=1.9, 2<D<220pm) and nanoparticle dimers (NPD) with 150
nm separations [46].

According to the experimental results illustrated in Figure 6.11,
geometrical optics seems to be a reasonable approximation for
microspheres with D>10pm. For smaller microspheres with D~2-6um,
geometrical optics has opposite results and Wang’s approximations
formula agrees well with the experimental results. And both of
geometrical optics and Wang’s approximations formula can be used

while D~6-10pm.
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6.3 Summary

According to Wang’s experiment, the corresponding internal and near-
external intensity distributions, the location of focal spot and maximum
intensity of sample microspheres are computed. The full width at half
maximum intensity of photonic nanojet is given and indicates that the

diffraction limit is overcome.

The dependence of the focal point, maximum intensity, resolution,
magnification on the diameters of the barium titanate glass
microspheres fully immersed in isopropyl alcohol are discussed. The
simulation results show that he resolution get worse with increasing
diameters of the microspheres, which was demonstrated by Darafsheh’s
experiment. The applicable conditions of geometrical optics and
Wang’s approximations for magnification calculation have been

analyzed. The valid ranges of two methods are investigated.
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CHAPTER 7: Image Distortion and

Correction of Microsphere

7.1 Image Distortion in Microsphere Nanoscopy

As the measurement technique, one needs not only to study specific
experimental method but also accurate data measurements. The
microsphere can be considered as a thick lens. The images formed by
microsphere are mainly affected by radial distortion, similar to a lens.
Radial distortion is a deficiency in straight lines transmission. The
effect of radial distortion is that straight lines are bended as general
curves and points are moved in the radial direction from their correct
position. There are two major types of radial distortion. The first one is
barrel distortion, which occurs when points are moved from their
correct position towards the center of the image. The second type of
radial distortion is pincushion distortion, which occurs when points are
displaced further away from the optical axis [94,95,96,97]. From the
view of geometrical optics, rays from each point of the object reunite at
corresponding points in the image plane, but the magnification varies

throughout the plane, as magnification increases with distance from the
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axis, pincushion occurs as illustrated in Figure 7. 1(b); while
magnification decreases with distance from the axis, barrel distortion

occurs shown in Figure 7. 1(c).

WEFETREENE

() (b) (©)

Figure 7. 1 (a) Original image; (b) Pincushion distortion (c) Barrel distortion

The basic standard model for radial distortion model is an even-order

polynomial model [98,99,100]:

X, — X X, — X
S E (5 R 7.1
|:yu_yc:| ( )|:yd _yc:| ( )
where x,,y, is the original (distorted) point, x,y, is the corrected

(undistorted) point, x_,y. is the center of the image, the distance for

image point to the center of the image is given

byr:\/(xd—xc)2+(yd—yc)2 . L(r) is radial function which defines the

shape of the distortion model, and can be approximated by a Taylor

expansion:
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L(r) =1+ pr*+p,r*+.... (7.2)

where p=(p, p,,......)" represents the distortion parameters[101,102,103].

Several tests have demonstrated that approximating the series with only
the lower-order component corrects more than the 90% of the radial
distortion[ 104 ].With using only the first-order radial symmetric

distortion parameter p,, the precision of about 0.1 pixels in the image

space can be achieved. So, the radial distortion equation (7.1) is

approximated by using only the first term:
L(r) =1+ p,r? (7.3)

The sign of p, affects the type of radial distortion. If p, is negative, it is
a barrel radial distortion. If p, is positive, it is a pincushion radial

distortion.

Equation (7.1) can be approximated as:

{X“_X°}:(1+ plrz)[xd_xc} (7.4)
yu_yc yd_yc

Therefore, by given distorted point coordinates, the undistorted point

coordinates can be calculate with using coefficient p, . Then, the
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“undistorted” image point ( X,,Y,) can be mapped from “distorted”

image point ( X4, Yq).
7.2 Image Distortion Experiments

Figure 7. 2 shows a schematic of the experimental set-up for
microsphere nanoscopy image. The Leica DM2500M upright
microscope is used. The optical images of samples can be obtained
through the microspheres, which were placed on the sample and
iImmersed in water, as shown in Figure 7. 2. Then the images were

captured by a digital CCD camera and stored.

A

Figure 7. 2. Schematic of the of microsphere nanoscopy image experimental
setup.

Experimental images are observed through microspheres, which are
placed on different sample. The sample is printed circuit board (PCB)

with different separation of patterns and spacing. Figure 7. 3(a) shows
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the lum-width-lum-spacing pattern under x100 microscope in air,
measured with a BaTiO3; microsphere with diameter of 15um in water,
as shown in Figure 7. 3(b). The images show pincushion distortion

clearly, visible especially for stripe in the near edge of each image.

{n
\

(@) (b)
Figure 7. 3 Experimental images of microscope (x100) (a) 1pm-width-1pm-
spacing pattern in air; (b) with a 15pm diameter BaTiO3s microsphere in water.
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Figure 7. 4 Experimental images of microscope (x100) (a) 5pm-width-1pm-
spacing pattern in air; (b) with a 15pm diameter BaTiOs microsphere in water.
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The images of a 50 um diameter BaTiOs; microsphere with different

patterns are shown in Figure 7. 4 - Figure 7. 6. They are characterized
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by a strong pincushion distortion which bends the straight lines in near

edge of microsphere.

(a) (b)
Flgu_re 7.5 Exper?mental images of microscope (x100) (a) 5pm-width-5pm-
spacing pattern with inner pattern which could not be observed by optical
microscope in air; (b) with a 15pm diameter BaTiOs microsphere in water.
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Figure 7. 6 Experimental images of microscope (x100) (a) 3um-lenth-1pm-

wi_dth with 1um cross spacing pattern in air; (b) with a 15um diameter BaTiOs
microsphere in water.
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7.3 Reduction of Distortion Aberration for

Microsphere Image

As described above, the image of microsphere can introduce a
pincushion distortion in measurements due to the image magnification
increases with the distance from the optical axis. According discussed
in section 7.1, each point in the undistorted image corresponds to a
point in the distorted image. So using Equation (7.4), the points of the
desired image are obtained from corresponding points of the distorted
image. The procedure for correcting radial distortion is written by using
Matlab, which suppose that the center of distortion is the center of

Image.

The procedure for correcting radial distortion is written by using
Matlab. The “imread” function of MATLAB is used to obtain distorted
Image data, which is an M-by-N-by-4 array for TIFF files. The center
of radial distortion is suppose the center of the image. By using
coordinates of distorted point and center point, the undistorted point
coordinates can be calculated from Equation (7.4).Then the undistorted
image is mapped corresponds to the distorted image. See Appendix A

for the Matlab code.
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(a) (b)
Figure 7. 7. The pincushion distortion image correction of microsphere
corresponding to Figure 7. 3(b). (a) Original image; (b) Corrected image.

r ™

(a) (b)
Figure 7. 8. The pincushion distortion image correction of microsphere
corresponding to Figure 7. 4 (b). (a) Original image; (b) Corrected image.

i R

(@ o (b)
Figure 7. 9. The pincushion distortion image correction of microsphere
corresponding to Figure 7. 5 (b). (a) Original image; (b) Corrected image.
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(a) (b)
Figure 7. 10. The pincushion distortion image correction of microsphere
corresponding to Figure 7. 6(b). (a) Original image; (b) Corrected image.

Figure 7. 7- Figure 7. 10 illustrate the application of radial distortion
model for the pincushion distortion correction. As observed in these
Figs, the pincushion distortion of images are properly removed. The

stripe of images turn into a straight line in the near edge of each image.

The polynomial model described above provides a way to correct
microsphere distortion, which achieves an accuracy of about 0:1 pixels
in image space. The amended image can also be used to calibrate the
actual magnification and length values of the microsphere, provided
highly measurement accuracy. However, there are still many problem
need to be solved. In distortion model be a radial function, we assume
that the distortion image has square shape and is symmetrical along the
center line, the center coordinates of radial distortion is suppose the

center of the image. This square shape assumption is satisfied, in
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practice, for most images. But if the image is not a strict square or
symmetry, the center of image is not the center coordinates of radial

distortion. The effect of radial distortion reduction correction distortion

decrease. The value of radial distortion parameter P: is predicted at At
the beginning of the calculation, and modified according to the effect of
distortion correction. The choice of radial distortion parameter rely on
user identifies and intervention. So the automatic method to correct lens

radial distortion need to study in the future.
7.4 Summary

The microsphere optical nanoscopy imaging produces a pincushion
distortion, which has a significant impact on the image geometry. A
radial distortion model is discussed. Some experimental images of
microsphere are given which show pincushion distortion clearly. The
code for correcting radial distortion is written and applied to correct the

pincushion distortion of images.
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Conclusion

In this thesis, interactions between microsphere with light wave are
analyzed based on Mie theory. The internal and scattered fields are
expanded in vector spherical harmonics, the corresponding expansion
coefficients are obtained by using boundary conditions. The scattering
intensity distributions are calculated, which depend on the size of the
sphere, relative refractive index and the incident wavelength. The 3D
and 2D intensity distribution of internal and near EM fields of the

microsphere is given.

The simulations of internal and near field show that the microsphere
can focus light and produce narrow beams. The locations of focal spot
are influenced by the refractive index contrast, wavelength and the size
of microsphere. If the refractive index is too high, the focus point will
be inside the microsphere. The focal spot move toward the center of
sphere as wavelength increase or radius of the microspheres decreases.
The influence of different refractive indexes on the focal spot is larger

than that of wavelength and radius of microsphere.

By increasing the refractive index, the maximum intensity is more

intense. For radiusR=5um of microsphere, the properties of nanojet
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for typical refractive index are discussed: (1). Whenm=1.1, the nanojet
iIs formed far away from the surface microsphere. The length of the
nanojet can be achieved to more than 30%; (2).When m=1.736, the
nanojet is just on the surface of the microsphere with shortening of the
nanojet’s longitudinal distribution, the maximum intensity of nanojet
can be enhanced up to 600 times of the incident intensity.
(3).Whenm=1.84, the photonic nanojet is inside of the microsphere and
formed by several small focal spots, which have very narrow width and
different intensity. The standing-wave-like interferences, which close to
the inner surface of the microsphere. The maximum intensity of the
nanojet grows with increasing size of microsphere or decreasing

wavelength.

The FWHM of photonic jet, which relate to the resolution of
microscopy, have been studied. The FWHM of the photonic nanojet
decreases as the refractive index increases, or size of microspheres

decrease, or wavelength decreases.

The properties of resolution and magnification with different
wavelength, refractive index, microsphere diameter are analyzed by
combination of geometrical optics and Mie theory. The influence of

refractive index on the magnification is larger that of wavelength and
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radius of microsphere. Z Wang’s approximate method for the
magnification is discussed as the focal point of microsphere is close to

object, the value of the magnification appears some fluctuation.

The properties of focal spots, intensity, position, magnifications, et al.,
are distinct from those predicted by geometrical optics. The relative

errors of numerical results between two theories are given.

Two experiments in Ref [3, 46], which are Wang’s and Darafsheh’s
experiment, are discussed in a similar manner as Chapter 4 and 5.
Internal and near intensity distribution, location of focal spot, maximum
intensity, magnification, and FWHM in Wang’s experiment are
analyzed. For Darafsheh’s experiment, the features of the focal points,
maximum intensity, and the resolution with the different diameters are

given,

The pincushion and barrel distortion is introduced when the images are
formed by microsphere nanoscope. The distortion aberration for

microsphere image is reduced by using the radial distortion model.

Analyzing the numerical results, the work can be used to choose the
optimal parameters, such as size of microsphere, wavelength, refractive

indices contrast, and create nanojets with desired spatial resolution for
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microsphere-based microscopy. Also the result can used to design

better super-resolution of microsphere-based microscopy.

Proposals for future work:

1. This study investigated the optical super-resolution feature of the
single microsphere bases on Mie theory. The properties of multi-
sphere or chains of microspheres and their interactions including
interferences and image connections, which are similar to a series

of microlenses, may be investigated by using Mie theory.

2. As discussions on section 6.2, the valid ranges between
geometrical optics and Wang’s approximations methods need to

be further investigated.

3. Itis noted that we assume that microspheres do not have internal
resonances in this thesis, the influence of resonances on the

super-resolution feature requires further study.
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APPENDIX A

Matlab code for correcting radial distortion

Img_origin = imread(‘image.tif');
% Change this parameter to improve image quality
pl =4.0*107-7;
Img_size = size( img_origin );
Img_undist = zeros( img_size );
Img_undist = uint8( img_undist );
for 10 = 1:img_size(3)
for 11 = 1:img_size(1)
y =11 -img_size(1)/2;
for 12 = 1:img_size(2)
X =12 - img_size(2)/2;
XL=round(x*(1+pl*x*x+pl*y*y));

yl=round(y*(1l+pl*x*x+pl*y*y));
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y1 =yl +round( img_size(1)/2);
x1 =x1 + round(img_size(2)/2);
% if x1 or y1 exceeds boundary£-force them to O(black)
iIfx1<1|x1>img_size(2)|lyl<1]| yl>img_size(1)
img_undist(11,12,10) = 0;
else
img_undist(l1,12,10) = img_origin(y1, x1,10);
end
end
end
end
figure(1);

imshow(img_undist);
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