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Résumé

Ce travail de these porte sur la caractérisation et 'optimisation du spot de focali-
sation d’un objectif de microscope de grande ouverture numérique pour des appli-
cations d’imagerie super-résolue et de nanofabrication.

Dans la premiere partie, nous avons systématiquement étudié les distributions
de polarisation et d’intensité du faisceau laser dans la région du point focal en
fonction de différents parametres du faisceau incident tels que la phase, la polarisa-
tion, 'amplitude ainsi que 'influence du milieu de propagation, tel que I'indice de
réfraction. Nous avons mis en oeuvre différentes méthodes théoriques pour controler
et manipuler les distributions de polarisation et d’intensité du spot de focalisa-
tion. Ces prédictions théoriques sont vérifiées expérimentalement via un systéme
optique confocal en mesurant 'image de fluorescence d’une nanoparticule d’or pour
différentes caractéristiques.

Dans la seconde partie de ce travail, une nouvelle microscopie basée sur le
mécanisme d’absorption ultra-faible & un photon a été démontré théoriquement et
expérimentalement. Le calcul théorique basé sur I'approche vectorielle de Debye,
qui prend en compte 'effet d’absorption du matériau, montre qu’il est possible de
focaliser le faisceau lumineux en profondeur a l'intérieur d’'un matériau si celui-ci
présente une absorption linéaire ultra-faible a la longueur d’onde d’excitation. Cette
méthode, dite (LOPA), a ensuite permis de fabriquer des structures 2D et 3D sub-
micrométriques, similaires a celles obtenues par la méthode utilisant 1’absorption a

deux photons.



Abstract

Nowadays, far field optical microscopy is widely used in many fields, for fundamental
research and applications. The low cost, simple operation, high flexibility are its
main advantages. The key parameter of an optical microscope is the objective lens.

This thesis’s work focuses mainly on the characterization and optimization of
the point spread function (PSF) of a high numerical aperture (NA) objective lens
(OL) for applications of high resolution imaging and nano-fabrication. In the first
part of the thesis, we have systematically investigated the dependency of polariza-
tion and intensity distributions of the focusing spot on numerous parameters, such
as the phase, the polarization, and the beam mode of incident beam, as well as
the refractive index mismatch. Then, we demonstrated theoretically different meth-
ods for manipulation of the polarization and intensity distributions of the focusing
spot, which can have desired shapes and are useful for different applications. By
using a home-made confocal microscope, we have experimentally verified some of
the theoretical predictions, for example, vector properties of light beam under a
tight focusing condition. In the second part of dissertation work, a new, simple
and inexpensive method based on the one-photon absorption mechanism has been
demonstrated theoretically and experimentally for 3D sub-micrometer imaging and
fabrication applications. The theoretical calculation based on vectorial Debye ap-
proximation and taken into account the absorption effect of material shows that it
is possible to focus the light tightly and deeply inside the material if the material
presents a very low one-photon absorption (LOPA) at the excitation wavelength.
We have then demonstrated experimentally that the LOPA microscopy allows to
achieve 3D imaging and 3D fabrication with submicrometer resolution, similar to

those obtained by two-photon absorption microscopy.
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General introduction

Since its invention in the early seventeen centuries, the optical microscope has caught
much attention from researchers for its easy operation processing, remarkable focus-
ing spot size, and interesting applications. The principle of optical microscopy is
based on the use of an optical lens to investigate the interested material. Recently,
the existence availability of high numerical aperture (NA) objective lenses (OL) and
their use in combination with different laser beam modes and optical masks has
allowed light to be tightly focused into a sub-micrometer [1] or even a nanoscale
spot [2,3]. Focusing spots with a small size have being used in many domains,
including physics, biology, information, medical and material science.

In particular, sub-wavelength focusing spot becomes an extremely important
tool for optical data storage [4], nano-imaging [5], nano-fabrication [6,7], as well as

optical trapping and optical acceleration [8,9].

Optical microscopy for imaging and fabrication

In spite of the development of high resolution SEM (scanning electron microscope),
STM (scanning tunneling microscope), and AFM (atomic force microscope), optical
microscopy still plays an important role in optical imaging, optical lithography and
optical manipulation because of its easy operation and low cost.

As compared to wide field microscopy [10], the invention of confocal microscope,
which is designed for eliminating the out of focus signal by introducing a pinhole
in the detecting system, has greatly enhanced the optical microscope resolution, in
particular the axial sectioning capability. Nowadays, in a confocal system based on

a high NA OL, light can be tightly focused into a sub-micrometer scale, and thus



General introduction

its resolving power is significantly increased. Generally, the confocal microscope
is based on an one-photon absorption (OPA) mechanism, using a low cost and
continuous laser whose wavelength is centered in the high absorption range of studied
material. However, under tight focusing conditions, the tiny focusing spot is very
sensitive to many parameters, which are correlated to the incoming light and also
to the used OL. A Better understanding of these parameters and the capacity to
perform a desired focal shape are very important for applications.

Besides, in practice, the studied material and also the experimental environment
often degrade the quality of focusing spot. One of the most critical influences is the
limited penetration depth of confocal microscope [1], caused by material absorption.
Hence, the conventional confocal microscope does not allow to deal with deep tissue
imaging and 3D fabrication of photonic structures.

In contrast to the conventional confocal microscope, the two-photon absorption
(TPA) microscope presents a better axial resolution. In this case, the sample is
selectively and efficiently excited only at the focal spot of a microscope objective,
owing to the quadratic dependence of the material response with respect to the
excitation intensity. By manipulating the focusing spot, complex 3D imaging or
fabrication can be realized [11]. However, because of the nonlinear process, which
only happens with very high excitation intensity, TPA requires a pulsed femtosec-
ond or picosecond high power laser. Hence, this technique is rather expensive and
complicated. A method that is simple and low cost allowing to achieve 3D imaging

and 3D fabrication as those obtained by TPA microscopy is a high demand.

Super-resolution microscopy

In a standard microscopy, due to diffraction, which is the wave-nature of light, its
resolving power is restricted to a half of the wavelength of the incoming light beam.
To overcome this diffraction barrier and to observe or to manipulate single molecule
or to fabricate nano-structures is a challenging task. For more than hundred years,
researchers have been working to get a focusing spot size below the diffraction limit.
Unfortunately, no remarkable progress has been made and the diffraction limit re-
mained as a barrier limiting the optical microscopy applications. In 1984, the in-
vention of the “scanning near field optical microscopy” (SNOM) [12] overcame the
diffraction limit for the first time. However, in practice, this technique can only

be suitable for some specific applications due to the working principle of contact
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scanning. Thereafter, in the last decades, several fantastic super-resolution optical
microscopes, based on far field optics have been proposed, such as stimulated emis-
sion depletion (STED) microscopy [2], absorption modulation optical lithography
(AMOL) [13]. In principle, these techniques use two light sources, one for excita-
tion, and the other one, which has a doughnut shape in the focal region, being used
to suppress the “action” of the Airy spot of the first beam to achieve an effective Airy
spot, which is much smaller than the diffraction limit. For the generation of dough-
nut spot in the focal region, a vortex plate [14] is often employed. The intensity
distribution obtained from vortex mask has a transversal doughnut shape. Hence,
in those methods, the resolution is enhanced mainly along lateral directions. The
axial resolution remains in the sub-micrometer scale, which is similar to that of the
standard confocal microscope. To improve axial resolution, some methods [15, 16]
have been proposed by introducing of a third light source, which is modulated by a
0/pi phase plate to perform a longitudinal doughnut field distribution in the focal
region. Hence, with the combination of transverse and longitudinal doughnut spots,
3D super-resolution can be obtained. In practice, due to the using of three laser
beams, which need to overlap each other perfectly in the focal region, it requires a
very complex optical system with a highly challenging optical alignment. Therefore,
using a simple method to effectively generate a 3D doughnut focusing spot is highly

desired in the field of 3D super-resolution microscopy.

Motivation and thesis outline

The aim of this thesis is to theoretically and experimentally investigate behaviour of
a focusing spot under tight focusing condition and its optimization for the applica-
tions in the field of optical imaging and nano-fabrication. We target to quantitatively
characterize the effects of polarization, phase and beam mode of incident beam, as
well as the refractive index mismatch, on the polarization and intensity distributions
of the focusing spot. Besides, we also aim to investigate simple and effective methods
for the generation of a focusing spot with highly modulated intensity or polarization
distribution, for example the generation of long needle, long dark channel, flattop
focusing spot, as well as 3D isotropic doughnut focusing spot. Furthermore, in order
to take advantage of both OPA and TPA microscopies, we focus on the investigation
of a new type of optical microscopy, at low cost and a simple optical configuration,

but allowing to achieve 3D imaging and 3D nano-fabrication.
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The thesis is organized as follows:

In chapter 1, we introduce a general vector theory of the point spread function
(PSF) of a high NA OL and the numerical calculation method allowing to obtain
exact optical behaviour in the focal region. Then, we investigate in detail the in-
fluence of different parameters, such as NA of OL, polarization of incident beam,
incident beam mode, optical mask (phase, amplitude), refractive index mismatch,
on the intensity and polarization distributions of light beam in the focal region.

In chapter 2, we propose different theoretical ways to realize various shapes
of the focusing spot, which are interesting for many applications. We show that,
by controlling the phase, amplitude and polarization of an incident beam, it is
possible to generate some particular field distributions, such as long-needle, long
dark-channel or flattop focusing spots. We also demonstrate a method to achieve an
isotropic focusing (a spherical focusing spot) by employing a particular double-hole

mask.

In chapter 3, we demonstrate how to achieve 2D and 3D super-resolution optical
microscopy. We investigate in detail the 2D stimulated emission depletion (STED)
microscopy and the absorbance-modulation optical lithography (AMOL). We then
introduce a general concept of a so-called “nano-pointer”, which is interesting for
2D optical fabrication application. In addition, a new method for the creation of
a 3D doughnut focusing spot, which could be used for 3D super-resolution STED
microscopy, is also presented.

In chapter 4, by using a simple home-made confocal microscope and a gold
nanoparticle as a probe bead, we experimentally characterize the field distribution
in the focal region of high NA OLs. We also demonstrate the general behaviours of
lens system, such as the influence of NA, the misalignment of the optical system,
aberration effects, etc. Moreover, we demonstrate the influence of the input beam
polarization on the intensity distribution in the focal region, and show how to control
the focusing spot shape.

In chapter 5, based on the vectorial Debye theory, we further establish a new
mathematics representation, in which the absorption effect of the studied material
has been taken into account. This allows to explain the variation of light beam prop-
agating through an absorbing medium. We quantitatively carry out the influence of

the absorption coefficient of the studied material and the penetration depth of light
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beam on the formation of a tight focusing spot. Furthermore, we propose for the
first time a new concept of submicrometer 3D microscopy, entitled “low one-photon
absorption microscopy” (LOPA), which is very useful for 3D optical imaging and 3D
optical fabrication. LOPA microscopy concept is experimentally verified by using
a simple fluorescence experimental method, and also by the demonstration of the
successful fabrication of various 2D and 3D sub-micrometer structures.

In the last chapter, we summarize all important results of this work and show
how they could be useful for different applications in optical imaging and fabrication.

We also discuss about different prospects of this work.



General introduction




Chapter 1

Fundamental study of light
distribution in the focal region of
a high NA OL

High spatial resolution is an essential requirement of imaging microscopes, such as
confocal laser scanning microscopy (CLSM), near-field scanning optical microscopy
(SNOM), scanning electron microscopy (SEM) and scanning tunneling microscope
(STM), etc. Depending on the imaging system and a target sample properties, the
resolving power can range from 1 ym down to 1071 m. The resolution of a standard
optical microscope (far-field) is limited at sub-micrometer scale. This limitation of
the optical microscopy resolution is mainly caused by the well-known “diffraction
limit”, which is the consequence of the wave property of light.

In this chapter, we discuss about the behavior of the diffraction-limited focusing
spot of a lens used in an optical microscope. First, a brief introduction of the diffrac-
tion theory and numerical computing methods used to calculate the electromagnetic
(EM) field distribution in the focal region will be presented. Then, we investigate
the effect of numerous parameters on the intensity distribution of a diffraction lim-
ited focusing spot, such as the NA of OL, the polarization and phase distributions
of the incident light beam, etc.



1.1. Diffraction of light in a lens system

1.1 Diffraction of light in a lens system

Diffraction is the wave nature of light [17]. When light encounters a “small” (size
is close to light wavelength) object (transparent or opaque), a significant diffraction
phenomenon is observed. As a consequence, instead of projected shadow of object,
the intensity distribution, on the screen placed at the back side of the object, has
rings or fringes shape. The diffraction effect was first theoretically proposed by
Huygens and was further investigated by Fresnel [17]. The experimental observation
of diffraction phenomena is referenced to the famous “Young’s single and double slits
experiment”.

Diffraction is employed to explain numerous phenomena, for example, the inter-
action of light with a grating structure and the light behavior under tight focusing.
It is well-known that, even with a perfect lens, it is impossible to obtain an ideally
focused point. Figure 1.1 illustrates the propagation of a light beam, which is tightly
focused by an aberration-free high NA OL. In the focal region, the focusing spot,
instead of an ideal point, displays an ellipsoidal shape, with a rotational symmetry
along the optical axis. The dimension of the focal spot is characterized by the so-
called longitudinal (L) and transverse (T) size. The ratio L /T is often defined as its
aspect ratio (AR).

The reason for the limited size (T, L) of the focusing spot is due to the diffrac-
tion when propagating through a lens aperture. Indeed, as any kind of diffraction
aperture (i.e., a slit, a rectangular hole), a lens pupil is considered as a diffracting
aperture, which is constituted by infinite diffracting points. In the vicinity of the
focal region, the EM field distribution is the superposition of all diffracted light
rays that emerged from lens aperture. The focusing spot is therefore an interference
image of all these rays, resulting in a finite size that cannot be reduced below the

wavelength of the incident light.

1.1.1 Rayleigh criteria

The size and shape of the focusing spot has a direct impact on the resolving power
of an optical microscope. For instance, the image of a point object on the camera
is an image of the focusing spot, which is described as a so-called point spread

function (PSF). If there are two points located in the focal region, which are close

8



Chapter 1. Light distribution in the focal region of a high NA OL

Figure 1.1: Light propagation under tight focusing condition by a high NA OL. The
focusing spot sizes, T and L, are defined at full width at half maximum (FWHM)
of its peak intensity along the transverse and longitudinal directions, respectively.

enough to each other, the relevant PSFs merge into each other and we no longer
can distinguish the images of these points on the camera. Furthermore, in the case
of an optical lithography, which is based on the use of a focused beam, it is not
possible to fabricate a structure with a feature size smaller than the focusing spot
size. The exact definition of focusing spot size or minimum resolvable distance is the
most essential issue in optical microscope system. The mathematics representation
of resolution is referred to two kinds of formulas, which are proposed by Abbe and
Rayleigh [17], respectively. The two formulae are quite similar. The only difference is
the coefficient of terms, which comes up from the different definitions of the minimum
resolvable distance of two close point objects. In an imaging system, Rayleigh criteria
is often considered as a standard definition. In this case, the minimum resolvable
distance between two points is the distance in which the maximum intensity of
relevant PSF of the first point is just overlapped with the first minimum of the PSF
of second point. This distance is equal to half of a single PSF size. In the Rayleigh
criteria, the transverse and longitudinal minimum distances are given as [17]: - for

the transverse (lateral) size:
0.61A

- for the longitudinal (axial) size:
2\
L/2=— 1.2
2= (12)

9



1.1. Diffraction of light in a lens system

where A is the wavelength of light, NA is the numerical aperture of OL, which is
defined as:
NA = nsinq, (1.3)

where n is the refractive index of the medium in which the light propagates, and
« is half of the maximum angle through which the light is focused into the focal
region.

According to these formulae, the resolution of an optical imaging system is re-
ferred to light wavelength, A, and the NA of the used OL. For higher NA, smaller
focusing spot and better resolution can be obtained. To be a high NA, one can
increase the a-angle or use an immersed medium with higher refractive index, n.
Therefore, there exist actually different kinds of OLs, classified as air (n = 1), water
(n = 1.33), and oil (n = 1.51) immersion OLs, as well as solid (n > 2) immer-
sion OL [18]. Nowadays, OLs with NAs varying from 0.2 to 1.65 are commercially
available.

In order to achieve tightly localized field or a better resolving power, high NA
OLs are often employed in optical systems. We note that the Rayleigh criteria
(Egs. (1.1), (1.2)) is determined based on the intensity profile of Airy disk, which
is the diffraction pattern of a circular aperture. This diffraction is quantitatively
studied by using the Fresnel-Kirchhoff scalar diffraction theory, in which the vector
properties of light are omitted and the direction of energy flow (Poynting vector) is
also ignored. Hence, Egs. (1.1), (1.2) only partially reflect the behavior of focusing
spot size. However, when working with an optical system possessing a high NA OL,
there are numerous fascinating phenomena, which can be emerged, such as hollow
focusing structures, asymmetric focusing behavior, etc. A diffraction theory taking
into account the vectorial property of incident light is therefore necessary.

In the next section, we will discuss about the derivation of an exact mathematics
representation of intensity distribution of the focusing spot under tight focusing

condition.

1.1.2 Light distribution in the focal region of a high NA OL

In an optical imaging system, if the NA of OL is relatively high (> 0.7), as shown
in Figure 1.2, the wavefront (w;) of light beam at the exit of objective is converged

significantly and turned into a spherical form. Hence, the approximations taken in
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Chapter 1. Light distribution in the focal region of a high NA OL

Figure 1.2: Geometrical representation of the propagation of a light wave, focused by
a high NA (NA > 0.7) OL. The red curve represents the wavefront w; of propagation
beam at the exit of objective pupil. Subscripts 1, 2 in the Cartesian coordinates
indicate the coordinates of lens (object) and focal region (image), respectively.

the scalar diffraction theory, such as paraxial approximation, Kirchhoff boundary
condition, Fresnel or Fraunhofer approximation [19] are no longer satisfied. The
corresponding derived results are not able to exactly reflect the behavior of the
light field distribution in the vicinity of a focal point. In 1950’s, Richard and Wolf
proposed a complete mathematics representation of EM field distribution in the
focal region of a high NA OL. The proposed formula considers the vector properties
of the EM field, and the derivation is based on vectorial Debye approximation. The

main idea of this theory can be summarized as follows [19,20] :

i) the beam wavefront just after exit pupil has a spherical shape (Gaussian ref-

erence sphere) with a radius of f that is called the focal length of OL.

ii) each diffracted light ray is considered as a plane wave and propagates towards
the geometrical focal point of lens, indicated by the wave vector, k.

iii) cos(f, n) ~ 1, where n is the normal vector of diffraction aperture and 6 is
the angle of the propagation direction of diffracted ray and the optical axis.

Following Richard and Wolf, the electric field distribution at an arbitrary point

p (Figure 1.2) in the focal region is given in Cartesian coordinates [20,21] by:

ikC
2T

E=— /Q/T(s) explik(D(sy, Sy) + SuT2 + Syyo + 5,22)]dS2, (1.4)

11



1.1. Diffraction of light in a lens system

where C is a constant, k = 27n /) is the wavenumber, A is the wavelength of incident
light, n is the refractive index of the immersion medium, and €2 is a solid angle of
the objective aperture. Only inside this (2 angle, diffracted light rays are considered
as propagating towards the focal point and contribute to the formation of a tight
focusing spot. s = (s, Sy, 5.) is a dimensionless vector along a typical ray pointing
towards the geometrical focal point O. ®(s,,s,) is the wavefront distortion with
respect to the Gaussian reference sphere in the case of aberration. In our calculation,
it has been assumed as zero for an aberration-free focusing system, except for the
case dealing with dielectric interface, which will be presented in Section 3.5 of this
chapter. T(s) refers to the amplitude distribution of light at the exit of the objective
pupil. The exact expression of this term is quite complicated, because it depends on
different parameters, such as the apodization of the objective pupil and the input
field vector. It will be expressed in detail in spherical coordinates in the later part

of this chapter.

The physical interpretation of the Eq. (1.4) is that the EM vectorial field dis-
tribution at an arbitrary point p(zs, ys, 22) in the focal region of a high NA OL is
the superposition of all the diffracted plane waves (s) which are emerged from exit
of lens within the solid angle Q. Moreover, the field amplitude of plane waves (s),
have direct relation with the employed lens and the incident vector beam.

In the general case, an OL aperture has a circular shape. The wavefront (w;)
of the diffracted beam at the exit of objective aperture is axially symmetric around
the optical axis. Thus, it is convenient to express the wave vector s by introducing

the spherical coordinates [22,23]:
s = (sin 6 cos ¢, sin O sin @, cos #), (1.5)

with 0 < 6 < «, where « is the maximum focusing angle of the OL (Figure 1.2),
and ¢ is the azimuthal angle of object plane. We note that, in some cases, in
order to compute the particular distribution of the wavefront, we also use Cartesian
coordinates to express the unit vector s (see Section 2).

Besides, the solid angle €2 [22] can be expressed in Cartesian and spherical coor-

dinates as:

_ ds,ds,

Sz

dQ = sin fdfdp. (1.6)
In our study, for the image plane, we use Cartesian coordinates to conveniently

12



Chapter 1. Light distribution in the focal region of a high NA OL

express the intensity distribution at (z2y2)—, (2222)—, (y222)—planes of the focal
region.
Substituting Eqs. (1.5) and (1.6) into Eq. (1.4), the diffraction integral formula

therefore can be rewritten as [24] :

E(22,y2, 22) / / sin0A (0, ©)B(0, )P (0, ¢)
X exp[zlm 29 €08 0 + X9 8in 6 cos ¢ + Yo sin O sin )]dOdyp, (1.7)

where :

- A(0, ) is the amplitude of the incident beam, referring to the beam profile
(mode) of the incident laser beam. For example, in the case of a uniform beam,
A(0, ) = 1. If there is a mask (phase or intensity modulation optical component)is
placed in front of OL, this term will be accordingly modified. The influence of this
term on the field distribution in the focal region will be discussed in Sections 3.2
and 3.3.

- B(#, ) is the apodization factor, which indicates the energy conservation before
and after lens aperture. In an aplanatic lens system, B(6, p) = v/cos 6 [21].

- P(0, ¢) indicates the polarization state of the EM field in the focal region. It
is expressed as P(0,¢) = T(0, p)Po(0, ), where Po(0, ) is a matrix vector related
to the polarization of the input light and T(0,¢) is a 3x3 lens operator matrix to
convert the polarization from object field to focal region. The mathematics form of

the polarization of the input field can be expressed as:

Po= | p,(6,0) |- (1.8)

The lens operator matrix can be calculated by:

T(,9) = R'OR, (1.9)
with
cosp singp 0 cos# 0 sinf
R= 1| —singp cosp 0 |,C= 0 1 0 , (1.10)
0 0 1 —sinf 0 cosf

where R, C describe the rotation of the coordinate system around the optical axis
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1.2. Numerical calculation method € simulation script based on Matlab

and the change of polarization during the propagation through the lens [23], re-
spectively. We note that T(6, ) only indicates the polarization conversion of the
incident beam in the case of homogeneous medium. If there is any dielectric in-
terface after the lens aperture, Fresnel coefficients must be introduced to take into
account the different transmissions of different polarizations (see Section 3.5).
Thus, by using Eq. (1.8), Eq. (1.9) and Eq. (1.10), the polarization states of the

field in the focal region, P (0, ), can be rewritten as :

1+ (cos —1)cos®>p (cosh —1)cospsing —sinfcosp| |p,(0,p)
P(0,) = |(cosf — 1) cospsing 1+ (cosf —1)sin’¢ —sinfsing| |p,(0,¢)
p. (0, ¢)

(1.11)

The influence of the incident beam polarization on the intensity distribution of

sin 6 cos ¢ —sinfsin ¢ cosf

a tight focusing spot was theoretically studied and will be presented in Section 3.4.
The corresponding experimental investigation will be presented in Chapter 3.
Based on this vectorial Debye theory, for a light beam focused by a high NA
OL, we can see that the EM field distribution in the focal region depends on various
parameters, such as, the input laser beam mode, the polarization of incident light,
the NA of OL, etc. In the next section, we will present a numerical method to
calculate the exact intensity and polarization distributions of a tight focusing in the

focal region, as well as the influence of different input parameters.

1.2 Numerical calculation method & simulation

script based on Matlab

In principle, there are an infinite number of diffracted rays within the range of the
0 (0 <6 < «a)and ¢ angles (0 < ¢ < 27), which emerge from lens aperture and
propagate toward to the focal region. However, dealing with an infinite number
rays is not practical. For numerical computing, considering the time needed for
calculation, and accuracy tolerance, an appropriate limit amount of diffracted rays
should be adopted.

Hence, for numerical computing, we assume that the angle 6 is discretized from
0 to a by an equally spacing step of Af, and accordingly, the azimuthal angle ¢ is

discretized from 0 to 27 by a equally spacing step of Ag. In the simulation program,
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Chapter 1. Light distribution in the focal region of a high NA OL

we assume that 6 is discretized by Ny linear steps as:

91 - O,
Om = 01+ A0, (1 < m < Ny, integer),
A = a/Ng,

and the azimuthal angle ¢ is discretized by N, linear steps as:

Y1 = 0,
Pn = Pn-1+ AQO, (1 <n< Ngo; integer)>
Ay =27 /N,,.

Consequently, the integration formula (Eq. (1.7)) may be simplified by summing
up a quite number of plane waves. It can be written by a numerical computing way

as:

Ny Ny

E(x%? ?J2j, Z2k> - Z Z sin QmA(‘gma gpn)B(QWu Qon)P(emu Qﬁn>

m=1n=1

x explikn(za, cos Op, + 2o, Sin Op, cOS ©r, + Y, Sin O,y sin 0, )] AOAp.  (1.12)

Besides, similar to finite-difference time-domain (FDTD), the area of interest
(observation plane) is assumed to be a 3D grid distribution (N,, N,, N,) with a
spacing size less than A/10. In our case, these parameters are set, for example, as
Ny=N,=200, N,=N,=N.=200, for a high NA OL (a ~ 67.5°), and for a simulation
region of 0.5 pm x 0.5 pm x 0.5 pum.

In this study, the numerical calculation way is programmed by a personal code
script based on Matlab software. The detail of the script is attached in Appendix
A.

Furthermore, for convenience, we have packaged numerous scripts into a graphic
interface package. The representation of the software is shown in Figure 1.3. This
package allows to simulate intensity and polarization distributions of a tightly fo-
cused spot under different conditions, such as different NAs of OL, different incident
beam polarizations, different beam modes, etc. The detail of these studies will be

presented in the next Section.
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1.3. Fundamental study of EM field distribution in the focal region
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Figure 1.3: Graphic interface of the developed software, which is used to systemat-
ically study the intensity and polarization distributions of a tight focusing spot.

1.3 Fundamental study of EM field distribution

in the focal region

In this section, the basic properties of a tight focusing spot is presented in detail.

1.3.1 EM field distribution in the focal region as a function
of NA

As mentioned in the definition of the Rayleigh criteria, the NA of OL is a crucial
parameter for characterizing the optical imaging system. NA is proportional to the
maximum opening angle («) of the OL. NA also depends on the refractive index
(n) of the immersion medium, as shown in Figure 1.4. In this work, as shown in
the first row of Table 1.1, we have theoretically studied the intensity distribution in
the focusing region of six different OLs. All these OLs possess high NAs, and are
immersed in different media (air, water and oil). In simulation, we have assumed
that the incident beam is right circularly polarized and that the light source is
monochromatic with wavelength A = 532 nm.

The numerical calculations of the focusing spot at (z9y)—plane (z5=0) are shown
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Chapter 1. Light distribution in the focal region of a high NA OL

NA 0.7 0.9 1.1 1.25 1.4 1.49

n 1.0 1.0 1.33 133 151 1.51

a(°) | 4442 64.16 55.80 70.03 67.53 80.66

Table 1.1: Different NAs and corresponding a-angles used to calculate the intensity
distribution in the focal region. The refractive index of immersed medium is changed
according to each OL.

in Figure 1.4. It is clear that, in all cases, the transverse size of the focusing spot is

symmetric around the optical axis, and its size is decreased when NA increases.

Figure 1.5 shows the intensity distribution of the focusing spot at (x52z2)—plane.
We can see a dramatic decrease of the focal spot size along the longitudinal direction
when increasing of NA of the OL. Following a relation similar to that of the Rayleigh
criteria (Eq. (1.2)). In spite of this dramatic decreasing rate, the longitudinal size
(L) is always larger than that of the transverse direction (T). This is due to the
fact that in a focusing system with the use of a single OL, it is only able to focus
or collect the light in one direction (propagating along z;—axis) with omitting the
light (information) from other directions. In order to further reduce the longitudinal
focal size, one possibility is to use a 4-pi configuration optical path [25], in which a
second OL is placed at the opposite side of the first one to modulate the light field

along the optical axis of the system.

The calculated values of the full width at half maximum (FWHM) of the trans-
verse (T) and longitudinal (L) sizes of the focusing spot are shown in Figure 1.6(a).
It is clear that the longitudinal size decreases dramatically from 1.6 pym to about
0.4 pm while the transverse direction decreases from 0.4 ym to 0.20 pm. By com-
panying the focusing spot sizes of different media, we found that the size of NA=1.1
(n = 1.33) is smaller than the air objective with NA = 0.9 (n = 1), despite the «
angle is smaller. That is due to the fact that the wavelength in dense medium is
shorter. The aspect ratio (L/T) of the focusing spot is shown in Figure 1.6(b). It
also decreases down to around 2 at NA=1.49. Further reduction of this ratio is quite
important for many applications. Indeed, 3D imaging and 3D optical fabrication,
requires the same resolution along all directions. The study of isotropic 3D intensity

distribution of focusing spot will be presented in Chapter 3.
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Figure 1.4: Transversal intensity distribution of the focusing region as a function
of the NAs (see Table 1.1). NA; 535.=nsin(a;23..)Results are obtained by using a
circularly polarized uniform beam with A = 532 nm.

We note that the theoretical FWHM size of the focusing spot is smaller than
the value predicted by the Rayleigh criteria (1.22A/NA). This reflects the difference
of scalar diffraction and vectorial Debye theories. For a rough estimation of the
ffocusing spot size, both theories are acceptable, but in the case of high resolution
imaging and nano-fabrication, the correct calculation from vectorial Debye theory

should be employed.

1.3.2 Effect of the input beam profile on form and size of

focusing spot

Because the laser beam is often employed as a light source, it is important to charac-
terize the focusing behavior of different laser beams under tight focusing conditions.
Up to now, the most frequently reported results of laser beams are referred to Gaus-
sian beam [26], Bessel-Gaussian beam [27] and Laguerre-Gaussian beam [28]. In this
section, we study the effect of the three kinds of input beam modes on the intensity

distribution of the focusing spot, which are: wuniform; Gaussian; and Laguerre-
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Chapter 1. Light distribution in the focal region of a high NA OL

V, - axis

1 T -
Z, - axis

Figure 1.5: Longitudinal intensity distribution in the focusing region as a function
of the numerical aperture (NA=0.7, 0.9, 1.1, 1.25, 1.4, 1.49). Results are obtained
by using same parameters as those used in Figure 1.4.

Gaussian beams, respectively. The mathematics representations of the amplitudes

of these beam modes can be described as shown in Table 1.2.

We note that for the Laguerre-Gaussian (L-G) beam mode, we only consider the
first-order mode, i.e., p = 1. In this case, L}(z) = 2 — x, and the L-G beam has
the shape of a double-ring. This mode however depends on the (-ratio, which is
defined as the ratio of the pupil radius and the beam waist in front of the OL. In
our calculation, we set § = 2.0 to ensure that the two rings of this beam profile pass
through the OL pupil.

The cross sections of the incident laser beams profiles in front of lens aperture
are shown in the first row of Figure 1.7. The relevant calculated field distributions
in the focal region at (z2y2)— and (z22)—planes are presented in Figure 1.7 (a;-¢;)
and (ag-cy), respectively. The numerical calculation results are obtained under a
tight focusing condition (NA = 1.4, n = 1.515), and the incident beam possesses a
right circular polarization. With different beam profiles the at entrance of the OL,
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Figure 1.6: (a) FWHM size of the focal spot, along transverse and longitudinal
directions. (b) Aspect ratio of the focusing spot as a function of the NA. Results
are obtained by using same parameters as those obtained in Figures 1.4 and 1.5.

Uniform beam A(f,p) =1

Gaussian beam A6, ) = exp(—ﬁ*y%)

w?

Laguerre-Gaussian beam | A(0, p) = 52% exp[—(ﬂ%)ﬂ[/;p(ﬁ%ﬂ

Table 1.2: Different beam modes used to calculate the intensity distribution in the
focusing region of a high NA OL. A(f, ) represents the amplitude of the beam
mode. w is the waist of Gaussian beam. [ is the ratio of pupil radius and beam
waist. 6 and ¢ are polar coordinates of lens aperture (see Figure 1.2). Lzl) is the
generalized Laguerre polynomial.

the intensity distributions in the focusing region are also different.

As compared to the uniform beam, Gaussian beam allows to obtain a very similar
focusing spot but with a larger size. This can be explained by the fact that the light
intensity of the Gaussian beam is concentrated in the beam center, which can be
equivalent to the sum of a large aperture of the one of the uniform beam (high
NA) and a small aperture of uniform beam (low NA). Hence, the resulted intensity
distribution is larger than the one obtained with a single uniform beam (high NA).
Because of a large transverse size, the aspect ratio of the focusing spot obtained by a
Gaussian beam becomes smaller. With a proper beam waist of the Gaussian beam,

it is possible to generate a focusing spot with a quasi-isotropic shape, which is a
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uniform beam Gaussian beam i Laguerre-Gaussian
beam

|—
0.5 wm

Figure 1.7: Comparison of the intensity distributions in the focusing region of a
high NA OL, realized with different incident beam modes. Simulation parameters:
A = 532 nm, circularly polarized incident beam, NA = 1.4, n = 1.515.

high demand for many applications, such as 3D imaging and 3D fabrication. In the
case of a L-G incident beam, the intensity distributions at (zoy2)—, (z222)—planes
show that the shape of the focal spot is strongly modified. A significant portion of
side ring along transverse direction is emerged. On (x525)—plane, the peak intensity
has been splitted in two peaks along the optical axis (zp—axis). This intensity
distribution behavior can be explained by the fact that the focusing spot is the
consequence of the interference of diffracted light rays in the focal region. In the
case of L-G beam, the light of the inner and outer rings possess different phases,
and thus when the diffracted rays are added up in the focal region, they interfere
destructively and the total intensity at the focal point is weaken. In theory, with a
fine control of the order of L-G and 3, a focusing spot with zero intensity at focal

point can be obtained, which is very interesting for super-resolution microscopy [15]
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® o

© @
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Figure 1.8: Modulation of the incident beam profile by different masks. (a) Maskless:
uniform beam profile (reference beam); (b) Amplitude mask: to stop center part of
light beam; (c) 0/m—phase mask: introducing m—phase delay of center and outer
parts of laser beam; (d) Vortex mask: phase of incident beam is rotationally shifted
from 0 to 27 around the optical axis.

or optical trapping [29]. In practice, due to the fact that the intensity strength of
two rings are not equal (first ring is dominant), the total intensity at focal plane is

just weakened.

This study shows that the intensity distribution of focusing spot strongly de-
pends on the profile of incident beam. For instance, the beam profile is varied by
using different laser beam modes. In the next part, we will introduce alternative
ways to modulate the incident beam profile and study their effects on the intensity

distribution of tight focusing spot.
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Chapter 1. Light distribution in the focal region of a high NA OL

1.3.3 Effect of different masks on EM field distribution in

the focal region

In this section, we present the influence of several masks, which are applied to
modulate the incoming beam profile, on the size and form of a tight focusing spot.
In this case, we assume that the incident beam displays an uniform beam profile,
as already discussed in the last section. By using a proper mask, it is able to
transform the uniform plane wave to a particular desired beam shape, such as hollow
beam, phase singularity vortex beam, etc. Different optical masks investigated in
this work are illustrated in Figure 1.8. In particular, we focus on three kinds of
most frequently used masks, which shown an axial symmetry around the optical
axis. Hence, it is convenient to define the diffracted wave vector using spherical
coordinates (Eq. (1.5)). When using a mask (to modulate the uniform beam), the
A(0, ) is designed accordingly to the expected formation operated by the mask:

— amplitude mask (Figure 1.8(b))

0 : blocked area (6 < 6y),
A, ) = (1.13)
1 :unblocked area (0x <0 < «),

where 0, is the angle between the optical axis and the edge marginal line of the
inner opaque area. As shown in Figure 1.8(b), sinfy = esin«, where ¢ is the ratio
between r, and ro (e = r1/r0).

— 0/m phase plate (Figure 1.8(c))

' : m — phase shift (6 < 6
Af.p) = eXP(Z.?T) 7 — phase shift ( A) (1.14)
exp(i0) : 0 — phase shift (0 <0 < «),

where, 0, is defined as the angle of blocked area in the case of amplitude mask.

—vortex phase mask (Figure 1.8(d))
A0, p) = exp(imy) : 0 — 2mm phase shift (axial rotation), (1.15)

where m is an integer, which represents the order of the phase shift of a light beam

around the symmetric optical axis.
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1.3. Fundamental study of EM field distribution in the focal region

We note that, in order to investigate the effect of masks on the intensity distri-
bution in the focal region, we set a reference aperture (maskless), which is shown in
Figure 1.8(a). Its intensity distribution has been shown in Figure 1.7(a; o).

For all simulations of field distribution in the focal region, the parameters are:
NA = 1.4, n = 1.515, A = 532 nm, right circularly polarized incident beam. Under
tight focusing, the numerical calculation results of the mask shows numerous crucial

behaviors, as will be shown in detail in next subsections.

1.3.3.1 Amplitude mask

Figure 1.9 shows the calculated intensity distribution in the focal region of a high
NA OL using an amplitude mask (Figure 1.8(b)). Compared to the maskless config-
uration, when ¢ = 0.8 for example, the transverse size (Figure 1.9(a)) of the focusing
spot is decreased by about 15% while the longitudinal size is elongated along optical
axis. Note that when introducing amplitude mask, there appears a side ring around
the Airy disk. The intensity of this ring varies with €. The EM field components
along the x9— and zy—axes further indicate that the cause of the smaller transverse
size is the shrink of radial components (E,, and E,,), and the creation of the ring
is due to the longitudinal component E,, (Figure 1.9(e;)). The elongated shape
along the optical axis is the consequence of increased E,, (Figure 1.9(cy)) and £,
(Figure 1.9(dy)) components along optical axis. A focusing spot showing a smaller
transverse size and longer longitudinal size is important for many applications, such
as high resolution 2D microscope, optical tweezers, etc. The use of an amplitude
mask to precisely control the focusing spot shape for different applications will be

investigated again in Chapter 2.

1.3.3.2 0/m—phase plate

Instead of stopping the central part of an incident light beam, a m—phase retarda-
tion of this part with respect to the outer part, lead to strongly different results.
Figure 1.10 shows the numerical results of a focusing spot using a 0/m—phase plate
(Figures 1.8(c)) in front of the entrance of objective aperture. As shown in Fig-
ure 1.10(a;, ag), at (wey2)—plane, the initial Airy spot vanishes and a double-ring
shape emerges, but with a relatively weak intensity. At (z929)—plane, it is clear that

the field energy is splitted into two symmetric small focusing spots along the optical
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Figure 1.9: Influence of amplitude mask on the intensity distribution in the focal
region. [aj-e1], [ag-es] show the intensity distribution of total field, E,,—, E,,—,
E.,—components along x,—axis, yp—axis, and z,—axis, respectively. Reference
beam (ref) is a circularly polarized uniform beam with wavelength, A = 532 nm.
The simulation parameters are: ¢ = 0.8, NA = 1.4, n = 1.515.

axis. The plotted intensity distribution of the different components show that, along
the transversal direction (zo—axis), all three components are eliminated. Along the
longitudinal direction (zy—axis), the peak intensity is shifted to its original first
minimal position, which is mainly caused by the shift of radial components (FE,,
and E,,) to the two sides of the focal point as shown in Figure 1.10(cz, d2). This
behavior can be also explained by the fact that due to the m—phase shift of the in-
ner part of the incident beam, when the rays are adding up at the focal region, the

phase difference of rays induces destructive interference at the focal point, while at
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Figure 1.10: Influence of 0/m—phase mask on the intensity distribution in the focal
region. The simulation parameters are: ¢ = 0.75, NA = 1.4; n = 1.515.

its vicinity, rays are in phase and thus a constructive field distribution appears. The
focusing spot created by the 0/m—phase plate plays a key role for 3D imaging [30]

and 3D fabrication [31] applications, as will be explained in chapter 3.

1.3.3.3 Vortex mask

The amplitude mask and 0/7r—phase mask modulate either the amplitude or the
phase between the central and outer parts of the incident beam. The modulation
from a vortex mask, which changes the phase of the incident beam around the optical
axis, is also very interesting to analyse.

In our calculation, we set m = 1 (Eq. (1.15)) to impose a phase change of the
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Figure 1.11: Influence of vortex mask on the intensity distribution of focusing spot.
Simulation are realized with the same parameters as in Figure 1.9.

incident beam from 0 to 27 around the optical axis. 0 is assumed to be the phase
of the light rays located at the positive part of the r—axis of the OL. In this case,
there is a phase singularity in the center of the phase-modulated beam. However, in
the numerical calculation, it does not affect the results, since the diffracted ray from
this single point shows a negligible contribution to the focusing spot, as compared to
those from the whole aperture. In Figure 1.11, the calculated intensity distribution
shows that, at (x9ys)—plane, a doughnut shaped distribution appears instead of
an Airy disk. At (z929)—plane, the intensity is vanished all along the optical axis.
This intensity distribution is a strong evidence of the vector properties of light.

Indeed, the plotted different field components along the zo—axis (Figure 1.11(by-e1))
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1.3. Fundamental study of EM field distribution in the focal region

show that the creation of a doughnut shape in the focal region mainly results from
the change of the radial components (£,, and E,,) from an Airy to a doughnut
distribution. The longitudinal component (F.,), which has an initial doughnut
profile, is shifted far away from the optical axis. The intensity of the zo—component
displays a little increase (less than 20% of total intensity). The three components
along the zp—axis (Figure 1.11(by-cy)) show that, in all cases, there are no intensity
distribution along optical axis, resulting in a focal spot with a hollow shape.

The 2D doughnut focusing spot is very important for many applications. For
instance, in a STED microscopy, the doughnut focal spot is introduced to deplete un-
wanted spontaneous emission. In super-resolution optical lithography, the doughnut
spot is also used to inhibit the photoresist from polymerization.

The three presented masks, amplitude, 0/7 and vortex phase plates allow to
symmetrically modulate the beam intensity profile or phase distribution around the
optical axis. It is interesting then to investigate the intensity distribution of the
focusing spot when the incident light beam has an arbitrary amplitude or phase

distribution.

1.3.3.4 Focusing a laser beam with an arbitrary wavefront or intensity

profile

In order to work with a laser beam, showing an asymmetric intensity or phase
distribution, we employed the Cartesian coordinates. The geometry of the mask used
to modulate the incident beam profile is shown in Figure 1.12(a). This amplitude
mask has a double-hole shape allowing to modulate the incident beam to perform an
isotropic focusing spot in the focal region. As shown in Figure 1.12(b), due to this
particular amplitude mask, only certain parts of the incident beam, corresponding to
the two open areas >; and Yo, are able to propagate through an objective aperture
and towards to the focal region.

The calculated intensity distributions at (z22)—plane of this particular incident
beam are shown in Figure 1.13. For this numerical calculation, the radii of the two
open areas are r; = o = 2.1 mm; the center of the two circles (Oy,, Oyp,) are located
at a distance d = 2.9 mm from the optical axis. The radius of the full aperture size
is 7o = 5 mm; the employed OL has NA = 1.4, n = 1.515; the wavelength of input
beam is A = 532 nm. Due to these small off-axis open areas X1, X, the light from

each area results in a “tilted” focusing spot in the focal region (Figure 1.13(a,b)).
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Chapter 1. Light distribution in the focal region of a high NA OL

front view side view

Figure 1.12: Focusing the light via a double-hole mask. (a) front view. (b) side view.
ry, ro are the radii of the opened areas i, s, respectively. The center of these
two areas, O1,, Og, are located at a distance d from the optical axis of objective
aperture.

Thus, if there is no correlation between the two PSFs, when adding up their respect
contributions in the focal region, a 3D isotropic PSF is obtained (Figure 1.13(c)).
The FWHM size of this PSF is about 1 pum for both x5— and 2zo— axis. The size of
this 3D PSF is relatively large, because light propagates through small areas, which
is equivalent to the case of a light beam focused by a small NA OL.

According to the vectorial properties of light, the focusing spot size can be fur-
ther reduced. In the next part, we will present the influence of the incident beam

polarization on the intensity distribution of a tight focusing spot.

1.3.4 Influence of polarization of the incident light on the

intensity distribution of a tight focusing spot

In the previous sections, we studied the effects of the beam modes of incoming
light and input masks on the intensity distribution in the focal region. In this

section, we investigate the influence of different types of polarization, which are
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1.3. Fundamental study of EM field distribution in the focal region
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Figure 1.13: Calculated intensity distribution of a tightly focused beam in the focal
region. Focusing spot obtained by light beam corresponding to the area ¥; (a), area
Y9 (b) and both areas (c), respectively. 1 =7y = 2.1 mm, d = 2.9 mm, ry = 5 mm.
A =532 nm, NA = 1.4, n = 1.515.

shown schematically in Figure 1.14 (left side of each subfigure), on the intensity
distribution of the focusing spot. The polarization strength of radial (p,, p,) and
longitudinal (p,) components, are presented in the Table 1.3 [24]. In all cases, the
laser beam is assumed to propagate in the direction of the optical axis. Hence, p.
is set as zero to indicate that the incident beam is transversely polarized before

entering OL aperture.

Polarization a-linear y-linear RC LC elliptical radial azimuthal

P, 1 0 % ﬁ 15 cos -sin ¢
Dy 0 1 ﬁ % ﬁ sin coS ¢
P, 0 0 0 0 0 0 0

Table 1.3: Different polarization states of the incident light beam that are used to
study the intensity distribution of the focusing spot of a high NA OL. RC: right
circular polarization. LC: left circular polarization.

The polarizations of the laser beam before and after lens aperture are illustrated
in Figure 1.14 (right side of each subfigure). The related mathematics representation
of the polarization conversion, T (6,¢) (Eq. (1.9)), has been presented earlier in
Section 1.2.

As shown in Figure 1.14, when a light beam propagates through an objective
aperture, its polarization states are modulated. If the NA of the OL is relatively

high, the effect of the polarization of incident beam on the intensity distribution of
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(a) (b)
linear circular
. neat - ey
| i
i i
i i
| i
(©) (d)
radial azimuthal 5
A e)
i
i
i
i

Figure 1.14: Hlustration of polarization conversion in a tight focusing system. The
left part of each sub graph is the schematic representation of the polarization of the
incident beam: linear (a), circular (b), radial (c¢), azimuthal (d). The right part of
each sub graph shows the polarizations before and after the OL. The signs ® and ©
indicate the polarizations of the EM field, pointing in and out of plane, respectively.

the focusing spots is significant [19]. Here, we use a high NA OL (NA = 1.4, n =
1.515) to investigate the influence of the incident beam polarization on the intensity

distribution of a tight focusing spot.

1.3.4.1 Focusing spot of a r—linearly polarized incident beam

In the case of a z—linearly polarized incident beam, as shown in Figure 1.15(a), the
total intensity distribution of the focusing spot at (z2y2)—plane shows an elongated
shape along the incident light polarization direction. The different E7,, E; and
E?, components, which are normalized to the total intensity Ep,,, are shown in
Figures 1.15 (by-d;). It is clear that, because the incident beam is x—linearly po-
larized, the E§2 —component, which has a symmetric shape, plays a dominant role
in the focal region. However, as shown in Figure 1.15(d;), it is interesting to note
that, under tight focusing conditions, the input light beam induces a longitudinal
component (E,,) at focal region of the OL. The reason is that, when the z—linearly
polarized beam passes through the OL aperture, as illustrated in Figure 1.14(a),

light rays significantly converge, and their polarization rotates accordingly. Thus,
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1.3. Fundamental study of EM field distribution in the focal region
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Figure 1.15: EM field distribution of xz—linearly polarized incident beam in the
focal region. [(a) - (d)] show the intensity distribution of total field, longitudinal
component F.,, and two radial components, £, and E,,, respectively. Subscripts
1, 2 indicate the intensity distribution at (zoy2)— and (z322)—planes. A = 532 nm,
NA = 1.4, n = 1.515.

there are xo—component (blue arrow) and z;—component (green arrow) in the focus-
ing region. The zo—component keeps a same phase, and thus the induced intensity
distribution (E2)) shows a constructive pattern at the focal point. In contrast, for
the emerging zo—component, the rays from the upper part of the x—axis (positive
direction) have a direction opposite (m—phase difference) to that respect to those
from the lower part of the r—axis (negative direction). Hence, when diffracted
rays add up in the focal region, destructive interference occurs at the optical axis
and constructive interference occurs at its vicinity (Figure 1.15(d;)). Due to the
significant contribution of this longitudinal component, the focusing spot displays
an asymmetric shape in the focal region. When increasing of NA, this asymmetric

shape becomes more significant.

The intensity distribution profile of different components along the zo—, yo—,
zo—axes are shown in Figure 1.16. The longitudinal component Efz represents about
14% of total intensity while the E§2 contributes to less than 0.5% of total intensity.

Because of the asymmetrical focusing spot, the FWHM of the total intensity
along yo—axis (black line in Figure 1.16(b)) is about 182 nm while the one along the
xo—axis (black line in Figure 1.16(a)) is about 254 nm. Note that, in the case of a
y—linearly polarized incident beam, the focusing spot has the same elongated shape

as that obtained by a z—linear polarization, but the long axis of the focusing spot
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Figure 1.16: Intensity distribution of x—linearly polarized incident beam in the
focal region. (a) - (c¢): EM field distribution along xo—, yo—, zo—axes, respectively.
Numerical calculation parameters are same as those in Figure 1.15.

is parallel to the ys—axis. In practice, for a high resolution imaging or fabrication,
the asymmetric distribution caused from linearly polarized incident beam is a draw-
back. In contrast, the small focusing spot of the F,, component could be useful for
some applications, such as single molecule excitation or surface plasmonic polariton
excitation. In practice, since the focusing spot size is in the sub-micrometer scale, it
is quite challenging for experimental characterization of this asymmetric behavior.
The experimental measurement of the asymmetric focusing spot will be presented

in detail in chapter 4.

1.3.4.2 Focusing spot of a circularly polarized incident beam

As discussed earlier, the asymmetric focusing spot often induces unwanted issues.
In practice, a circularly polarized beam is usually used for tight focusing because
it induces a perfectly symmetric focusing spot, as shown in Figure 1.17(a). In fact,
there is an equivalent distribution of the two radial components EZ, (Figure 1.17(b))
and E (Figure 1.17(c)). Hence, when these components add up in the focal region,
it produces a symmetric focusing spot.

The field distribution of different components along the xo—, yo— and zs—axis
in the focal plane are shown in Figure 1.18. It is clear that the intensity of F,, and
E,, are the same and each of them contributes 46% of total intensity. E,, has the
same profile along both directions (Figure 1.18(a,b)), but its intensity is only 8%
of the total intensity. However, this longitudinal component possesses a doughnut
shape as shown in Figures 1.17(d;). In the focal region, the doughnut shape often

tends to enlarge the spot size. Comparing to the focal spot obtained by a linearly
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1.3. Fundamental study of EM field distribution in the focal region

Figure 1.17: EM field distribution of circularly polarized incident beam in the fo-
cal region. [(a) - (d)] show the intensity distribution of total field, longitudinal
component F,, and two radial components, F,,, E,,, respectively. Subscripts 1, 2
indicate the intensity distribution at (zsys)—, (x222)—planes, respectively. Results
are obtained with A = 532 nm, NA = 1.4, n = 1.515.

polarized beam, the size of the focusing spot in this case (210 nm) is smaller than
that along the elongated direction (254 nm), but larger than the size along its short
axis (182 nm). Since the left circularly polarized beam also possesses a symmetric
focal spot in the focal region which is the same as for the right circularly polarization,
we do not show these numerical results. Also, in the case of an elliptically polarized
incident beam, depending on the polarization strength of p, and p,, the shape of
focusing spot continuously varies in between the shapes of the linear and circular
polarization cases.

In practice, in order to obtain a circularly polarized beam, a quarter-wave plate
is introduced to convert an incident beam polarization state from linear to either
right or left circular cases. Recently, by using devices based on liquid crystal arrays,
such as spatial light modulator and polarization converter, the polarization of laser
beam can be modulated at will. In the next section, we will present the focusing

behavior of the incident beam with a highly modulated polarization distribution.

1.3.4.3 Focusing spot of a radially polarized incident beam

As depicted in the left side of Figure 1.14(c), the radial polarization is the combina-
tion of different linear polarizations whose orientations are axially distributed along

optical axis. The intensity distribution of the focusing spot induced from a radially
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Figure 1.18: Intensity distribution in the focusing region obtained by circularly po-
larized incident beam. (a) - (c¢): EM field distribution along zo—, yo—, zo—axes, re-
spectively. Numerical calculation parameters are taken same as those in Figure 1.17.

polarized incident beam is shown in Figure 1.19. At (x9y>)—plane, the total intensity
distribution (a1) has a symmetric shape, but as compared to the case of circular po-
larization, the focusing spot is larger. It is due to fact that, as shown schematically
in the Figure 1.14(c) (right side), the emerged radial components of the light rays
(blue arrow) located at the upper part of the optical axis have opposite directions
(m—phase difference) to those located at the lower part of optical axis. Thus, when
light rays add up in the focal region, due to the destructive interference at focal re-
gion, the radial components (E,,, E,,) show a double-spot shape. In contrast to the
radial component, due to the same direction (in phase) of the emerged longitudinal
component (green arrow) at the exit of OL aperture, the intensity distribution of

longitudinal component has constructive shape in the focal region.

The intensity distributions of the different components of the focusing spot along
the xo—, yo— and 2zo—axes are shown in Figure 1.20. It shows clearly that the larger
profile of total intensity distribution (240 nm) is caused from significant portion
(30%) of the radial components (E,,, E,,), which have a double-spot shape in the
focal region. The FWHM size of the longitudinal component along lateral direction
is only 170 nm, which is much smaller than the diffraction-limited size. Hence, sup-
pressing the radial components, meanwhile enhancing the longitudinal component,
is one way to obtain a sub-diffraction limited focusing spot. This will be discussed

in detail in Chapter 2.
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1.3. Fundamental study of EM field distribution in the focal region

Figure 1.19: EM field distribution of radially polarized incident beam in the focal
region. [(a) - (d)] show the intensity distribution of total field, longitudinal com-
ponent F,, and two radial components, F,, and F,,, respectively. Subscripts 1, 2
indicate the intensity distribution at (z2y2)— and (z222)—planes. A = 532 nm, NA
— 1.4, n = 1.515.

1.3.4.4 Focusing spot of an azimuthally polarized incident beam

The azimuthal polarization is illustrated in Figure 1.14(d) (left side). It consists
of numerous linearly polarized segments whose orientations are axially symmetric
around the optical axis. The intensity distribution of the focusing spot of an az-
imuthally polarized incident beam is shown in Figure 1.21. Unlike the cases of
linearly, circularly and radially polarized incident beams, the use of a laser beam
with azimuthal polarization allows to obtain a transversal dark hole in the focal
region (Figure 1.21(a;y)). It is due to the fact that the orientation of the local po-
larization is orthogonal to the axial direction of the incident beam and the optical
axis of OL, when it passes through the OL aperture, no longitudinal component
can emerge (Figure 1.14(d)). Hence, there is no contribution from the longitudinal
component to the field distribution in the focal region (Figure 1.21(d; 2)). Moreover,
in the case of an azimuthal polarization, there always exists a pair of rays, having
m—phase difference, symmetrically located around the optical axis (i.e., p; and py,
see Figure 1.14(d)). Thus when these rays are interfering in the focal region, a
destructive interference is obtained (Figure 1.21(by, ¢1)).

The intensity distributions of different components along the zs—, 75— and
zog—axes in the focal region are shown in Figure 1.22. The longitudinal compo-

nent (red dash line) is zero for all three axes. The field distributions in the focal
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Figure 1.20: Intensity distribution of in the focal region obtained by a radially po-
larized incident beam. (a) - (c¢): EM field distribution along zo—, yo—, zo—axes, re-
spectively. Numerical calculation parameters are taken same as those in Figure 1.19.

region are purely transversely polarized. The FWHM size of the dark area of the
doughnut spot is about 142 nm, which is smaller than the diffraction limit. This
small transversal doughnut focusing spot has many important applications, such as
2D STED microscopy and saturated absorption microscopy, etc.

In principle, for each application, the optical mask, and the incident beam polar-
ization can be well defined to perform a desired field in the focal region. However,
in practice, the focusing quality is also affected by other factors. The degradation
of the focusing quality caused by the refractive index mismatch introduced by an
interface is one of the most often faced problems. In the next section, we will present

the intensity distribution of the focusing spot in the presence of a dielectric interface.

1.3.5 Focal shift of a tightly focused beam in the presence

of a refractive index mismatch

In practice, one critical problem concerning optical microscopy application is aber-
ration, which degrades the capability of optical microscope. In this section, we
will discuss about one of the most important effects caused by the refractive index
mismatch media: spherical aberration.

As illustrated in Figure 1.23, in a tight focusing system, when light is focused
through a dielectric interface D, due to refraction, it does not reach the geometrical
focal point Oy. Depending on the values of njand ns, the focusing spot appears

either at the left (O;) or right side (Og) of its original focal point (Og). Joel et
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Figure 1.21: EM field distribution of azimuthally polarized incident beam in the
focal region. [(a) - (d)] show the intensity distribution of total field, longitudinal
component F,,, and two radial components, F,, and E,,, respectively. Subscripts
1, 2 indicate the intensity distribution at (x9ys)— and (zgzs)—planes. A = 532 nm,
NA = 1.4, n = 1.515.
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Figure 1.22: Intensity distribution of in the focusing region obtained by an az-
imuthally polarized incident beam in the focal region. (a) - (¢): EM field distribu-
tion along xo—, yo— and zp—axis, respectively. Numerical calculation parameters
are taken same as those in Figure 1.21.

al. [32] reported that, according to quantitative measurement of this shift, a lens
system can be used to measure the refractive index of material. However, their
study mainly focused on the case of a low NA OL, in which the vectorial properties
of light is neglected. In the case of a high NA focusing system, light rays significantly
converge and the transmission (Fresnel coefficient) of s- p- polarizations have to be
considered.

As compared to the EM field distribution in a homogeneous medium, the addi-

tional points must be further considered: the first one is the nonequivalent trans-
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I

Figure 1.23: Schematic illustration of the propagation of a tightly focused beam in
the presence of refractive index mismatch. nq, ny are the refractive indices of first
and second media, respectively. Og is the focal point in the case of homogeneous
medium (n; = ng), and O, Oy are the shifted focal points induced by refractive
index mismatched cases. D is the interface between two media. d is the distance
between D and Oy.

mission of different field components, and the other is phase aberration (®(6, ¢)).
Therefore, we should rewrite the polarization conversion equation (Eq. (1.9)) which

has been discussed in Section 1.1. In the first medium, n:
Pl(ﬁl, (p) = T1<91, QO)PO = RilcRP(), (116)

where P represents the polarization distribution in medium 1, Py is the incident
beam polarization, R and C describe the rotation of the coordinate system around
the optical axis (see Eq (1.10) in Chapter 1). The polarization distribution in the
second medium is then given by [33-35]:

P2(91, 0, 90) = T2(91, 0, @)P1(97 90) = T2(91> 0, ‘P)Tl(ela SO)P(L (1-17)

where :
T (61,02, ) = [L(z)]’lfL“), (1.18)
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t, 0 0 cosf; 0 —sinb;
I=|0t 0]|,LO= 0 1 0 , (1.19)
0 0 ¢ sinfy 0 cosb,;

which describes the rotation of the coordinate system into s- and p-polarized vectors,
1 = 1,2 represent the light rays before and after the interface D, I represents the

transmission of the dielectric interface and ¢, and ¢, are the Fresnel coefficients:

2 sin 65 cos 64 2sin 65 cos 64
- . ) tp - . )
sin(6y + 6s) sin(6y + 63) cos(6y — 6s)

(1.20)

0, (i = 1) and 0, (i = 2) are the propagation angles of diffracted ray in medium 1
and medium 2, respectively. According to Snell’s law, n sin 6; = ny sin 6.
Besides, due to the presence of the dielectric interface, the induced aberration

factor is given as [34] :
®(0y,0,,d) = —d(ny cos by — nycosby), (1.21)

where d is the distance between the dielectric interface D and the focal point Og
(Figure 1.23).
Using ®(6;, 62, d) and Po(61, 04, ), Eq. (1.7), is rewriten as [34]:

C a 27 )
E($2ay2, Zy) = —7/0 /0 S 91A(91, 80)3(91790)132(91790)
X expliko(naza cos Oy 4+ nqxy sin Oy cos ¢ + nyys sin by sin @) + ®(6y, 0o, d)|dbdep

(1.22)

By using this equation, we study the intensity distribution of a tightly focused

beam with the presence of different dielectric interfaces.

1.3.5.1 Dependency of the focal shift on different dielectric interfaces

Figure 1.24 shows the calculated results of intensity distribution for a tightly focused
EM field in the vicinity of the focal region in the presence of different dielectric
interfaces. Numerical calculations are carried out with: NA = 0.9, distance d =
5 um, and different dielectric interfaces with ny/ny = 1.2/1.5, ny/ny = 1.2/1.2 and

ni/ny = 1.5/1.2) respectively. The incident beam is a right circularly polarized
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Figure 1.24: Influence of refractive index mismatch on the intensity distribution
of focusing spot. (a;) n; = 1.2, ny = 1.5, actual focal point is shifted to Oy by
Zenitt = +3.83 um. (by) ny = ny = 1.2, homogeneous medium, zg;r, = 0 pm. (cp)
ny = 1.5, ny = 1.2, the focal point is shifted to Oy by zgiy = —2.76 pm. [(ag) -
(ca)] contour plots of intensity distribution (log scale) of [(a;) - (¢1)]. A = 532 nm,
NA = 0.9. The interface D is positioned at left side of focal point with a distance
d=>5 pm.

monochromatic plane wave (A = 532 nm).

It is obvious that, as compared to homogeneous medium (Figure 1.24(b)), when
the light beam propagates from a sparse to a dense material (Figure 1.24(a)), the
focal spot is shifted to the right side of focal point Og (zgniry = +3.83 pm). In
contrast, when light propagates from higher n to a lower refractive index, the focal
spot is shifted to (zgir = —2.76 pm) the left side of the initial focal point Og
(Figure 1.24(c)).

We note that the absolute value of the focal point shifts are not the same with
respect to the initial focal point Og. A larger displacement of focal point is obtained
in Figure 1.24(a) than in Figure 1.24(c). It is due to the fact that, for each diffracted
ray, for example, the marginal ray, as illustrated in Figure 1.23, the distance DOy (y)
= hcot Oy, does not depend linearly on sin @ (Snell’s law). Hence, the relevant focal
shift, (d—DO;) and (DO — d) are not same. The contour plot [Figures 1.24(ag-ca)],
shows clearly that, due the to the spherical aberration caused from refractive index
mismatch, the focusing spot shape is not symmetric along the optical axis and its

size is bigger than the one obtained in the case of a homogeneous medium.
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Figure 1.25: Effects of refractive index difference of medium on the intensity distribu-
tion of focusing spot (a1): ny/ne = 1.0/1.5, zguig = 4.11 pm. (by): ny/ne = 1.0/2.4,
Zenite = 10.36 pm. (c1): ny/no = 1.0/3.4, zenige = 17.72 pm. [(ag) - (c2)] contour plots
of intensity distribution (log scale) showed in [(a;) - (¢1)]. A = 532 nm, NA = 0.9.
The interface D is positioned at left side of focal point with a distance d =5 pum.

Similar to above calculations, we investigate the focal shift caused by the prop-
agation from air (ny = 1.0) to different materials (n; > 1.0). The studied materials
are oil (ny = 1.5), diamond (ny = 2.4) and silicon (ny = 3.4), respectively. As shown
in Figure 1.25(a-c), when increasing the refractive index of the second medium (n
= 1.5 to 3.4), the focal spot is shifted dramatically from zg = 4.11 pm (aq) to
Zenite = 17.72 pm (c1). The size of the focusing spot is much larger and shows some

kind of ‘tail’ at the right side of focusing spot.
Figures 1.25(as-co) represent the contour plots (the log scale) of the intensity

distributions shown in Figures 1.25(a;-c1). It is clear that, when the difference of
refractive indices between the first and the second medium increases, the degradation

of focusing spot quality becomes critical.

The calculated focal shift as a function of the refractive index of the second
medium (n9) is shown in Figures 1.26. Numerical results are obtained with NA =
0.9, d = 5 pum, and ny; = 1.0. The focal shift shows a linear dependence on the
refractive index of second medium (ny). The correlation of the focal shift and the
ny can be summarized as zgg = 7.09 X (ny — 1.0) [pm]. Here, we note that, the
formula derived from diagram (Figures 1.26) is obtained with fixed n; = 1.0 and

fixed location of dielectric interface D (d = 5 pm). In the next section, we will
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Figure 1.26: Calculation of focal shift as a function of refractive index of second
medium (ny). We assumed that n; = 1.0, A = 532 nm, NA = 0.9. The interface D
is positioned at left side of focal point with a distance d =5 pum.

discuss about the influence of the location of the dielectric interface on the intensity
distribution near the focal region of a high NA OL.

1.3.5.2 Dependence of the focal shift on the position of a dielectric in-

terface

The variation of intensity distribution of the focusing spot as a function of the
location of the dielectric interface D is shown in Figure 1.27. We have studied four
different positions of D, which are: d = 0 pm; 5 pm; 10 pm; 15 pm, respectively.
Numerical calculation results are obtained with NA = 0.9, ny = 1.0, ny = 1.5 and
the incident beam is assumed to be circularly polarized (A = 532 nm).

Figure 1.27 shows clearly that, when the depth of the interface (negative zy
direction) increases from d = 0 to d = 15 pm, the focusing spot is shifted from 0
to 14.13 pm. Moreover, as compared to the spot size along the lateral direction,
a dramatical elongation appears along optical axis. Hence, in various applications
introducing focused beams, such as multi-layer compact disk, if there is a refractive
index mismatch problem at the surface of disk, the vertical spacing of different
layers inside the disk has to be increased to avoid an unwanted signal caused from
the elongated shape (Figure 1.27(d)).
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d=0 um
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Figure 1.27: Effects of the depth (d) on the intensity distribution of focusing spot.
(a) d = 0 pum, zgur, = 0 pm, (b) d = 5 pm, zgyg = 4.11 pm, (¢) d = 10 pm,
Zenite = 7-25 pum, (d) d = 15 pm, zgir = 10.13 pm. [(ag) - (c2)] contour plots of
intensity distribution (log scale) of [(a1) - (c1)]. A = 532 nm, NA = 0.9. n; = 1.0,
N9 = 1.5.

Figures 1.27(as-ds), show the contour plots (log scale) of intensity distributions
corresponding to Figures 1.27(a; — d;). It further indicates the degradation of quality
of focusing spot caused by the depth of the dielectric interface. However, since
the lateral size is not significantly modulated, it can be used as a method for the
generation of long needle-like fields in the focal region.

In conclusion, refractive index mismatch strongly affects the quality of a focusing
spot. Hence, in practice, it is preferable to choose a coverslip, which has a proper

thickness as well as same refractive index with respect to studied material.

Conclusion of chapter 1

In this Chapter, we have theoretically studied the intensity distribution of a focus-
ing spot under tight focusing conditions. The main results can be summarized as

follows :

e The NA of the OL has a direct impact on the size of the focusing spot. Nu-
merical calculation showed that, when increasing NA, focusing spot size along
transverse direction decreases towards the diffraction-limit, its longitudinal

size also showing a dramatic decreasing trend. Moreover, under tight focusing
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condition, (NA = 1.49, n = 1.515), the aspect ratio (L/T) of focusing spot

decreases down to 2;

Under tight focusing condition, the incident beam profile influences the shape
of the focusing spot. For instance, with a higher order beam mode, Laguerre-
Gaussian beam for example, instead of forming a Airy spot, a complex EM

field distribution appears near the focal region;

Introducing an optical mask in front of OL can induce numerous interest-
ing results: Incident beam modulated by an amplitude mask induces a sub-
diffraction limit focusing spot; A transversal doughnut spot is obtained from
the incident beam modulated by a vortex mask; Light beam combined with
0/m—phase mask possesses a longitudinal doughnut distribution in the focal
region. Besides, we introduced a Cartesian coordinates system to simulate the
intensity distribution of a tightly focused beam, with an asymmetric incident
intensity profile. Numerical calculation results showed that an incident beam
combined with a double-hole amplitude mask is able to create an isotropic
focusing spot in the focal region. These focusing spots have very important
applications, such as high capacity optical data storage, a 2D and 3D super

resolution STED microscopies;

With a high NA OL, the influence of the incident beam polarization on the
intensity distribution of focusing spot is very significant. A linearly polarized
incident beam induces an asymmetric focusing spot, which is elongated along
the incident beam polarization direction. a circularly polarized incident beam
is able to perform a perfectly symmetric distribution in the focal region. In the
case of a radially polarized beam, a focusing spot with a dominant longitudinal
component is obtained. A transversal doughnut focusing spot, which is purely
transversally polarized, is obtained in the case of an azimuthally polarized

incident beam;

Refractive index mismatch causes focal shift in the focal region of OL. Due to
the induced spherical aberration, the focusing spot quality is degraded. Hence,
in high resolution imaging systems, using oil or other dielectric materials as

immersion medium to preserve minimum aberration is important.
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The fundamental investigation of the focusing behavior of high NA OLs indicate
that a “good” focusing depends on many parameters. In the next chapter, we will
discuss how to properly use those parameters to optimize the field distribution in

the focal region for high resolution applications.
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Chapter 2

Optimization of point spread

function for different applications

2.1 Introduction

In some applications, a focusing spot with a particular intensity or polarization
distribution can improve the working efficiency of optical microscopy. For example,
for fluorescent imaging [1], a long focus depth is highly desired. For optical trapping
[36] and STED microscopy, a narrow ‘dark channel’” field is preferred [37]. For
micro-drilling, a focusing spot with a uniform flattop shape is necessary [38]. For
single molecule detection and electron acceleration, a focusing spot with a particular
polarization [39-41] distribution is highly demanded. Hence, the optimization of the
standard Airy spot to satisfy the different applications is particularly interesting.

In recent years, many methods have been proposed to obtain a focusing spot
with a particular intensity or polarization distribution. Wang et al. [27] reported the
generation of long-needle (4)\) by using a radially polarized Bessel-Gaussian beam
with a combination of a high NA OL and a binary phase mask. A sub-wavelength
focal spot with a long focusing depth generated by a radially polarized annular
beam was proposed by Kitamura et al. [42]. Bo et al. [43] reported a method for the
creation of a sub-diffraction limited focal hole (0.5)) with a long depth of focusing
by using an azimuthally polarized Laguerre-Gaussian combined with an amplitude
mask.

In this chapter, we investigate in detail the focusing behavior of a tightly fo-

cused beam with different polarizations and its combination to the optical masks.
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2.2.  Generation of a long needle and long dark channel field in the focal region

(a) (b)

amplitude vortex mask
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e=1,/1,
¥
blocking entrance
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Figure 2.1: (a) Schematic of a high NA OL combined with vortex mask and am-
plitude mask. Vortex mask covers full aperture of objective pupil, and the blocked
area of amplitude mask depends on ¢, as shown in (b).

Moreover, we further propose methods for the optimization of the shape and the
polarization distribution of focusing spot. The chapter is organized as follows: the
generations of a long needle and long dark channel EM field in the focal region are
presented in section 2; the new method for shaping a flattop focusing spot is intro-
duced in section 3; the characterization and control of the polarization distribution
in the focal region is discussed in section 4, and the main results and discussions

will be presented in the last section.

2.2 Generation of a long needle and long dark

channel field in the focal region

As shown schematically in Figure 2.1(a), we use different masks to realize the mod-
ulation of the phase and/or amplitude of different polarized incident beams. The
introduced vortex mask, which fully covers the OL aperture of the objective, is used
for the modulation of the phase of the incident beam. Intensity modulation of laser
beam is realized by the amplitude mask. Depending on ¢, which is the ratio of the
radii of the blocked area and the OL aperture (Figure 2.1(b)), a laser beam with

different intensity profiles are obtained.
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Chapter 2.  Optimization of point spread function for different applications

2.2.1 Generation of a long needle focusing spot

x-linear y-linear left circular

right circular radial azimuthal (v)

0.5 um

Figure 2.2: Calculated intensity distributions of the tightly focused of different po-
larized beams at (x9y2)—plane of focal region. [(a1)-(f;)] Absence of amplitude mask.
[(ag)-(fz)] With presence of amplitude mask (¢ = 0.95). The numerical calculation
parameters are: A = 532 nm, NA = 1.4, n = 1.515. In the figure (f), the “azimuthal
(v)” indicates that the azimuthally polarized incident beam is modulated by vortex
mask.

For the generation of a long needle-like focusing spot, using an amplitude mask

is a proper choice, since it is able to compress the focusing spot along the transversal
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Figure 2.3: Variation of the transverse size (measured along x,—axis) of the tightly
focused different polarized beams as a function of the amplitude mask size.The
numerical simulation parameters are: A = 532 nm, NA = 1.4, n =1.515. “azimuthal
(v)” indicates that the incident azimuthally polarized beam is modulated by vortex
mask.

direction while elongating it along the optical axis (see Chapter 1).

As shown in Figure 2.2, the different polarized beams combined with an ampli-
tude mask show many interesting behaviors. Figures 2.2(a;-e;) show the intensity
distributions of different polarizations in the absence of amplitude mask (¢ = 0), as
studied in Chapter 1. Figures 2.2(as-f3) display the relevant intensity distributions
of the focusing spot in the presence of an amplitude mask (¢ = 0.95). Figure 2.2(f;)
shows the Airy spot obtained from an azimuthal polarized incident beam modulated
by a vortex phase plate (“azimuthal (v)”). It is due to the fact that the original ex-
istence of a m—phase difference in the azimuthally polarized beam (Figure 1.14(d) p;
and p;) has been compensated by the vortex mask, and thus there is a constructive
interference occurring when those diffracted rays, which are in phase, are adding up
in the focal region.

In the case of z— and y—linearly polarized incident beams, as compared to the
absence of amplitude mask (Figures 2.2(a;,by)), the asymmetric focusing behavior
is quite significant (Figure 2.2(ag,by)). It is due to the fact that, when an ampli-
tude mask (¢ = 0.95) is introduced, the contribution of the longitudinal component
(E,,), which shows a doughnut shape along incident beam polarization direction

(see Figure 1.15(d;) in Chapter 1), is significantly enhanced. Thus, a pronounced
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Figure 2.4: Generation of a long needle like field at focal region from a tightly
focused azimuthally polarized beam combined with amplitude and vortex masks.
(a) Field distribution in the absence of amplitude mask. (b) Field distribution in
the presence of amplitude mask (¢ = 0.95). The used parameters are: A = 532 nm,
NA = 1.4, n = 1.515.

asymmetric intensity distribution appears in the focal region. The linear polariza-
tion combined with amplitude mask is not suitable to generate a symmetric long
needle field in the focal region.

Figures 2.2(cy-f2) show that, in the presence of an amplitude mask (¢ = 0.95),
the beams having a the right circular, left circular, radial and azimuthal (v) polariza-
tion possess symmetric intensity distributions in the focal region, and the obtained
focusing spots are smaller than those in the absence of an amplitude mask (Fig-
ure 2.2(cq-f1)).

The calculated FWHM of the lateral sizes (measured along the xo—axis) of the
focusing spot at different € of the amplitude mask are shown in Figure 2.3.

When increasing of ¢, only the transverse size of the x—linearly polarized light
(red line) exhibits an increasing trend. In the case of the y—linearly polarized
light (green line), the lateral size is reduced to only 127 nm, which is much smaller
than the diffraction limit (=~ 230 nm). However, as shown in Figure 2.2(bs), the
linearly polarized beam has an asymmetric focusing spot, its size being reduced
along xo—axis only. The size along the other transverse direction ys—axis, should
show the same behavior as the one in the case of x—linearly polarized beam along
the xo—axis (Figure 2.3 (red line)).

The right and left circularly polarized light beams have similar behaviors, in
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Figure 2.5: Effects of the ratio (¢) of r; and ro on the longitudinal size (along
zo—axis) of total intensity distribution of tightly focused different polarized beams.
The simulated parameters are taken same as those in simulation parameters are
same as those in Figure 2.3.

which size decreases from 214 nm (¢ = 0) to 187 nm (¢ = 0.83). When ¢ is
larger than 0.83, the size tends to increase, for example at ¢ = 0.95, the spot
size is 191 nm. As discussed in the previous chapter (Figure 1.9(cy, dy)), this is
due to the fact that the size of the radial components (E,,, E,,), decreases when
increasing €. However, when ¢ increases, the portion of the longitudinal component
(Figure 1.9(e;)), which has a doughnut shape in the focal region, also increases. The
variation of total intensity distribution is the consequence of the competition of the

radial and longitudinal components in the focal region.

In the case of a radially polarized incident beam, the transverse size of the fo-
cusing spot decreases from 244 nm (¢ = 0) to 150 nm (e = 0.95), corresponding to
a reduction up to 39%. The reason is that, in contrast to the circularly polarized
light, the longitudinal component of a radially polarized beam (Figure 1.19(d;) in
Chapter 1) has an Airy spot shape while the radial components (Figure 1.19(by,
¢1) in Chapter 1) possesses a doughnut shape, and thus when ¢ increases, the por-
tion of the longitudinal component increases and the total focal spot size is greatly
decreased. Using a radially polarized incident beam combined with an amplitude
mask to create a sub-diffraction limit focusing spot is considered as one of the most

proper ways to obtain high resolution focusing spots [27,42,44].
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Chapter 2.  Optimization of point spread function for different applications

With the combination of an azimuthally polarized incident beam and a vortex
phase plate (blue line in Figure 2.3), the obtained smallest lateral size is 143 nm (for
e = 0.95). It is interesting to see that, its size is smaller than the one obtained from
a radially polarized light. Figure 2.4 shows the intensity distribution of azimuthally
polarized beam at (z929)—plane in the focal region. It is clear that, when combining
amplitude and vortex masks, the field distribution in the focal region is narrowed
along the transverse direction, meanwhile, along the optical axis, it possesses a
enhanced field distribution.

Since, a smaller size is obtained than when using a radial polarization, as fre-
quently reported in the literature, the combination of an azimuthal polarized beam
with an annular mask can be a very good method for the creation of sub-diffraction
focal spots.

The calculated longitudinal size of the focusing spot from different polarized
beams are shown in Figure 2.5. When increasing the ratio ¢, the longitudinal size
from different polarized beams have the same behavior. In all cases, the FWHM of
the longitudinal size is increased from 0.5 pm to 3.2 pm. It is due to the fact that,
when introducing an amplitude mask, the modulation of laser beam along its radial
direction is always the same.

We should consider all these factors (lateral, longitudinal size and shape of focal
spot) and draw a conclusion that, circularly, radially and azimuthally polarized
beam combined with an amplitude mask are able to create a long narrow focusing
spot in the focal region. In particular, in the case of an azimuthally polarized beam
combined with a vortex mask, the generated focusing spot has the smallest size
along transverse direction.

Besides, the generation of a dark channel-like field, which is very important for

many applications, is also an interesting task.

2.2.2 Generation of a long dark-channel field in the focal
region

As discussed in the previous chapter, there are two ways to obtain a transverse

doughnut focusing spot. The first one is the use of a vortex phase mask and the other

one is enabled by employing an azimuthally polarized incident beam. For the sake

of understanding the behaviors of different polarized beams modulated by vortex
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Figure 2.6: Calculated intensity distribution of focusing spot of the different polar-
ized incident beams combined with vortex phase plate and amplitude mask. [(a)-
(f;)] The intensity distribution of focusing spot in the absence of amplitude mask
(e =0). [(az)-(f2)] The intensity distribution of focusing spot with presence of the
amplitude mask (e = 0.95). The numerical calculation parameters are: A = 532 nim,
NA =14, n = 1.515.

mask and amplitude mask, we have investigated here six kinds of polarizations.

As shown in Figures 2.6(a;-f;), in the absence of an amplitude mask (¢ = 0),

under modulation by a vortex mask, different polarized beams induce different in-
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Figure 2.7: Variation of the transverse doughnut size (along xo—axis) of the tightly
focused right circular (v) and azimuthally polarized beams. The computed param-
eters are same as those in the Figure 2.6.

tensity distributions in the focal region. In the case of a linearly polarized beam
(Figure 2.6(a1, by)) combined with a vortex mask, a doughnut shape appears but
the intensity at the doughnut center is not totally vanished. With a left-circularly
polarized incident beam (Figure 2.6(d;)), because the orientation of beam polariza-
tion is not matched with the vortex beam phase delay direction (0 — 27), a large
focusing spot appears in the focal region. Here, we note that, if the vortex phase
plate is designed as 2m — 0, the left circularly polarized beam results in a doughnut
shape which is same as for the right circular does (Figure 2.6(c;)). In the case of a
radially polarized incident beam (Figure 2.6(e;)), there is no doughnut shape in the
focal region.

Figure 2.6(ay-f2) show the intensity distribution at the focusing region obtained
for different polarized incident beams, which are modulated by an amplitude mask
(e = 0.95). It shows clearly that doughnut spots from right circular (v) Figure 2.6(cs)
and azimuthal polarization Figure 2.6(f;) are smaller than those obtained in the
absence of the amplitude mask (Figure 2.6(cy, f1)). Note that Figure 2.6(cy) shows
a doughnut profile, but the intensity at the center is not totally vanished , it still
possesses 32% of total intensity.

Hence, for generation of a doughnut focusing shape, the use of right circularly (v)

and azimuthally polarized beams are proper choices. Figure 2.7 shows that, when
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Figure 2.8: Generation of a long dark channel by azimuthally polarized beam com-
bined with amplitude mask. (a) Without amplitude mask. (b) With amplitude
mask, € = 0.95, simulation parameters are taken same as those in Figure 2.6.

increasing of e, in both cases, right circular (v)(pink line) and azimuthal polarization
(blue line), the size of the doughnut is getting smaller. The spot size obtained from
azimuthal polarization has a minimum size of 114 nm (¢ = 0.95), which is much
smaller than the the one obtained from a circular polarization (130 nm).

Figure 2.8 shows the intensity distribution of an azimuthally polarized beam at
the (x9z9)—plane in the focal region. It is clear that when introducing an ampli-
tude mask (¢ = 0.95), the EM field distribution is strongly narrowed in transverse
direction and elongated along its longitudinal direction. This focusing spot is often
called an optical long dark channel.

As plotted in Figure 2.9, the FWHM of the dark channel along the z,—axis
(length of dark channel), is increased dramatically from 0.54 pm to 3.2 ym when ¢
increases from 0 to 0.95.

As a conclusion, the generation of long dark channel-like fields in the focal re-
gion, can be achieved either by using a right circularly polarized incident beam
combined with a vortex phase plate or by using an azimuthally polarized incident
beam. In both cases, in the presence of amplitude mask, the longitudinal sizes of
the dark channel can be up to 3.2 ym. As compared to the lateral size of dark
channel obtained from a right circularly polarized light (v) (130 nm), the one from
an azimuthally polarized incident beam has a smaller diameter (114 nm).

In contrast to a long focusing spot, it may be possible to generate a flattop shape,
which is also very interesting for many applications, such as optical printing, optical

data processing [45] and micro-lithography [46]. In the next section we will present
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Figure 2.9: Variation of the longitudinal size of dark channel (along z,—axis) as
a function of the amplitude mask size. The numerical calculation parameters are
taken as those used in the Figure 2.6.

a new method for generating a flattop focusing spot.

2.3 Creation of the transversal flattop field dis-

tribution in the focal region

2.3.1 Review of the generation of flattop field from cylin-

drical vector beam

As discussed in the previous chapter, under a tight focusing condition, the cylindrical
vector beam displays very interesting behavior in the focal region. For example, the
radially polarized incoming light induces an Airy spot with a dominant longitudinal
component (Figure 2.10(a)). The azimuthally polarized incident beam creates a
doughnut spot ( Figure 2.10(e)) in the focal region. As shown in the top row of
Figure 2.10, the polarization states of the incident beam can be represented by the
0y angle, which is defined as the angle between the local polarization direction and
the radial direction of laser beam. Hence, the radial polarization is indicated by
0y = 0° while the azimuthal polarization is represented by 6, = 90°.

As shown in Figures 2.10(a-e), when increasing 6y from 0° to 90°, the relevant
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Figure 2.10: Variation of focusing spot shape regarding the incident beam polariza-
tions. 6y is the angle between the local polarization direction and its radial direction.
A =532 nm, NA = 1.4, n = 1.515.

focusing spot shape is converted from an Airy spot (a) to a doughnut shape (e).

With a proper 6, angle, a focusing spot with flattop shape may appear.

Figure 2.11 shows the variation of different field components as a function of the

0y angle. Numerical calculation parameters are: NA = 1.4, n = 1.515, A = 532
nm. As shown in the figure, at § = 39.6° (black line), a flattop shape intensity
profile appears in the focal region. The size of flattop spot (FWHM) is around
423 nm, which is two times larger than the size of a standard focusing spot (210
m) (Figure 1.18). This flattop shape due to the fact that, the increasing of the
angle 6y, the contribution of the longitudinal component (blue line) decreases while
the contribution of transversal components (red line), having a doughnut shape,
increases. At 6y = 39.6°, due to the equivalent distribution of these components,
the total intensity displays a flattop shape. This results (flattop at 6y = 39.6°) is
differ from that reported by Zhan et al. [47] (flattop at 0y = 24°). In their case,
they use a lower NA OL (NA = 0.8, n = 1.0), then, the variation of different field

components are accordingly different.

In this work, we studied how to control the contribution of the different compo-
nents in order to generate a flattop shape with larger size. In the next subsection, we

will present a novel method for the generation of a very large flattop shape focusing
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Intensity (norm.)

Figure 2.11: The variation of different field components of focusing spot as a function
of 6y. Numerical calculation parameters are: NA = 1.4, n = 1.515, A = 532 nm.

spot.

2.3.2 The generation of flattop focusing spot by a hybrid

polarized beam

Here, we employed again radially (Figure 2.12(a)) and azimuthally polarized (Fig-
ure 2.12(b)) incident beams to generate a flattop field distribution in the focal region.
Instead of changing the local polarization angle 6 as in the previous section, here,
we use a “hybrid” polarized incident beam (Figure 2.12(c)).

The laser beam is defined as follows: the light from the center of beam (radius 1)
is azimuthally polarized and the one from outer part (ro — r1) is radially polarized.
¢ is the ratio of r and ry. When ¢ = 0, the incoming beam is fully radially
polarized while ¢ = 1, the incoming beam is azimuthally polarized. It is obvious
that, using a proper € (0 < ¢ < 1), there should exist an hybrid polarization
states, which can induce a flattop field distribution in the focal region. In fact, the
azimuthally polarized light induces a doughnut spot with any size of aperture, but
the radially polarized beam induces a doughnut shape in the focal region when the
aperture is particular small. Hence, the inner part of this “hybrid” polarized beam
is azimuthally polarized while the outer part is radially polarized. The combination
of these two polarizations allows thus obtaining a flattop focusing spot.

The variation of the intensity distribution of the focusing spot as a function of
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Figure 2.12: Schematic diagrams of different polarized beams. (a) Radially polar-
ized beam and corresponding focusing spot. (b) Azimuthally polarized beam and
corresponding focusing spot. (c¢) Beam polarization with consisting of the azimuthal
(inner) and the radial (outer) polarizations . rq, 1 are radii of the full OL aperture
and inner part, respectively.

the ratio ¢ is shown in Figure 2.13. It shows clearly that, when increasing ¢, the
intensity distribution around the focal point is enhanced (¢ = 0.7). For ¢ = 0.82, a
focusing spot with largest flattop appears in the focal region. When the ratio is up
to e = 0.9, the intensity distribution at the center of the focusing spot is significantly

decreased and turns into a doughnut shape at ¢ = 1.

This can be explained by examining the field distribution of different components,
as shown in Figure 2.14. As shown in Figure 2.14, when increasing ¢, the portion of
radial component (red line), which has doughnut shape, increases. At ¢ = 0.82, the
radial component (red) has an equivalent intensity with the longitudinal component
(blue line). This behavior is almost has same as that discussed in the previous section
(Figure 2.11). However, in this case, due to the smaller aperture (r; = 0.82r() of
the azimuthally polarized beam, the doughnut component at ¢ = 0.82 (red line in
Figure 2.14) is larger than the one presented in Figure 2.11 (red line at 6, = 39.6),
and thus it displays a much larger flattop intensity distribution in the focal region.
The size (FWHM) of this focusing spot is up to 580 nm. As compared to that
obtained in the previous section (Figure 2.10) (423 nm), the size of the flattop is
increased by 137%. Here we note that, at the top part of the intensity profile (red

line, ¢ = 0.82), there is a small ‘fluctuation’. However, it can be considered as

60



Chapter 2.  Optimization of point spread function for different applications

e=0 e=0.7 £=0.82 £=0.9 e=1
@ |
0
—

0.5 um

Figure 2.13: Variation of focusing spot shape regarding the ratio () of r and rq.
The polarization states of incident beam is shown in Figure 2.12 (¢), A = 532 nm,

NA = 1.4, n =1.515.
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Figure 2.14: Variation of different components of focusing spot as a function of ¢.
NA=1.4, n = 1.515, A = 532 nm. The focusing spot with flattop shape appears at

about € = 0.82.

negligible since it is only 7% of the peak intensity.

As a summary of this section, we have proposed several methods to generate a
long needle, a long dark channel and a flattop shape intensity distribution in the focal
region. The methods for the generation of these particular intensity distributions
are based on the fine control of the phase,amplitude, and polarization of the incident
beam. In practice, we are able to generate these particular intensity distributions,
because of the availability of high resolution optical masks, such as spatial light
modulator and liquid crystal theta cells.

Besides shaping of the intensity distribution of EM field in the focal region, in

recent years, polarization distribution or polarization shaping of EM field in the
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x-linear left circular radial azimuthal

Figure 2.15: Polarization distribution of different polarized tightly focused beams.
(a) x—linearly polarized. (b) Left circularly polarized. (c) Radially polarized. (d)
Azimuthally polarized. Subscripts 1, 2 indicate the intensity distribution at (z2y2)—,
(z222)—planes, respectively.

focal region becomes an increasing demand for many applications, such as dipole
excitation and single-molecule detection or polarization sensitive optical data stor-
age. In the next section, we will present the study of polarization distribution of

tight focused beam in the focal region.

2.4 Control of the polarization distribution of a

tightly focused beam in the focal region

2.4.1 Polarization distribution of tightly focused different

polarized incident beams

Under tight focusing conditions (NA > 0.7) [19], due to the significant converged
light beam, a new field component appears in the focal region. For instance, in the

case of a radially polarized incident beam, a significant portion of the longitudinal
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component emerges in the focal region. According to different polarized incident
beams, the complex field distributions in the focal region are also different. In this
work, we present the polarization distribution in the focal region for four kinds of
polarized incident beams. The schemes of these input beam polarizations are shown
on the top part of Figure 2.15. For numerical calculations, we assume that the

incident beam has uniform intensity profile and the wavelength, A = 532 nm.

Numerical calculation results are shown in Figure 2.15. The arrows in the graphs
indicate the projection of the 3D field distribution, which is related to its background
intensity distribution plane. The length of the arrows represent the strength of EM
field vector. It is clear that, with different polarized incident beams, the polarization

distribution near focal region are quite different.

With a z—linearly polarized incident beam (Figure 2.15(a;2)), at (z229)—plane,
the field is mainly z—linearly polarized. However, at the (z925)—plane, the polar-
ization direction of light located around the optical axis, is significantly tuned and
tends to align along the optical axis. This behaviour is caused from the emerged

longitudinal component under tight focusing conditions.

In the case of a circularly polarized incident beam (Figure 2.15(b;)), due to the
equivalent polarization strength of the z— (p, = i/4/2) and y—components (p, =
i/+/2) (Table 1.3 in Chaper 1), at (zy2)—plane, the polarization direction shows a
45° angle with respect to the zo— or yo—axis. At (xe29)—plane (Figure 2.15(by)),
due to the significant portion of the emerging z,—component, which has doughnut
shape, the EM field shows a similar polarization distribution as in the case of a

linearly polarized light (Figure 2.15(ag)).

In the case of a radially polarized incident beam (Figure 2.15(c;)), there is a
axial symmetrical polarization distribution at (zays)—plane. It is interesting to see
that the field distribution in the focal region is polarized along the optical axis
(Figure 2.15(cy)), which is very important for the application in the field of particle

acceleration [48].

In contrast to the radial polarization case, with an azimuthally polarized inci-
dent beam (Figure 2.15(d)), at (z2y2)—plane, the polarization is rationally around
optical axis in the focal region. At (x929)—plane, it shows that there is no longitu-
dinal component, the field is purely transversely polarized in the focal region. This
pure-transversal field distribution is a high demand for energy-efficient microscopic

applications in harmonic generation [40,41].
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Figure 2.16: Control of the polarization distribution in the focal region. (a)
Longitudinal-component dominated focusing spot (amplitude mask: ¢ = 0.95). (b)
Radial component dominated focusing spot. The arrows indicate the polarization
direction, and its length is related to the field strength. The simulations are realized
with NA = 1.4, n = 1.515. A = 532 nm.

2.4.2 Control of the polarization distribution in the focal

region

In this subsection, we study the generation of the longitudinal field or of the transver-
sal dominating field in the focal region.
The longitudinal field component in the focal region is often enhanced in the
following conditions:
» a high NA OL, because a higher NA lens refers to a larger open angle
a. When « increases, rays strongly converges and the portion of longitudinal

component accordingly increases.
» a radially polarized incoming light (Figure 2.15(cg)).

» introducing an amplitude mask in front of objective aperture.

Thus, in order to maximize the longitudinal component distribution in the focal
region, we propose to use a high NA OL (NA = 1.4, n = 1.515) combined with
an amplitude mask (¢ = 0.95) to tightly focus a radially polarized beam. Indeed,
as shown in Figure 2.16(a), when introducing an amplitude mask (¢ = 0.95), the
longitudinal component is greatly enhanced.

For the generation of a transverse dominating field in the focal region, an az-
imuthally polarized incident beam is an ideal choice, because there is no longitudi-

nal component appears when it is focused into the focal region. Therefore, an az-
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imuthally polarized incident beam often induces a doughnut focusing spot near focal
region. For generating an Airy spot with a purely transverse polarized field, a vor-
tex phase mask, which modulates the phase of the incoming beam axial rotationally
from 0 to 27, can alternate the destructive interference (doughnut distribution) to a
constructive case to perform an Airy spot. In figure 2.16(b), the polarization distri-
bution shows that the azimuthally polarized incoming light combined with a vortex
phase mask allows inducing an Airy spot shape, which exhibits a pure-transverse

field component.

Conclusion of chapter 2

In summary, in this chapter, we have studied different methods to optimize the inten-
sity and polarization distributions of the EM field in the focal region. First, we have
demonstrated several ways to generate a long needle-like, a long dark channel-like
and a flattop focusing spot, which are highly desired in many disciplines, such as mi-
croscope imaging, optical lithography, optical tweezers and so on. Then we analysed
the polarization distribution in the focal region of different polarized incident beams.
We introduced methods for the generation of longitudinal or transversal components
dominating fields in the focal region, which are important for polarization sensitive
applications, such as particle acceleration [40,41], optical data storage [49], etc. The
proposed methods mainly focused on the fine control of the main parameters of in-
cident beam: polarization, phase and amplitude distribution. The field distribution
can be further optimized by using particular beam mode such as Bessel-Gaussian,
Laguerre-Gaussian beams and also by using high order optical masks such as one-

dark ring [50] or binary masks [27].
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Chapter 3

Super-resolution microscope for

nano-imaging and nano-fabrication

3.1 Review of stimulated emission depletion mi-

Croscopy

In 1994, stimulated emission depletion (STED) fluorescence microscopy, which breaks
down the well-known diffraction barrier, was first proposed by Stefan Hell et al. [2].
Its resolving power along lateral direction is greatly enhanced and towards nanoscale.
As shown in Figure 3.1(a), in a standard STED microscopy configuration, there are
two light sources, one is called excitation beam (green light) and the other is called
STED beam (red line). The excitation beam, which is either a continuous or pulsed
laser, is tightly focused into the focal region to illuminate an underlying specimen la-
beled by a fluorescent dye. As in a conventional confocal laser scanning microscopy,
the excitation beam induces a diffraction-limited focusing spot, which is around half
of wavelength of the excitation beam (Figure 3.1(by)). The materials that are cov-
ered by this diffraction-limited area are possible to absorb photons and subsequently
emit photons by spontaneous emission.

By introducing the STED beam (‘switched on’), which induces a doughnut focus-
ing spot in the focal region under the assistance of a vortex mask (Figure 3.1(b;)),
the excited electrons from the area of the doughnut spot region turn to emit pho-
tons by stimulated emission instead of spontaneous emission. Hence, according to

the different spectral behaviors of stimulated and spontaneous emissions, the fluo-
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(a) STED Excitation
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Detector /4 /4 0 (by)
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Figure 3.1: (a) Schema of the STED microscopy. (b) Intensity distribution of STED
beam (b;) excitation beam (by), and depleted effective PSF (bs) in the focal region.
DM1, DM2: dichroic mirrors, OL: objective lens.
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Figure 3.2: Variation of depleted focusing spot size regarding the ratio of I ,; and

Istep. The numerical calculation parameters are: \., = 532 nm, Agrgp = 760 nm,
NA =1.4, n=1.515.

rescence signal, which emerges only from the nonoverlapped center of the focusing
spot (green spot in Figure 3.1(b3)), will be selectively collected. Due to the nonlin-
ear depletion caused by STED beam, this effective area is much smaller than the

diffraction limit.

The key parameter of the STED technique is the existence of a saturated ab-
sorption threshold for fluorescence materials. Hence, by increasing STED beam
intensity, which can be much higher than the fluorescence saturated level, the ef-
fective doughnut size can be narrowed down to nano-scale, and thus the resolving

power of STED microscopy is greatly enhanced. The mathematics representation of
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the lateral resolution of STED microscopy is given as [51]:

d= A (3.1)

2nsin oy /1 + ISTED/Isat’

where A is wavelength of the excitation beam, « is the maximum open angle of the

OL, n is the refractive index of the immersion medium. As shown in Figure 3.2,
when increasing the ratio €, which is defined as the ratio of STED beam intensity
IsTep and the saturation level Iy, the effective “PSF” size is dramatically decreased
to nanometer scale. Up to now, according to the reported experimental results [52],
a lateral resolution of STED microscopy of around 2.4 nm can be achieved. From the
theoretical point of view (Eq. (3.1)), there is no limitation for STED microscopy if
we can increase Istgp. Thus, when introducing a second light source (STED beam),
it is possible to perform a microscopy resolution up to nanoscale. However, due
to the lack of confinement along the longitudinal direction, the axial resolution of
STED microscope is the same as for conventional laser scanning confocal microscopy,
which is about several hundreds nanometers. In the next section, we will introduce
methods for generating 3D doughnut focusing spots for a 3D super-resolution STED

microscopy.

3.2 3D super-resolution microscopy

In order to deplete the fluorescence emission along transversal as well as along optical
axis to achieve 3D super-resolving capability, beside the STED beam, which induces
transversal doughnut (Figure 3.3(a)), Stefan Hell et al. [16] proposed to introduce
a second STED beam. Before entering the objective pupil, this laser beam is pre-
modulated (0/m—phase mask), and thus the field distribution in the focal region
possesses an axial doughnut shape (Figure 3.3(b)). Due to the non-correlation of
those light sources (two STED beams), the total intensity of the transversal and axial
doughnut fields, has a perfect 3D doughnut profile in the focal region. Similarly to
the 2D STED does, by increasing the intensities of these two STED beams, super-
resolution along all axes can be achieved. In practice, the use of three laser beams,
which are needed to be super-overlapped in the focal region, needs a complex and
expensive optical system. In the next part, we presents a handy method for the

generation of a 3D doughnut field distribution in the focal region.
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Figure 3.3: Generation of 3D doughnut shaped intensity distribution in the focal
region of the OL by a combination of a vortex and a 0/7r—phase mask.

3.3 Generation of a 3D doughnut field distribu-

tion in the focal region

The radially polarized beam with a center-blocked profile (using an amplitude mask)
has been studied in the last chapter. In this case, a long needle-like field with a
longitudinal component is dominant. This means that the contribution of center
part of the radially polarized beam is neglected. However, when considering the
contribution of the center part only, a focusing spot with a doughnut shape can be
obtained. Therefore, we propose to use this radial polarization combined to a mask
to generate a 3D doughnut focusing spot. The geometry of lens focusing is shown
in Figure 3.4. The incoming light is modulated by a well defined one-dark ring
amplitude mask. The inner and outer radii of the dark ring are indicated as r; and
19, respectively, and rq is the radius of objective aperture (Figure 3.4(a)). The ring
is described by the factors e; = r1/rg and €9 = r9/19. As shown in Figure 3.4(b),
the side view of focusing system, due to the introduced dark-ring mask, only the
light passing through the inner (3;) and the outer part (¥2) of aperture contributes
to the field distribution in the focal region.

The calculated intensity distribution of light rays from regions 321, 35 and the full

aperture combined with dark ring are shown in Figure 3.5. The radially polarized
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Ny
v

front view side view

Figure 3.4: The schematics of a coded objective aperture for generating 3D doughnut
intensity distribution in the focal region. (a) front view, (b) side view.

incident beam is tightly focused by an OL with NA = 1.4, n = 1.515. As shown
in Figure 3.5(a;2), when only the center part (X, e = 0.5) of the light beam is
allowed to propagate through the objective aperture, the intensity distribution shows
a doughnut shape in the focal region. As discussed in Chapter 2, it is due to the fact
that, when the aperture is small (r; = 0.5r¢), the transversal components (E,,, Ey, ),
which have doughnut shapes, are dominant in the focal region. The weak intensity in
the center of doughnut spot is caused by the longitudinal component, which has an
Airy spot-like shape. As shown in Figure 3.5(b; 2), the intensity distribution in the
focal region induced from an annular aperture Xy (g9 = 0.97), is quite different from
the one induced from ;. The EM field is mainly distributed along the optical axis,
due to the dominating longitudinal component in the focal region. This behavior
has been studied in detail in the Chapter 2. The intensity distribution induced from
the dark-ring shaped aperture is presented in Figure 3.5(c12). It is clear that a
doughnut focusing distribution along both transversal and longitudinal directions
(co) is created. It can be explained by the coherent correlation of light rays from
Y1 and Y. The field distribution in the focal region is the interference of the
light rays coming from the ¥; and X5 regions. In fact, as compared to the strong
transversal component from 3, the transversal component from ¥, is negligible,
hence, the transverse doughnut shape from area 3; is not significantly changed

along the optical axis (cz). However, at the center of this transverse doughnut, due
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inner outer total
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Figure 3.5: Calculated intensity distribution of the tightly focused radially polarized
beam. [(a)-(c)] Intensity distribution of focusing spot of the light beams from the
region Yq, Yo and both X1 and ¥4, respectively. Subscripts 1, 2 indicate the intensity
distribution at (z2ys) and (x9z9)—planes. g1 = 0.5, g5 = 0.97. A = 532 nm, NA =
1.4, n = 1.515.

to the comparable intensity of the longitudinal components from ¥; and >, their
interference induces a longitudinal doughnut along the optical axis. Thus, a 3D
doughnut is formed in the focal region.

Figure 3.6 shows in more detail the intensity profiles of a 3D doughnut distri-
bution at different intensity levels in the focal region. The intensity distribution is
normalized at the peak intensity of the focusing spot. At the center of the focusing
spot, the blue shell, which has only 10% of maximum intensity, has the perfectly
isotropic shape, and its outer part, the green shell possesses a greater intensity
(20%).

The intensity distributions of the focusing spot along the zo—, yo—, 20—axes are
shown in Figure 3.7. The graphs shown on the left are the field distributions of a

tightly focused radially polarized beam in the absence of the one-dark ring amplitude
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Figure 3.6: Isoploted Intensity profile of 3D doughnut focusing spot at different level
intensity. The intensity distribution is normalized at the peak intensity of focusing
spot.

mask. The transversal size of this Airy spot is 344 nm and the longitudinal one is
around 758 nm. In the presence of a dark-ring amplitude mask (g; = 0.5, 9 = 0.97)
(Figure 3.7(ag-c2)), the field distribution of the STED beam is converted to the
doughnut shape and the dark spt possesses almost the same size (=~ 400 nm) along
all three axes.

As compared to the previous method, in which two light sources and two optical
masks are required, the presented method for obtaining a 3D doughnut spot of the
STED beam is very convenient. Only one light beam combined with one-dark ring
is able to generate a 3D isotropic doughnut intensity distribution in the focal region.
In practice, it will greatly simplify the optical microscope configuration.

This 3D doughnut focusing spot has many important applications, especially
for 3D super-resolution microscopy. We have theoretically studied one of most im-
portant applications, 3D STED microscopy. The numerical calculation results of
effective“PSFE” size are shown in Figure 3.8. The parameters used in the numerical
calculation are : A\, = 532 nm, Agrgp = 760 nm. Light beams are tightly focused
by a high NA OL (NA = 1.4, n = 1.515). In contrast to 2D STED microscopy,
we shows clearly here that, when increasing the intensity of the STED beam, the
effective “PSF” size is decreased along both transversal and longitudinal directions.

At I /Istep = 1/11, the focusing spot has a perfect isotropic distribution and its
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Figure 3.7: Intensity distribution of total intensity along xo—, yo—, zo—axes. ref:
intensity distribution of radially polarized beam focused by maskless OL. Size of
the focusing spot is measured at FWHM of each peak intensity. The simulation
parameters are taken same as those in the Figure 3.5.

size is only A, /10.

As presented, the working principle of super-resolution STED microscopy is
based on the switchable “on” and “oft” states of the fluorescent molecule to achieve
a super-resolution imaging. In practice, in the field of bio-imaging, by labeling the
specimen with fluorescence dyes or quantum dots, the morphology of the object of
interest can be obtained with a super high resolution [53]. However, in the field
of optical lithography, instead of acquiring the emitted photons, the fabrication of
structure is based on the polymerization or depolymerization properties of the photo-

sensitive material. The photosensitive material is polymerized upon irradiated by a
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Figure 3.8: Variation of effective “PSF” size regarding the ratio of saturation inten-
sity (Isas) and STED beam intensity (/step)-

proper light source. Hence, the STED microscopy cannot be an appropriate method
for a super-resolution optical lithography, except if the material possesses “on” and
“off” states [54]. In the next section, we will present a concept of “nano-pointer” for

application of super-resolution optical lithography.

3.4 Nano-pointer for super-resolution fabrication

In recent years, it has been frequently reported that nano-structured devices have
many fascinating functionalities, such as a negative refractive index from artifi-
cial metamaterials [55], control of light flow by photonic structures [56] (i.e., pho-
tonic crystal, waveguide), as well as high capacity optical data storage [49]. Small
nanoscale structures can be achieved by using electron-beam lithography. How-
ever, the experimental procedure is quite complex, and the experimental setup is
expensive. Using optical microscopy to pattern a micro-structure in photo-sensitive
materials is a less expensive and handy method. However, due to diffraction nature
of light, the smallest feature size that can be fabricated is often restricted at a half of
the wavelength of employed the light beam. Several optimistic methods have been to
improve the fabrication resolution in optical lithography. Min Gu et al. fabricated
a high capacity disk (up to 3.0 Thytes) by using a radially polarized light beam
and operated with a two-photon absorption mechanism [57]. Scott et al. reported
the fabrication of a sub-diffraction structure (100 nm) by using the photoinitiation

and photoinhibition properties of a photosensitive material [58]. Similar to STED
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Figure 3.9: (a) Illustration of the transition of the absorption states of photochromic
material. The photochromic material at state A, it possesses a strong absorption at
A1 while at state B, it is transparent at A;. (b) Schematic drawing of the concept of
AMOL for supper-resolution fabrication. A thin photochromic layer is deposited on
the target sample. Beam 1 (1), which possesses an Airy spot shape in focal region,
is the writing beam. Beam 2, which induces a doughnut spot in the focal region, is
the ‘erasing’ beam. DM: dichroic mirror.

microscopy, in this method, the writing beam is tightly focused into a photosensitive
material and subsequently a second beam, which has doughnut shape distribution
in the focal region, is introduced to inhibit the polymerization of the resist. Hence,
because of the inhibition, the photosensitive material, which located in center of
doughnut, is polymerized. This method was further improved by Min Gu et al. by

using a highly photosensitive resin, which has fast curing speed [59].

Besides, the absorbance modulation optical lithography (AMOL) [13,60,61] is
also a fascinating method for optical fabrication. This method is based on the optical
properties of a photochromic material. As shown in Figure 3.9(a), the absorbance
of the photochromic material has two states A ;| B. At state A, it shows a strong
absorption to light Ay while at state B, it is almost transparent to light A;. When
the photochromic material is illuminated by A, the absorption of the photochromic
layer converts from state A to state B. It will be converted back to its initial state

A from B upon irradiation by a light As.
The schematic drawing of AMOL is shown in Figure 3.9(b). It consists of two
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Figure 3.10: (a) Numerical calculation of intensity distributions along transversal
direction in the focal region of light beam 1 (A, blue curve) and light beam 2
(A2, green curve). (b) Propagation of light beam 1 (A;) through the photochromic
layer. The absorbance of photochromic layer is modulated according to the doughnut
focusing spot of light beam \y. 0a, op represent the absorption coefficients of state
A, B at wavelength \;, respectively. t : thickness of photochromic layer. <@ :
diameter of the area, where the photochromic layer is transparent (o = 0) to the
light beam 1 (A;).

light sources. One is the writing beam \;, which induces an Airy spot in the focal
region (blue curve in Figure 3.10(a)). The other one is the “erasing” beam A, ,
which has a doughnut shaped field distribution in the focal region (green curve in
Figure 3.10(a)). A thin layer of photochromic material is deposited on the target

sample (i.e., photoresist).

The details of focal region are schematically illustrated in Figure 3.10(b). Due
to the presence of a doughnut spot of a light beam at Ay, the absorbance of the
photochromic layer shows an inhomogeneous distribution in the focal region. The
area, which is under A, illumination, has a strong absorption to the writing beam
A1, while the area located in the center of the doughnut beam is transparent to
the writing beam \;. Due to this absorbing layer, the field distribution in the focal
region is strongly modulated. The quantitative characterization of this focusing spot
depends on several parameters: the diameter of doughnut size (&), the thickness
of the photochromic layer (t), the absorption coefficient o5. Here, we assume that

O'B:O.
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Ref t=02pum

Figure 3.11: Calculated intensity distribution in the focal region as a function of
the thickness (t) of photochromic layer. The simulation parameters are: NA = 0.6,
n=1.0, @ =200 nm, oa =1 x 10° [I/(mol - cm)].

To best of our knowledge, the vectorial Debye theory taking into account material
absorption has not been studied yet. Here, we present for the first time numerical
calculation results obtained by using a modified vectorial Debye theory. The detail
of the derivation of the mathematical formula will be discussed in the Chapter 5.
In this section, we mainly focus on the theoretical study of the influence of those
parameters and we aim to generate a nanofocusing spot (“nano-pointer”), which has
a small size and reasonable high intensity for a super-resolution optical fabrication

application.

In numerical calculations, we assumed that there is no reflection occurring from

the interface of the photochromic layer and the photoresist.

In the case of a low absorption, o5 = 1 x 10° [I/(mol - cm)], the intensity distri-
bution in the focal region as a function of the thickness (t) of photochromic layer
is shown in Figure 3.11. The interior area of white lines in the figures indicates the
region, where the photochromic material at the state A. The notation ‘Ref’ repre-
sents the intensity distribution in the absence of any absorbing layer. The numerical
calculation parameters are: NA = 0.6, n = 1, the diameter of doughnut spot @ =
200 nm, A\; = 532 nm.

It is clear that, when increasing the thickness of the photochromic layer from 0
to 1 pum, the field distribution in the focal region is strongly modulated. The EM

field attenuates dramatically along the optical axis and the transverse direction is
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Figure 3.12: Calculated intensity distribution in the focal region as a function of
the thickness (t) of photochromic layer. The simulation parameters are: NA = 0.6,
n=1.0, @ =60 nm, oa = 6.8 x 10° [I/(mol - cm)].

also significantly reduced. However, because the absorption coefficient o, is not
high enough, and with a broad doughnut spot (& = 200 nm), the confinement along
the transversal direction is not enhanced very much. In an optimum case, the size

of the focusing spot at the target sample position is around 230 nm (t = 0.9 pm).

Figure 3.12 shows the numerical calculation of the intensity distribution of the
focusing spot with a high absorption (oa (6.8 x 10° [I/(mol - cm)]) and a small
doughnut size (@ = 60 nm). It is clear that, when light arrives at the surface of the
underlying target material, the focusing spot size is significantly reduced. However,
as compared to the reference PSF in the presence of an absorbing layer, the intensity
of focusing spot is dramatically decreased. It is totally stopped by the photochromic
layer when its thickness is larger than 0.5 ym. In the case of optical imaging and
optical fabrication, the size of the focusing spot and its intensity are both particularly
important. If the intensity of light is relatively small, e.g., under the polymerization

threshold of photoresist, the desired structure can not be realized.

With a highly absorbing layer (o5 (6.8 x 10° [I/(mol-cm)]), we have investigated
the effect of the doughnut beam size, @, on the intensity distribution of focusing
spot. The numerical calculation results are shown in Figure 3.13. The red bar
indicates the calculated FWHM of the transverse size of focusing spot (measured at
the surface of the sample). The blue bar indicates the peak intensity of the focusing

spot, which is normalized to the reference case ( no photochromic layer) (Ref PSF).
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The studied doughnut spot size, &, ranges from 20 nm to 100 nm. It is clear that,
when @ is less than 50 nm (Figure 3.13(a, b)), in a thick absorbing layer regime
(t>0.5 pum), the focusing spot size is less than A/10. However, in those ranges, the
intensity is decreased to only 1% of the Ref PSF. Such a high energy loss is not be
suitable for applications such as two-photon absorption polymerization. However,
it may be a good tool for low one-photon absorption (LOPA) microscopy [62,63],
since this method does not require a high intensity excitation beam (see chapter
5). When & is relatively large (Figure 3.13(e)), the focal size is no longer confined
into the nanoscale (> 100 nm). The optimistic case for both focal size and intensity
efficiency appears at Figure 3.13(c). It shows that, at a thickness t = 0.1um (green
dotted circle), the size of the focusing spot is only 87 nm and the focal intensity
preserves more than 70% of total intensity. This “nano-pointer”, which has small
size and high intensity, can be used for many applications, such as super-resolution

fabrication of photonic structure, nanodevices, etc.

Conclusion of chapter 3

In summary, in this chapter, we have presented the working principles of different
2D and 3D super-resolution optical microscopes, which are useful for optical imaging
and optical fabrication applications. We have reviewed the 2D and 3D STED mi-
croscopy in detail. Furthermore, we proposed a new method for generation of a 3D
doughnut focusing spot for the 3D STED microscopy. This method can greatly sim-
plify the current complex 3D super-resolution microscope configuration, since only
one light source, which is modulated by a one-dark ring amplitude mask, is able to
generate a 3D doughnut focusing spot. Then, according to the optical properties of
a photochromic material, we theoretically proposed a “nano-pointer ” system, which

allows to generate a focusing spot of 87 nm-size.
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Figure 3.13: Calculated FWHM of transverse focusing spot size (blue bar) and the
ratio (red bar) of peak intensity of nano-pointer and the peak intensity of reference
beam as a function of film thickness and the size of STED beam (&). The numerical
calculation parameters are taken same as those in the Figure 3.12. The blue dotted
circled area is considered as a optimal result of nano-pointer, where the FWHM =
87 nm and it preserves 70% of total intensity of reference beam. The simulation
parameters are: NA = 0.6, n = 1.0, oo = 6.8 x 10° [I/(mol - cm)].
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Chapter 4

Measurement of the PSF of high
NA OLs

4.1 Introduction

In the past decades, thanks to the great improvement of optical characterization
devices, such as interferometers, charge couple device (CCD), high accuracy trans-
lation stages and also with the assistance of fast computers for large data analysis,
several fascinating experimental methods have been proposed to characterize the fo-
cusing behavior of the electromagnetic field distribution in the vicinity of the focal
region. According to the different goals, different experimental methods are used.
By using a CCD camera, Karman et al. [64] are the first ones who presented the
direct measurement of the 3D intensity distribution of focusing spot of a low NA
lens (NA < 0.01). The intensity distribution obtained under paraxial focusing con-
dition shows a good agreement with the scalar diffraction theory. Wilson et al. and
Torok et al. successfully mapped the amplitude and phase distribution of point
spread function by using the optical interferometer technique [65-67]. Introduc-
ing nanoparticles as probe beads to map and reconstruct the field distribution in
the focal region from collected fluorescence light is a very handy method. Song et
al. [68,69] investigated the size effect of nanoparticles for PSF measurement. The
studied NPs sizes are in the range of 100 nm to 1000 nm. Using the deconvolution
method, they derived the PSF distribution. Brown et al. introduced further details
of the experimental procedure for collecting and analyzing of PSF [70].

However, in all these methods, the influence of the vectorial properties of light has
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not been detected, such as the asymmetric focusing behavior of a linearly polarized
incoming light, doughnut shape distribution from an azimuthally polarized beam. As
theoretically studied in Chapter 1, the reason is that, the effect of vector properties of
light becomes significant only under tightly focusing conditions (NA > 0.7) [19]. In
Karman’s experiment [64], due to the employed NA of OL is less than 0.01, which
is impossible to observe the influence of the vector property of light. In Song’s
case [68,69], owing to the big size of the used bead (> 100 nm), it is impossible
to distinguish a small difference in a tiny focal region. Nowadays, due to high
resolution demand, or to perform a highly compressed energy flow of light, high NA
OLs are often employed [1,4,11,71,72]. Hence, characterization of vector properties
of light induced from a high NA OL become particularly important. But it is
difficult to measure precisely a focusing spot at the sub-micrometer scale. In recent
years, there are numerous attempts for observing the focusing behaviors of light
beam under tight focusing condition. Using a tapered fiber probe [73] with a tip
aperture diameter between 50 and 100 nm, it is possible to map the asymmetric
EM distribution of a tightly focused beam with good spatial resolution. However,
the probe tip displays unequal sensitivity to different components of the EM field,
which might affect the reconstructed shape of focusing spot. The “Knife-edge”
method [74] is considered as a fantastic method to quantitatively characterize the
intensity distribution of a tightly focused beam. In this method, a photodiode,
partially covered by a sharp edge alloy, transversely scans along the symmetric axis
of the focusing spot. Light is diffracted by the sharp edge and is acquired by the
photodiode, allowing to reconstruct the intensity distribution of the focusing spot.
However, the “Knife edge” method is polarization sensitive [75] and the scanning

direction should be realized along the symmetric axis of the focusing spot.

The goal of this chapter is to characterize the field distribution in the focal region
of high NA OLs, by using a simple home-made high resolution confocal microscope
and introducing a gold nanoparticle as a probe bead. We have investigated the
general behavior of the lens system, such as the influence of NA, aberration effect
and also the vectorial properties under tight focusing conditions. The chapter is
organized as follows: experimental setup and sample preparation procedure are
presented in the Section 2. The dependency of field distribution of the focal spot
on the NA of OL is experimentally demonstrated in section 3. The degraded image

quality caused from refractive index mismatch will be discussed in the Section 4.
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—
Qil
X100/ 1.4

Figure 4.1: Schematic drawing of experimental setup used to realize optical imaging
and fabrication. L1-L5: lenses; PZT: piezo translation stage; BS: beam splitter; F:
580 long-pass filter; PH: pinhole (100 gum) D: photodiode; HWP: half wave plate;
QWP: quarter wave plate; I: iris; M1-M2: mirrors; S: shutter; P: polarizer; LA: laser
source;

Under tight focusing condition, the pronounced effects of the vector properties of
the incident beam on the focusing spot shape is demonstrated in the section 5 and

the work of this chapter will be summarized in the last section.

4.2 Experimental setup and sample preparation

4.2.1 Laser scanning confocal microscope

Since its invention in 1957 [1, 76|, the confocal microscope has being widely used
in many fields, such as in life science [76], material science [77]. A standard laser
scanning confocal microscope (LSCM) consists of three parts:

(Z) an excitation source, for one-photon absorption LSCM, a monochromatic low

cost continuous wave laser is often employed.
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4.2.  Ezxperimental setup and sample preparation

(#7) a high NA objective is used for focusing the light and also for collecting the
reflection or fluorescence signals. In order to move the focusing spot inside
the sample, a high accuracy translation stage is needed to drive the sample in

three dimensions;

(#i7) a confocal detection system, which consists of a highly sensitive detector (i.e.,
photodiode) and a small pinhole (diameter < 100 pm), to eliminate the signal

out of the focusing domain.

In order to experimentally demonstrate the focusing behavior of a tightly fo-
cused beam and to fabricate photonic structures (see Chapter 5), we have built a
home-made confocal microscope. The schematic drawing of the LSCM is shown in
Figure 4.1. The optical setup is installed on an optical isolation table to prevent

from displacement caused from external environment.

The configuration of our setup is described as follows :

For the excitation part, a continuous laser (Oxxius) emitting at 532 nm is em-
ployed. Polariser (P) and a half-wave plate (HWP1) are employed to control the
power of laser beam from 1 pW to 100 mW. Lenses L4 (f = 150 mm) and L5
(f =300 mm) are introduced to enlarge the beam diameter and to ensure that the
laser beam, which has an uniform intensity profile, is able to fully cover the objective
aperture. The Iris (I) installed between L4 and L5 lenses are used to clean the laser
beam profile. The polarization state of the excitation laser beam is controlled by
introducing half-wave plate (HWP2) and/or a quarter-wave plate (QWP).

For the scanning section, a high accuracy positioning 3D piezo translation stage
(100 pm x 100 pm x 100 pm) from Physik Instrumente (PI) is used to precisely drive
the sample. In the experiment, we choose two kinds of OLs to perform a tightly
focused field, the first one is an air OL (NA = 0.9), the other is an oil immersion
OL (NA = 1.4, n = 1.515, CFI Plan Apochromat). Both OLs are able to tightly
focus the incoming light and simultaneously to collect the signal emitted from the
sample.

In the confocal detection block, the background noise induced from the incident
light source, which is reflected or scattered from the substrate, is stopped by a
580 nm long-pass filter (F). The focal lenses L1 (f = 100 mm) and L2 (f = 100

mm) and a pinhole (PH) with a diameter size of 100 pm are employed to eliminate
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Figure 4.2: Tllustration of two kinds of samples. (a) gold NPs are sandwiched
between two SU-8 layers (for oil immersion OL). (b) gold NPs are directly deposited
on glass substrate (for air immersion OL).

the noise coming from the out of focus region. Then, the signal is focused into a
high sensitive silicon avalanche photodiode (D) by a focal lens (f = 50 mm).
The control of PZT and the reconstruction of the focusing spot from the acquired

signal are carried out by a personal coded script written in Labview software.

4.2.2 Sample preparation

In our experiment, for the consideration of a “point-like” object, a small gold spher-
ical nanoparticle with a diameter of 50 nm is used as a probe bead to realize the
3D mapping of the intensity distribution in the focusing region. In principle, the
use of nanoparticle with a size smaller than 50 nm is good for serving as a “point
like” source. However, in practice, very small nanoparticles are dim and bleach
rapidly [68].

According to the different OLs used in this work, two kinds of samples are pre-

pared:

(¢) Sample preparation for oil immersion OL

As shown in Figure 4.2(a), to avoid possible aberrations caused by refractive
index mismatch interfaces, gold particles are sandwiched between two SU-8 layers.
The advantage of using SU-8 is that its refractive index is very close to the refractive
index of the glass substrate. Besides, as compared to the fluorescence signal of gold
NPs, the fluorescence emission of SU-8 is very weak, and can be considered as noise.

The preparation of samples can be described as follows :
(a) SU-8 (2000.5) is spin-coated on a cleaned thin glass substrate (thickness =
125 pum). The coating parameters are: speed v = 2000 rpm, acceleration
a = 300 rpm/s, coating time t = 30 s. A homogeneous thin SU-8 film with

an approximate thickness of 500 nm is obtained. Then, the thin film is subse-
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4.8.  Intensity distribution of focusing spot of different NA OLs

quently exposed in UV a box (1 min) to be fully polymerized.

(b) The aqueous solution containing gold NPs is dropped (single drop) on the
thin film and spin-coated at a lower speed (v = 500 rpm) to ensure that a
significant portion of single NPs stays on the SU-8 surface (SU-8 is relatively
hydrophobic). The sample is then placed on a hot plate for 5 minutes at 100°C

to remove the water solvent.

(c) Similar to the first step (a), a second SU-8 thin film is deposited on the top of
gold NPs followed by a soft-bake and UV exposure steps. So that, gold NPs

are well sandwiched between two solid SU-8 thin films.

(#¢) Sample preparation for air-immersion OL

For the OL immersed in air, as compared to the previous case, the preparation
procedure of sample is greatly simplified. Moreover, because the OL possesses a
long working distance (WD = 2.1 mm), a glass substrate with thickness = 1 mm is
used as sample holder. After removing the impurities from the surface of the thick
substrate, an aqueous solution of gold NPs is spin-coated on it (Figure 4.2). Since
gold NPs are “sandwiched” between glass and air, this sample will be used to study
the refractive index mismatch problem (Section 4).

In order to avoid any impurity caused from external environment, the preparation
of samples take place in a clean room environment. With these prepared samples,
we have experimentally demonstrated many important behaviors of tightly focused

beams.

4.3 Intensity distribution of focusing spot of dif-
ferent NA OLs

As theoretically studied in the Chapter 2, the focusing spot size is strongly affected
by the NA of the used OL. Here, we propose a very convenient method to efficiently
characterize the effect of NA of OL on the intensity distribution of the focusing spot.

In our experiment, we have employed only one OL (NA = 1.4, n = 1.515) with
a large aperture diameter d = 1 cm. Then an iris, which has a flexible aperture, is
introduced to modulate the incident beam size. Hence, due to the modulated beam

size, the incoming light only partially covers the center part of the OL, and thus the
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Figure 4.3: Variation of focusing spot size regarding the diameter of incident beam
size. [(a)-(d)] Diameter of laser beam d: 5 mm, 6 mm, 8 mm, 10 mm, respectively.
The diameter of objective aperture is 10 mm. Subscripts 1, 2 indicate the intensity
distribution at (x9y2)—, (2222)—plane in the vicinity of focal point.

effective numerical aperture of OL (NA.g) is controlled. The iris is introduced just
in front of the BS to avoid the degradation of signal collecting, and the center of the
iris aperture is perfectly aligned with the center of the OL aperture.

By changing iris aperture size, we have measured the intensity distribution of the
focusing spot from different beams diameters, ranging from 0.5 cm to 1.0 cm with
an increasing step of 0.1 cm. Form the incident beam diameter, we can calculate
the effective NAs of the used OL, as shown in Table 4.1.

d(cm) |05 0.6 | 0.7 | 0.8 | 0.9 | 1.0
NAeg |07 /084 /098 |1.12|1.26 | 1.4

Table 4.1: The calculated effective NAs of OL corresponding to diameters (d) of
incident laser beam.

Here, we focus on the characterization of the focusing behavior of OLs with high
NAs (NA > 0.7), and thus we show only the results of the aperture with a minimum
diameter d = 0.5 cm.

The experimental results obtained by a circularly polarized incident beam with
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Figure 4.4: Comparison of the experimentally and theoretically obtained focusing
spot size. L: longitudinal size of focusing spot; T,, T,: transverses size along xo—,
yp—axes, respectively. Simulation parameters: A = 532 nm, n = 1.515. circular
polarized uniform beam.

different beam sizes are shown in Figure 4.3. It shows clearly that, at (x9y2)—plane,
when NA.g increases from 0.7 to 1.4, the focusing spot size decreases from 560 nm
to 280 nm. At (z222)—plane, the longitudinal size of focusing spot is dramatically
decreased when increasing the NA 4.

The measured FWHM of the intensity distribution of the focusing spot along the
transverse and longitudinal directions are shown in Figure 4.4. It is clear that the
transverse size along xs—axis (blue circle “o”) and y,—axis (red Diamond “4”) are
almost same at for each NA.g, and this size is decreased from 0.56 pm to 0.28 pum
when NA.g; increases. This results is in good agreement with the behavior of a
circularly polarized beam under tight focusing conditions (the blue and red line
plotted in Figure 4.4). Similarly, the longitudinal size decreases from 3 pm to
0.71 pum, which evidently shows the strong dependency of the focusing spot size on
NA of OL.

Thus, introducing an iris with a flexible aperture, it is very easy to investigate
the influence of NA on the intensity distribution of the focusing spot. However,
as shown in Figure 4.4, the experimentally derived curve is slightly different from
theoretical results. It is due to the fact that under a tightly focusing condition, the
image quality is often affected by many factors, such as imperfect beam profile, the

confocal system and the aberration introduced from misaligned optical propagation.
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Figure 4.5: Experimental measurement of spherical aberration caused by refractive
index mismatched interface. (aj-by) Schematic diagrams of positioning of probe
bead (Au NPs) above and bellow of thin glass substrate, respectively. [(as), (bs)],
[(ag), (a3)] are measured intensity distribution of focusing spot at (xay2)— and
(x929)—planes. A\ = 532 nm, NA = 0.9, n = 1.

In the next section, we will discuss about aberration, which is an usual problem

met in many fields, such as life science, astronomy, etc.

4.4 Experimental observation of the intensity dis-
tribution of the tightly focused beam in the

presence of refractive index mismatch

As theoretically studied in Chapter 1, in the presence of a refractive index mismatch,
the quality of the focusing spot is critically degraded. In this section, in order to
experimentally investigate the influence of this phenomenon, we employ an long
working distance (WD = 2.1 mm) air-immersion OL (NA = 0.9) to study the field
distribution in the presence of refractive index mismatch from air/glass interface.
The sample preparation for this OL has been introduced in the previous section.

As schematically shown in Figure 4.5(aq, by), there are two types of configura-
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tions for sample positioning :

(¢) The upper one is designed for a refractive index mismatch case, in which the
surface deposited with gold NPs is set-up. In this case, when light is focused

through the glass air interface, the aberration occurs.

(¢) The lower one (Figure 4.5 (b)) is designed for the case in which refractive
index mismatch (reference) is absent The surface deposited with gold NPs is
faced to the objective aperture. Due to the absence of dielectric interface in

between the probe beads and the OL, there is no aberration effect.

The second configuration is not suitable for an oil immersion OL, since between gold
and OL, AN oil medium has to be introduced. When the scanning process starts,
gold NPs can not remain finely attached stably on the glass substrate due to the
driving force from oil medium.

The intensity distribution of the focusing spot are shown in Figure 4.5 (ag 3 and
by3). It shows clearly that the intensity distributions of the focusing spot with
and without aberration are very different. At (z,y,)—plane, as compared to results
derived from an homogeneous medium (Figure 4.5(bs)), the focusing spot size is
enlarged. At (z2z2)—plane, the longitudinal size is significantly increased, up to 3
times more than the one obtained from a homogeneous medium (Figure 4.5(bs)).
This observed large elongation behavior along the longitudinal direction is in good
agreement with the theoretical prediction discussed in Chapter 1.

In optical systems, there are two categories of aberration [78,79]. Here, the
spherical aberration is caused from refractive index mismatched media and it be-
longs to the first category, in which the distorted wavefront distributes symmetrically
around the optical axis. However, in practice, due to the misalignment or imperfect-
ness of lens, the focusing quality is also degraded from the aberration, induced from
a distorted wavefront that distributes asymmetrically around optical axis (second
category), such as coma and astigmatism.

Figure 4.6(a) shows the intensity distribution at (x922)—plane in the focal region
presenting coma aberration. This intensity distribution is derived under a purposely
modulated beam propagation with an angle of 2° with respect to the optical axis.
The experimental result shows a very good agreement with theoretical calculations.

In practice, aberrations induce low quality focusing spots resulting in blurred

images in bio-imaging field and also in optical fabrication. To compensate this
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theory

Figure 4.6: Experimental demonstration of aberration phenomenon caused from
second category of aberration, Coma.

drawback, nowadays, in optical system, a wavefront sensor is often introduced to
examine the wavefront. Besides, with the help of a deformable mirror, the wavefront
deformation can be corrected and the quality of focusing spot is greatly enhanced.

In spite of this great optimization of the aberration effect, the field distribution
in the focal region is also strongly affected by the vector properties of light (see
Chapter 1). In the next section, we will experimentally study the influence of the

incident beam polarization on the intensity distribution in the focal region.

4.5 Effects of incident beam polarization on the

intensity distribution of a tightly focused spot

As discussed in Chapter 1, by using the vectorial Debye theory, under tight focusing
condition (NA = 1.4), we have predicted the influence of the incident polarization
on the formation of the field distribution in the focal region. However, in practice,
quantitative characterization of focusing spot, which lies in sub-micrometer scale,
is quite challenging. As compared to the previously mentioned complex methods
[73-75], by using relatively small gold NPs and a high NA OL, in which the vector
properties of light are significant, we are able to reconstruct the distinguishable field
distribution of a tight focusing spot from different polarized incident beams.

In this section, we will firstly present the experimental measurement of a tightly
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Figure 4.7: Experimental observation of the dependence of the focusing spot shape
on the polarization of the incident beam. Input beam polarization (green circle)
of each image: linear polarization at 0° (a), at 45° (b), at 110° (c), and circular
polarization (d), respectively.

focusing spot from linear and circularly polarized light. In the second part of this
section, we will discuss about the field distribution in the focal region obtained from

radially and azimuthally polarized incident beams.

4.5.1 Measurement of a tight focusing spot from linearly

and circularly polarized incident beams

As introduced earlier in this chapter, the experimental setup was shown in Fig-
ure 4.1. The control of the excitation beam polarization is realized by using phase
plates (QWP, HWP2). Initially, the laser beam is linearly polarized along the x-axis.
Its direction (linear polarization) is then controlled by rotating the half-wave plate
(HWP2), as illustrated in Figure 4.1. To produce a circular polarization, a quarter-
wave plate (QWP) is introduced behind the HWP2, the incident linear polarization
(after HWP2) being oriented at 45° with respect to the neutral (fast or slow) axis
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of the QWP. Depending on the aim of the work, either a HWP2 or both HWP2 and
QWP plates can be used.

First, in absence of the QWP plate, we scanned laterally the focusing spot with
a linearly polarized incident beam and measured the fluorescence image of a single
gold nanoparticle. Figure 4.7(a) shows that the shape of focusing spot is elongated
in the same direction as that of the input beam polarization (here along the x di-
rection). By changing the polarization direction, we observed that the asymmetric
distribution property changed accordingly. Figures 4.7(b) and 4.7(c) show fluores-
cence images of the same gold nanoparticle excited with a linear beam polarization at
45° and at 110°, respectively. The rotation of the focusing spot shape confirms that
its asymmetric property is due to the polarization of input beam, which is consistent
with the theoretical prediction presented in Chapter 1. Furthermore, by introducing
the QWP plate with an appropriate orientation with respect to the direction of the
linear polarization to result in a circular polarization, we obtained a fluorescence
image with a perfectly symmetric focusing shape, as shown in Figure. 4.7(d). This

results confirms also the theoretical prediction as shown in Figure. 1.17(a).

To quantitatively evaluate the shape and size of the focusing spot obtained with
the linear and circular polarizations, we extracted the data from Figure. 4.7 for two
orthogonal axes, according to the minimal and maximal sizes of the focusing spot.
Figure 4.8 shows a comparison between theoretical and experimental results. In
the case of a z-linear polarized incident beam (Figure.4.8(a)), the calculated full
width half maximum (FWHM) of the total intensity distribution along the y-axis
(FWHM = 240 nm) is only 70.5% of that along z-axis (FWHM = 340 nm). This
ratio is in good agreement with the numerical calculation result (71.4%) shown in
Figure. 4.8(b). In the case of a circular polarization, the focusing spot is symmet-
ric and the spot has the same shape along both axes, as shown in Figure. 4.8(c),
which is also in agreement with the theoretical curves shown in Figure. 4.8(d). Nev-
ertheless, as compared to the theory, the experimentally measured focusing spot
(FWHM=280 nm) is larger of about 40 nm for both axis and for both polarizations
cases. This difference can be explained by the fact that, in practice, we have used
a gold nanosphere as a probe bead with a diameter of 50 nm (it still cannot be an
ideal point-like object). Thus, the experimental intensity profile is a convolution
of an ideal (theoretical) focusing spot and the gold nanosphere size. Experimental

data can be further optimized by applying the image deconvolution method [80] to
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Figure 4.8: Comparison of experimental (a, ¢) and theoretical (b, d) results of the
focusing spot profile, along the xs-axis (red color) and ys-axis (blue color) for linear
(a, b) and circular (¢, d) polarizations. The experimental curves are extracted from
the images plotted in Figures 4.7 (a) and 4.7 (d). The theoretical curves are derived
from Figures 1.15 (a) and 1.17(a) (Chapter 1). The size (FWHM) of the focusing
spot, calculated along each axis, is indicated in each figure.

fit the theoretical calculation. However, it is not necessary in our case, since the

polarization dependence of the focusing spot is clearly evidenced.

4.5.2 Measurement of focusing spot of radially and azimuthally

polarized cylindrical vector beams

Experimental characterization of cylindrical vector beams becomes particularly im-
portant, in the context of their various potential. these polarizations offer interesting
properties as theoretically discussed in Chapter 1, such as a longitudinal component
dominating field, resulting in a doughnut focusing distribution in the focal region.
In this subsection, we present the measurement of the intensity distribution of the

focusing spot induced from radially and azimuthally polarized input beams. Based
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Figure 4.9: Illustration of the working principle of polarization converter.

on the previously described experimental setup (Figure 4.1), we transform the linear
polarization to radial or azimuthal polarizations by replacing the quarter wave plate
by a polarization converter (ARCoptix). The working principle of the polarisation
converter is shown in Figure 4.9. The complete package of the polarization converter
consists of a phase shifter (by) that allows to compensate the m—phase step between
the upper and the lower halves of the laser beam, a polarization rotator (c;) to rotate
the input polarization by 90° and a #—cell (d;), which is made of an array of small
liquid crystal units with different orientations. As depicted in (bs), the lower half of
beam phase is m—phase retarded (Ug = 1.868V for A = 532 nm) with respect to the
upper part of beam. If there is no applied voltage on the polarization rotator (c;),
the polarization of the laser beam keeps its initial direction (vertical) after exiting
the polarization rotator. Then, the linear polarization (c,) is transformed to a
radial polarization (ds,) state after the light beam propagates through the 6—cell.

In the presence of a voltage U; = 5V, the extraordinary refractive index of the
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Figure 4.10: Experimental derived intensity distribution of different polarized inci-
dent beam: radial polarization (a), azimuthal polarization (b).

polarization rotator is changed and thus the laser beam polarization is converted
to the horizontal direction (cgp,). At the end, with the modulation from #—cell, an
azimuthal polarization (dgyp) is obtained.

The focusing spots formed from the radially and azimuthally polarized input
beams are measured and shown in Figure 4.10. As compared to the previously dis-
cussed circular polarization case (Figure 4.7(d)), here, with a radially polarized inci-
dent beam, the transverse size of focusing spot is quite big (0.48 ym), which is in good
agreement with the theoretical prediction (Figure 1.19(a;)). At (z222)—plane, the
longitudinal size is not elongated (size = 0.85 pm) but shows a broaden shape, with
the same profile as predicted by the relevant theoretical calculation (Figurel.19(as)).
As shown in Figure 4.10(b), in the case of an azimuthal polarization, at (z5y)—plane
(b1), a clear doughnut distribution appears, and the FWHM of the dark hole size is
only 0.14 pm. At (z922)—plane, a zero intensity appears all along the optical axis,
in a good agreement with the theoretical prediction (Figure 1.21). As discussed
in Chapter 2, the doughnut shape obtained from an azimuthally polarized beam
is much smaller than that obtained from a right circularly polarized light modu-

lated by a vortex mask. Hence, in practice, such a small doughnut shape has many
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important applications, such as for STED microscopy, optical trapping, etc.

Conclusion of chapter 4

In conclusion, in this chapter, we have used a simple but effective experimental
method to characterize numerous important properties of tightly focused light in
the focal region. In our experiment, a home-made confocal microscope constituted
by a high NA OL was employed to scan the fluorescence image of single gold NPs
(probe bead) to reconstruct the intensity distribution of focusing spot. As com-
pared to other reported methods, such as knife-edge method or fiber probe scanning
method, this experimental method has a greatly simplified configuration and is able
to very effectively characterize the focusing behavior of tightly focused beams. The
study of the variation of field distribution with different NAs of OLs showed that,
the transverse and longitudinal size of focusing spot decrease dramatically when
increasing the NA of OL. This behavior is in good agreement with the theoretical
prediction studied earlier in Chapter 1. Hence, employing a high NA OL to tightly
focus the light beam into a sub-micrometer scale is a most common and effective
way. Therefore, under a tight focusing condition, the field distribution is strongly
influenced by the phase and polarization of light. The degradated quality of the
focusing spot caused from spherical aberration and coma has been experimentally
analyzed and it had a good agreement with theoretical calculation. Furthermore,
we experimentally verified the influence of four kinds of incident beam polarizations
(linear, circular, radial and azimuthal) on the intensity distribution of the tight
focusing spot.

The generation of different polarizations of incident beam is realized by employ-
ing phase plates (HWP2, QWP) and a polarization converter. We have success-
fully measured the asymmetric distribution behavior of a linearly polarized incident
beam, the symmetric focusing spot of a circularly polarized beam, focusing spot in-
duced from a radially polarized beam and also the doughnut field distribution from
an azimuthally polarized beam. Experimental results are in good agreement with
numerical calculation results as derived from vectorial Debye theory.

The understanding of the intensity distribution behavior of the focusing spot
of a high NA OL is of great important for applications. For instance, the low

quality focusing caused from aberration, the unwanted asymmetric focusing shape,
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can be presciently corrected, or thanks to its unique properties such as doughnut
focusing spot, super-resolution methods can be implemented. Nevertheless, in prac-
tice, the focusing spot quality also depends on the studied material, for example,
in bio-imaging. the scattering and absorption effects often influence the focusing
properties. With respect to the experimental conditions, we will present in detail
in the next chapter the absorption effect of the studied material on the intensity

distribution of a tight focusing spot.
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Chapter 5

LOPA microscopy for 3D imaging

and fabrication

5.1 Introduction

In practice, in applications based optical microscopy, such as optical fabrication and
bio-imaging, the studied material often displays absorption and scattering proper-
ties. Depending on the optical properties of the studied material and of the exci-
tation light source, the field distribution near focal region can be modulated. In
some domains, it is a drawback. For example, in conventional fluorescence imaging
microscopy, the excitation light is attenuated along its propagation axis due to the
strong absorption of the sample. In optical lithography, such as in the direct laser
writing method, due to the low penetration depth caused from absorption, the fab-
ricated structure is restricted to the surface of the substrate. Hence, considering the
experimental condition, under tight focusing conditions, the effect of material prop-
erties on the intensity distribution of focusing spot is relatively important. However,
to the best of our knowledge, the influence of material absorption on the intensity
distribution and on the focused beam shape of a propagating optical wave has not
been systematically investigated yet.

In this Chapter, based on the vectorial Debye theory proposed by Wolf [20], we
further establish a new mathematics representation, in which the absorption effect
of the material is taken into account when a light beam propagates through an
absorbing medium. By using the new evaluation form of vectorial Debye theory, we

quantitatively carry out the influence of absorption coefficient of the studied material
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and the penetration depth of light beam on the formation of a tight focusing spot.
Furthermore, we propose a new concept of optical microscopy, which is entitled “Low
one-photon absorption microscopy” (LOPA) for 3D optical imaging and 3D optical
fabrication. LOPA 3D microscopy concept is experimentally verified by using a
simple experimental method. Since, LOPA microscopy is based on the one-photon
absorption mechanism, as compared to the commonly used two-photon absorption
microscopy, it has greatly simplified the optical configuration with reduced costs.
By using this very handy 3D tool, we further study its application for 3D nano-
fabrication.

The organization of this chapter is as follows: a novel form of the vector Debye
theory considering of material absorption effects is presented in Section 2. The
concept of 3D LOPA microscopy is proposed and experimentally verified in Section 3.
The fabrication of 3D sub-micrometer structures by LOPA microscopy is presented

in Section 4, and our findings of this chapter are summarized in the last Section.

5.2 Numerical calculation of the EM field distri-
bution of a tight focused beam in an absorb-
ing medium

As discussed in Chapter 1, the mathematical representation of the electromagnetic
field distribution in the focal region of an OL has been proposed by Wolf in 1950s [20].
Thereafter, this representation has evolved to different forms in order to adapt itself
to different experimental conditions, such as focusing of a light beam in refractive
index mismatched media [34,35], focusing of different polarized incident beams [24]
or of different beam modes [27], focusing of a light beam through a mask [50], etc.
However, the effect of material absorption is often neglected.

As depicted in Figure 5.1, the excitation light is focused into an absorbing
medium, represented by the absorption coefficient o, which varies as a function
of the excitation wavelength. In this circumstance, the influence of absorption ef-
fects has to be taken into account when the diffracted light rays encounter a highly
absorbing material after exiting the pupil of a OL. Based on the previously intro-
duced vectorial Debye theory (Eq. (1.7) in Chapter 1), the formula representing the

EM field distribution in the focal region using Cartesian coordinates (s, ya, 22) is
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Figure 5.1: Schematic diagrams of propagating of tightly focused beam in absorbing
medium. D is the interface between air (or oil) and absorbing material; d is the
distance from the focal point of the OL and interface, D; O is the geometrical focal
point. r is a distance from an arbitrary point at interface D and the focal point; 2o
is the optical axis of the OL; o absorption coefficient of medium.

given by:

Z.CO «@ 27 .
T/o /0 sin OA(0, ) B(0, )P (0, ©)Aa(0, p)

x explikn(zg cos 0 4 9 8in 6 cos p + yo sin O sin ¢)|ddde,  (5.1)

E(x% Y2, ZQ) - =

where the novel added term Ay(6, ) represents the contribution of the material ab-
sorption. According to the Beer-Lambert law [81], it can be expressed as Ay (6, ¢) =
exp(—oCr), where o is the absorption coefficient of the material at excitation wave-
length (), C is the molar concentration of the material, and r is the optical path
of the diffracted light ray in the material, which is defined as the distance from an
arbitrary point of the interface, D, to its corresponding image plane coordinate [63],

as shown in Figure 5.1. In spherical coordinates, it is expressed as :

d d
= 1 _ 2 . . . 9 _ 9
r \/(cose sinf cos p — x9)% + (0059 sin@sin @ — y2)% + (d — 22)2. (5.2)

For simplicity, in Eq. (5.1), it is assumed that there is no refractive index mis-
match problem arising at any interface, which may exist between the exit pupil of
the OL and the focal plane.

According to this new mathematics representation, we choose two absorption

coefficients, which represent a high absorption and a ultra-low absorption regime, to
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Figure 5.2: Effect of depth, d, on the propagation of tight focused beam in high
absorbing medium. The simulation is realized with Rhodamine 6G (Rh6G) having
o1 = 105460 [/(mol - cm) at A = 532 nm, and NA = 1.4, n = 1.515.

numerically calculate the influence of absorption with different penetration depths (d)

on the intensity distribution of a tightly focused beam in the focal region.

The numerical calculation results of the intensity distribution in a high absorp-
tion regime is shown in Figure 5.2. Here, the simulation parameters are: o =
105460 [/(mol - cm), NA = 1.4, n = 1.515, the wavelength of incident beam is
A =532 nm. The different penetration depths (d) are chosen as 4 pm, 7 um, 10 pm,
13 pm, 22 pm. This figure shows clearly that, with a lower penetration depth (e.g.
d = 4 pm), there is no critical modulation of the intensity distribution of focusing
spot. It means that light can propagate into the focusing region and a tight focus-
ing spot is obtained. However, when increasing the penetration depth, a significant
portion of light is stopped at the surface and, in the focal region, the focusing spot
intensity decreases dramatically. When d is up to 22 pm, light intensity totally
vanishes in the focal region.

In contrast to a high absorbing material, at a ultra-low absorption range (o =
800 {/(mol - cm)), the incident beam is able to be tightly focused into the focal
region without any significant distortion caused by the material, even with a long
penetration depth of 22 um, as shown in Figure 5.3.

The study of the material absorption effect on the formation of a tight focusing
spot is very important for the quantitative characterization of the actual focusing

spot distribution in the material or biological sample. In practice, the penetration
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Figure 5.3: Effects of depth, d, on the propagating of tight focused beam in ultra
low absorbing medium. oy = 800 {/(mol - cm). A = 532 nm. Rest of simulating
parameters are taken same as in the Figure 5.2.

depth in optical microscopy is often reduced, due to absorption of the studied ma-
terial. This critical drawback in 3D bio-imaging and 3D optical fabrication. The
use of multi-photon absorption, such as two-photon or three-photon absorption mi-
croscopy, is a possible way to deal with a 3D goal, However, in order to induce
two-photon absorption, a high intensity source, normally a picosecond or femtosec-
ond pulsed laser is necessary, with high cost and high photo-damage to the sample.
In the next section, we will present in detail of the concept of the low one-photon

absorption (LOPA) microscopy.

5.3 Introduction of the concept of the LOPA mi-

Croscope

5.3.1 2D and 3D optical microscopy

Basically, in optical microscope, the focusing spot size and penetration depth are
the key factors to optimize the performances of an optical microscope. On one
hand, optical microscope resolution has a crucial limitation due to the diffraction
of excitation light. According to the Rayleigh criteria, the minimum resolving dis-
tance of two objects is defined as 0.61\/NA, where A is the wavelength of incident

light. To overcome this diffraction limit, several remarkable methods, in particular
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Figure 5.4: Illustration of absorption mechanism of of material : (a) one-photon
absorption (OPA) and (b) two-photon absorption.

Stimulated emission depletion (STED) microscopy, have been demonstrated [2,82].
On the other hand, the penetration depth (or axial sectioning capability) of optical
microscope strongly depends on the excitation mechanism, i.e., depends on the light
source employed in the optical system and on the material under study. Eventu-
ally, as shown in Figure 5.4, there are two categories of excitation methods, namely
one-photon absorption (OPA) [1] and multi-photon absorption microscopies [83,84].
Normally, for thin film targets, OPA is a most appreciated method, because of its
simplicity and high efficiency. Indeed, this method consists of using a low cost and
continuous laser whose wavelength is centered in the high absorption wavelength
range of the studied material. However, because of the strong absorption effect,
light is dramatically attenuated from the input surface and OPA is not compati-
ble with a deeper tissue penetration. This method is therefore impossible for thick
film materials, or for 3D optical addressing. The TPA (or multi-photon absorption)
technique (Figure 5.4 (b)) was then proposed, which presents a better axial resolu-
tion. In this case, two low energy photons are simultaneously absorbed, inducing an
optical transition from the ground state to the excited state of the material, equiv-
alent to the case of linear absorption (OPA). Because of the nonlinearity process,
the TPA absorption rate is quadratically dependent on the excitation intensity [85],
and happens with very high excitation intensity only. In practice, it can be done by
using a pulsed laser, picosecond or femtosecond, that is furthermore focused into a
submicrometer spot, where the intensity is a million times higher than that obtained
out of the focus region. Hence, 3D imaging or fabrication can be achievable [11,83]
with a high axial resolution. However, since this TPA requires a pulsed femtosecond

or picosecond laser, it is rather expensive and complicated.
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Figure 5.5: Experimental measured absorption spectrum of Rh6G. The green, red
and skyblue colored circle represent the OPA, LOPA and TPA regions, respectively.

Wavelength (nm) 400 532 580 633 1064
K [l/(mol - cm)] 820 126090 480 240 0
I (mW /cm?) 0.14 3.98 0.4 3.98 91.5

Table 5.1: The absorption coefficient (K) of Rh6G measured at different wavelengths,
and the average intensity (I) of various excitation light sources, measured in front
of the OL. The light source at 1064 nm is a pulsed nanosecond laser.

In contrast to OPA and TPA, LOPA microscopy combines the respective advan-
tages of both OPA and TPA methods. The concept of LOPA is that, instead of
employing a wavelength in a strong one-photon absorption regime, we propose to
select a wavelength located in a low one-photon absorption range of studied mate-
rial. Thanks to this low absorption, light can penetrate deeply inside the studied
material, as TPA does. In principle, since the LOPA mechanism is still in the OPA
category, a simple, continuous and low power laser is enough for LOPA microscopy.
Furthermore, in order to obtain a highly resolved energy concentration of light in

the focal region, a high NA OL is necessary. In the next subsection, the comparison
of OPA, TPA and LOPA is discussed.
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Figure 5.6: (a) numerical calculations of light propagation inside a Rhodamine 6G
(Rh6G) solution, by using different wavelengths, 532 nm (a4 ), 633 nm (ag), 1064 nm
(a3), respectively. (a4) intensity distributions along z-axis of light beams shown in
(a1)—(ag), respectively. In this calculation: NA = 0.6, n = 1 (refractive index), and
d = 18 pm. (b) propagation of light (A = 633) inside a Rhodamine 6G (Rh6G)
solution. (by) NA=0.3, (by) NA=0.6, (bs) NA=0.9, respectively, d = 18 um. (by)
intensity distributions along z-axis of light beams shown in (b;)—(bs), respectively.

5.3.2 Comparison of OPA, TPA and LOPA

According to the experimentally measured absorption spectrum of Rhodamine 6G
(Rh6G), shown in Figure 5.5, we choose three typical wavelengths to calculate the
intensity distribution in the focal region, which represent three cases of interest :
conventional OPA (532 nm), LOPA (633 nm) and TPA (1064 nm), respectively. The
relevant absorption coefficients are shown in Table 5.1. The absorption interface
(D) is arbitrarily assumed to be separated from the focal point O by a distance of
18 pm. As shown in Figure 5.6(aq), because of the strong absorption of Rhodamine
at 532 nm, the incoming light is totally attenuated at the interface D. This result
explains why it is not possible to optically address 3D object with the conventional
OPA method.

However, when using an excitation light source emitting at 1064 nm, 7. e. in the
blue circled region of Figure 5.5, the absorption coefficient is zero (Kjos nm = 0,
excluding TPA coefficient). Light can penetrate deeply inside the material, resulting
in a highly resolved 3D intensity distribution. Figure 5.6(a3) shows the correspond-
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ing numerical calculation result, which, in this case, was derived from the quadratic
dependence of the EM field. The focusing spot size (full width at half maximum,
FWHM) is quite large due to the use of a long wavelength. However, it is impor-
tant to notice that, in practice, there exists a TPA intensity threshold above which
two photons can be simultaneously absorbed. Therefore, by controlling the excita-
tion light intensity, a small effective focal spot, below the diffraction limit, can be
achieved with the TPA method.

We now consider the OPA case in which the linear absorption is very low (LOPA),
as shown by the red circled area in Figure 5.5. At wavelength A = 633 nm, the ab-
sorption coefficient is only 240 [/(mol - cm), which is much smaller than that at
532 nm [126090/(mol - cm)], as shown in Table 5.1. Thanks to this very low lin-
ear absorption, simulation results show that light can penetrate deeply inside the
absorbing material without significant attenuation. As shown in Figure 5.6(as), the
light beam can be tightly confined at the focusing spot, which can then be moved
freely inside the thick material, exactly as TPA does. Similar results have been also
obtained with other excitation wavelengths, such as A = 400 or 580 nm, with only a
condition that their absorption coefficients should be very low, as indicated in Table
5.1. This LOPA presents a great advantage as compared with conventional OPA and
TPA techniques. Furthermore, LOPA requires a shorter wavelength (400; 580; or
633 nm) as compared with TPA (1064 nm), the focusing spot size (FWHM) is there-
fore smaller. The diagram depicted in Figure 5.6(a4) shows clearly the difference of
the intensity distribution along the optical axis of three excitation mechanisms. We
also note that there is no intensity threshold in the case of LOPA, because it is a
linear absorption process. Therefore, LOPA requires a precise control of light dose

in order to achieve high resolution optical addressing.

In order to make a clear difference of dose in LOPA case, it is demonstrated that
the use of a high NA OL is a crucial condition. Figure 5.6(b) shows the intensity
distribution of the focused beam, obtained with different OLs (with the same low
absorption coefficient oy). It is clear that with an OL of low NA (NA = 0.3), the
light beam is not strongly focused, which does not result in high contrast intensity
distribution between the focal region and its surrounding. Therefore, the LOPA
based microscopy using a low NA OL cannot be used for 3D optical addressing.
However, in the case of tight focusing (NA = 0.6, 0.9), the light intensity at the

focusing spot is a million time larger than that at out of focus, resulting in a highly
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Figure 5.7: (a) Focusing the light into an ultralow absorption medium at different
penetration depths: d; = 5 pum; dy = 22.5 pm; and dz = 40 pm. (b) Red curve:
normalization of intensity (I;/Iy) at the focusing spot as a function of the propa-
gation length. I; and I, are the intensities obtained with and without absorption
medium, respectively. Dot curves: zoom on intensity profiles of the focusing spot
along the optical axis, calculated at different d. The results are simulated with:
o =800 [[/(mol - cm)]; A =532 nm; NA = 1.4 (n = 1.515).

resolved focusing spot [Figures. 5.6 (ba,bs)].

In summary, in order to realize LOPA based microscopy, two important con-
ditions are required: i) ultra low absorption of the studied material at the chosen
excitation wavelength, and ii) a high NA OL for tight focusing of the excitation light

beam.

5.3.3 Characterization of the LOPA microscopy

The LOPA based microscopy is thus promising to realize 3D imaging and 3D fabri-
cation, similarly to what could be realized by TPA microscopy. Indeed, by using the
LOPA technique, fluorescence (for imaging) or photopolymerization (for fabrication)
effects can be achieved efficiently within the focal spot volume only. By moving the
focusing spot inside the material, as shown in Figure 5.7(a;_3), we can realize 3D

fluorescence imaging or fabrication of 3D structures.
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Of course, absorption exists, even if the probability is very small. The penetra-
tion depth is therefore limited to a certain level. This effect exists also in the case
of TPA, but it is more important for LOPA. Figure 5.7(b) represents the maximum
intensity at the focusing spot as a function of the penetration length, d. For this
calculation, we assumed an ultralow absorption coefficient, o = 800 [//(mol - cm)],
corresponding to the absorption of a negative photoresist SU-8 at A = 532 nm [62].
We found that for a distance of 330 um, the intensity decreases by a factor of two
with respect to that obtained at the input of absorbing material (D interface). For
many applications, this penetration depth of several hundreds micrometers is fully
compatible with the working distance of microscope OL (about 200 pm for a con-
ventional high NA OL), or with the scanning range of piezoelectric stage (typically,
100 pm for a high resolution).

For LOPA microscopy, we note that other weak effects exist, such as scattering,
which also induces photons losses during light propagation inside a medium. How-
ever, these effects are negligible as compared with material absorption. Scattering
effects, for example, are mainly considered in turbid media, by using a Monte Carlo
simulation method [86] neglecting absorption.

In this section, we have theoretically studied the differences of the OPA, LOPA
and TPA. We systematically characterize the detail of LOPA microscopy such as its
penetration depth and the importance of using a NA OL. In the next section, we
will use a simple method to experimentally verify the great advantages of the 3D

LOPA microscope.

5.4 Experimental demonstration of the LOPA method

5.4.1 LOPA microscope with a coherent light source

The Rh6G dye molecules, which are commonly used to label protein in bio-imaging
discipline [87], is homogeneously mixed in ethanol solution with a molar concen-
tration of 1.43 x 107% mol/l. The absorption spectrum of the resulting solution
is measured by a LAMBDA 950 UV/Vis/NIR Spectrometer and is shown in Fig-
ure 5.5. The absorption coefficients at different wavelengths are calculated using the
Beer-Lambert law, and the corresponding results are shown in Table 5.1.

Figure 5.8 shows the 3D view of the experimental setup used to demonstrate the

111



5.4. Ezxperimental demonstration of the LOPA method

Figure 5.8: Experimental setup used to study the influence of material absorption
on the light beam propagation. A long working distance OL (NA = 0.6), placed
on a translation system, is used to focus a light beam coming from different light
sources into a cuvette containing the Rh6G solution. A CCD camera combined
with a band-pass filter allows to visualize along the z-axis the fluorescence signal of
Rh6G, emitted from the region corresponding to the excitation beam propagation.

absorption effect and the concept of LOPA microscopy. A collimated light beam is
focused, by a long working distance (WD) OL (NA = 0.6), into a cuvette containing
the Rh6G solution. The OL is placed on a 3D translation stage that allows to move
the focal spot freely inside the cuvette. A high sensitive CCD camera (Stingray
F-125C 1/3%), connected to a computer, is placed laterally, with respect to the
cuvette, to collect the fluorescence signal emitted from the excited area of the Rh6G
solution. A band-pass filter is installed in front of the camera to filter out the
scattering photons of excitation source. We note that a high OL with NA = 0.9 was
also used for this experimental verification and it provided consistent results, but
the WD of such OL is too short (< 1 mm) and it is difficult to show the effect.

To demonstrate experimentally the great interest of LOPA method, a continuous
He-Ne laser emitting at 633 nm has been used to excite the Rh6G solution. In this
case, the linear absorption exists everywhere along the propagation of the laser beam.
However, due to the very low absorption efficiency, the effective number of photons
which have been absorbed, and accordingly the emitted photons, is negligible at out
of focusing region. In contrast, in the focal region, where the photons flux is huge, the

effective number of absorbed photons become very important, resulting in a bright
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Light

Figure 5.9: Fluorescence images of focused beams (see from side) obtained by focus-
ing different excitation light sources: 532 nm (OPA); 1064 nm (TPA); and 633 nm
(LOPA) into Rh6G solution. The focusing spot (OL: NA = 0.6, WD = 2.1 mm)
is moved from the coming interface [O1: (a1), (b;), (c1)] to inside solution [Oy:
(az), (b2), (c2)]. The fluorescence spots (corresponding to focusing spots) move at
will inside the material in case of LOPA (633 nm) and TPA (1064 nm), while the
excitation light is totally absorbed at near entrance in the case of OPA (532 nm).

fluorescence emission spot, as shown in Figure 5.9(cy), 5.9(cy). Since the absorption
is very weak, the excitation spot or the fluorescence emission spot remains the same
everywhere inside the cuvette, similar to the result obtained with TPA technique.
The LOPA microscopy therefore allows to optically address 3D object as desired.
The advantage of LOPA, as compared with TPA method, is that it requires only
few milliwatts (2 mW in this work) from a simple and low cost continuous laser.
It is worth to note that the fluorescence emission spot obtained by LOPA method
[Figure 5.9(c)] is a little bit larger than that obtained by TPA [Figure 5.9(b)]. This
can be explained by the fact that there exists a certain absorption threshold for
TPA intensity, but not for LOPA. Figure 5.10 shows the intensity distribution along
the z-axis of the focusing spot realized with Apopa = 633 nm (Figure 5.10(a)) and
Arpa = 1064 nm (Figure 5.10(b)), respectively. We assumed that the threshold of
TPA is equal to 0.51,,.,, above which the fluorescence can be observed. However,
because of no particular threshold in LOPA case, a low intensity (equivalent to an
iso intensity of 0.2, for example) enables fluorescence emission, whose spot size
is even larger than that obtained by TPA. Due to this drawback, a precise control
of dosage is highly demanded when using LOPA method. Tight focusing by the use
of an oil immersion OL demonstrated that the 3D resolution of LOPA is equivalent
to that of TPA method [62].
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Figure 5.10: Numerical calculations of intensity distribution (top) along the longitu-
dinal direction (zy—axis) and contour plot (bottom) of the focusing spot in zz-plane.
(a) LOPA regime, simulated with Apopa = 633 nm. Contour plots are calculated at
different iso intensities: 0.2, 0.5, and 0.9, respectively. (b) TPA regime, simulated
with Arpa = 1064 nm. In this case, the side lobes disappear because of quadratic
dependence of the intensity distribution. All simulations are done with NA = 0.6,
and n = 1.

5.4.2 LOPA microscopy with incoherent light source

As mentioned above, the requirement of the LOPA method is a light source with
low absorption effect when propagating inside the material. We have experimentally
demonstrated that it is possible to use an incoherent light source (low power and
continuous emission) to realize LOPA applications. In this experiment, we have used
two band-pass filters to select two wavelengths, at 400 nm and 580 nm, of a white
light source. These wavelengths are located in the ultra low absorption region of
Rh6G material. The corresponding absorption coefficients and the light intensities
are shown in Table 5.1. The emission patterns shown in Figure 5.11(a, b) are very
similar to what obtained by a coherent excitation at A\,opa = 633 nm. This result is
very interesting for 3D imaging and 3D fabrication because of its simplicity and low
cost. In particular, the use of a shorter wavelength (400 nm) allows to significantly
reduce the focusing spot size, which is often limited by the diffraction.

Compared to the TPA method, LOPA based microscopy presents great advan-
tages because of its very simple experimental setup employing a continuous laser or
even an incoherent light operating at low power regime. The LOPA microscopy is

not only for 3D imaging, but also for 3D optical fabrication. In the next section,
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580 nm

Figure 5.11: Fluorescence images of focused beams (see from side) obtained by
focusing incoherent excitation light sources at low absorption regions: 400 nm (a),
580 nm (b), respectively, into Rh6G solution. The focusing spot (OL: NA = 0.6,
WD (working distance) = 2.1 mm) is moved from the coming interface [O1: (a1),
(b1)] to inside solution [Og: (ag), (b2)]. The fluorescence spots (corresponding to
focusing spots) move as desired inside solution, similar to the results obtained by
using a coherent excitation light shown in Figure 5.9.

fabrication of sub-micrometer will be presented.

5.5 Fabrication of sub-micrometer structure by

LOPA microscope

5.5.1 Direct laser writing technique

In resent years, polymer based nano- or micro structures have been widely used in
many fields, due to their inexpensive and fascinating functionalities [56, 88]. For
manufacturing these structures, several experimental methods can be used, such
as UV lithography [89], holography [90], direct laser writing (DLW) [62,91], and
electron-beam (e-beam) lithography [92], etc. Among of them, DLW is one of the
most frequently used techniques, since it is easy accessible and is capable to pattern
an arbitrary structure.

As schematically shown in Figure 5.12, a standard DLW technique consists of
three parts: a focused laser beam, a photosensitive material (e. g. photoresist) and a
nano-positioning 3D translation stage (PZT). The focused beam, which is obtained
from high a NA OL, is used to locally expose the underlying photoresist. The
“writing” process, either at the surface layer or deeply inside the sample, is realized
by PZT, which is able to freely drive the photoresist in 3D respecting to the position
of high intensity focusing spot. Then, according to the employed photoresist types

115



5.5. Fabrication of sub-micrometer structure by LOPA microscope

photoresist

~

Objective

Figure 5.12: Schematic illustration of direct laser writing (DLW) technique. PZT:
piezoelectric translation stage.

(negative or positive), developed in an appropriate solution, the written structure
or its inverse form is obtained. It is due to the fact that, in writing process, the
photoresist from the exposed area will be polymerized (negative) or depolymerized
(positive), and thus in contrast to the unexposed region, in the relevant developer,

the solubility of this area has a dramatic change.

Normally, for 1D, 2D desired structures, based on conventional OPA mechanism,
a continuous laser source operating at a wavelength located within the high absorp-
tion band ( in ultraviolet range) of thin film is employed as an excitation source.
It can efficiently deal with arbitrary low dimensional structure, such as waveguide,
fiber Bragg grating. For high spatial resolution 3D fabrication, fs— or ns—pulsed
laser is employed as excitation source to induce high axial sectioning TPA polymer-
ization voxel deep inside material. As discussed in last Section, since, the LOPA
microscope, which possesses both advantages of conventional OPA and TPA, is a
fantastic method for the fabrication of an arbitrary 3D sub-micrometer structures.
In the next section, we will introduce the fabrication of 3D structure enabled by
LOPA DLW technique.
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Figure 5.13: (a) Sample preparation procedure. [(b, ¢1, c2)] show the fabrication
procedures of 2D and 3D sub-micrometer structures based on the photosensitive
material SU-8, S1818, and AZ4562, respectively.

5.5.2 Sample preparation and fabrication procedure

We choose there kinds of photoresists to fabricate 2D and 3D sub-micrometer struc-
tures, which are SU8-2025 (negative) from Micro-Chem corporation, S1818 (posi-
tive) from Shipley Microposit, and AZ4562 (positive) from MicroChemicals.

5.5.2.1 Sample preparation

The sample preparation procedure is schematically shown in Figure 5.13 (a). A thin
glass substrate (125 pm) is chosen as a host of photoresist after removing inorganic
and organic impurities. Then, drops of photoresist are homogeneously deposited
on the substrate via a spin coating machine. Subsequently, the glass substrate
with deposited photoresist is soft baked on a hot plate to remove the resist solvent.
According to the properties of photoresist and desired thickness, different coating

procedures and parameters are applied. The preparation parameters of SU-8, S1818
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Figure 5.14: Absorption spectrums of SU-8 (a), S1818 (b), and AZ4562 (c), plotted
in log scale.

and AZ4562 are shown in the Table 5.2.

5.5.2.2 Experimental procedures of LOPA DLW method

In order to adapt the LOPA principle, as compared to conventional OPA config-

uration, there are two issues need to be considered. The first one is the selection
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. SC: S/A/T Tsp Thickness Developer Tppp at
photoresist (rpm/(rpm/s)/s) (min) (pm) (min) 95°C (min)
SU-8 2025  2500/300/30  3/15 (65/95°C) 25 15 15

S1818 2000/300/30 1 (115°C) 2 3 not required
AZ4562 2000/300/3* 1 (115°C) 18 1 not required

Table 5.2: The deposition parameters of photoresist layer on a glass substrate and
its relevant developing parameters. SC : spin coating. S : spin speed (rpm); A :
acceleration (rpm/s); T : duration time (s). Tsp : the time duration for soft baking
(SB); Tpgp : time duration of post exposure baking (PEB) process. The asterisk
(*) indicates that, after spin coating, the glass substrate have to stay over spin plate
one minute before moving to hot plate.

of excitation light source, which has to be located in the LOPA region of target
sample. In our experiment, according to the absorbance of studied materials (Fig-
ure 5.14): for SU-8 photoresist, we employed a laser beam operating at A = 532 nm
(04 = 723 m™1); for S1818 and AZ4562, we used a light beam with a wavelength
of A = 633 nm (0g,,, = 9200 m™', o = 2656 m~!). The second one is the
use of an OL with a significant high NA to perform high contrast intensity distri-

AZ4562

bution in the focal region. In our experiment, an oil immersion OL with NA = 1.4,
(n = 1.515) is employed.
The experimental setup has been shown earlier in Figure 4.1 (see Chapter 4).
As illustrated in Figure 5.13, depends on used materials properties and the di-
mension of desired structures, the fabrication procedure of sub-micrometer struc-

tures are slightly different.

(SU-8): as shown in Figure 5.13(b), for the fabrication of a 3D structure based

on SU-8, basically three steps are needed: writing a desired structure by

DLW, thermal cross-linking of epoxy by post exposure bake (PEB), and
development. The relevant parameters of PEB and developing time are

shown in Table 5.2.
(S1818): as shown in Figure 5.13(cy), for the fabrication of 2D arbitrary structures

based on this positive photoresist S1818, which is not a chemically amplified
resist, after exposure, a PEB step is required. It only needs two steps: DLW
and development. (Figure 5.13(c;) ).
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(a) (b)

Figure 5.15: SEM image of a chiral structure fabricated with the following param-
eters: distance between rods = 2 pm; distance between layers = 0.75 pm; number
of layers = 20; laser power = 2.8 mW. (a) View of the whole structure, (b) Zoom in
on the top surface of the structure, and (c) Side view of the structure.

(AZ4562): as shown in Figure 5.13(cq), compared to thin layers of S1818 (2 pm), the
fabrication of 3D prototype structure is quite complex. It is due to the
fact that, for positive photoresist, in order to obtain an isolated structure,
a certain outside part of structure needs to be removed. In this case, by
using the DLW method to remove outside part takes tedious time. Thus,
in our experiment, we proposed to use UV lithography to primarily create
a microscale base structure, and then by using LOPA DLW, the desired

pattern inside this microscale structure is obtained.

By setting appropriate parameters of LOPA DLW, we have successfully fabri-

cated 2D and 3D structures, which are in sub-micrometer scale.

5.5.3 Fabrication of 3D sub-micrometer structure by LOPA

microscopy

By using LOPA DLW method, we can realize arbitrary 3D structure based on the
SU-8 photoresist, for example, 3D chiral structures as shown in Figure 5.15. It shows
clearly that the structures features are well separated, layer by layer in the horizontal
and in vertical directions, feature sizes are about 300nm (horizontal) and 650 nm
(vertical) as shown in Figure 5.15(c). For the fabrication of these structures, the
focusing spot was scanned continuously with a scanning speed of about 1.34 pm/s.
In order to clarify the OPA fabrication realized at this low absorption range, we
have investigated the fabrication of A single voxel and measure its size as a function

of the exposure time and the fluorescence intensity in SU-8 as a function of the
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(b) (©)

Figure 5.16: SEM images of fabricated 2D structures based on the positive pho-
toresist. (a) First step of fabrication. Target area with removed outside part. (b)
View of the whole fabricated 2D structure. (c¢) Zoom in of (as). The structures are
obtained with the laser (A = 633 nm) power = 110 pW.

excitation intensity [62]. Results show that the voxel size depends on the exposure
dose rather than the intensity threshold as in TPA mechanism. The results from
later investigation showed that the fluorescence intensity shows a linear dependence
on the excitation intensity. Both results are strong evidence of the OPA mechanism.
Further detail of these two tests can be referred to the paper [62].

The results that obtained by LOPA DLW method are similar as those derived
from TPA DLW. But as compared to TPA DLW, here, only a continuous laser
(Aex = 532 nm) with a very low power (2.5 mW) can be able to produce high spatial
resolution arbitrary 3D structures.

LOPA DLW method is not only works for SU-8 negative photoresist, if the
excitation wavelength of incident beam is carefully selected to LOPA condition, in
principle it is able to fabricate any kinds of arbitrary 2D or 3D structures from
numerous types of photoresist as TPA does. In the next subsection we will present

the fabrication of 2D and 3D structures fabricated from positive photoresist.

5.5.4 Fabrication of 2D, 3D structures from a positive pho-

toresist

Nowadays, due to the unique properties, such as sharp edge and with less dark
erosion, the fabrication of nano- or micro-structures based on positive photoresist is
taking more attention. In these resists, due to the depolymerization of the exposed
area, which has much faster dissolution rate (> 10? times) than the unexposed

area in an alkaline solution, after the developing process, the inverse of the written
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(a2

5.00kV 23.9mm x1.60k SE 7/23/2014 12:51

Figure 5.17: SEM images of fabricated 3D scaffold structures inside in cube (a)
and hexagonal structures (b). [(a;), (b1)]: side view; [(ag), (bs)]: top view. The
structures obtained with the laser power = 115 W, Aoy = 633 nm.

structure is obtained. One of the most important applications of positive photoresist
is the fabrication of porous structures, which are subsequently filled with liquid
crystals or electro-optic polymers to generate a tunable photonic crystal device [93].

By using the LOPA DLW method, the fabricated 2D structure from S1818 is
shown in Figure 5.16. The used laser (A = 633 nm) power is only 110 gW. In
order to obtain an isolated structure from positive resist, the edge part of desired
structure has to be removed. In this case, the thickness of the deposited S1818
resist is around 2 pm, which can be easily deal with DLW method (Figure 5.16)
(a)). In Figure 5.16[(b), (c)], the complete fabricated structures shows clearly the
well separated array of three-leaf pattern, in which the hole size is around 600 nm.
The size of the hole can be further reduced by decreasing the intensity of excitation
beam. This structure has many interesting applications, for example, it can be filled
with gold to study plasmonic and nonlinear effect.

As shown in Figure 5.17, we tried to fabricate 3D scaffold structure in micro
cuboid and hexagon shapes, which are obtained by UV lithography. Unfortunately,

due to the often faced positive resist problem, related to the insoluble surface layer
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[94], the developing process become complicated (Figure 5.17(a;, ag)). One more
possible reason is that, as compared to the absorption of SU-8 at 532 nm (723 m™!),
in this case, the used AZ4652 resist at wavelength 633 nm, possesses not a significant
low absorption (2656 m~1). Hence, after a long fabrication process, the top laser is
over exposed and developed out (Figure 5.17(by, bs)). Since, it is only the matter
of material effect instead of LOPA microscopy limitations, several solutions can
be applied. For example, the insoluble layer can be avoided by implementing the
fabrication process in an activated carbon filtration system [94]. Concerning the
absorption spectrum of the studied material, we can choose an appropriate laser

source, at which it has a significant low absorption. This will be our future work.

Conclusion of chapter 5

In conclusion, in this chapter, we have theoretically and experimentally investigated
in detail the propagation of a tightly focused beam in an absorbing media and a
novel method for 3D imaging and 3D fabrication, which based on low one-photon
absorption (LOPA). The numerical calculation results of PSF, which takes into
account the absorption of the material, shows that the intensity and focusing spot
shape strongly depend on the absorption coefficient and the NA of the used OL.
Indeed, on one hand, when the material presents very low linear absorption at a
chosen excitation laser wavelength, the light intensity of a collimated light beam
keeps almost unchanged through the propagation inside the material. On the other
hand, by using a high NA OL, the light beam will be tightly focused, resulting in
a very high intensity at the focusing spot. Combining low linear absorption effect
and high NA OL, the sub-micrometric focusing spot keeps almost the same shape
at any position inside the studied material. This combination allows to optically
address 3D objects, equivalent to those achieved by using two-photon absorption
technique. The theoretical calculations are experimentally verified by focusing a
laser beam, with different excitation wavelengths, inside a Rhodamine 6G solution.
The experimental results show a great enhancement of penetration depth, similar
to what can be obtained by two-photon absorption microscopy, but this LOPA
technique presents many advantages, since it requires only a simple setup and a
low-cost and low power continuous laser. This LOPA based microscopy is very

promising for submicrometric 3D imaging and 3D fabrication, as well as 3D data
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storage.
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Conclusion and Prospects

In summary, in this work, we have theoretically and experimentally studied in detail
the point spread function under tight focusing conditions and its applications to

optical imaging and nano-fabrication.

First, based on vectorial Debye theory, we have theoretically predicted the field
distribution in the focal region of high NA OLs. The numerical results showed that,
when a light field is strongly confined into a sub-micrometer scale, the tiny focus-
ing spot is affected by numerous parameters. We have systematically studied the
influence of beam mode, polarization, phase distribution of incident beam on the
polarization and intensity distributions of the focusing spot. The focal shift of the
focusing spot caused by refractive index mismatch has also been presented. These

basic studies of PSF are very important for optical microscopy applications.

Second, according to the increasing demands of particular field distributions in
the focal region in many disciplines, we have studied the shaping of the intensity
and polarization distributions of the EM field in the focal region. We proposed dif-
ferent methods to generate a long needle, long dark channel and flattop focusing
spot. Moreover, we presented the polarization distribution in the focal region and in-
troduced methods for the generation of longitudinally or pure-transversely polarized
field distributions in the focal region. These generated focusing spots with particu-
lar polarization or intensity distributions are very important for many applications,

such as particle acceleration, single molecule detection and optical data storage.

Third, we have presented the working principle of 2D and 3D super-resolution

optical microscopy for imaging and optical fabrication. We studied the two dimen-
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sional STED microscopy and AMOL in detail and further investigated the generation
of a super-resolution nano-pointer for optical fabrication application. Furthermore,
according to the unique properties of radially polarized light, we have proposed a
new method for the creation of 3D doughnut focusing spot for 3D STED microscopy.
Compared to the conventional way to obtain 3D doughnut focusing spot, this method,
in which only one laser beam combined with one-dark ring mask, can generate 3D

doughnut spot, which greatly simplifies the experimental configuration and the cost.

Forth, we have used a simple but effective experimental method to characterize
the numerous important properties of tightly focused light in the focal region. The
experimental configuration is that, a home-made confocal microscope constituted by
a high NA OL was employed to scan the fluorescence image of single gold NPs
(probe bead) to reconstruct the intensity distribution of the focusing spot. By using
this experiment, we have experimentally demonstrated the influences of NA of OL,
refractive index mismatch, on the intensity distributions of focusing spot. Further-
more, we have successfully demonstrated the influence of incident beam polarization

on the shape of focusing spot.

Fifth, We investigated for the first time the intensity distribution of the point
spread function (PSF), taking into account the absorption of material in which light
propagates. Furthermore, we proposed a novel method for three-dimensional (3D)
optical addressing based on low one-photon absorption (LOPA). LOPA microscopy
is an very powerful technique to deal with 3D imaging and 3D fabrication. The
derived results are similar to those obtained by two-photon absorption microscopy,
but this LOPA technique presents many advantages, since it requires only a simple

setup and a low-cost, low power continuous laser.

In future prospects, for theoretical aspects, based on this thesis work, we will
continue to investigate the generation of 3D isotropic Airy spots. Moreover, accord-
ing to the potential PSF to calculate the inverse field distribution on the OL pupil
is also an interesting work. For experimental aspects, using the LOPA method to
fabricate 3D porous structure is one of our most interested works. Furthermore,
using nano-structures to control light flow or for sensing applications are also our

interests.
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Appendix A: Matlab script for
PSF calculation

Matlab example for simulation of intensity distribution of focusing spot at (xoy2)—plane

as a function of input beam polarization

%initialize Matlab environment

clear

close all

clc

tic;

set (0, 'DefaultAxesFontName’, ’Times New Roman’)
set (0, 'DefaultAxesFontSize’, 11)

%set (0, DefaultUnits ’,’normalized ’) ;

set (0, defaultuicontrolunits’, normalized ’);
% % % % % % % % %program  body % % % % % % % % % % % % %

% basic parameters

NA=1.4; % numerical aperture of objective lens
n=1.515; % refractive index of immersion medium
lambda=>532e —9; % wavelength of light

alpha=asin (NA/n); % maximum open angle of OL
k=2xpixn/lambda; % wavenumber

% image plane in Cartesian coordinates

L_focal=0.5%x1e—6; % observation scale
Nx=50; % discretization of image plane
Ny=50; % discretization of image plane

x2=linspace(—L_focal , L_focal ,Nx);
y2=linspace(—L_focal , L_focal ,Ny);
[X2,Y2]=meshgrid (x2,y2);

72=0;

% polarization case

% ’1’: x—linear , ’2’:y —linear, ’3’: left circular
% ’47: right circular, ’'5’: elliptical , ’'6’: radial, ’7’: azimuthal
polar=1;

polarSTR=num2str (polar);
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J%mnormalization and steps of integral

Ex2=0; % Ex—component in focal
Ey2=0; % Ey—component in focal
Ez2=0; % Ez—component in focal
N_theta=50;

N_phi=50;

delta_theta=alpha/N_theta;
delta_phi=2xpi/N_phi;

% starting loop
for theta=eps:delta_theta:alpha
for phi=eps:delta_phi:2xpi
%convertion function of polarization from object plane to imaging
%plane
a=1+(cos (theta)—1)*(cos(phi)) " 2;
b=(cos (theta)—1)*xcos (phi)*sin (phi);
c=sin (theta)*cos(phi);
d=1+4(cos(theta)—1)*(sin (phi)) "2;
e=sin (theta)*sin (phi);
ff=cos(theta);
V=[a b c;b d e;—c —e ff];
%incident beam polarization cases
px=[1,0,1/sqrt(2),1i/sqrt(2),2/sqrt(5),cos(phi),—sin(phi)];
py=[0,1,1i/sqrt(2),1/sqrt(2),1i/sqrt(5),sin(phi),cos(phi)];
pz=0;
% selected incident beam polarization
P=[px(1,polar);py(1,polar);pz];
% polarization in focal region
PP=VxP;

% numerical calculation of field distribution in focal region
Ex2=Ex2+1li*sin (theta)*sqrt(cos(theta)).*PP(1,1).xexp(lixk=(Z2%cos(theta
)+sin (theta).x(X2xcos(phi)+Y2*sin (phi))))*delta_thetaxdelta_phi;
Ey2=Ey2+1lissin (theta)*sqrt (cos(theta)).*PP(2,1).%xexp(lixk*(Z2xcos(theta
)+sin (theta).x(X2xcos (phi)+Y2«sin(phi))))*delta_thetaxdelta_phi;
Ez2=Ez2+1i*sin (theta)*sqrt (cos(theta)).*PP(3,1).xexp(lixk*(Z2xcos(theta
)+sin (theta) .x(X2xcos(phi)4+Y2«sin(phi))))*delta_thetaxdelta_phi;

end

end

% intensity of different components and total field
Ix2=conj (Ex2) .x(Ex2);

Iy2=conj (Ey2).x(Ey2);

Iz2=conj(Ez2) .x(Ez2);

I1=Ix241y2412z2;

%find maxumum

MMl=max (max (11) ) ;
% plot data

figure (1)
hFig = figure(1);
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Appendix

Appendiz A

set (gcf, "PaperPositionMode ’, "auto ’)

set (hFig, 'Position’, [300 300 300 300])
p=axes ;

set (p, 'Position’ ,[0 0 1 1])

pcolor (X2+1e6 ,Y2x1e6,Ix2);

shading interp

title ('PSF as a fuction of different polarization’)
set (gca, 'Xtick’,[—L_focal 0 L_focal]);
set (gca, 'Ytick’,[—L_focal 0 L_focal]);
set (gca, 'FontSize’ ,12)

axis equal

axis tight

axis off

view (0,90) ;

hold off

colormap (hot)

% export figure & save data
dataname=[’polar=",polarSTR |;
PexportJpg (hfig ,40,24 ,dataname) ;
saveas (h,[figurenamel , . fig ']);

save ([dataname, ’.txt ], 'I1’,’—ascii’);

toc % count execution time

load chirp % ringtone for program alert

sound (y,Fs)

% % % % % % % % %end program¥% % % % % % % % % % % % % %
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