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ABSTRACT

The aim of this thesis is to study ithe response of a high numerical aperture lens by
means of pupil engineering, especially in the polarization point of view, and to study the
interaction between'focused light-and metal in associated with surface plasmon resonance.
More specifically we. aim to develop several different novel schemes and concepts for
different surface plasmon mediated applications in terms of polarization manipulation at the
pupil plane. In this thesis, four kinds-of novel applications are proposed, including far-field
surface plasmon polaritons excitation and manipulation;, ‘nanoscopy surface plasmon
resonance radar, white light surface plasmon resonance sensor, and gold nanorods mediated

polarization multiplexing recording.
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Chapter 1

Characterization of the

Three-dimentional Point-spread Function by Pupil Mask

In an optical system, lens is always the most important optical element. It gives us the
possibility to reproduce the image of an object for imaging purpose or to converge light into
a hot spot for further applications. Generally, the lens can be treated as a linear response
system, where the output.(field distribution in the vicinity of focus) is depended on the input
(field distribution at entrance pupil-plane) and the impulse response of this lens (transfer
function).

To understandthis relation, there are two ways for analyzingthe performance of a lens:
the point spread function method and the transfer function method. The former, relatively
simple in terms of the-mathematical skills involved, is'based'on the image of a single point
object and is easily understood, but it sometimes lacks‘an.insight into an imaging process.
The later analysis based on the concept of transfer function is given for an imaging system. It
gives a physical insight into image formation in an optical imaging system. The function of an
optical imaging system such as a microscope is to provide a magnified image of an object in
which details are too fine to be seen by naked eye. It is desirable that an imaging system
should have an ability to reproduce the detail in an object. However, as we known an optical
imaging system is a low pass filter which transmits only low spatial frequencies
corresponding to slow variations in an object. The fine details of the object are represented
by high spatial frequencies. These high spatial frequencies may not be imaged because an

optical system has a cutoff spatial frequency; this leaded to an imperfect image.



Here, we will restrict ourselves to the point spread function method to illustrate the link
between input (field distribution at entrance pupil plane) and output (field distribution in the
vicinity of focus) of a lens system because they are more suitable for us to understand the
influence of field distribution at the focal plane caused by the change of pupil function. For
simplicity, we will start from the diffraction pattern by a lens under the condition of the

uniform illumination on the lens aperture and the paraxial approximation.

1.1 Diffraction by a Lens

In this section, we will consider the detail of the light field near the focal region of a lens.
We firstly consider the light field in the focal region, i.e. at z = f, as shown in Fig. 1.1.
Suppose that a plane wave of amplitudeUj is incident upon a-lens. Thus the field in the
plane immediately before the lens is U;(x;,x5) = U,. The lens'is a diffraction screen of a

complex transmittance given by Eq. (1.1).

t(x,y) = P(x,y)exp [@] (1.1)

Ui (x1,31) U, (2, ¥7) Us(x3,¥3)

Fig. 1.1 Diffraction by a lens in the focal plane.



Therefore, the field in the plane immediately behind the lens is

ik(x§+3722)] (12)

Uy (x2,y2) = UOP(XZ,YZ)QXP[ 2f

So the field in the focal can be derived from the Fresnel diffraction formula given by Eq. (1.3)

shown as below

iexp(—ikz)
Uy(x2,y2) = %
o0 ik
ﬂ_oo Uy (x1,y1)exp {_ ;_Z [Cxz = %)%+ (¥, — 3’1)2]} dx,dy, (1.3)

Substituting Eq. (1.2) into Eq. (1.3), we can express the light field in a plane of observation

placed at the focus, i.e. at z =f, as
iUg . 0 ik(x3+y%)
Us (xs,y5) = S exp(ikf) I17, PCea, 2 )exp |22

ik ik ik
exp |- 52 (3 £99)| exp | =2 + yD)| exp | Cesx & y53)| dxady, (1.4)
Here the nonlinear phase term in Eq. (1.3) has been expanded into three terms in the second
line of Eq. (1.4). Clearly the quadratic phase caused by the lens is cancelled out by the

guadratic phase resulting from the Fresnel diffraction process, which lead to

ik

Us (x5, 73) = T2 esp(=ikfYexp |- (% + yD)|

ﬂjooo P(x3,y,)exp [% (x3x + Y3}’)] dx,dy, (1.5)
To explan the physical meaning of Eq. (1.5), we let m = x3/(fA) and n = y3/(fA).
Thus the integration in Eq. (1.5) is the two-dimensional (2-D) Fourier transform of the pupil
function P(x,y) at spatial frequencies of m and n. Comparing Eq. (1.5) with Eq. (1.6) of

Fraunhofer diffraction equation,

. s 2 2
) = 2D (g
oo ik
ff_m Uy (x1,y1)exp [l; (122 + yl)’z)] dx,dy; (1.6)

we found that Eq. (1.5) gives a Fraunhofer diffraction by a circular aperture of radius a, one

can use a lens of radius a and the resulting diffraction pattern in the focal plane as the



same distribution as the Fraunhofer diffraction by the circular aperture. It should be pointed
out that although U;(x3,y3) in Eq. (1.5) takes a form of the Fraunhofer diffraction of the
pupil function, the diffraction process caused by a lens is the Fresnel diffraction rather that
the Fraunhofer diffraction.

Now let us turn into the study on the diffraction pattern by a thin lens if the observation
plane is placed at a defocus position. Assume the defocus distance to be Az, as shown in Fig.
1.2. The distance between the observation plane and the lens is thus z = f+ Az. For a
uniform plane wave U, incident upon the lens, the field immediately behind the lens
U,(x,,y,) is the same as Eq. (1.2). Therefore, in terms of the Fresnel diffraction formula Eq.

(1.3), the field Us(x3,y3) ontheobservation planeat z = f + Az is given by

i / 0 14
Us (x5, 73) = G2exp(<ika) ff. 2 Plea, ya)ewp |5 (45 4 3|

exp {— % [(x3=2)%+ (V3 — J’Z)Z]} dx,dy, (1.7)

Ui (x1, 1) : :Uz(xzyh) :Us(x3,3’3)

Fig. 1. 2 Diffraction by a lens in a defocus plane.

1.1.1 Circular Lens

As mentioned before, a practical lens is usually circularly symmetric. In this case, its



pupil function is only a function of the radial coordinate, i.e. P(x,y) = P(r), where

r = (x% + y?)/2. Using a polar corrdinate system in Eq. (1.6), we have

Us(r3) = exp(—lkf)exp( mr3)f P()Jo (anr3) 2nrydr, (1.8)
where we have assumed U, = 1. Here ], is a Bessel function of the first kind of order zero,
r, = (x5 +y3)Y? and 13 = (x% + yH)V2

If P(r) isauniform circular aperture with radius a, one can express its pupil function

1, r<o0,
0, otherwise.

P(r) = { (1.9)

By using the Hankel transform, we can reduce Eq. (1.8) to

I 2Mr3a

Us(rs) = 2 exp(—ikfexp (=52 [ Cir )l (1.10)
5579

where J; is a Bessel function of the first kind of order unity.

In order to simplify Eq. (1.10), we introduce three important parameters.

(a) Numerical aperture of the lens, NA:
NA =nsina = n}% (1.11)

The significance of the NA of an objective lens can be found from Fig. 1.3; a higher

Fig. 1.3 Description of the numerical aperture of a lens.



numerical-aperture objective corresponds to a larger maximum angle of convergence, «a.
For a given maximum angle of convergence, increasing the refractive index of immersion
medium of a lens yields a high numerical aperture of an objective. Radial (transverse)

optical coordinate v. The definition of the radial optical coordinate is given by

2T a 2T .
V=—-1; = —13Sina 1.12
WAL 1 3S ( )

Therefore for a given value of v, the larger the numerical aperture of a lens the smaller
the value of the real radial coordinate in the focal region.

(b) Fresnel number N:

N=2 (1.13)
In terms of Eqs. (1.11) —=(1.13), one_can rewrite Eqs.(1.8) and (1.10) as

Us(v) = 2iNexp(—ikfexp{~ T7) [P0 Jo(p)pdp (114)
and

Us;(v) = iNexp(—ikf)exp (— %) [Zle(v)] (1.15)

respectively, where p = 1, /a.is the normalized radial coordinate over lens aperture.

P(p) is the pupil function with the normalized radius of unity and is given by

(1, p<O,
P(r) = {0, otherwise. (1.16)
for a uniform circular pupil.
Taking the modulus squared of Eq. (1.15) results in the intensity in the focal plane:
2, (W)]?
I(v) = (7N)? [1TV] (1.17)

Eq. (1.17) is called the Airy pattern of a lens and is shown in Fig. 1.4(a). The intensity
distribution, normalized by the maximum intensity, along the radial direction is depicted in
Fig. 1.5(a). Approximately 80% of the incident energy is confined to the central bright spot.
The position at which the intensity drops to zero is approximately v = 3.83. Recalling Eq.

(1.12), we can conclude that the central spot size is inversely proportional to the numerical



aperture and directly proportional to the incident wavelength. These properties are
important in determining image resolution: the smaller the central spot the higher image
resolution. To understand the diffraction pattern in a defocus plane by a circular lens, we

substitute Eq. (1.9) into Eq. (1.7) and use polar coordinates, yielding

Us(r3) = —exp(—lkz)exp( "23)

f P(ry)exp [lkrz (— — —)]]0 (me) 2nrydr, (1.18)

where the incident amplitude U, has been assumed to be unity without losing generality.

To simplify it, we let

P(ry,z) = P(ry)exp [ kg (}; - i)] (1.19)

which is called the defocused pupil function for a lens. Therefore Eq. (1.18) can be written as

Us(rs) = Aizexp(—ikf)exp( mS)f P(r5,2)Js (anm) 2nr,dr, (1.20)
As we known, Eq. (1:20) is a Hankel transform of P(7;,z). Thus the light field Us(r3) in a
defocus plane of a lens is given by'a 2-D Fourier transform of the defocused pupil function for
the lens. In the presentsituation, the following two optical coordinates can be introduced.
(a) Radial (transverse) optical coordinate v. Because a‘defocus plane is considered, the

definition of v now becomes
a 2T .
V=go R I R o asing (1.21)

(b) Axial optical coordinate u:

2
u=2g2 G—i)z%ﬂAZ;—z (1.22)

Using v and u in Eq. (1.20) and expressing U; as an explicit function of the defocus

distance u gives

Us(v,u) = 2iNexp(=if)exp (~57) fy P()exp (%) Jo(vp)pdp (1.23)

,where p =1,/a.



For a lens of a uniform circular aperture, Eq. (1.23) reduces to

Us;(v,u) = 2iNexp(—ikf)exp (— %) f01 exp (g)jo(vp)pdp (1.23)
This is an expression giving the 3-D distribution of the diffraction pattern near the region of
the focal plane. In general, U;(v,u) can be expressed by Lommel function or evaluated by
numerical integration. When u = 0, i.e. when the observation plane is at the focus, the
in-focus intensity is given by Eq. (1.17), as expected. When v = 0, the intensity along the axil
direction becomes

sin(u/4) 2

s (1.24)

Iv=0,u) = |U(v = 0,u)[> = (N)? |
,which is plotted in Fig. 1.4(b), after it is normalized by the maximum intensity. As may be
expected the intensity .is symmetric with respect. to the focal plane at z = f. Another

property from Fig. 1/4.is/that the axial size of the diffraction-spot is approximately three

times larger as the transverse size.

(a) == Circular (b)
== Annular

mmm Circular
mmm Annular

=0)

IV,u

‘ . ‘
2 15 1 05 [ 05 1 15 2 -8 6 4 2 0 2 4 3 8
v x10° u x10°

Fig. 1.4 Intensity distributions, normalized by the maximum intensity, along the
radial direction in the focal plane (a) and along the optical axis (b) for a circular lens

and an annular lens (¢=0.5).

1.1.2 Annular Lens: Amplitude Only Partition

An annular lens means that a circular opaque disk is co-axially placed in the aperture of



a lens, so that the pupil function an annular lens is given by

1, e<p<1,

. 1.25
0, otherwise. ( )

PO ={
,where ¢ is the radius of the central obstruction normalized by the radius of the lens

aperture, a. Using Eq. (1.25) in Eq. (1.23) yields

Us(v,u) = 2iNexp(—ikf)exp (— —)f P(p)exp( )lo(wo)pdp (1.26)

The light field in the focal plane (u = 0) becomes

Us;(v,u = 0) = iNexp(—ikf)exp (— —) {[2]1(1;)] [2]1—(80) } (1.27)

&V

,while the light field along the axis (v = 0)becomes

Us(v = 0,u) = iN(1 = e¥)exp(—ikf) {M} (1.28)

u(1—=g2)/4
The result in Eq. (1.28) shows that the depth of focus for an annular lens is larger than that

for a circular lens (¢ = 0). In the case of athin-annular lens, i.e. when ¢ — 1,

Us(v,u) < iNexp(—ikf)exp (— %)]O(v) (1.29)
, Which implies thatithe intensity along the propagation direction for a thin annular lens is
constant. The physical reason for the generation of Eq.(1:29) is that the diffracted beam
from a thin annular lens includes.a plane wave propagating only at one angle determined by
the numerical aperture of the lens. A'beam described by Eq. (1.29) is called diffraction-free
beam because it can keep its size along the propagation direction, which can also be
produced by an axicon. A diffraction-free beam plays an important role in optical microscopy
due to its large depth of focus.

As an example, the intensity distribution for an annular lens of € = 0.5, the intensity
distributions along the radial and axial directions are shown in Fig. 1.4. These figures clearly
show that the depth of focus for an annular lens is much longer than that in Fig. 1.4 for a
circular lens. Furthermore, the full width at half maximum in the focal plane for an annular

lens is reduced, which means that transverse resolution with an annular lens is higher than



that with a circular lens.

1.1.3 Doughnut Lens: Phase Only Partition

The doughnut lens considered here is a circular lens masked by a spatial phase filter
which can change the phase of an incoming beam by integer multiple of 21 in the transverse
plane. The mask can be placed in the aperture plane of the lens or in the front focal plane of

the lens. In either case, the effective pupil function for a doughnut lens is given by

exp(ing), e<p <0,
0, otherwise.

P(r) = { (1.30)

,where n is called the topological charge of the singularity. Eq. (1.30) means that the phase
of the incident beam ‘is.changed-by 27tn around the center of the lens. As expected, the
intensity along the axis is zero. This-iss why a lens described by the pupil function in Eq. (1.30)
is called the doughnut lens.

Eqg. (1.30) cannot be substituted directly into Eq. (1.23) due to the angle dependence in
the pupil function. Using two polar coordinate systems in:the lens plane and in the

observation plane, respectively, in.Eq. (1.7) and normalizing the radial coordinate by a gives

. i . 2
Us (o, 9, 1) = 2L exp (= )

2 (1 iup? ,
15" oo, @Yexp (M) explivp cos(p — ¥)]pdpde (1.31)
,where v and u are given by Egs. (1.21) and (1.22). Here ¢ and ¥ are polar angles in the
lens plane and in the observation plane, respectively. However, there is no analytical solution

to Eq. (1.30).

1.1.4 The Focus Affected by the Pupil Engineering

At pervious sections, it shows that the diffraction pattern of a lens in the case of a
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uniform illumination is an Airy pattern. Approximately 80% of the incident energy is confined
to the central bright spot. The position at which the intensity drops to zero is approximately
v = 3.83. The central spot size is inversely proportional to the numerical aperture and directly
proportional to the incident wavelength. In addition, the axial size of the diffraction spot is
approximately three times larger as the transverse size.

Following, we introduced two kind of pupil engineering by means of amplitude (annular
illumination) and phase (doughnut lens) modulation for observing the response of focus
distribution in the vicinity of the focal point. Former one is amplitude only modulation at the
entrance pupil. It shows that the depth of focus for an annular lens is much longer than that
with a circular lens. Also, the full width at half ' maximum._in the focal plane for an annular
lens is reduced, which means that transverse resolution with an annular lens is higher than
that with a circular lens. As a conclusion for annular illumination;:it provides a smaller focus
spot at main lobe ‘and longer depth of focus, which is great for non-diffraction imaging
application. Therefore, the depth resolution is reduced in imaging with annular apertures,
leading on the other hand to a larger depth of-focus[1]. However, it consists of many bright
rings encircling the central maximum and thus having a‘diminishing effect on the image
contrast [2].

Later one is phase only modulation at the entrance pupil which demonstrates a great
example for manipulating amplitude at the focus by means of phase modulation. A plane
wave which has a phase singularity means that there exists a phase change of 2nw around a
point in a transverse plane. Since the phase at that point is not defined, its intensity must be
zero, which forms a doughnut structure of the intensity in the transverse plane. It has been
found that an optical singularity beam has various applications, such as optical tweezers and
the de-excitation beam of stimulated emission depletion microscopy [3, 4]. Besides, some
researchers utilized binary phase with phase step of m, to improve the issue of pupil

transmittance on annular illumination, and the side lobe can be suppressed by optimized the
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spacing of concentric binary phase. The simplest system of this kind is the well known
Fresnel zone plate, which produces a focusing effect in the different orders, according to the
principle of grating diffraction.

In contrast, nun-uniform illumination based on higher order Gaussian illumination
provides a powerful method to suppress the secondary maxima, so-called apodization
technique. Based on this method, smaller side lobes occurs when the exponent parameter m
of super-Gaussian profile function is 2, which results in the conventional Gauss profile. As a
result, the field distribution at the focus is Gaussian profile which completely inhibits the
existence of side lobes but the main peak become border than usual. With increasing m, the
distribution increasingly takes the shape of a top-hat profile with a very large slope at the
boundary and results in the point-spread function becomes more and more similar to Airy
pattern. Furthermore, one can pursue complex pupil function to modulate amplitude and
phase of the pupil function at the same time, which gives a customized focus design for
different applications based on the iterative calculation.

In general, the field distribution presented-atthe pupil planecan be represented as

U(x,y) = A (x, y)expl=iP, (x, )12 + Ay (x, y)exp[<iB, (x, )|9 (1.32)
, where A;(x,y) and P;(x,y)/ respectively represent the amplitude and phase distribution
at the pupil plane, and footnote i is the polarization coordination. So far, all of the pupil
engineering methods that mentioned above are based on the manipulation of phase and
amplitude. They are based on the scalar diffraction assumption which does not take the
effect of polarization into consideration. This is because the polarization effect can be
ignored when the numerical aperture of an optical system is small, so-called paraxial
approximation. When the numerical aperture of an optical system increased, larger than 0.6,
the polarization effect should be taken into consideration. The depolarization effect do play
an important role in which they introduce additional projection on electric filed from

transverse plane to axial plane. As a result, they yield the redistribution on the weighting of

12



different polarization at the focal plane. Although it bring us complex relation between the
pupil plane and the focal plane, but this effect gives us additional freedom to manipulate the
field distribution, especially for an optical system with high numerical aperture. The
depolarization effect is based on the theory of vectorial debye diffraction which will be

discussed in the next section.

1.2 Vectorial Debye Theory

When vectorial properties of electromagnetic fields are considered, the fields cannot be
treated as scalar, it means_that the different component. of electric fields will couple into
each other, the phenomenon is so-called depolarization. Especially in the higher numerical
aperture objective system, depolarization effect is more obvious.

In order to confirm this effect, we assume a linear polarized incident light which along
the x-axis. For the polar'coordinate

E;(r) = P(r)cosga, — P(r)sinpa, (1.33)

The P(r) is the amplitude distribution within the lens‘aperture, a, and a, is the unit

vectors in p and ¢ directions. As depicted in-Fig 1.5. Then utilized the vectorial Debye

integral
E(P) = [f,, Eo(Py) exp(—is-R)df (1.34)

The E(P,) is an electric fields at point P, in the focal region of an objective and the
Ey(P;) at point P; on the reference sphere surface. Therefore the P; and P, are
represented by spherical and polar coordinate system respectively. The origin of each system
is located at O.

X, = fsinfcos
=/ Y fmxnied

position P, = {y; = fsinfsinp , "’

1.35)
= x24y2 (
zy = —fcosO e
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Xy = 1,008V

position P, = R ={y, =nrpsin¥ , r} = x2 +y? (1.36)
Z2
y()
Objective

aperture

x(%)

Fig. 1.5 The schematicdiagram of -ag;ag, X and §.

I ———————————————————————————————————————————————————————eeee———————————————
The unit vector s canbe written-as
s = sinfcos@Xx + sinfsingy + cos62 (1.37)

The X, ¥ and Z areunit vectors in x, y and zdirection, then the Eqg. (1.33) can rewritten as

E(r,¥,z,) = %ffg Eo(6,9)
exp[—ikr,sinf cos(p — W) — ikz,cos0]sin6dbd e (1.38)
Considering the refraction of the wave on A-A’ plane, as shown in Fig 1-5 the P(r) is
converted to P(0), then, Eq. (1.33) become
Ey(0,9) = Ei(8,9) = P(8)cospa, — P(8)singpa,
= P(0){[cosO + sin*@(1 — cosH)]%
+cospsing(cosd — 1)y + cospsinfz} (1.39)
We substitute Eq. (1.39) into the Eq. (1.38), leading to
E(ry, ¥, 2;) =
%ffﬂ P(0){[cos6 + sin®@(1 — cosB)]x + cospsing(cosd — 1)y

+cospsinfz}exp[—ikr,sind cos(p — W) — ikz,cos0] sinfdOd¢ (1.40)
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The integration with respect to ¢ is from 0 to 2m and 6 is from 0 to a, then the

electromagnetic wave in the focal region of an objective can be expressed as
E(ry, ¥, 2,) = ’;{[10 + cos(2¥) L)% + sin(2¥) Ly + 2icos¥I,5}
The definition of three variables I,, I; and I, is given by
Iy = foa P(6)sind (1 + cosB)],(kr,sind) exp(—ikz,cos6) dO
I = foa P(8)sin?8 J, (kr,sin®) exp(—ikz,cos8) do

I, = foa P(6)sind (1 — cosB)],(kr,sin@) exp(—ikz,cos6) dO

(1.41)

(1.42)

(1.43)

(1.44)

, Where the J,, J; and J, are the zero-order, first-order and second-order Bessel functions

of the first kind.

Eqg. (1.41) shows the fields distribution in focal region of a higher numerical aperture

objective has three components-even though-the incident light is-only one component. We

can find the vectorial properties of light can described by vectorial Debye theory, but not in

scalar diffraction theory.

/,l % a,
Objective
aperture
p W/

p

6 (
2(2)
Af

’

Fig. 1.6 A side view of figure 1.5.
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1.3 Thesis Structure

The aim of this thesis is to study the response of a high numerical aperture lens by
means of pupil polarization engineering, especially in the polarization point of view, and to
employ their focus spot toward surface plasmon steering, surface plasmon resonance based
sensing, optical recording. More specifically we aim to develop several different novel
schemes and concepts for different application in terms of polarization manipulation at the
pupil plane. They will be discussed in this thesis.

Chapter 2: In order to develop all of the applications that mentioned above, a method

for the generation of spatially’ inhomogeneous' polarized (SIP) beam should be

introduced. To this end, we proposed two-methods for the generation of SIP beam
which full fill the requirement of the manipulation freedom on polarization at the
entrance pupil. For coherent light source, we utilized a single spatial light modulator in
conjunction with an interferometer to convert linearly polarized laser beam into SIP
beams. For an incoherent source, the concept-of assembling polarization converter,
so-called spatially varying polarizer (SVP), which consists of several polarizer plates with
different orientation on transmission axis was proposed. We take the chance at the
generation of polychromatic radial polarization as an example to illustrate its

functionality in Chapter 5.

Chapter 3: Based on the numerical simulation, we study the field distribution in the
vicinity of focal point by means of vectorial debye theory. To this end, a comparison

between linear, circular and radial polarization would be given.

Chapter 4: The first application we are going to show in this chapter is a novel scheme

to excite and steer long-rang propagating surface plasmon polaritons (SPPs) by means of
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polarization engineering at the far field. Excited SPPs exhibit a wide range of field
distribution, based on single, double, and triple excitations. Furthermore, the defocus

technique provides additional freedom for excited SPPs propagating inward or outward.

Chapter 5: Here we demonstrate two kind of surface plasmon resonance (SPR)
mediated sensor launched by coherent and incoherent radially polarized light. In the
case of the coherent light, a refractive index step was employed for giving a
proof-of-concept on the idea of interfering SPR sensor. Based on its unique sensing
property which is sensitive to the change on refractive index at a 2D spatial domain, the
concept of the near-field radar'was proposed to show the possibility on tracing the
moving orientation of a small object. Second, by employing incoherent polychromatic
radially polarized.light, we brought you a powerful sensor which provides a magnificent
rainbow concentric ring pattern containing all SPR mediated information of a local
region. By analyzing the pattern of rainbow concentric ring, we can sense the fine
change on refractive index of the sample-under-test caused by the change of reaction,

concentration, temperature...etc.

Chapter 6: Finally, we apply radial polarization for two kinds of optical data storage (ODS)
system. One is to study the tracking and focusing signal as radial polarization was
applied to conventional ODS. Second, we introduced radial polarization to the
five-dimentional ODS system for the purpose of utilizing entire nanorods inside the

recording media, which can increase the recording density at the same position.

Chapter 7: We concluded this thesis and provide suggestions for future research toward

a continuation of the work presented here
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Chapter 11

Start from the Synthesis Methods

of a Spatially Inhomogeneous Polarized Beam

In this thesis, we focus on the investigation of pupil engineering by means of
polarization manipulation and its applications. For the application purpose, this thesis will
not only cover theoretical parts but also experimental parts, we tried to deliver an entire
concept of this subject to readers. The main topic of this thesis is going to apply pupil
engineering for different applications, but the first issue coming out is “how can we generate
a beam which can contain spatial-varying polarization at pupil plane”. At the thesis, we called
them as a spatiallysinhomogeneous polarized (SIP) beams. So, firstly we will dress on this
issue by reviewing and analyzing existing literatures. A comparison between different
methods as well as a brief introduction of individual working principle will be given in section
2.1. Then, different from current.methods, we came-out an idea to generate an arbitral SIP
beams. The original concept, proposed schematic diagram of optical setup, and experimental

results will be given in section 2.2.

2.1 Literature Review of Synthesis Methods

Spatially varying polarized beam is a kind of beam having different state of polarization
at different position of a pupil plane, which is different from that of conventional state of
polarization (linear, circular, and elliptical) which keeps the consistency of polarization among

entire pupil plane. SIP beams are attracting much attention owing to contained distinguishing
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feature of complex polarization configuration at the pupil plane. As a result, it brings many
applications by means of tight focusing scheme using high numerical aperture (NA) objective.
This process leads to depolarization effect which can produce alternative field distributions
at the focal point controlled by pupil polarization engineering. It stimulates some interesting
phenomena and valuable applications in the fields of the interaction between light and
materials and these phenomena are more apparent as material is formed by nanostructure
or operated at sub-wavelength region.

In terms of polarization distribution, radial and azimuthal polarizations are two of the
most well know SIP beams which feature varying polarization at different pupil position but
at the same time they also keep rotational symmetry.'/According to this unique feature some
researchers called them cylindrical vector (CV) beams [5]. Due to their polarization
arrangement matched with the circular aperture of a'normal lens, the field distributions of
their focus maintain circle shape all the time even under the situation of strong focusing [6].
In general, both active and passive method are able to generate CV beam. Active method is
to generate CV beam directly from a laser resonant cavity with special design, passive
method on the other hand, is to use external optical elements to convert the state of
polarization from a linear polarized beam to a CV beam. Former one is complex with less
flexibility but has pure mode quality. In contrast, later is practical to most of apply situation

but has lower beam quality and lower transfer efficiency.

2.1.1 Active Method

The radially polarized (RP) doughnut mode can be represented as
RP = HGlor_ix + HGOlr_l)y (21)
Here HG;; denotes the Hermite-Gauss (ij) mode. Substituting for the HG;, and HGg,

we have the radial mode given as
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_(x2+y2) _(x2+y2)
RP = E, fv—’;e % ﬁ’x+fv—yoe iR, (2.2)

Here E, is just a constant factor describing the magnitude of fields and w, is the
parameter that determines the diameter of the mode. Also, the azimuthally polarized (AP)
mode can be represented as

AP = —HGy; 11, + HGyTi), (2.3)

~(x?+y?) ~(+y?)
AP = E, _vzv_i"’ Wi r_ix+j/—ze Wi, (2.4)

Based on the mode equations, it is awarded that RP and AP is composed by Hermite-Gauss
modes added with different states of polarization. Therefore, a straight forward way to
generate RP and AP is to create high order Gaussian mode first then superpose them to each
other. Besides, the polarization-structure of RP and "AP. can be described by using radial
direction for RP and circumferentially direction for AP in a cylindrical coordinated system
which are orthogonal to each other.

In 1972, Y. Mushiake et al. reported the -first- experimental demonstration of the
generation of a radially polarized beam mode by the oscillation of an He-Ne gas laser
operated at 0.633 um [7]. They used a new type of gas laser tube that has no polarizing
effect which was normally caused by Brewster windows. Also, they introduced an ordinary
flat mirror of the subresonator and a mode selector. The mode selector is essentially a
conical thin dielectric film fabricated over a conical surface of a glass substrate. The
transmittance of this thin film was designed for having higher transmission in radially
polarized component and having less transmittance in circumferentially polarized component.
With proper align and precision control, RP and AP can be generated via a laser oscillator.
Instead of conical thing coating, a complex Brewster windows was implemented, but they
found to be complicated and involver practical difficulties [8]. In 1999, a special

polarization-sensitive diffraction mirror was use to purify radial polarized component [9].
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This method is practical but provides low polarization extinction ration and the fine feature
on the diffraction mirror is wavelength dependence which may be difficult to implement at
short wavelength. Therefore, various methods were proposed to overcome these issues by
means of intracavity calcite telescope structure [10], phase plate [11], and thermally stressed
isotropic laser rods [12].

The generation method based on the oscillation of laser cavity provides several
advantages, including pure mode structure, high beam quality, and high energy efficient.
But those benefits all stand on the precise control and proper align. In addition, without
the support of commercialized radially. polarized laser, it is not practical for lab to

implement.

2.1.2 Passive Method - Single Element

Linear polarized laser is the most. common using laser source in an optical laboratory. It
would be great if someone can come out an idea to-generate CV beams by converting the
state of polarization from.inear to radial or azimuthal polarization. Based on our literatures
review, the concept of turning/linear-polarization into radial polarization is the mainstream
according to the total number of published paper. Those proposed ideas also can be
classified into two kinds, one is using single optical element to radial polarized beam, and the
other is based on interferometric configuration.

The first single optical element transform method was proposed by S. Quabis in 2005 [6,
13]. This method is based on an approximate device instead of a continuous spatially varying
retarder [14, 15]. It consists of four quadrant sectors of half-wave-plates, each one with
different orientation identical to the optical axis of crystal plate. It is a simple device but the
transformation efficiency of this converter is 75%[14]. Therefore, A. K. Spilman et al.

increased the number of sectors by a factor of two which improved the polarization quality
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[16-18]. In addition, a simple method is also proposed by using conic polarization device [19].
However, the generation concept is based on an approximate method which would let
non-transformed power go to higher order mode. As a result, an additional confocal
Fabry-Perot resonator which is operated as a mode cleaner and eliminates high frequency
noise of sharp boundaries between each sector is required. Although the segmented
spatially varying retarder provides a good performance as the number of plate is large
enough, it is still not as good as laser cavity generated CV beams due to the number of the
retarder is finite in practical.

According to this intrinsic issue, Hongwen _Ren apply the property of liquid crystal to
form a polarization converter with continues polarization change [20]. Liquid crystal (LC) is a
strong contender as a polarization converter because its directors can be reoriented by an
electric field. The action of liquid-crystal can be explained in the:following way. In general,
the light polarization direction will follow the LC director orientation. By making use of such a
characteristic, one can easily design a LC cell with two sides of substrate having different
rubbing direction; top side is a homogeneous-rubbing alignment, and the bottom side is a
radially rubbing direction. Also,.if a radial electric filed is-applied, then the LC directors on the
bottom substrate will present radial orientation. Therefore, a linearly polarized light becomes
radially polarized light as passing through this LC cell. Due to the simplicity of this structure
and freedom of voltage control, LC cell has been commercialized (ARCoptix, Radial-Azimuthal

Polarization Converter) and has been widely accepted in practical use.

2.1.3 Passive Method - Interferometer

Different from the generation of CV beam through a single optical element,
interferometer configuration also provides a similar capability to generate CV beams by

means of superposition. From Eq. 2.1 and Eq. 2.3, we do know RP and AP can be treated as
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the superposition of two first order Hermite-Gauss modes having orthogonally linear
polarized light. In optical, an interferometer is a perfect platform to perform superposition. If
we can generate first order Hermite-Gauss modes from a linear polarized simple Gaussian
mode, then later we can add them together via an interferometer.

In 2005, Nicolas Passilly et al. utilized a simple interferometric tecunique for converting
a linearly polarized Gaussian beam into a radially polarized donught beam [21]. This
experiment accomplished the coherent summation of two orthogonally polarized TEMg; and
TEM1p beams that are obtained from the transformation of a TEMq beam by use of a simple
binary diffractive optical element. This binary. diffractive optical element is a phase step of
height h etched in a thin polymer film having refractive index n and deposited on a glass
plate. This step produces a phase shift ¢ = 2mh(n — 1)/A between the two parts of the
laser beam illuminating the polymer edge. When the phase difference between the two
parts is multiple of 'half wavelength, then transmitted beam would be converted into a high
order beam having the same state of polarization but oscillates at opposite direction due to
the difference of initial phase on two parts. As thelight propagated to the far-field, the sharp
phase edge induced polarization singularity would result.in an intensity distribution having
two lobes on each side and no intensity at the middle boundary which is the iconic feature of
Hermite-Gauss modes. Then, an azimuthal or radial polarized beam is generated by using an
optical based on a superposition platform.

Obviously, Mach-Zehnder interferometer is the most common setup to perform this
operation, also other types of interferometer such as Sagnac interferometer is also been
proposed [22]. For the purpose to generate Hermite-Gauss modes from linear polarized
beam, some researches replace fixed phase plate with spatial light modulator which has
better flexibility to manipulate phase distribution. In 2005, Baohua Jia et al. utilized the
combination of single liquid crystal display and Mach-Zehander interferometer to synthesis

radially polarized light [23], which provides a possibility of dynamitic control.
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2.2 Synthesis of Arbitral SIP Beams

The polarization configurations mentioned above are individually proposed by different
types of method via delicate optical design in conjunction with step phase plate, segmented
quarter wave plate, liquid crystal, spatial light modulator, spiral phase plate, interferometer,
or designed resonator cavity [11, 15-17, 21-26]. However, these proposed methods only
designed for generating a specific kind of SIP beams. It lacks the flexibility for researchers to
change the polarization structure of generated SIP beams for different purpose in a fixed
optical setup. Therefore, it is indeed _necessary to come out a method which is able to
generate adjustable SIP beams.in a fixed optical setup:.

Different to the work of I. Iglesias et al. [19; 26], we proposed a new algorithm which
can generate arbitral SIP.beams-composed of whole combination of linear polarization with
different in-plan orientation. Also, adjustable SIP beams were experimentally demonstrated
via an interferometer structure in/conjunction with the advantages of spatial light modulator
in high dynamical control and high resolution. The-algorithm of synthesized SIP beams and its

implementation will be shown'in the following sections.

2.2.1 Synthesis Algorithm

In order to describe clearly, the theory of our method to synthesize SIP beams will be
began illustrating with mathematical formulas and taking decomposed radial polarization as
initial example. Our method is based on superposition method, so-called interference
method in reference to interferometer, which can be classified into two kinds according to
operating polarization. As like Gaussian modes, radial polarization is one kind of solutions of
wave equation owing to its field distribution is the combination of two orthogonally linear

polarization of Hermite-Gaussian (HG) beams or two orthogonally circular polarization of
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Laguerre-Gaussian (LG) beams. As neglecting the time depended features and simplify
complex amplitude of the equation, radial polarization can be respectively described in forms
of Eqg. (2.5) or Eq.(2.6).

Etotal(x' y) = HGy X + HGy, 9

Etotar(r, ¢) = Eng,, (1) c0s(9) ® + Eng,, (1) sin(¢) 9 (2.5)

Etorar(,¥) = LGo1 (R — i§) + LGo,_1 (R +i§)

Etotat(r, ) = Erg,, DR = 19) + Erg,_, (e PR +19) (2.6)
where Etoml is the field distribution of radial polarization, HG and LG are the field
distribution of Hermite-Gaussian and Laguerre-Gaussian, the suffix (n,m) of HG or LG
represents the order and degree of the beam, and Eyg, E; g represent the complex field
distribution. The major ‘difference between these two approach methods is the constituent
of polarization rather.than the field distribution. Therefore, one can say that both linear and
circular polarization could produce desired radially polarized beam with proper tailored
amplitude and phase distribution.

Referring to Eq.(2.5), two orthogonal linear-polarizations are set as base elements of
radial polarization. The trigonometry functions of cosine :and sine mimic the intensity
distribution of HG,g, and HGgy, respectively. Moreover, these trigonometry functions provide
a negative number which ensured the corresponding electric fields could oscillate with
opposite direction. For example, the field distribution of first part of Eq. (2.5) has two
separated lobes of amplitude divided by y-axis and two contra-oscillated x-linear
polarizations. Although linear polarization approach is a straight forward thinking, it remains
a drawback that one should modulate not only phase but also amplitude simultaneously, and
this resulted in the need of complex optical setup. Even though some researches tried to use
phase element only and ignored the requirement of tailored amplitude which yielded the
quality of polarization neither lack symmetry nor without continuous [27].

In contrast, the key idea of circular polarization approach is to imitate the field
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distribution of LG. The feature of LG is a continuous spiral distribution in phase term.
Therefore, this feature can easily reproducevia a phase delay element. As propagating for a
certain distance larger than Fraunhofer region, the amplitude of uniform beam will gradually
change to form donut shape which is the amplitude feature of LG mode due to the phase
singularity. With proper superposition between two of the circular polarizations, the spiral
phase of LG individually retards the phase of circular polarization at different location and
yields radial or azimuthal polarization. In practical, circular polarization approach is more
effortless than linear polarization approach due to the requirement of less optical elements.
Based on circular approach, we further.extend this idea to form a new algorithm of
synthesis arbitral SIP beams. As shown in Eq. (2.6), neglecting constant value of E,, the
states of polarization along the same azimuthal angle are identical. We can alter the
positions of polar coordinate to-Cartesian-coordinate. The total polarization structure of SIP

beams can be described in a summation, shown as

E:)total xy) = Zir,ljzl E:)local,ij (xi;y7) (2.7)
= o 1 [1] = 1[1] 1[cos(A)

=— JA 4o = jA —
Elocal(XL YJ) 7 []] € + vz [_]] € vz [SIH(A) (2.8)

where Etotal(x, y) is the field distribution of SIP-beams, A is the phase delay term bounded
within #mt. Utilizing the feature of easy operationin Jones Calculus, the total field distribution
of Eq. (2.7) is composed of individual state of polarization at different location in the pupil
plane, as shown in Eq. (2.8). The polarization type of a division is determined by the
superposition of the left and right-hand circular polarization multiplied by a specific phase
delay. According to the calculated result of this combination, it can further be reduced to a
linear polarization with equal amplitude but different rotated angle A. Therefore, one can
synthesize an arbitrary SIP beam consisted by a series of summation of locally presented
linear polarization having individual oscillation direction. This method has advantages of

providing identical amplitude and whole linear polarization based assembling. Also this is
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differ from the work of other research whose assembling components was various and
resulted in complex as interpreting the result of focused spot [26], and that generating idea
still remains in theoretical phase.

By adapting the advantage of circular polarization approach, one can generate SIP
beams external the laser cavity by altering the state of polarization via controlling the phase
distribution of both sides of circularly polarized beams. In practical, commercial product of
spatial light modulator (SLM) is appropriate to control individual phase delay within a desired
region. Figure 2.1 shows the diagram of generating arbitrary SIP beams through orthogonal
circular polarization and segmented. spatial .phase distribution. The SLM serviced as
customized phase plate providing flexibility and high dynamitic control. While an expended
circularly polarized beam reached the SLM, its phase distribution will be changed from
uniform to particular.format depended on the relation shown in Eq. (2.8). Two orthogonal
polarized beams carried specific phase information and yield desired SIP beams after

superposition. Following, the experiment results of synthesis of SIP beams will be given.

TN
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Circular
: Phase /A — Super
Polarized Beam position
n
+ = = . T . -
Erorat(63) = ) B2,y
- i=1

Fig. 2.1 The diagram of generating arbitrary SIP beams through orthogonal

circular polarization and segmented spatial phase distribution.
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2.2.2 The Optical Setup

Figure 2.2 shows the experimental setup of the SIP beams generating system. A
continuous wave of a 632.8nm He-Ne laser beam was used through this experiment. Its
output was expended via a beam expender and propagated toward the spatial light
modulator (HOLOEYE LC-R2500). The phase distribution of SLM was controlled by personal
computer providing phase information. As expended light reflected from the SLM, its phase
distribution of wave front changed from uniform to a specific pattern given from SLM. Then
reflected beam was guided into an interferometer and create two truncated beams via
diaphragm of the two arms of interferometer.. Both of them converted from linear

polarization to mutual-contrary circular polarizations via a set of polarizer and quarter wave

BE
i) )
Sy
P
BS :_ﬂ»ﬂ'ﬂf‘ M
BS2
Control PC == D QWP
—— P
LT - SLM —— QWP ‘
1 1 1 -

A
MNP sy ”0

Fig. 2.2 The schematic diagram of SIP beams generating system, where BE: beam
expender, BS: beam splitter, SLM: spatial light modulator, D: diaphragm, P: polarizer,

QWP: quarter wave plate, M: mirror, and A: analyzer.

plate. Although their state of polarization changed, they still reserved specific phase pattern
loaded by the SLM. Finally, utilize beam splitter to perform optical superposition shown on
Eg. (2.8), and then the outcome of the interferometer is a SIP beam. In short, the idea of

synthesis arbitral SIP beams can be implemented through the use of interferometer structure
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in conjunction with SLM, and it provides flexibility to control polarization distribution and
adapts to the changing of wavelength.

Although the combination of SLM and interferometer structure provided a serious of
advantages for synthesized SIP beams, these advantages came with highly accurate
requirement as manipulation. Correct SIP beams only exist when two truncated beams
match perfectly and propagate along identical axis. It is important and valuable to find an
easy and trustable technique to calibrate the accuracy of this synthesis system. Therefore,
based on ultra high sensitive of interferometer, we proposed a calibrate method utilizing
interference pattern of high order optical vertex to overcome this alignment issue without

changing the formation of optical configuration.

2.3 Interference Pattern of High Order Optical Vertex

An optical vertex wave is essentially a-plane wave contained helical phase and it
gradually changed phase distribution is suitable to exam the phase controlling ability of SLM.
It math form can be described as

E(r, ¢,z t) = E(ryz)eim®elkz-iwt (2.9)
where E(r,z) is the amplitude of plane wave, k'is the wave number of a monochromatic
optical wave, w is the angular frequency, and m is the topological charge of an optical vertex.
The integer m can be either positive or negative which respectively represented gradual
phase changing along clockwise or counter clockwise ¢ direction, and higher topological
charge has stronger optical momentum as the beam propagate in the free space.

Based on our optical setup, spiral phase distribution could be loaded on two opposite
circular polarizations, and they will superpose at the end of the system. Once two beams are
not fully superposition, a small tilt angle 6 between two beams will be introduced. Here, we
set E; propagate along z direction and E, propagate along the x-z plane with a tilt angle 6

respected to z axis. Therefore, each of them can be described as
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Ei(r,¢,2) = Eq(r)e/™Pe /¥ (£ — i) (2.10)
E,(r, ¢, 2) = Eg(r)e /M2 e J*2 (37 + i)
E,(r, ¢, 2) = E, e Im2¢ g=jkzcos(8) o=jkxsin(®) [co5(0) & — sin(8)Z + iY] (2.11)

as two beams superposition, the result is

Etotal(r' 9! Z) = El (rﬁ ¢P Z) + El (r; ¢); Z)

— QEO [ejm1¢e—jkz + COS(@) e—jm2¢e—jkzcos(@)e—jkxsin(e)]
+i§/E0[—ejm1¢e_ij + COS(H) e—jm2¢e—jkzcos(e)e—jkxsin(e)]

+2Eo[—sin(9) e7/m2® g ikzcos(6) g~ jkxsin(9)] (2.12)

Equation (2.12) shows the resulted total field after superposition, it contained three parts of
orthogonal component. The interference pattern could be exacted via an analyzer which
contain transmission axis along x-axis. As substituting x = rcos¢ into Eq. (2.12) due to the
consistency of the coordinate, we can obtain

Iy = Eo2 [1 4 cos?(6)+ 2 cos(8) cos((m; + m,) ¢+ krcos(¢)sin(@) + kz(cos(6) — 1)]  (2.13)
Further, this can be abbreviated into

Iy = 1 + cos[(my + my)¢ + krecos(d)sin(6)]

= 2cos? E krcos(¢) sin(0) + %qﬁ] (2.14)
As the analyzer rotate 90 degree, a similar result was obtained
Iy = 2sin® E krcos(¢) sin(8) + @q[)] (2.15)

In Eq. (2.14), two phase terms are taken into account within cosine square function.
First term is contributed by the tilted angle 8 caused by the miss alignment of two truncated
beams, and the other phase term revealed the total number of topological charges
associated with the order of spiral phase. Further information could be obtained from Fig.

2.3 where shows various interference pattern generated by different order of spiral phase
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distribution.

Various interference patterns are generated by combination of different order of spiral
phase, and they are grouped into two parts: with or without tilted angle, as shown in Fig. 2.3.
Color and grey pictures depicted the experiment and simulation results, respectively. The
indictor m represented the number of topological charges of each spiral phase. This value
could either be positive or negative. For positive value, the spiral phase gradually changed
from 0 to 2m as the azimuthal angle increasing clockwise. In contrast, the spiral phase
gradually changes from 2rt to 0 as m is negative. In the cases of having a tilted angle, the

interference figures are composed of two kinds of interference patterns: straight and bended

m=1 With Tiled Angle Without Tiled Angle

‘ms

Fig. 2.3 various interference pattern generated by different order of spiral phase

distribution.

lines. Straight interference lines lay in vertical appealing from the upper edge toward lower
edge of observation circle and without discontinuing. Those are contributed by the first
phase term of Eq. (2.14) owing to the deviation of miss alignment. In addition, as the

deviation getting larger the coefficient of this phase term became larger and resulted in a
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rapidly oscillation of intensity along x-direction. Therefore, one can adjust the tilted angle of
mirrors and beam splitters for calibration by observing the straight interference pattern.
Interference pattern of high order vertex beam is experimentally performed via
interferometer in conjunction with SLM which imply the spatial resolution of SLM is high
enough for generating arbitral SIP beams.

In contrast, banded interference lines reveal a distinct feature compared to straight lines
which only exists within a region from the center to the edge of the observation zone. These
banded lines connected together at the center, called node, and the number of banded lines
spread out from the node are identical to Jm1+m2| associated with the second phase term
of Eq. (2.14). Once the titled angle approaches to zero, not only the density of straight
pattern decreased even'absent but also the banded lines will expand the area of these lines
to form separated sectors with-equal size. Figure 2.4 gave us an overview of different
interference figures'observed at different title angles. As the titled'angle become smaller, the
density of straight lines becomes lower,and yields more accurate in the setup of this
synthesis system. Therefore, observing the tendency-of interference pattern of high order

vertex beams is a reliable examination method to calibrate the accuracy of optical setup.

0=0.1" ¥ =0.05 9 =0.02°

| ‘ |

Fig. 2. 4 Different types of interference pattern at various tilted angles. Upper row
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shows the simulation results, and lower row shows the experiment results. These
figures gathered from the output of SIP beams generating system with an

x-analyzer putting at the end.

2.4 Synthesis Results

Here, we further demonstrate others SIP beams with border definition which consists of
arbitral state of linear polarization in different position as shown in Fig. 2.5. Two kinds of SIP

beam with designed polarization structure:.one is respectively assigned to reveal linear

without
analyzer

(A)

e

Fig. 2.5 The intensity distribution of several SIP beams, where (A) shows uniform
intensity distribution of arbitral SIP beams which embeds polarization cannot be
perceived without analyzer. Grouped picture of (B;-B3) and (C;-C3) respectively
shows the intensity distribution of two cases, letters ‘CT’ and symbol ‘tai-chi’, as

analyzer taking apart.

polarization with orientation angle in 90, 0, and 45 degrees for the letters C, letter T, and

background, as shown in Fig. 2.5(B); the other is assigned to having linear polarization with
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orientation angle of 90 and 0 degrees for each half part of the symbol Tai-Chi, as shown in Fig.
2.5(C). They are changing sequentially as feeding time depended phase information on each
frame. Owing to polarization varying with location, the intensity distribution of SIP beams
one can observe it individual structure of polarization as rotating the analyzer. This
phenomenon can refer to sub-pictures of (B) and (C) series, where the direction of arrow
represents the extinct axis of analyzer. As the analyzer set horizontal as extinct axis, the
strength of intensity for the region of letter C and left part of the symbol Tai-Chi will drop to
zero, and appeal to it maximum as extinct axis parallel to vertical. From the figure some
diffraction introduced pattern and polarization. impurity slightly polluted the beam quality.
However, this minor undesired effect could be removed by utilizing optical spatial filter
to reduce diffraction effect:" In addition, SLM not only provide a possibility to synthesize
linear polarization with 256 (8 bits-in therdegree of phase level) states of orientation angle
but also provide a function for phase correction to eliminate the polarization impurity

introduced by the phase delay of element in surface roughness.

2.5 Short Conclusion

In this chapter, we proposed a new synthesis algorithm to generate arbitral SIP beams
consisted of varies state of liner polarization by means of two orthogonal circular
polarizations in conjunction with individual phase distribution. This approach has successful
demonstrated not only in theory but also in experiment. Thanks for the unique property of
SLM, this generating system consists advantages of switching the structure of polarization by
the time, neglecting the need of moving optical element, and providing abundant state of
linear polarization. The interference pattern of high order vertex beam was introduced to
verify the modulation ability of SLM in high resolution. Also, they act as calibration tool

applying to generate the quality of synthesized SIP beams. The interference patterns of
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experiment result show intense agreement with that of simulation results. In addition, the
feature of dynamic adjustable SIP beams generated through our optical setup is applicable to

optical tweezers for a close-loop trapping control.
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Chapter III

Strong Focusing of

Spatially Inhomogeneous Polarized Beam

According to the literatures, radial and azimuthal polarizations are two of the most well
know SIP beams and have been apply to many applications. Although they have identical
donut-shaped of intensity distribution ‘at the pupil plane, one can find a distinguished
difference by comparing.the intensity distributionof their focused spot. The shape of
focused spot for radial polarization-is-a tiny circle with about 20% smaller of radius than that
of linear polarization [5, 6, 13,-15,-24, 26-43]. In contrast, the focus spot of azimuthal
polarization exhibitssa donut shape owing to the absence of the longitudinal component
caused by the singularity of polarization along the optical axis [6, 15]. Moreover, several
unique field distributions at the focal point have been demonstrated associated with delicate
design of polarization structure in.the pupil plane. A circle focused spot with a cross-shaped
side lobe was generated via pseudoradial or segmentally radial polarization [16, 17, 21, 26,
27]. By switching the polarization of segmental SIP beams, two-fold symmetry, four-fold
symmetry, and rectangular annular shape were created by the result of interference
mechanism at the focal point [16, 17, 21, 26-28]. The shape of focused spot was gradually
changed, from donut-shaped to flat-top-shaped then circle-shaped, by adjusting the
weighting of radial and azimuthal polarization [24, 43]. In addition, these unique shapes of
field distribution not only present at the focal point but also spread in the vicinity of the focal
point resulting in a three dimensional focal volume. The volume size of cubed optical cage

was tunable as controlling the ratio of the pupil radius to the beam radius of
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double-ring-shaped radially polarized beam [38]. A horseshoe-shaped field distribution along
the optical axis presented another craft of tailoring focal volume [25]. These novel field
distribution have been applied to light trapping [44], performing various tiny focused
patterns [24-26, 28, 32, 38, 40, 45-48], image of single molecule [49], and localized surface

Plasmon excitation [50, 51].

3.1 Focusing Mechanism of Radial Polarized Beam

In this section, we employ vectorial-diffraction to examine the focusing mechanism of
radially polarized beams using an-immersion objective with linear and circular polarized
illuminations. Radial polarization features a sharp-focus in'a high-numerical-aperture system.
The longitudinal component governing spot.formation depends on the bending of the
polarization vector ‘rather than the immersion circumstance. As the marginal angle of the
objective exceeds 64.16 and 71.81°, the depolarization effect of the radially polarized beam
enables a smaller spotthan the linear and circular-polarizations, respectively.

It is well known that the focus spot in optical systems is determined by the scalar
diffraction ~ kA/NA, where A is'the free space wavelength and NA is the numerical aperture
of the objective lens. The factor k is of the order unity and depends on apodization. In order
to produce the smallest possible spot, it is desirable to pursue shorter wavelengths and
higher NAs. However, the characteristics of vectorial behavior would be more apparent in a
high-NA system and lead to an unsymmetrical focus (called elongation effect) under linear
polarized illumination [52]. Recently, a doughnut-shaped optical field obtained via radial
polarization (RP) attracted much attention owing to the preservation of the symmetric
property of the focused spot. Such a unique feature makes it possible to apply RP in high
resolution systems [6, 15, 53, 54]. Several methods have been proposed to generate such as

axially symmetric polarized beam. Generally, the formation can be classified into two types.
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One directly generates the beam from the laser cavity [55], the other approach involves
indirect generation outside the laser cavity using the interference of two orthogonal
Hermite-Gaussian modes [23, 56].

On the other hand, immersion technologies such as solid-immersion lens (SIL) yielding
an effective NA (NAgs¢) above 1.0 also provide a route for radially polarized beams [29, 35]. In
a SIL system the longitudinal component of focused radially polarized beams dominates the
lateral size of the focus spot and propagates through the interface around 5-6 wavelengths
[30, 57, 58]. In addition, the optical aberration caused by the air spacing can be alleviated
owing to the characteristics of cylindrical symmetry. On the basis of the above mentioned
features, we neglected the spherical-aberration caused by air spacing and selected water as
the immersion medium. The focus spot was observed in the immersion medium, and the
comparisons of thesfocus spot-with other homogeneous polarization modes were also

carried out.

3.1 Simulation Condition

An ideal aplanatic system with a focusing power A/NAg is discussed, where NAg =
nxNAar (n: refractive index of the focusing medium. NAur: focused light in a dry lens which
entirely depends on its angle of marginal ray). Figure 3.1 schematically shows the states of
polarization on the pupil: (a) linear, (b) circular, and (c) radial polarizations, respectively. Ei
and Eo represent the electric field before and after passing through the objective. The
electric component at focus can be decomposed into two orthogonal components:
transversal (ltans= Ix*+ly) and longitudinal (liong= Iz) components.

Figure 3.2 shows the intensity and phase distribution at focus for RP with NAg = 1.33 (n
= 1.33 with NAar = 1), where Iy, Iy, and |; denote the decomposed intensity distribution, and

Py, Py, and P; represent the corresponding phase plots for Eyx, Ey, and E;. The phases Pyx and Py
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Fig. 31 The schematic diagram of the aplanatic focusing model and different

illumination beams: (a) linear, (b) circular, and (¢) radial polarization, where Ei and

Eo represent the electric field-of the radial polarization, lisng. and lirans. represent the

decomposed intensity distribution.
B T —
reveal the acquired'curvature of the beam, as well as the n-phase difference between the
two halves of Ex and EysWhereas Ex.and Ey take the square operation, the two fold symmetry
of Ix and Iy result from the phase singularity along the y- and x-axes. The shape of the
intensity distribution depends on'individual phase distributions. Unlike the elongation effect
from linear polarization (LP), the phase pattern P; of the longitudinal component of RP has
concentric circles with a converging wavefront. The appreciable longitudinal component
would result in a focus spot with cylindrical symmetry. Likewise, the longitudinal component
of circular polarization (CP) shows a central hole in the intensity distribution caused by a
continuous variation from 0 to 2m around the vortex. This donut-shaped intensity of
longitudinal component ensures that the shape of the focus spot is also cylindrical with a

slight spread.
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Fig. 32 The intensity and phase distribution of the field distribution in the focus

with NApr = 1.0 for radial polarization (RP). The Iy, Iy, and I; denote the
decomposed intensity distribution and Py, Py, and P; represent individual phase

distribution.

3.2 Discussion - Decomposition of focus spot

In order to further investigate the focusing mechanism of RP associated with the
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immersion objective, an aplanatic focusing model was introduced, as shown in Fig. 3.1. We

define a ratio of the longitudinal to transversal component as follows:

. Peak Intensity of Longitudinal Component
L — T ratio = y of Long i Eq. 3.1

Peak Intensity of Transversal Component

Figure 3.3 shows the different L-T ratios of focused RP in water: (a) L-T ratio = 0.81, (b) L-T

ratio = 1.38, and (c) L-T ratio = 2.94. The black solid, black dashed, and gray dashed lines

L-T ratio = 0.81 L-T ratio = 1.38 L-T ratio =2.94
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Fig. 33 The different L-T ratios with calculated cross-section and two-dimensional field
distribution in the focus when RP beam focused by water immersion objective: (a) L-T ratio =

0.81, (b) L-T ratio = 1.38, and (¢) L-T ratio = 2.94.

represent the intensity curve of total, longitudinal, and transversal components, respectively.
As the L-T ratio increases, the shape of the focus spot changed from a donut-shaped spot to
a circular spot. The flat-topped shape shown in Fig. 3 (b) with a L-T ratio = 1.38 is at the
transition midway between above two cases. Once the L-T ratio becomes larger than the
critical value, the dip in field intensity disappears; therefore, the beam shape is centralized by
the considerable longitudinal component.

It must be mentioned that a high L-T ratio ensures that RP produces a smaller focus spot.
The marginal angle determines the projection power of the transversal component onto the

longitudinal component. That is, for RP, the shape of the focus spot entirely depends on the
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bending of the polarization vector, and the refractive index merely functions as a
proportional scale factor.

Figure 3.4 shows two L-T ratio curves for focusing RP with n=1.0 (dashed line) and n=1.33
(solid line). The subfigures of focus spot correspond to specific L-T ratios. Drawing a line

parallel to the x-axis at L-T ratio = 1.38 separates those subfigures into two parts:
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Fig. 34 The L-Tratio of radialpolarization (RP)in the focus versus NAg focused

with dry lens and water immersion objective.
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donut-shaped and circular focus spots. Two lines exhibit a common L-T ratio 5.16 at NAg =
1.0 and 1.33 for different immersion media. The maximum solid angle of a single objective is
27, which limits the strength of the longitudinal component projected from the transversal
component. In addition, as the NAg of the solid line is divided by the refractive index 1.33,

the new line is identical to those reported in the literature [29].

3.3 Discussion - Comparison of full width at half maximum

Owing to the high L-T ratio, the shape of total field distribution at a high NA will mainly

be governed by the longitudinal component. With reference to Fig. 3.5, we discuss the full
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width at half maximum (FWHM) of the focusing spot in various states of polarization and
immersion media. Since the refractive index of the immersion medium only provides a
proportional down-scale factor, here we only address the case in air for simplicity.

Recall the L-T ratio = 1.38 shown in Fig. 3 (b), whereas NAgf > 0.73, the longitudinal to
transverse component of the optical field has a critical ratio at which the optical field is
transformed from a donut-shaped to a flat-topped shape. After that, the depolarization
effect starts to govern the formation of the focused spot. As NAg increases, the FWHM of
RP exhibits a faster reduction and comparable to LP and CP at NAg higher than 0.9 and 0.95,
respectively. It was noted that superior radial.illumination only exists in a high marginal ray.
Compared with LP and CP, the smaller spot obtained by. RP was under the conditions of
marginal angle > 64.16° (mark 1) and marginal angle > 71.81°(mark 2), respectively. Likewise,
in the case of using water similar-results (mark 3 and mark 4) were obtained considering the
effect of refractive index.

Another issue that must be addressed is that for LP, a discrepancy in FWHM exists under
different immersion media. The faster spot size reduction in'water is due to refractive index
acting as a buffer to retard a considerable elongation effect caused by the longitudinal
component as NAgr > 0.6. CP provides.a good focus shape with no elongated aberration in a
wide marginal angle from 0 to 71.8°. Although focused RP can generate the smallest focus
spot, the required maximum marginal angle should be larger than 71.8°; also the design and
cost of this type of lens are complex and expensive. Therefore, these features restrict the

applicability of RP.
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In short, we examined the focusing mechanism of radially polarized beam associated
with the immersion technology and.compared. the focus spot between linear and circular
illuminations. According to our numerical analyses, the refractive index of the immersion
medium only provides a proportional scale factor and does not involve enlarge event of the
longitudinal component of RP. The degree of marginal angle is the key issue for RP to form a
small focus spot. As the marginal angle of the objective exceeds 64.16 and 71.81°, the high
L-T ratio of the RP enables the formation of a smaller spot than LP and CP, respectively. In an
optical focusing system, CP is widely adopted, but RP provides a niche market in some

applications.
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Chapter IV

Application on

SPPs Excitation and Manipulation

Polarization is one important property of light. This vector nature of light and its
interactions with matter make many optical devices and optical system designs possible. In
the previous chapters, we have gone through the influence of field distribution at the focal
plane, especially in the case of a high numerical aperture system, which is caused by the
polarization distribution’ at the —pupil plane. Also, the method to generate spatially
inhomogeneous polarized beam-was-proposed-which has a great freedom to add amplitude
as well as phase modulation through the spatial light modulator. Based on the understanding
on behavior of strongly focused 'SIP beams in homogeneous and isotropic media, in the
following chapters, we.are going to.apply this polarization manipulation technique to interact
with material which has pronounced behavior and response in associated with polarization.

In this thesis, we devoted ‘gold 'as our material which can support the existence of
surface plasmon resonance (SPR) by means of the interaction between polarization of light
and geometry of metal. According to the geometry of metal, excited surface plasmon
polaritons (SPPs) can be clasfied into two kinds: long-range propagating SPPs and localized
SPPs. The former one is existed at a flat metal-dielectric interface by the in-plane polarized
light (TM wave). A far-field polarization modulation method to excite SPPs is proposed and
will be discussed in Chapter 4. Utilizing the property of SPR which is very sensitivity to the
refractive index change of adjacent dielectric material, two kinds of SPR sensors will be

delivered in Chapter 5.
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In contrast, the localized surface plasmon is confirmed within the metallic shell of a
nanoparticle. The nanorods with elongated shaped along longitudinal direction is a perfect
polarization absorber which can generated two-photon excited fluorescent when the
polarization of incident light is parallel to its longitudinal direction. Even, we can shorten its
physical dimension by increasing the energy of pulse laser due to photothermal effect. Those
great properties are useful for imaging as well as optical data storage which will be dressed in

Chapter 6.

4.1 The Fundamental of Surface Plasmon Resonance

The discovery of SPPs‘is in 1902, R. W. Wood observed a unusual phenomenon that
didn’t fit the diffractive theorem-of grating when the ‘polarization of light with electric field
upright to the groove of metal grating [59]. He attempted to explain the phenomenon by
oscillation with specific polarization of light and metal grating structure. Until 1941, Fano
purposed a new explanation, about the strange phenomenon, he thought that a new
electromagnetic wave would. be produced and propagated along surface when the
polarization of light with electric field upright to the groove of metal grating [60]. The
electromagnetic wave is so-called SPPs afterward. Then in 1950, R. H. Ritchie and R. A. Ferrell
et al purposed the theoretic model of SPPs sequentially [61, 62], From then on, SPPs elicited
the interests of scientist, more attention invested in this study.

The SPPs are collective oscillations of free electrons that can propagate between the
metal and dielectric surface. It is a kind of electromagnetic wave and confined within the
sub-wavelength of metal surface. Exactly as above said, the SPPs are electromagnetic wave,
therefore, we can find the condition of existence of SPPs from Maxwell’s equation. In order
to know the condition, we consider an interface between two media and look for a

homogeneous solution of Maxwell’s equations at the surface. The Maxwell’s equation at the
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surface between two media can be written as

VXH=¢ecg— (4.1a)
dt
VxE=-u (4.1b)
dt
V-¢E = (4.1c)
V-H=0 (4.1d)

Next considering s-polarization and p-polarization incident waves propagate between

two media as shown in Fig. 4.1, for s-polarization incident wave, the wave function is

Fig. 4.1 (a) s-polarization (b) p-polarization waves propagate between two media.

>0
H, = (Hyq1,0,H,1) exp(ky x + k2 — wt)i (4.2a)
El = (O, Eyq, 0) exp(ky1x + k12 — wt)i (4.2b)
z<0
ﬁz = (Hy,,0,H,,) exp(ky,x — k,,z — wt)i (4.2¢)
E, = (0,E,,,0) exp(kyox — kypz — wt)i (4.2d)

From Eq. (4.2a) to Eq. (4.2d), these equations must satisfy boundary condition, then electric
fields and magnetic fields at the surface are of the form
Eyl = Ey2 (4.33)

ulel = uZHZZ (4.3b)
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Hy1 = Hyp (4.3¢)
kx1 = kx2 (4.3d)

Substituting Eq. (4.2a) to Eq. (4.2d) into Eq. (4.1b) leads to

k;1Ey1 = —uywHy, (4.43)
—ky 2By, = —UywH,y, (4.4b)
kx1Ey1 = —ujwHyq (4.4c¢)
kyx2Eyy = —UywH,, (4.4d)

For nonmagnetic materials, u; = u,, according as Eq. (4.3a) to Eq. (4.3d), we can obtain a
result of wave-vector
ky1 = —ky (4.5)

Comparing with dispersion relation
2 2 w)?
ki + k7 =& (;) (4.6a)

ki, + k2, = & (%)2 (4.6b)
We can know that Eq. (4.5) is contradiction if &4 # €, from Eqg. (4.6). That because the
s-polarization wave only has electron field along the surface, so there are no electron
accumulation. Hence, the SPPs for s=polarization-don’t exist at the surface, in other words,
the s-polarization incident wave cannot excite the SPPs

For p-polarization incident wave, the wave function is

>0
H, = (0,H,1,0) exp(kyix + ky1z — wt)i (4.7a)
El = (Ex1,0,E,1) exp(ky1x + k12 — wt)i (4.7b)
z<0
ﬁz = (0, Hy,, O) exp(ky,x — k,z — wt)i (4.7¢)
E, = (Ex2,0,E,;) exp(kyx — k 0z — wt)i (4.7d)

From Eq. (4.7a) to Eq. (4.7d), these equations must satisfy boundary condition, and then
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electric fields and magnetic fields at the surface are of the form

Hy, = Hy, (4.8a)

Ex1 = Ex, (4.8b)

&1Ez = &E5 (4.8c¢)

Kx1 = Ky (4.8d)

Due to the symmetric of propagating wave at the interface, E,; = —E,,, then relation of

permittivity between two media is
81 = _82 (49)
The significance of Eq. (4.9) indicated_the SPPs only exist and are excited on metal which is

negative index. Then Substituting Eq.(4.7a) to Eq.(4.7d).into Eq. (4.1a) leads to

k,1Hy = 1wEg (4.10a)
ky1Hy, ==& wE,4 (4.10b)
ko Hyy = —&,wEy, (4.10c)
kv Hy, = &0E,, (4.10d)
e (4.10e)

Finally, from Eq. (4.10e) and Eq. (4.8d) it leads to dispersion relation

kar = kpp(w) =2 /% (4.11a)

ky = JekE—kZ,  i=12 (4.11b)

In order to excite the SPPs, we require that k,, is real and k,; is purely imaginary in both
media. Then permittivity of both media only can be

& +e& <0 (4.12a)

€6 <0 (4.12b)

The significance of Eq. (4.13) and Eq. (4.12) is similar to Eq. (4.9), which means that not only

index of two media must be negative, but also the absolute value of negative index

exceeding that of the other. Most of the materials, especially noble metals have large
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negative real part of dielectric constant. Therefore, the SPPs can exist at the interface
between a noble metal and a dielectric when the polarization of incident light is

p-polarization.

4.1 Generate SPPs via Radial Polarization

Recently, there has been a surge of interest in the characteristics of electromagnetic
modes supported by a variety of thin film structures, in both the fundamental and applied
sciences. A great deal of attention has been dévoted to surface plasmon polaritons (SPPs),
which are confined to the‘metal-dielectric interface; exponentially decaying as they move
away from the interface into the-neighboring media. The excitation of SPPs in metallic films
with complex permittivity sm(oo)=8m'((o)+ism"(oo) is determined by the law of dispersion that
imposes a narrow set of resonant angular vectors at a given frequency of excitation [63, 64].
Because the relationship between the excitation and dispersion of SPPs is related to the
characteristics of the adjacent dielectric material,”a great number of SPP-based modulators
and switches have been developed over the last few years [65-69]. Due to the unique
behavior of SPPs in the near-field, researchers have recently shifted their attention to the
focus and guidance of SPPs. In the journal NANO Letters of a 2005 study, Yin et al. reported a
method for launching and focusing SPPs through a strip waveguide, utilizing subwavelength
hole as a dipole source of SPPs [70]. In addition, Alberto et al. introduced phase delay into
the arrangement of the array of holes, creating a so-called “near-field optical phase antenna”
to refocus the source of the SPPs [71]. However, the design and implementation of
surface-feature-mediated long-range plasmon were extremely delicate in the near-field,

which unavoidably increased the difficulties in practical implementation.

Localized optical field engineering is complementary to near-field engineering, but
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offers significant advantages in its approach to excitation, thanks to the wide spectrum of
wave vectors it provides. Many studies utilize a high-numerical-aperture (NA) objective lens
to tightly focus laser beams and precisely control the excitation of SPPs on a structureless
metal surface [72, 73]. Based on the collinear Kretchmann setup, Q. Zhan focused radial
polarization on a dielectric-metal interface. Owing to the fact that the entire beam was
p-polarized (TM-polarized) with respect to the incidence plane of the multilayer structure,
the subwavelength Bessel beam was subject to resonant conditions and could be regarded as
an SPPs point source [73, 74]. In addition, modified radial polarization with a cogwheel-like
light source, was also adapted to symmetrically focus SPPs [75]. According to previous
studies, most of the generated SPPs were center-symmetric and identical to the focus field of
the longitudinal component: Alternatives for the generation of asymmetrical SPPs and their
properties have not. been adequately: reported 'or discussed; which has hindered

advancement in the application of SPPs.

In this study, we have maintained our commitment to far-field schemes, in proposing a
flexible new approach_to launching SPPs, with versatile field. distribution. This method is
based on a collinear configuration, in conjunction with spatially inhomogeneous polarized
(SIP) illumination [17, 21-23, 26, 43]. The structure of the polarization for the SIP beam at the
pupil entrance fulfills a similar function to the array of holes used in near-field engineering.
This enables a variety of SPPs, due to the three-dimensional characteristics of the optical
field. To elaborate on the underlying physics and mechanisms, we produced a
phenomenology model associated with the manipulation of SPPs on a flat metallic surface. In
addition, we verified the proposed scheme through observation of experiments and

finite-difference time-domain (FDTD) simulation.
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4.2 Optical Configuration and Mechanism

We employed wide field SPR microscopy [73-76], illuminated by a specific state of
polarization, as illustrated in Fig. 4.2 (a). The total internal reflection (TIR) objective with gold
coated cover glass was used to replace the conventional prism coupler, as in a collinear
Kretchmann setup. The cover glass was coated with 40 nm of Au (n = 0.203 + 3.105i at A¢=
632.8 nm). The gap between the objective (Olympus 60x NA = 1.45) and the cover glass was
filled with oil, with a matching liquid refractive index. The light source was created to
perform a specific state of polarization, a.so-called SIP beam, as shown in Fig. 4.2(b). The SIP
beam comprised two orthogonal components: radial and azimuthal polarizations. The spatial
arrangement of the polarizing structure on the plane of the pupil was directly related, to the
three-dimensional optical field-in—the focal region® of the high-NA lens, by a simple

real-valued geometry-dependent matrix [77].

(a) N\ 1

Material Refractive Index (n)
gold film Air 1
cover glass ) )
=4 Au (d =40 nm) 0.203 + 3.105i
matchlgﬁ — Glass 1.5
_ Q Matching Oil 1.5
aplanlatlc PN N %p=632.8 nm
R S adid NA=145
(b) lluminating with SIP Beams:
Double Excitation Triple Excitation
NN
(=
\ ’/k‘/

Fig. 4.2 A schematic diagram of the optical setup for steering and shaping SPPs, utilizing
spatially inhomogeneous polarized (SIP) illumination. The table [right side of Fig. 1(a)] shows

the parameters of the proposed optical setup with a working wavelength of Ag= 632.8 nm.
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The SIP beams were grouped into three schemes [Fig. 1(b)]: single, double and triple
excitation, respectively. Three parameters were adjusted to identify the character of the
features of SIP beams; where 6¢ represents the size of the TM-polarized sector at the pupil
entrance, ¢p is the center of angular arc of TM-polarized sector, and A¢ represents the

angular distance between two TM-polarized sectors.

As longitudinal electric oscillation waves, the SPPs followed only the direction of the
electric field induced by the radially polarized focus. In contrast, the azimuthal polarization
imposed none of the resonant in-plane. angular vectors, with no excitation of SPPs. The
ability to alter the properties‘and subsequent polarization arrangement at the entrance pupil
offered a simple but effective SPP launching scheme, with respect to individual incident
planes. The polarization distribution at rthewentrance pupil was characterized by three
parameters: 3¢, ¢po and A¢, as shown in Fig. 4.2(b). d¢ is the size of the TM-polarized sector at
the entrance pupil. ¢g is the center of angular arc of TM-polarized sector determining the
direction guiding the launched plasmonic wave: A® represents the angular distance between

two TM-polarized sectors.

In the past, the study of field-distribution of focus excited SPPs was well developed
through the use of vectorial Debye integral of Richards and Wolf, in conjunction with Fresnel
transmission coefficients of a dielectric/metal/air structure [52, 57, 78-80]. Several
researchers adapted this method of calculation to study the behavior of SPPs, under various

degrees of illumination [73, 81-85]. The state of polarization at the pupil entrance

determined the field distribution at the focal point, which could be calculated by means of
vectorial calculation. When angular contribution was restricted to a narrow band, the field
distribution of the SPPs was proportional to the longitudinal component of the focus.

Integral equations with embedded Fresnel transmission coefficients could be used to
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describe the excitation of the SPPs. However, the quantitative description and analytical
solution mentioned above are valid only for symmetrically focus excited SPPs. Under the
conditions of our method, when illumination is an SIP beam, rather than conventional
polarization, the result of the excited SPPs indicates more than simple constructive or
destructive interference. This discussion would be incomplete without considering the
propagational behavior of plasmonic waves when the structured illumination contained
attributes of asymmetrically-distributed polarization. For example, in the case of a single
excitation, the field distribution of SPPs would show a discrepancy between the results of the
experiment and the outcome of the vectorial Debye integral. This is because conventional
models are unable to describe the coma-shaped field distribution of SPPs, in which their
propagating nature is revealed. We have improved on previous versions and propose a new
phenomenological model associated  with-a semi-quantitative description, to illustrate the
mechanism of SPP generation and its underlying physics. A schematic diagram is illustrated in

Fig. 4.3.

(a)z<o0 (b)Z>0

Fig. 4.3 A schematic diagram of the mechanism used to generate surface

plasmon waves originating from a virtual annular ring via spatially inhomogeneous
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polarized beams. The virtual annular ring is the cross section between the light
cone and the observation plane, and it consists of red and gray arcs which indicate

the positions of TM- or TE-polarized rays impinged, respectively.

From the viewpoint of geometric projection, we treated SIP beam as a group of rays
propagating along its Poynting vector toward the vicinity of focus due to the guidance of the
lens. Each ray carried either TM- or TE-polarization depending on its emitting position at
entrance pupil, and only TM-polarized ray could effectively excited SPPs. Because of phase
matching condition, contributed rays were restricted to a light cone with a narrow bandwidth.
The cross section between_ the light'cone and the observation plane pointed out a virtual
annular ring. This virtual annular ring was the connection of each exciting positions of SPPs
and its diameter was highly relevant to the position of focus. In other word, the polarization
structure of the SIP"beam at the pupil entrance determined the pattern of SPP excited

position which fulfilled a similar function to the array of holes used in near-field engineering.

In this paper, we have presented an alternative to bringing partial in-plane wave vectors to

create specific conditions for.the excitation of SPPs located on the virtual annular ring, by

switching the state of polarization between TM and TE modes. The characteristic of virtual
annular ring fulfills a similar function to the array of holes used in near-field engineering. As
shown in the Fig. 4.3, the gray circle with diameter L represents the virtual annular ring. The
red arcs indicate the active regions where the SPPs are launched; also they are the projection

of TM-polarized sectors of SIP beam at the entrance pupil.

As the metallic film was below the focus [Fig. 4.3(a), Z < 0], the plasmon waves counter
propagated toward the center to interfere mutually. As the metallic film is above the focus
[Fig. 4.3(b), Z > 0], the plasmon waves propagated away from the center, effectively casting

multiple plasmonic waves. Under these conditions, no interference occurred within the
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virtual annular ring. The overall behavior of launched SPPs could be described as a
summation of individual plasmon waves resembling a secondary source originating from the

virtual annular ring, as shown in Eq. (4.13).

@, dEsp(P) @, dEsp ()
Erorar(r, §) = [ TP dg + [+ FLLdg + - (4.13)
and
Esp(r, ) = Eq(r, p)e™ 4P ipdlr.e) (4.14)
d(r,¢) =L —rcos(¢p — ¢g) (4.15)

where r and ¢ refer to the polar coordinates of the point of observation. The total field
distribution was a superposition of individually launched plasmons propagating toward/away
the center, where the upper and lower limits of each integral indicated the boundary of the
launched SPPs, defined by the TM=polarized sectors. Individual plasmon waves are described
as planar waves (Eq:4.14) with the attenuation term a and propagating constant B given by

2 \where L'is the radius of the virtual

real and imaginary‘parts of ksp = Ko [€g€m / (Ea+ €m)]
annular ring and ¢q_is the original point of the plasmon wave. The development of this
equation was an extension of theinterference model of two counter-propagating surface
plasmon waves in the Kretchmann:.configuration [86]: Compared to FDTD method, this model
did not provide an analytical solution to the formation of SPPs. Nevertheless, the discussion
provided guidance for a qualitatively study of the field distribution of SPPs, when
propagation behavior and interference were simultaneously affecting the results. In addition,

the proposed phenomenological model provided a quick method to initiate a new design for

SIP beams.

4.4 Simulation Results

To calculate the formation of SPPs, we imported the field distribution of focus,
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generated by vectorial diffraction theory, into commercial FDTD software, SIM 3D_MAX, by
MMResearch. The two-dimensional field distributions of |Ez| component are identical to the
field distribution of excited SPPs. Figure 4.4 illustrates the field distribution of excited SPPs
for single excitation. To improve the visualization of the outer ring, the results were selected
to illustrate the amplitude of its field distribution rather than intensity. With a single
excitation, we modulated the size and position of a single TM-polarized sector to observe the
corresponding SPPs fields. As shown in Fig. 4.4(a) and (b), the center of the angle of
TM-polarized sector, ¢y, determined the direction of propagation of the plasmonic waves.
The size of the TM-polarized sector, 8¢, corresponded reciprocally to the excited area. Such
plasmonic manipulations show potential as a new scheme, for achieving high throughput

and coupling efficiency for the planar plasmonic waveguides or devices.

Fig. 4.4 The calculated field distribution of SPPs when the SIP beam was focused

on the Au/Air interface. Subfigures (a) to (h) display single excitations with different
ratios of TM-polarization (indicated with black arrows along the radial direction,
indicated by the white background) at the pupil entrance, where (a) ¢o = 202.5°
and 6¢ =22.5, (b) do=22.5" and 6¢p =45", (c) do= 90" and ¢ =45", (d) po= 67.5

and 8¢ = 135°, (e) ¢o=90" and 6¢ = 180, (f) o= 112.5" and 6¢ = 225’, (g) ¢po= 135
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and 8¢ =270°, (h) ¢o=157.5" and 6¢ =315".
e ——————————————————

The field distribution of excited surface plasmon waves along the radial direction was
expressed as Esp~Egexp(ikspr)exp(-Lsp/r), where Lsp was the propagation length with 1/e
attenuation of the SPPs amplitude and r represented the radial propagation distance from
the position of excitation. The propagation constant and length of SPPs were calculated by
taking the real part on the field distribution of |Ez|. In the case of ¢o= 22.5" and &¢ = 45"
[Fig. 4.4(b)], the numerical result of the length of propagation and resonant wavelength were
Lsp= 0.98 um and Aspp = 601nm, respectively.. The numerical results agreed closely with the

theoretical prediction under Aspp= 2n/Re[ko(8182/81+82)1/2] =

598 nm, whereas the theoretical
length of propagation (6.24 um) was longer than that of the numerical results. This was
because the field distribution of SPPs wasformed by constructive interference induced from

partially in-phase angular vector ksp. This intensity peak was much higher than that of any ray

excited surface plasmon wave.

When the size of the TM-polarized sector 8¢ was increased from 90° to 315°, the field
distribution of excited SPPs revealed a gradual tendency toward local concentration, as
shown in Figs. 4.4(c) to (h). In addition to the concentration of energy, the propagating SPPs
were steered counterclockwise as 8¢ increased. At the same time, a series of interference
ripples along the azimuthal plane became noticeable, yielding side lobes in the shape of
discontinued arcs, due to the consequences of omni-directional SPPs propagation. As
TM-polarized light occupied the entire pupil of illumination, the Bessel field distribution
became excited creating a tiny spot at the center dressing the side lobe with a concentric

ring. This was consistent with results in previous studies [73, 74].

Figure 4.5 shows two animations of SPPs with different formations generated by the

double excitation scheme. The polarization distribution of the SIP beam was designed to aid
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in the investigation of the interference behavior of the two propagated surface plasmons. In
Fig. 4.5(a), the TM-polarized sector was divided into two equal parts where 8¢ = 45° and
varied in A¢. The inserted TE-polarized sector acted as a barrier to isolate two generated
plasmon waves with an angular distance A¢. As Ad changed from 15 to 135 degree, the
interferometric patterns of the two oblique plasmonic waves gained additional outer edges
with corresponding sway. The angular distance between the two edges was identical to A¢.
In addition, a constructive bright spot was observed at the center, which had been created by

in-phase counter-propagating vectors, but was irrelevant to the change of angular distance.

Fig. 4.5 Double excited SPPs generated by purposely designed SIP beams, with the point of

observation lying on the plane of focus. (a) the TM-polarized sector is divided into two part
with equal 6¢ but varied in A¢. As Ap changed from 15° to 135, the interferometric patterns
of two oblique plasmonic waves show additional outer swayed edges. (b) the polarization
distribution of SIP beam consists of double TM-polarized sectors which was arranged on the
opposite side with variations in the size of 6¢. A clear plasmonic interference pattern
spreading along vertical direction can be observed due to the counterpropagation of the

SPPs.
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Figure 4.5(b) (right side) depicts the normalized field distribution of SPPs observed on
the focal plane illuminated by an SIP beam featuring two counter TM-polarized sectors with
varied &¢. A clear plasmonic interference pattern extending vertically was observed, due to
the counter-propagation of the SPPs. The modulation of the interference pattern implied a
recipitical relation between the size of sector and the lateral elongation of the interference
lines. When the size of the sector &¢ shrank to a narrow slit on each side, the interference
pattern of SPPs resembled that of two counter-propagating plane waves. This approach
provided an easy, but effective way for scientists to investigate the interference of SPPs
without the need for complicated nano-structures in the near-field.

Figure 4.6 shows additional methods for the'manipulation of the SPPs, via scanning the
observation plane through the geometrical focus: As mentioned before, the cross-sectional
points between every TM-polarized-ray and dielectric/metal interface comprised a virtual
annular ring referring to the initiation points-of the SPPs. When metallic film was placed
below (Z < 0) or over the focus (Z > 0), excited plasmonic waves propagated either toward
the center or away from the, virtual annular-ring, yielding obvious or obscure individual
interference patterns. One point of note was that the excitation position of SPPs shifted with
additional extension or reduction, depending on-the axial position of the focus, as shown in
Fig. 4.6(a). This behavior was consistent with predictions from proposed phenomenological
model. The radius of the virtual annular ring (the parameter of L in Eq. 4.3) was largely
dependent on defocus.

As we split the TM-polarized sector into three sections and scanned the metallic film
through the focus, several unusual patterns were observed. These had been created either
by interference between counter-propagating plasmons at the center, or three independent
propagating SPPs, as shown in Fig. 5(b). It is vital to note that the resulting interference
patterns for such triple excitations was a group of 150-nm-radius (in magnitude of 1/e decay)

bright spots in a 300-nm-period hexagonal arrangement caused by many in-phase SPPs. The
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separation distance and spot radii followed the basic concept of interference in which the
period and the size are close to half the effective wavelength of SPPs. The spatial distribution
of subwavelength spots could be manipulated by varying the size of individual TM-polarized
sectors and the angular distance between each sector. On the other hand, when the focus
moved above the interface, three propagated SPPs were simultaneously launched. This
yielded a field distribution in the shape of a shamrock. Such multiple excitations could be

applied to future’s applications in planner optics.

(al) Az=-1.0 ym (az) Az =-0.5 pm

Fig. 4.6 Dual excited SPPs, generated by purposely designed SIP beams with the
observation plane scanning through the focus. (a) and (b) shows the field
distribution of SPPs under specific SIP illuminating with dual and triple

TM-polarized sectors (with equal 6¢ = 45°), respectively.

4.5 Direct Measurement of Excited SPPs

In order to verify our far-field scheme, we conducted scanning near-field optical

microscopy (SNOM) to image the field distribution of excited SPPs. Figure 4.7 shows the field
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distributions of excited SPPs imaged by SNOM, where (a): single excitation, ¢ = 45°, on focus,
(b) single excitation, 6¢ = 15°, on focus, (c) double excitation, d¢ = 45°, Ad = 45°, on focus,
and (d) double excitation, 8¢ = 45°, Ad = 45°, defocus Z > O, respectively. The insets depict
the calculated SPP field distributions via FDTD calculation. In the case of a single excitation
on the focus [Fig. 4.7(a) and (b)], the arc center of TM-polarized sector, $0, dominates the
propagating direction of excited SPPs. The spread area of excited SPPs is directly governed by
the occupied ratio of TM-polarized sector which exhibits a reciprocal dependence between
each other. Figure 4.7(c) and (d) show the function of defocus subject to a double excitation

scheme. As two TM portions were kept in jphase and focused, two groups of plasmonic

Fig. 4.7 SPP field distributions imaged by SNOM under different excitation

scheme: (a) single excitation, 8¢ = 45°, on focus, (b) single excitation, 8¢ = 15°, on
focus, (c) double excitation, d¢ = 45°, A¢ = 45°, on focus, and (d) double excitation,

O0¢ = 45°, Ap = 45°, defocus Z > 0, where insets represent FDTD maps.

waves not only lead to a constructive interference at the center, but also form an additional

62



pair of outer edges. The angular interval of those outer edges is controlled by the size of the
sandwiched TE-polarized sector. When the observation plane moves above the focus (Z > 0),
the field distribution of double-excited SPPs goes back to propagating mode. Entire excited
SPPs would propagate away from the center and no interference pattern would be observed.
Furthermore, the results of double excitation is similar to the work done by L. Novotny,
where he used a tightly focused beam to depolarize a linear polarization and thus form a
two-lobe pattern [81].

Besides the manipulation of SPP patterns, the proposed scheme enables scientists to
create interference patterns with a wide range of line width and period. Figure 4.8 shows the
field distribution of excited SPPs created by a double excitation scheme with different ratios
of the opposite TM sector along the x-axis. The measured period (Ar-SPP) of SPP interfering
fringes along the x-axis increased-from Ar=SPP.= 275 nm to 316 nm as we increased the TM
ratio from 6¢ = 15° to 75°. The experimental results closely agree with FDTD results,
Ar-SPP =273 nm ato¢ = 15° and 312 nm at 6¢ = 75°. It is noted that the period of the
interference pattern extends horizontally. This is because the spatial period of interference is
given by Ar-SPP2 = Ax-SPP2.+ Ay-SPP2, where obliquely propagating SPPs provide an
additional ky wavevector in horizontal direction..Once a TM-polarized sector occupies the
entire entrance pupil, the profile of excited SPPs will identical to a
radial-polarization-generated Airy disk [23, 73, 74]. These properties ensure the modulation
of the TM/TE ratio not only control the envelope of the SPP localization but also the fringe

pattern.
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Fig. 4.8 Cross=sectional ‘cut ofinterference in the case of double excitation
scheme with different ratios of the opposite TM sectoralong the x-axis (a) d¢ = 15°

and (b) 8¢ = 75°, where the period of fringe pattern is increased due to more

oblique component of k, wavevector in the case of 6¢ = 75°.
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Based on the arrangement of the split polarization and the focus position, we
demonstrated a number of unique patterns by using the far-field approach. Finally, we
design the polarization distribution of entrance pupil into three-fold TM-polarized sector
with equal arc distance 8¢ = 45°. In addition, we record the images of excited SPPs while the
observation plane scans through the focus. The excited SPPs were formed either by

interference between counter-propagating plasmons, or three independent propagating

SPPs, as shown in Fig. 4.9. At Z < 0, three bands of in-phase plasmon waves propagated
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toward the center and yielded a 150-nm-radius dots array profiled by a 300-nm-period
hexagonal shape. The dot sizes and separation distances were governed by the standing
plasmonic wave, the results were close to the half SPP effective wavelength (Aspp=
27/Re[k0(el€2/e1+€2)1/2] = 598 nm). The separation distance between subwavelength holes
can be manipulated by tuning the ratio of TM/TE polarized sectors. Compared with the
strong steering by a converging beam, at Z > 0, three bands of unmodulated plasmonic waves
would lead to three plasmonic fans propagating outward. In combination with the split
engineering, other asymmetric SPP patterns can be achieved by introducing designated

phase modulation at the entrance pupil.

(a) with defocus (b) on focus (c) with defocus
z=-1pm z=1pm

Fig. 4.9 Intensity distribution of SPPs under triple excitation scheme when the
observation plane scanned through the focus with (a) defocus Z = -1 um, (b) on
focus and (c) defocus Z =1 um. (d), (e) and (f) represent the corresponding FDTD

results.
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4.5 Short Conclusion

In conclusion, we proposed a far-field scheme for the generation of asymmetric SPPs. The
excitation mechanism is based on the spatial arrangement of split polarization at entrance
pupil in conjunction with a defocus technique. It provides a similar function to the near-field
approach, which utilizes the subwavelength features in order to generate SPP dipoles. Also, it
provides an irreplaceable flexibility to real-time manipulate SPPs into desired distribution by
integrating a spatial light modulator into this scheme. Proposed method will certainly has a
promising impact on carrying out various ;SPP excitations for lithographic applications,

plasmonic waveguides, and biophotonic devices due to its simplicity and versatility.
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Chapter V

Application on

Objective-based SPR sensors

In the previous chapter, we discuss the application on applying SIP beam to excite
surface plasmon polaritons (SPPs) which occurs at the metal/dielectric interface based on
the energy coupling of the transmitted evanescent wave. In the meantime, rest of the
uncoupled light will reflect to the back focal plane of.the objective lens. By collecting all of
the reflected light, a reflected disk-having a dark resonance ring at particular angular position
will be shown which.is refer to resonance of surface plasmon. By observing the radius change
or deformation of the dark resonance ring, we can built a sensorwith high sensitivity which
is used to detect tiny deviation came from a sample in terms of the change of effective
refractive index and its'shape. In Chapter 5.1, a brief introduction of surface plasmon (SPR)
sensor and its corresponding literatures review will be given. Following current tendency of
development on SPR sensor, we'proposed two radial polarization enabling SPR sensors to
meliorate the capability of current SPR sensor. One is interfering SPR sensor based on
coherent radially polarized light, and the other is polychromatic SPR sensor based on
incoherent light. The overall view of those two radial polarization enabling SPR sensors
including concept, simulation results, and experimental results will be delivered in the

chapter 5.2 and Chapter 5.3, respectively.
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5.1 Introduction to SPR sensor

Surface plasmon resonance (SPR) sensors have been widely used to analyze the optical
characteristics of material due to its highly axial resolution and angular/spectral sensitivity
via strong confinement of SPPs at metal-dielectric interface. As the in-plane wavevector of an
incident wave matches the resonant condition at the metal-dielectric interface, the surface
plasmon would be excited accordingly [67, 87, 88]. SPs are generally excited by the
attenuated total internal reflection (ATIR) configuration, which was firstly proposed by Otto
and Kretschmann in 1960s by means. of .a prism coupler [89, 90]. Figure 5.1 shows the
schematic diagram of a Kretchmann configuration.” The interface of bottom golden
monolayer and dielectric: media support the existence of surface plasmon polaritons mode
which can be excited by coupling-a-light came:from a high refraction index media with high
incidence angle. One can observe the evidence of energy coupling through the intensity
change on reflected light. Normally, the sudden dip would be observed at the incident angle
just slightly larger than total internal reflection- (TIR) angle due to the phase matching

condition.
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Fig. 5.1 the schematic diagram of a Kretschmann configuration for the generation
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of SPP and its corresponding reflectance versus incident angle.

Recently, H. Kano et al replaced a prism coupler with a collinear objective lens to create a
universal angular wave vectors without the need for angular scanning [82, 91]. As a result, we are
able to determine the resonance condition in a scan-free operation by observing the diameter
change of resonance ring at the exit pupil. Based on the collinear setup, Zhan took advantages of
radially polarized (RP) illumination to improve the conversion efficiency and spatial resolution [73,
74]. Impressive two-dimensional refractive index images of a bio-sample with fine details and high

contrast have been obtained, but mostly by a monochromatic source [50, 51, 76, 92, 93].

5.2 Interfering SPR Sensorvia Coherent Light

The ideas of utilizing radial polarization in conjunction with surface plasmon microscopy as a
sensing setup is not_new and have already demonstrated to image a cellular topography of
refractive index map through scanning procedure.-However, previous researches only focused on
getting two-dimensional refractive index image which is generated by single wavelength
excitation. It evidences the extreme sensitive and accuracy of the SPR again [94], but this property
is innate and well know. What those studies have not mentioned yet is a unique feature come
with the setup of radial polarization enabling surface plasmon microscopy. This unique feature is
that the SPPs excited by a focused radial polarization is able to propagate along omni-direction
cover entire metal surface. In this section, we demonstrate an experiment to reveal this unique
feature by performing focused spot to scan across the edge of a water droplet. Then, the
interaction between focused beam and sharp edge will be transported to far field shown on the
back pupil plane of objective lens. The phenomenon of this feature is a corresponding relation
between the deformation of dark-resonance-ring on reflect beam and position of index edge

related to the center of plasmon focus. The results of FDTD simulation are given to show a good
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agreement with that of experimental results. In addition, we also adopt a phenomenology model
to describe the complex appearance of plasmon interference in the vicinity of index edge [95-99].
Finally, a novel sensing concept called “Near-field Sensing Radar” is proposed to elaborate the
function of unique feature and push the capability of surface plasmon microscopy forward.

An oil immersion objective in conjunction with gold coated cover glass is arranged as
collinear kretchmann configuration. Figure 5.2 shows its optical model with high numerical
objective lens and test sample adhered to the substrate. A cover glass with refractive index of ng =
1.5 is coated with 40 nm of gold (e= -9.6 + 1.26i at A= 632.8 nm). A water droplet placed on the
metal layer was served as a refraction index step. We introduced a separation between the
focused spot and the edge of the water/air boundary. The gap between total internal reflection
fluorescence (TIRF) microscope objective (Olympus 60x NA 1.45) and the cover glass was filled
with liquid refractive index matching-oil. Thissimmersion objective lens provides a large range of
angular modulation with 75.16° which exceeds the required angular momentum for supporting a

surface plasmon wave in the gold/air interface. With the radially polarized illumination, immersion
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Fig. 5.2 The optical configuration of collinear kretchmann with radially polarized
illumination. The water layer creates a refraction index step having a separation

distance between focused spot and boundary.

70



objective lens acted as a coupler which mimics the function of prism in traditional Kretchmann
configuration with additional function of rotational symmetry. Consequently, an omni-direction
propagating surface plasmon wave was generated among the metal surface and its self
constructive interference forms a virtual probe with Bessel-shaped field distribution [73, 74].

The experimental setup shows in Fig. 5.3. It was based on an inverted microscope with a
continuous wave (CW) He-Ne laser with wavelength of 632.8 nm. Linearly polarized beam
converted to radial polarization through a consumer component of radial converter (RC). Its
radiance illuminated the pupil of immersion objective lens through a pair of relay lens. With
fine control of the focus, all of the light reflected from the metal surface was recollected via
the same objective lens. Then, the Fourier spectrum of reflect light at back focal plane was
projected onto the CCD'camera by an imaging lens. The inset of Fig. 5.3(a) shows schematic
patterns of the reflected beam captured on the CCD camera when the metal is exposed to air.
The inner dark ring indicates the excitation angle of SP resonance (Ospr air = 45°). Owing to the
finite angular spectrum of immersion objective lens, it is unable to provide higher angular
momentum (Ospr water= 77°) to.launch surface plasmon wave at gold/water interface which is
beyond the maximum. incidence angle of thelens. Therefore, the expecting
dark-resonance-ring at Fourier/plane-is represented by a dashed contour which lies out of

the pupil and is referred to Ospr water, @5 Shown in Fig. 5.3(b).

*NA =1.45,0,,., =75.16
Bspp air = a5’, Ospr water = 77,
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Fig. 5.3 The setup of experiment is based on an inverter microscopy. Optical elements
include a beam expender (BE), radial converter (RC), relay lens (RL), mirror (M), beam splitter
(BS), objective with high numerical aperture (OBJ) and an imaging lens (L). Subfigure (a) to (c)
respectively depicts the appearance of dark-resonance-ring corresponding to related

position between water layer and the center of the focus.

Comparing to traditional SPR sensor, objective-based SPR sensor extends the active
sensing region from one dimensional to two dimensional. The reflect beam is assembled by a
bench of reflectance curves with respect to different azimuthal angle. Every individual
reflectance curve is independently“to each other' and. only responsible for individual
refractive index change along azimuthal direction. The reflected disk shows position
dependent 2D information rather-than the averaged reflectance from a single focus. As a
result, the appearances of the dark-resonance-ring at reflect beam would be deformed
depending on the geometric layout of test object with respect to azimuthal angle. Hence, we
propose a conceptual:assumption that the pattern-of-dark-resonance-ring would be replaced
by an asymmetry one while the distribution of refractive index under focused spot is
inhomogeneous. In that condition, the appearance of dark-resonance-ring shall be perform

as the black-dashed line in Fig. 5.3(c).

5.2.1 Simulation and Experimental Results

Generally, the application of multiple reflection calculation based on Fresnel reflection
theory is straightforward and gives accurate results. In this work we are going to investigate
the propagation phenomena of focused surface plasmon in associated with the present of
index step. Far from this index step Fresnel theory still applies, but at the distance smaller

than the propagation length of SPs it cannot be used. Because Fresnel theory assumes that
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the multilayer structure consists of layers without lateral structure, it can only provide the
reflectance far from the step as a boundary condition. Therefore, the finite-difference
time-domain (FDTD) method is utilized to simulate the complex behavior of electro-magnetic
wave along the metal surface caused by the step-distributed refractive index of specimen.
Following, the electric field presented on the metal surface was mapped to far-field through
the propagation calculation based on vectorial theory of diffraction. Consequently, a typical
pattern of reflect beam with dark-resonance-ring can be observed at the exit pupil of
immersion objective lens. Figure 5.4 shows the simulation and experiment results of the
reflect beam captured on the CCD camera - when different separation distance is introduced
between focused radially polarized beam and theair/water boundary. The simulation results
show a good agreement with experimental results and bothof them give strong support on
our conceptual assumption that the deformation of the dark-resonance-ring at the exit pupil

is azimuthal direction'dependent.
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Fig. 5.4 The simulation and experiment results of reflect beam at the exit pupil of
objective lens for different separation distance between the center of focused spot
and the edge of water droplet. The illustrations with label from (a) to (e) in first

row show the setup configuration with different separation distance from 1 um to
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-1 um. Second and third rows respectively reveals its corresponding reflect beam at

the exit pupil of objective in simulation and experiment.

In the case (a) with 1 um separation, the panel of simulation result reveals that the
dark-resonance-ring suffer an asymmetrically lateral deformation, where the width of the
ditch in left side is larger than that in right side. This is because the presenting water step
would gradually raise the overall effective refractive index along the propagation direction of
SPPs. As the refractive index step moved further, the left part of dark-resonance-ring is
extended more even to reach the edge of .the pupil. While the beam focused onto the
air/water boundary as shown in case (c), it only-displays a half set of dark-resonance-ring.
This result gives us strong evidence that every SP-wave is independent to each other. In this
moment, only half part of focused-beam impinges onto the air side. On the opposite side, it
is forbidden to launch SP resonance at water/gold interface due to the shortage in angular
spectrum of applying objective lens.

However, while the droplet covered the focused spot as'shown in the case (d) with 500
nm separation, the dark-resonance-ring with crescent shape is replaced by a distinct
constructive bright curve which referred to constructive interference at far-field. Moreover,
bright parabolic-shaped curves continued rise followed initial one. There is no doubt that the
plasmon spread on the metal surface suffers from discontinuousness of refractive index
which causes some sort of interference and interferes with incoming light. More dramatic
modaulation on reflect beam is observed as the droplet moving further. From these results, it
can be seen that the movement of index step does bring strongly influence on the field
distribution of the reflect beam. As expected, the dark-resonance-ring creates an asymmetry
deformation in lateral direction due to the inhomogeneously distributed refractive index.
This azimuthal direction-orientated deformation also indicates the moving trajectory of test

object. As we know that this conscious deformation is caused by the difference on optical
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path between concentric wavelets of omni-directionally propagated SP and step-distributed
refractive index of specimen. In short, the changing tendencies of patterns on reflect beam
gives us a convenient observation window in far-field to monitor the moving orientation of

test sample and to distinguish its little movement in the order of subwavelength.

5.2.2 Near-Field Sensing Radar

Based on our simulation and experimental results, it can be concluded that the
boundary discontinuity along the metal surface would lead to interference between
resonant and non-resonant ‘wave. The most important thing is that the small variation
caused by interference‘can be observed in far-field. Hence; in order to push the sensing
application of collinear configuration further we propose a novel sensing concept called
near-field sensing ‘radar. It provides a convenient non-invasive technique, which has
capability to trace _the moving orientation or trajectory of a small object. The image
capturing speed «is  associated to the - frame /speed of a CCD. The
radial-polarization-generated SPPs are omni-direction<propagating waves. Excited SPPs
propagate away the center and create a series of concentric plasmon wave front which is
similar to the water rippling caused by a stone falling into a peaceful lake. Excited SPPs
wavelet act as a plasmonic scouts, they leave the center and detect any refractive index
formed protrusion located along radial direction. Moreover, they are able to send the
information back to far field by means of the interference of resonant wave and
non-resonant wave than transport them to the exit pupil via objective lens.

To illustrate this concept, the movement of a sub-wavelength object was investigated. A
tiny glass cube with half micrometer in each dimension lay on the flat metal with different
separation distance. Figure 5.5(a) and 5.5(b) show the concept of near-field radar and its

corresponding simulation results of disturbed electric field of SPPs among the metal surface
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in the cases with 2.0 um and 1.0 um separation distance. The square with black outlines
indicating the location of under-tested cube. It reveals that the concentrically wave front of
propagating SPPs introduce different degree of interruption onto the wavelet. These fine
variations interfere with incoming beam and directly reflect to the exit pupil as shown in Fig.
5.5(a;) and 5.5(b;) which revel the moving orientation of a small cube. At the exit pupil of Fig.
5.5(a;1), we can observe that the dark resonant ring at left side exhibits a slight expansion
toward the edge and yields a constructive interference next to it. In the case of 5.5(by), a
segmentation of expended dark resonant ring separate from original formation. The shift of
this segmented deep shows an increasing on SPR angle caused by the higher effective
refractive index mixed with ‘the ‘cube along radial direction. The difference between Fig.
5.5(a;) and Fig. 5.5(by)"is not significant, but it-become pounced and contains analytical
information through:a designed-algorithm of digital signal process. Figure 5.5(a;) and 5.5(b,)
respectively shows the transformed data at exit pupil for both cases. The deformation of dark
resonance ring is replaced by the spatial frequency of transformed pattern which provides a

trustable character for determining relative moving orientation of .the small objective .
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Fig. 5.5 (a) and (b) are two groups of simulation results used to illustrate the
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concept of near-field radar. Within the figure, the black squire depicts the tested
cube with different separation distance for (a) 2 and (b) 1 um. The cube is made by
glass with half micrometer in each dimension lay on the flat metal. The red and
blue mixed concentric wavelet shows the field distribution of Im [Ez] which is
referred to plasmon wave among the metal surface. Figure (a;) and (b;) show the
field distribution of reflect beam at the exit pupil. Figure (a;) and (b,) show the
transformed results of field distribution at exit pupil which emphasizes the

variation of the dark-resonance-ring through the spatial frequency at amplitude.

5.2.3 Short Conclusion

In summary, ‘we  investigate a corresponding link between the deformation of
dark-resonance-ring on reflect beam and position of index edge related to the center of
plasmon focus. An omni-direction propagated ‘SPPs is-excited by radial polarization, and it is
able to sense the refractive index change among surrounding environmen. According to our
simulation results, the boundary discontinuity along the metal surface significantly interrupts
the SPPs wavelet and yields various interferences between resonant and non-resonant SPPs.
In addition, this small variation in near-field could be observed at the far-field by means of
destructive interference with incoming beam. The experimental results of the appearance of
dark-resonance-ring at exit pupil show a good agreement with that of simulation results. It
also experimentally demonstrates that the sensing resolution of the movement is beyond
sub-wavelength. Furthermore, we also proposed a novel concept of near-field sensing radar
based on this collinear configuration which provides the ability not only to sense the present
of high refractive-index particle but also to detect its moving orientation and to measure its

related distance. In the coming future, we believe this corresponding relation and the
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concept of near-field sensing radar have highly potential for applying to trace the moving

orientation of a single molecule in real time.

5.3 SPR Sensor Based on Polychromatic Radial Polarization

The necessity of relying wavelength-dependent optical elements to generate radially polarized
light has been prevented to a large extent on RP-SPR sensor, thus precluding its transfer to practical
use [50, 51, 73, 74, 76, 88, 92, 93, 100, 101]. A new optical element, based on the segmented
spatially varying polarizer (SVP), was proposed to provide a broadband radial polarization filter, as
shown in the inset of Fig. 5.6(a). It is composed of eight sectors of linear polarizer, the transmission
axis of each sector aligned to.individual principle radial direction [17, 88]. Unlike other attempts at
making phase retardation feasible with specific wavelength [50, 51, 76, 92, 93], proposed scheme
does not impose substantial limitations, and-it therefore allows, for-the first time, to achieve the
white radially polarized beam via polarizer [102, 103].-In addition, for different operation purpose,
the SVP device can be extended to create arbitrary stat of polarization without loss of generality. It is
robust, compact in size.with the benefit of low cost, and does notrequire interferometric accuracy in
alignment. Figure 5.6b) — 5.6(d) shows the experimental far-field intensity distributions obtained for
radially polarized beam without an analyzer [Fig. 5.6(b)] and after passing through analyzer in vertical
and 45° orientation [Figs. 5.6(c) — 5.6(d), respectively]. The intensity distributions have two lobes,
along a line parallel to the analyzer direction, as expected for an radially polarized beam. From the
results of these experiments one can conclude that the polarization is close to ideal radial

polarization.

5.3.1 Schematic Diagram of Poly Chromatic SPR Sensor

Figure 5.6 shows the schematic configuration of the polychromatic radially polarized enabling

surface plasmon resonance (PRP-SPR) sensor, based on an inverted microscopy (Olympus IX81). A
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white light source manufactured by Luxeon Star (LXHL-NEW8) was used to offer a collimated
polychromatic beam. After passing through the SVP, a white radial polarized beam was tightly
focused by an objective lens (Olympus PlanApo-N 60x/1.45 Qil) and launched upon the SPR coupler.
For typical objective based SPR coupler by Au monolayer, the operation range about
refractive index is mainly limited by the marginal angle of the objective lens. Taking an example of
oil immersion lens with NA = 1.45 (Ouax ~ 75.16°), the maximum refractive index detectable is
merely 1.28, which is much less than those of common living cell comparable with water (1.33) in
visible spectrum [50, 93]. In this paper, we developed a metal/insulator/metal (MIM) sandwich
structure as the SPR coupler to extend the operation range. Compared with Au monolayer coupler,
the SPR is directly excited by the in-plane wavevector of the incident beam, additional insulator
layer was inserted to arise a cavity resonance (CR) mode, results in'a new SPR mode subject to the
smaller in-plane wavevector. In orderto maximum the depth of surface plasmon resonant dips,
here we kept the symmetry of the MIM structure and set the overall thickness of Au thin film as
40 nm. SPPs were excited at the last interface (Au/medium) by the total internal reflection (TIR)
mediated evanescent wave. The refractive index of the insulator should be the same as that of
substrate to sustain the wave vector. As the consequence, we chose SiO, as insulator to maximize

the angular range of TIR zone.
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Fig. 5.6 (a) the schematic diagram of white light RP-SPR platform, where CL:
collimated lens, SVP: spatial varying polarizer, RL: relay lens, BS: beam splitter, IL:
image lens, MIM: metal-insulator-metal structure. The insets show the
experimental far-field intensity distribution of RP (b) before and after passing the
beam through a polarizer in (c) vertical and (d) 45°, where arrow indicated the

transmission axis of an analyzer.

5.3.2 The Functionality of MIM Structure

When the thickness of the SiO, layer is 'zero, MIM structure is reduced to a Kretchman
configuration which rreveals noticeable reflectance over entire angular spectrum excepting
one dip in the vicinity of SPR angle, slightly larger than critical angle 6r ~ 41.87°. As the
thickness of the SiO, layer increases, reflectance at small angular spectrum are naturally
caused by the interference between the multiple-reflections: within a Fabry-Perot-like
resonator. With the same incident angle, the resonance would occur periodically as the
insulator thickness is the integer multiple of half wavelength [25]. Meanwhile, the CR modes
at large angular spectrum are likely to be coupled into SPR, which exhibits a large extent of
evanescent fields into the air and serves as the mechanism of sensor applications. Because of
the presence of SiO, layer with sufficient thickness (d3>150nm), the coupled SPR mode
would exist subject to smaller propagation constants, effectively provides the capability to
detect a sample with higher refractive index at the same incident angle, it also have
obviously angular shift and linear dependence in sensitivity.

Aforementioned behavior can be confirmed by Fig. 5.7(a). With n=1.33 water medium, the
reflectance dip would exceed the border of the pupil, thus no SPR is generated at shorter

wavelength of a monolayer Au SPR-sensor. For the MIM structure, on the other hand, coupled
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SPR mode induces a sharp resonance dip cover the visible region, as shown in Fig. 5.7(b). The
corresponding dark ring can be experimentally observed at the exit pupil, where three selective
wavelengths across the visible spectrum (A = 610nm, 530nm and 450nm) exhibit the individual
resonance conditions. The experimental results were in close agreement with the simulation and

prior literature with monochromatic light (Fig. 3, [50]).
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the (a) Au monolayer and (b) MIM structure is chosen to be water. Experimental
results of dark resonance ring respected to wavelength on 610 nm, 530nm, and

450 nm, where (b1)-(b3 ) are the case of MIM/water.
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5.3.3 Rainbow Concentric Ring

By tightly focusing a polychromatic radially polarized beam on the Au(20nm)
/Si02(500nm)/Au(20nm) sandwich structure, we are able to embed the existence of angular
and spectral surface plasmon resonance (SPR) in a unique far-field plasmonic rainbow rings,
as shown in Fig. 5.8, where a two-dimensional snapshot of SPR excitation can be observed in

a wide operation range of wavelength (A=400~700 nm) and angular spectrum (6 = 0~75

degree).

700 nm

Fig. 5.8 the experimental result of white light radial polarization induced rainbow

concentric ring captured at the exit pupil of objective lens.
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5.3.4 Spectrum Analysis

Combined with the real-time spectrum acquisition system (Chung-Yu Co., USB-100), we
are able to further extend the colorfully static state to the dynamic situation. A
proof-of-concept scenario was demonstrated by increasing the concentration of NacCl
solution. The change of concentration leads to the deformation of rainbow rings which can
be quantified and differentiated by the integral of individual colorband from colorful rainbow
rings via spectrometer. The normalized differential reflectance spectrums (DRS) shown in Fig.
5.9 were recorded data of the measured spectrum by removing the baseline of the pure
water as the concentration ‘of NaCl solution reached to p =10%, 20%, 30%, and 40% of
saturated condition. They exhibits a linear change as the concentration increased. In addition,
by employing the difference of DRS-with respect to the concentration change between 10%
and 20% among the entire spectrum, defined as ADRS/Ap, three peaked wavelength (462
nm, 551 nm, and 660.nm) were foundto be the most sensitive as the observation windows
to monitor the concentration change of a salt solution. We expect the proposed scenario to
be a useful reference for researchers to find the proper'wavelength and refractive index on

the study of unknown bio-chemical interaction.
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Fig. 5.9 the experimental results of the normalized DRS between different
concentration of NaCl solution from p =10% to 40%. The blue curve with open
circle shows the slope of DRS change with respect to the interval of p=10% to

20%.

5.3.5 Short Conclusion

In summary, we demonstrated a_unique.pattern with rainbow concentric ring which is
generated by a white light RP-SPR sensor integrated with a broadband radial polarizer and a
MIM light coupler. Based on this configuration, a full color SPPs wave is able to excite and use
to sense test samples with refractive-index upto 1.42 cover most-of living cells. The rainbow
concentric ring is ‘rich and embeds all of SPR"information regarding to angular and
wavelength spectra of a subwavelength=sized local region. The sensitivity of this sensor could
be further enhancedby coating gold nanoparticles on the top of metal surface. Also, it can
integrate with super continuum laser source to exploit-surface-enhanced Raman scattering
for more applications. Moreover, a two.dimensional wavelength dependent refractive-index
map of cell structure could be achieved via a raster scanning operation. As a result, we
believe proposed methodology might certainly have a promising impact on using SPR sensor
for monitoring the physical properties of biomacromolecules and protein-protein

interactions.
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Chapter VI

Apply Radial Polarization

to Conventional and Nanorod Based ODS System

The desire of pursuing smaller focused spot is a kind of human nature. The driving
force on this issue came from the huge demand of applications on higher resolution in
microscopy, larger recording capacity in optical data storage, and finer exposure line width in
lithography. The ultimate goal of them are that they all are looking for “smaller focus spot” in
terms of the point spread function for spatial domain and transfer function in special
frequency domain. Until'now, the-size of the smallest focus spot we can achieve right now is
still governed by thediffraction limit of the scalar diffraction and vectorial diffraction theory.
It is not easy to break, and the parameters of wavelength’' and numerical aperture only
provide a scalar shrinking effect.

However, owing to the polarization property of radial polarization, it can achieve 20%
smaller focused spot in terms of the cross section area of focal plane. This benefit comes
from the constructive interference of projected electric field at the axial direction without
the need to break diffraction limit. In this chapter, we are going to apply radial polarization to
conventional optical data storage (ODS) system as well as novel nano rods based optical data
storage. At the former one, we apply radial polarization to conventional ODS system and
study the response of its servo singles. At the later one, we utilize the strong longitudinal
component brought by radial polarization to melting out-of-plane gold nano rods for larger

recording capacity.
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6.1 Servo Study of Radially Polarized Beam in High Numerical
Aperture Optical Data Storage System

The size of the focus spot in optical data storage (ODS) systems is determined by the
scalar diffraction ~ kA/NA, where A is the free space wavelength and NA is the numerical
aperture of the objective lens. The factor k is of order unity and depends on the pupil
function. Substantially, in order to increase the recording density, it is desirable to pursue
shorter wavelengths and higher NA. However, when NA is increased, scalar prediction is not
sufficient to describe the vector properties of the focused beam, and a study based on full
vector diffraction treatment is needed. The vector properties not only affect the local field
polarization but also the intensity distribution at.the focus. Recently, a radially polarized
doughnut field synthesized by the superposition of two orthogonal Hermite-Gaussian modes
has attracted much attention due-to-the appearance of a strong longitudinal field component
and a sharper far-field focus centered on the optical axis [6, 15, 34, 35]. To ensure that such a
peculiar polarization_mode can be made applicable to conventional ODS systems, many
issues such as focusing and a tracking scheme should-be further examined [52]. In this topic,
we employed full vector diffraction treatment to study.the dependence of the servo signals
to the novel focus radiation of'a radially polarized beam and the resistance to the primary
aberrations caused by the operation of ODS systems.

Since the effect of the vector properties of the polarization is proportional to the NA of
the optical system, in this letter, NA was assumed to be 1.0 and the pupil to be unobstructed;
the length unit is normalized by the wavelength. Figure 6.1 shows the calculated
two-dimensional pupil and focus irradiance with linear (LP) and radially (RP) polarized
illumination. For LP illumination, the focus spot is elongated along the incident polarization
due to the depolarization effect in the focal region of a high-NA system. In the case of NA =
1.0, the spot size full width at half maximums (FWHMs) are 0.75Ax0.53A. This asymmetry

would lead to an undesirable deviation of the servo signals. In contrast, the radial
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polarization is a type of inhomogeneously polarized light that can be described as the
superposition of two orthogonal first-order Hermite-Gaussian modes (TEMyo and TEMo;).

When it is focused using a high-NA objective lens, the radial component on the pupil plane
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Fig. 6.1 Comparison of intensity <distributions for.linear.(a) and radial (b)
polarizations. The left side shows the normalized intensity distribution on the
transverse pupil plane and arrows represent the direction of polarization. The right
side shows profiles of the normalized intensity at'the focus, which is focused by an

objective lens of NA=1.0. Solid ‘line: profile along X cross section, dashed line:

profile along Y cross section.

contributes to a strong longitudinal electric field, with a surrounding doughnut-shaped
transverse field created by the azimuthal component [35]. The total field distribution is
dominated by the longitudinal component and exhibits a rotationally symmetrical spot size
of 0.54\ (FWHM). To discuss the impact of the radially polarized beam on the servo signals, a
modeling program based on full vector diffraction was developed to calculate the

propagation of the laser beam throughout a conventional disk system, as shown in Fig. 6.2. A
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laser beam is first collimated and passed through a beam splitter. An objective lens of
NA = 1.0 was assumed to focus the light onto the disk; the reflected beam is then modulated

as the spot scans over different positions. The reflected beam passes back through the

CL BS

light

Disk

== Detector Plane

Fig. 6. 2 Configuration of high-NA conventional ODS. system: CL, collimator; BS,
beam splitter; OL, objective lens; Disk; pre-grooved disk (track pitch =2A, land
width = 1.375), groove width at top = 0.625A, groove width at bottom = 0.375A,
groove depth = 0.125A); AL, astigmatic lens; QD, quad detector.
—_— ————
objective lens and is directed toward the quad detector by the same beam splitter. Grooves
on the disk that define tracks produce fixed diffraction orders of the reflected light. The
behavior of the fringe patterns on the pupil plane depends on the interaction of the focused
field with the features on the optical disk. Figure 6.3 shows the modulated pupil patterns as
the focused spot scans through the focus (2—1-3)and cross-track (4—1-5) directions.
Compared with the well-known baseball patterns of the linear polarization, the on-axis null
and the annular intensity modulation of the radially polarized illumination, the

characteristics of axially symmetric beams are easily observed. For radial polarization, the
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opposite sides of the transverse electric component are out of phase, which would not
convey any information of the disk. Similar to the paraxial annular case, radial polarization
and an annular pupil can be used to reduce the transverse field and obtain a sharper central
lobe. It is expected that using such an arrangement for illumination will allow us to obtain

super-resolution with a corresponding effect on the servo detection.

Linear Polarization Radial Polarization

Fig. 6. 3 Intensity patterns of reflected light from disk for different polarizations
(black corresponds to zero-irradiance-and.-white corresponds to the brightest

irradiance).

During the read/write/erase operations, two major areas of concern are keeping the
spot in focus and following the track in the radial direction. In this paper, numerical analysis
was carried out to obtain the astigmatic focus-error signal (FES) and push-pull tracking-error
signal (TES) for different polarized illumination. As shown in Fig. 6.4(a), for the linearly
polarized beam, the focal spot is elongated along the incident polarization due to the
depolarization effect leading to a 14% asymmetric FES compared with the radial polarization.
In addition, FES versus defocus with 0.25A spherical aberration (SA) was also calculated to
examine the tolerance under different polarizations. When the light has a large incident

angular spectrum in a spherical aberrated optical system, the transmitted components
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undergo a phase change depending on the angle of incidence and polarization direction [57].
For a linearly polarized illumination, the phase change is affected by the transverse
component more than the longitudinal component. Because radial polarization exhibits a
strong longitudinal field ~10X higher than the transverse component in NA = 1.0, the FES
curve with 0.250 SA has no deformation and only 0.3A offset, which can be easily
compensated by the defocus. Figure 6.4(b) shows the tracking-error signal (TES) when the
focal spot moves along the cross-track direction. Note that the elliptical focus spot of LP
would easily result in erroneous judgment near the land center where the zero slope of the
curve occurs. For RP, the erroneous judgment near the land center can be avoided. However,
if the light was focused on the groove center, the surrounding doughnut-shaped transverse
field would meet the edge of the groove and lead to an erroneous judgment. Moreover, if
SA was introduced into the optical system;, the flat curve near theland center for LP and the

groove center for RP'would deteriorate.
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aberration and no aberration, respectively.

During seeking operations, as the focused spot scans the disk in search of a targeted
track, diffraction from the grooves creates a false FES; this problem is referred to as
“feedthrough”. Figure 6.5 shows the calculated FES for various weak aberrations when the
spot moves along the cross-track direction. Compared with the LP shown in Fig. 6.5(a), RP
has a feedthrough variation reduction of at least 56% in all 0.25A aberration cases. In
addition, on-axis aberrations such as spherical aberration does not destroy the rotational
symmetry of the field near the focus.. The beam preserves both longitudinal and transverse
components at the focus. Therefore, SA only slightly influences the curve near the groove

center and induces a de level on-the feedthrough for radial polarization.

(a) Feedthrough (Linear Polarization) (b) Feedthrough (Radial Polarization)
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Fig. 6.5 Comparison of feedthrough. Feedthrough is the crosstalk signal between
the focus-error signal (FES) and the tracking-error signal (TES). The results for

different 0.25\ aberrations are shown for LP (a) and RP (b).

In summary, the servo study of a high-NA ODS system by utilizing radial and linear
polarization beams has been carried out. The radially polarized beam has a superior

performance on ODS system than the linearly polarized beam because of the smaller spot
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size at the focus and symmetry polarization. For example, it provides a higher recording
density, 14% asymmetry reduction in the linear range of the FES, and at least 56% variation
reduction in crosstalk for each aberration. However, if radial polarization was applied to the
conventional ODS system, two issues need to be considered. First of all, in the TES, the noise
increases slightly on the notch of the reflected light; therefore, the TES would become flat
on the groove center. Second, only a high-NA objective lens generates a strong longitudinal
field component with a sharp focus and, consequently, compatibility would be an issue that

needs to be further examined.

6.2 Nanorod Mediated Optical Data Storage

Optical data storage has led-to revolutionary advances in.information technology and
storage. One of the'challenges in this field is to'meet the rapid growth in demand for storage
capacity. Bit-by-bit optical data storage systems such as compact discs (CDs), digital video
discs (DVDs) and Blu=ray discs (Blu-rays) have  emerged as compact, portable devices that
have high memory density and high resistance to intense electromagnetic radiation. Given its
high tolerance to vibration androbust.reliability, bit-by-bit optical storage has been shown to
be superior to holographic memory.

Over the past ten years, researcher has been tried very to increase the recording
density in optical data storage. The current technology that we are using is Blu-rays which is
operate at a much shirter wavelength of 405 nm as well as higher NA to 0.85. But still, the
recording area is still working in a two-dimensional system. In a 2-D optical data storage
system, where information is recorded only in one layer inside the medium, 99.99 percent of
the volume of the optical disc has not been used. Researchers have pursued further research
to explore the feasibility of three-dimensional (3-D) optical data storage, such as double-layer

DVDs and double-layer Blu-ray discs. However, the increased number of recording layers is
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insufficient due to the penetration depth of shorter wavelength is poor. Therefore, the single
photo operation has been replaced by two-photon (2P) excitation via infrared femtosecond
pulsed laser beam due to its highly confined properties and high efficiency of penetration
into the volume of a recording medium. The 2P excitation technique has been widely applied
to a variety of materials for high-density memories, including photopolymerizable materials,
photochromic  materials,  photorefractive = materials,  photobleaching  materials,
void-fabricatable materials and nanoparticles dispersed materials [104]. The latest milestone
that scientists have achieved in the development of high-density 3-D storage system was
demonstrated by Walker et al. to achieve 1TBper disc in a 200-layer disc [105, 106].

But so far, all of the technology that we mentioned above is to record information in a
3-D domain. If one can'introduce additional dimensional.on current 3-D storage, then the
capacity could be rincreased significantly. «This " thinking comes out the idea of a
multi-dimentional system. The idea behind multi-dimensional optical data storage is to
multiplex multiple states of information in the same 3-D spatial region of a recording
medium. The information can be encoded into additional physical dimensions of the writing
beam, such as spectra or polarization, and then individually addressed. The ground-breaking
techniques of polarization and spectral.encoding are the core of third-generation optical data
storage. These approaches, which are not limited by the spatial resolution of recorded bits,
allow capacity to be expanded by orders of magnitude. The first multi-dimentional optical
data storage was proposed in 2007 by Li et al [107]. It was achieved by using two state of
polarization through the 2P-induced re-orientation of azo dyes inside a photopolymer.
Furthermore, a 2009 Nature article, Zijlstra and colleagues demonstrated that gold nanorods,
combined with the sharp 2P-induded polarization sensitivity, enable information to be
recorded in five dimensions [108].

Wavelength and polarization do provide additional freedom on recording, but it still

got a plenty of room for scientist to further increasing the recording capacity due to the
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material idle. Figure 6.6 illustrates a normal bulk media of polymer which has embedded
nanorods. Normally, the orientation of embedded nanorods reveals random distribution.
Here, we can simply divide them into in-plan and out-of-plane nanorods. In the pervious
research, Zijlstra applied two state of linear polarization to shorten the length of in-plane
oriented nanorods by increase the laser power. Based on the statistical estimation, the
population of in-plane nanorods is one third amoug the entire nanorods. Therefore, rest of
out-of-plane nanorods which are not participated in recording process would become a
waste of material usage. By enrolling all of the out-of-plane nanorods inside the polymer, the
capacity would be increased. This chapter we_are going to using the strong longitudinal
component of the focused ‘radial polarization to utalize out-of-plane nanorods for the

purpose of higher recording density.

In-plane NRs

z4 z*

Fig. 6. 6 Schematic diagram of a random dispersed nanorods inside a bulk

polymer media.
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6.2.1 Synthesis of Nanorods

In order to study gold nanorods and use them in any application a reliable and large
scale synthesis method is required. Various methods have been established for the synthesis
of metal nanorods [109]. A templated method was first introduced by Martin and co-workers
[110, 111]. This method is based on the electrochemical deposition of gold within the pores
of nanoporous polycarbonate or aluminium template membranes. The gold nanorods were
contained in the template to form a nanocomposite in which the aspect ratio of the
nanorods can be controlled by varying the size of the pores. Van der Zande and co-workers
later showed that a colloidal solution of nanorods could. be obtained by redissolving the
template [112, 113]. The fundamental limitation of the template method is the low vyield,
which makes it commercially unattractive.Larger scale'synthesis.can be accomplished by the
widely used wet “chemical synthesis method. Wet chemical synthesis includes
electrochemical [114, 115], seeded [116, 117], and seed-less growth [118] methods. These
methods are conducted in aqueous surfactant media-which direct the nanoparticle growth
by providing anisotropic_micellar templates [119]. Here ‘we will restrict ourselves to the
seeded growth methods because they.are more attractive methods for large scale synthesis.

The seeded growth method was developed by the groups of Murphy et al. [116, 118,
120] and El-Sayed et al. [117, 121, 122]. It was derived from the seeded method used to
grow large gold nanospheres [109, 123]. The seed particles were 3.5 nanometer in diameter
prepared by borohydrade reduction of gold salt. By controlling the growth conditions in
aqueous surfactant media it was possible to synthesize gold nanorods with tunable aspect
ratio using this method. The surfactant generally used to synthesize gold nanorods is
cetyltrimethylammonium bromide (CTAB), which forms rod shaped micelles above the
second critical micelle concentration (~ 20 mM) [124]. The surfactant forms a bilayer on the

surface of the nanorod and directs the nanorod growth by preferentially binding to the
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crystal faces along the length of the particle [122, 124].

It was found that addition of AgNOs influences not only the yield and aspect ratio
control of the gold nanorods but also the mechanism for gold nanorod formation and
correspondingly its crystal structure [109, 125, 126]. Subsequent reports have found that
gold nanorods prepared in the presence of AgNQOs are single crystalline with a [100] growth
direction [125-127]. When no AgNOs is present the rods grow in the [110] direction and
exhibit a multiply twinned crystal structure [128]. Liu et al. recently reported that silver acts
as a surface structure specific surfactant [109]. They concluded that silver deposits
selectively on the more open {110} facet of the gold rod, slowing down the growth of this
facet which results in better control over the finalaspect ratio.

The seeded growth method in the presence of AgNO3 yields gold nanorods with a
controllable aspect ratio up to ~4.5 (longitudinal SPR ~ 825 nm). The group of El-Sayed et
al.28 later modified'this method to allow synthesisof higher aspect ratios. Instead of using a
single surfactant they proposed a binary surfactant mixture composed of CTAB and
Benzyldimethylhexadecylammonium Chloride (BDAC), yielding nanorods with an aspect ratio
up to ~ 10 (longitudinal SPR ~:1300 nm).

In experiment, Ascorbic acid, AgNOs, and NaBH4 were purchased from Sigma-Aldrich.
Cetyltrimethylammonium bromide (CTAB) was purchased from Alfa-Aesar. Benzyl-
dimethylhexadecylammonium Chloride (BDAC) was purchased from TCl America. HAuCl, -
H,0 was purchased from ProSciTech. All chemicals were used without further purification.
Distilled water was used for the preparation. Preparation of CTAB capped gold seeds: Gold
seeds were prepared in a 10 mL aqueous solution containing 0.1 M CTAB and 0.25 mM
HAuCl,. To this solution was added 0.6 mL of a 16 mM ice-cold, aqueous NaBH, solution
under vigorous stirring. Stirring was continued for 30 seconds after which the seed solution
was put aside for 1 hour to ensure removal of excess NaBH,.

Preparation of gold nanorods with aspect ratios <4.5 : Gold nanorods were prepared
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using a AgNOs; assisted, seed-mediated growth method, based on the system developed by
El-Sayed et al [117]. To the growth solution ([CTAB] = 0.1 M, [HAuCl,] = 0.5 mM) we added a
certain amount of AgNO; depending on the required aspect ratio, and 0.75 mM freshly
prepared ascorbic acid. Initiation of the nanorod growth was achieved by adding 6 uL per mL
of the growth solution while stirring.

Preparation of gold nanorods with aspect ratios >4.5 : These particles were prepared
using a binary surfactant mixture [117]. To the growth solution ([CTAB] = 0.025 M, [BDAC] =
0.075 M, [HAuCl4] = 0.5 mM) we added different amounts of AgNO3; and 0.75 mM freshly
prepared ascorbic acid. Initiation of the nanorod growth was achieved by adding 6 uL per mL
of the seed solution while stirring. Preparation of'large volume gold nanorods: Larger volume
nanorods were prepared using a low seed concentration. To the growth solution ([CTAB] =
0.1 M, [HAuCl4] = 0.5 mM) we-added different amounts of AgNOs; and 0.6 mM freshly
prepared ascorbic acid. Initiation of the nanorod growth was achieved by adding 1 pL per mL

of the seed solution while stirring:

6.2.2 Two-photon Luminance of Out-of-plane Nanorods

Small metal particles exhibit complex optical and physical properties. Their small sizes
(< 100 nm) cause strong confinement of the electrons, giving rise to fascinating effects not
observed in the bulk material. The most striking phenomenon encountered in metal
nanoparticles are electromagnetic resonances due to the collective oscillation of the
conduction electrons. These so called localized surface plasmon resonances (SPR) induce a
strong interaction with light, and the wavelength at which this resonance occurs depends on
the local environment, shape, size and orientation of the particle [129-131].

The role of a nanorod is a perfect light absorber which can be used to indicate the

orientation of a nanorod. Figure 6.7 shows the experiment results of polarization
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dependence luminance intensity. The gold nanorods were synthesized by the seeded method
having the aspect ratio ~ 4 which have a maximum extinction at the wavelength of 780 nm.
By focusing linearly polarized light onto the nanorod with a 1.4 NA objective, the nanorod is
able to generate a two-photon luminance (TPL). The strength of its luminance depends on
relationship between the orientation of nanorod and the polarization distribution at the
focus. The maximum luminance would be generated when the polarization axis of
illumination beam is parallel to the longitudinal axis of nanorod. In contrast, there is no
luminance as the polarization is perpendicular to the longitudinal axis of nanorod, as shown
in Fig. 6.7(a). By controlling the polarization_angle of linear polarized light through a
half-wave plate, one can. plot “its intensity variation versus the rotation of incident
polarization, as shown in Fig. 6.7(b). The strength of TPL is‘polarization angle dependence
and exhibits a relation which is-directly-proportional to the four square of cosine theta
multiplied by electricfield 1(8) o (E cos 8)*. The orientation angle of an in-plane nanorod

could be determine by this dipolar cosine fits.
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Fig. 6. 7 Imaging gold nanorods. (a) Schematic diagram of the link between
polarization and the intensity of TPL. (b) Polarized TPL versus angle, with dipolar

cosine fits.
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However, this method is only suitable for detecting in-plane nanorods and some of
out-of-plane nanorods with small title angle. Most of standing nanorods cannot be detected
due to the weak projection from out-of-plane to in-plane. In this case, an axial polarization at
the focus is needed for handling standing nanorods. By means of pupil polarization
engineering, one can create an axial polarization at the focus. Figure 6.8 shows the field
distribution of TPL excited by different state of polarized illumination under the strong
focusing condition (NA = 1.4, A = 780 nm). By using linear polarized light to determine the
orientation of nanorods, one should take at least three images by rotating the polarization
cover 0, 45 and 90 degrees. In contrast, azimuthal polarization provides a better route
providing fast detection based on asingle shot. This is‘because the field distribution of its
focus is spatially varied in polarization and rotational symmetry in amplitude. As a result, one
can observe a pair of lobes ratherthan a perfect donut shape on-its TPL. This pair of lobes is
central symmetry along the axis of zero intensity which is the degeneration of original donut
shape. This null axis is parallel to the longitudinal axis of nanorods. Based on this link we can

easily determine the orientation of nanorods without-the need of rotating polarization angle.
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Fig. 6.8 Field distribution of TPL excited by different state of polarized

(a)

illumination under the strong focusing condition (NA = 1.4, A = 780 nm). The

99



orientation of nanorod is in-plane and parallel to (a) x-axis and (b) y-axis, and (c)

out-of-plane which is parallel to z-axis, the image width of TPL is 3 um.
I —————————————————————————————————
In addition, radially polarized illumination provides not only fast examination for in-plane
nanorods but also additional link for standing nanorods due to its unique longitudinal
component along axial direction based on the strong focusing. Generally speaking, radial
polarization is a perfect illumination source for orientation detection which provides an
entire response cover every orthogonal axis.

The size of a gold nanorod is significantly smaller compared to the size of focused spot.
Therefore its luminance scanning image pattern-resembles the point spread function of a
focused beam. In experimental, we fix the position of objective lens and move the scanning
stage of the nanorods sample. All-of the excited TPL were collected by a high sensitivity PMT.
In addition, a notch filter placed in front of PMT for blocking the strong reflectance of

excitation light source. Figure 6.9 shows experimental results of TPL of godnanorods which is

AP / in-plane RP /in-plane  RP /out-of-plane
Fig. 6.9 Experimental results of TPL of godnanorods. The raster scanning image of
TPL of nanorods which is generated by (a) azimuthal polarization and (b) radial
polarization. Dashed line encircle of mark #1 to #3 highlight the field distribution of

TPL of nanorods and their individual schematic diagrams are shown in (f) to (h),

respectively. The field distribution of focus is calculated under the condition of NA
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=1.4, annular illumination of € = 0.4, and A = 780 nm for (c) azimuthal polarization

and (d)-(e) radial polarization.

generated by (a) azimuthally and (b) radially polarized illumination. The same as our
prediction, the field distribution of TPL image only exhibits a pair of lobes with different
orientated angle which is depending on the orientation of nanorods. In the case of radially
polarized illumination, a bright circle spot is also revealed which implies the existence of
standing nanorods. Also, we can observed that the brightness of TPL of #2 is dimmer than
that of #3. This is because the annular_illumination purified the strength of longitudinal of a
radially polarized focus. In the case of € = 0.4, the ratio of peak intensity for them are Iy p :
Ixgp : Izge = 0.6 : 0.25.: 1. This means the focus of radial polarization is not a pure
longitudinal component; we still-can-observe the existence of transverse component which is
not negligible. Figure 6.10 give us a strong evidence to support our theoretical prediction
that we mentioned above. Before that, we have to dress a brief introduction on the
excitation dynamics of small metal particles, <in which the photon energy of a short laser

pulse is converted to thermal energy and acoustic vibrations.

6.2.2 Photothermal Reshaping and Selective Melting

The excitation dynamics of metals on picosecond timescales has been widely studied
using ultrafast spectroscopic techniques. Since the 1980s, a wide range of pump-probe
studies on metal films [132, 133] and ensembles of metal nanoparticles [134-138] of various
shapes and compositions have revealed a complex interaction between the excitation light
source (most often a femtosecond laser pulse) and the conduction electrons and lattice of
the particle. A generic series of events has been found in these studies, which largely applies

to both metal films and nanoparticles. Firstly the excitation pulse sets the free electron cloud
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into oscillation, and increases the electron temperature. The kinetic energy of the electrons
is then conveyed to the lattice through electron-phonon coupling. When the excitation light
pulse has sufficient energy, the lattice temperature increases to above the threshold melting
temperature and the particle melts. The rapid rise in electron and lattice temperature is also
responsible for the launching of a lattice oscillation in nanoparticles, most commonly
referred to as acoustic vibrations. As a last step in the process the nanoparticle reaches
thermal equilibrium with its environment through heat dissipation.

When the initial particle shape is non-spherical, the particles will reshape to the
energetically more favored spherical geometry. when the particle temperature exceeds the
melting temperature. Consequently, gold nanorods can/be efficiently reshaped due to their
large absorption cross sections and high energy geometry. Link et al. [136] and Chang et al.
[115] have studied laser induced-reshaping of gold nanorods using UV-VIS spectroscopy.
They found that laser irradiation depletes the population of nanorods which exhibit a
non-zero absorption cross section at the laser illumination wavelength. This causes a bleach
in the extinction profile around the laser wavelength-and a pronounced color change can be
observed. Because the longitudinal SPR of gold nanorods is very sensitive to the particle
geometry, reshaping of gold /nanorods results—in large spectral changes which can be
detected with straightforward spectroscopic techniques.

Therefore, by increasing the power of laser pulse, the lattice temperature would be
increased and resulted in the photothermal reshaping. The process of nanorods reshape will
lead to a blue shift of surface plasmon resonance. As a result, the TPL of nanorods will drop
when the wavelength of excitation laser is fixed. Figure 6.10(a) shows the experimental
results of contrast difference on the TPL of in-plane (blue curve) and out-of-plane (red curve)
Imax—Imin

nanorods. The contrast of brightness is adopted by the definition of C =1

, Where
Imax+Imin

0 < C< 1. Also, the 4 and I, was calculated by the Gaussian fitting. The error bars

102



presented in Fig. 6.10 is the averaged value of around 10 nanorods on each point. Through
the fitting line of averaged points, one can notice that the photothermal reshaping is a single
photon absorbed process which demonstrates a linear dependence on the contrast
difference versus the power of laser pulse. In this experiment, we only perform focusing
radial polarization to melt the standing nanorods by increasing the power of laser pulse. But
based on our results, we can found that we do melt not only out-of-plane nanorods but also
in-plane nanorods which means the field distribution of the focused spot contained
transverse component also. This is why the blue curve has a similar slop as red curve. When
the power increased to 400 pW, the contrast difference observed at in-plane nanorods is the
same as that of out-of-plane nanorods in the case of 180 uW. Fig. 6.10(b) and Fig. 6.10(c)
respectively demonstrates ‘the transition of photothermal reshaping of nanorods by

observing the brightness change-on-TPL.
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Fig. 6. 10 Experimental results of selective melting for standing nanorods by

femtosecond pulsed laser with annular illumination of € = 0.4 (Spectra-Physics
Tsunami, 100 fs pulse width, 82 MHz repetition rate). (a) The contrast difference on

TPL of godnanorods when the melting powering of focused radial polarization is
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increased. (b) and (c) The transition of photothermal reshaping of nanorods by

observing the brightness change on TPL.

The longitudinal component of a focused radial polarization can be further enhanced

by increasing the ¢ value of the annular aperture. Figure 6.11 shows the calculated ratio of

longitudinal to transverse component by increasing the € value of the annular aperture. The

¢ of the annular pupil is defined by the ratio of outer radius to inner radius, as shown in Fig.

6.11(a). When the ¢ is increased to 0.7, the longitudinal to transverse ratio at the focus is

6.15. In this condition, the peak intensity of transverse component of the focused radial

polarization is around 15%.of that of longitudinal.component, as shown in Fig. 6.11(c). In

practically, the focus of ‘radial polarization can be treated asa pure longitudinal component

Ratio of Iz / Ix

Fig. 6. 11 The effect of annular illumination. (a) The definition of annular aperture.
(b) The chart of the ratio of longitudinal to transverse component versus the size of

annular aperture. (c) The field distribution of focused spot for different component

of different polarized illumination.
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due to the traverse component is negligible. Again, we perform radial polarization to achieve
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selective melting with the annular aperture of € = 0.7. By determining the contrast difference

of TPL before and after melting, one can evaluate the performance of selective melting, as

shown in Fig. 6.12. It is notice that the slope of blue and red fitting curves is quite different

comparing to each other. In the case 2 of ¢ =0.7, only the out-of-plane nanorods were

melted but in-plane nanorods still keep the contrast of TPL in a similar level. This provides a

strong evidence that our theoretical assumption is correct to neglect the contribution of

transverses component with comparable small amount electric field.
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Fig. 6. 12 Experimental results of selective melting for standing nanorods by

femtosecond pulsed laser with annular illumination of € = 0.7. (a) The contrast

difference on TPL of godnanorods when the melting powering of focused radial

polarization is increased. (b) and (c) The transition of photothermal reshaping of

nanorods by observing the brightness change on TPL.
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6.2.4 Polarization Multiplexing Recording

Multiplexed optical recording provides an unparalleled approach to increase the
information density beyond 1 Thits/cm?® by storing multiple, individually addressable patterns
within the same recording volume. Although wavelength [139, 140], polarization [107,
141-144], and spatial imensions [145-149] have all been exploited for multiplexing, these
approaches have never been integrated into a single technique which could ultimately
increase the information capacity by orders of magnitude. The major hurdle is the lack of a
suitable recording medium which is extremely selective in the wavelength, polarization and
the 3 spatial domains in order to provide orthogonality in all 5 dimensions. Until a Nature
article came out in 2010, Zijlstra et al. shown a-true five-dimensional optical recording by
exploiting the unique properties-of the longitudinal surface plasmon resonance (SPR) of gold
nanorods [108]. The longitudinal SPR exhibits an excellent wavelength and polarization
sensitivity, whereas_the distinct energy threshold required for the photothermal recording
mechanism provides«the axial selectivity. The-recordings were detected using longitudinal
SPR mediated two-photon luminescence provided an<enhanced wavelength and angular
selectivity compared to conventional linear detection mechanisms.

Here, we further increase the number of polarization recording state by introducing a
longitudional component of focused radial polarization which can be treated as a pure axial
polarization. The present of axial polarization would complete the polarization multiplexing
recording. In order to demonstrate this concept, a bulk sample was prepared for polarization
multiplexing recording. Gold nanorods with average aspect ratios of 4.1 were prepared using
wet chemical synthesis. The nanorods was mixed with a 15 wt% polyvinyl alcohol solution,
and dropped on a coverslip. Then, the sample was heated at 50 degree for 1 hours. The
thickness of this layer was 5 um. The approximate nanorod concentration in this bulk media

was 300 * 35nM (~145 nanorods in the focal volume of the 1.4 NA objective lens). In the
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setup of optical instrument, both recording and readout were conducted in the same
homebuilt microscope. For recording, an electro-optic modulator control the repetition rate
from the pulse train of a femtosecond pulse laser (SpectraPhysics Tsunami, 100 fs pulse
duration, 82MHz repetition rate, tunable between 690 and 1,010 nm). The laser pulses were
focused onto the sample through a high NA objective lens (Olympus 1.4 NA). For readout,
the TPL of the nanorods was excited using the 82 MHz output from the femtosecond laser.
The TPL signal was directed to a photomultiplier tube (Hamamatsu H7422P40) and was
detected in the 400 — 600 nm wavelength range. To prevent erasure of the patterns, the
pulse energy of the readout laser was two. orders of magnitude lower than the patterning
pulse energy.

Figure 6.13 shows the experiment result of polarization multiplexing patterning and
readout. The pulse /laser was performed with 1MHz. repetition rate for the purpose of
minimizing the effect of heat accumulation. Two state of linear polarization and radial
polarization with annular aperture of €= 0.7 were applied to record different patterns at the
same position. Then,those patterns were readout through different state of polarization, as

shown in Fig. 6.13.

Fig. 6. 13 Polarization multiplexing patterning and readout. Normalized TPL raster

scans of eighteen patterns encoded in the same area using three laser light

polarizations and one laser wavelengths. Patterns were written in a single layers.
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The recording laser pulse properties are indicated. The recordings were retrieved
by detecting the TPL excited with the same wavelength and polarization as
employed for the recording. The size of all images is 100x100 um, and the patterns

are 75x75 pixels.

6.2.5 Conclusion

In summary, we have successfully.perform axial polarization at focus to demonstrate
the possibility to detect, melting, and readout.its TFL. by means of radially polarized
illumination in conjunction with annular aperture of € = 0.7. Through these study, we found
azimuthal and radial polarization-provide a fast scheme for determine the orientation of
nanorods not only for in-plane nanorods but also for out-of-plane nanorods. By changing the
apodized ratio of annular aperture, the ratio of longitudinal to transverse electric field can be
used for selective melting. In practically, the polarization distribution at focus can be treated
as pure axial polarization.when the annular pupil of € > 0.7. Finally, we demonstrated that
the possibility of polarization multiplexing patterning and readout through two state of liner
polarization and radial polarization with radial polarization with annular aperture of € = 0.7.
Proposed concept is able to significantly increase the recording density of ODS system. Also,
the manipulation of the polarization distribution at focal plane by means of annular pupil
technique provides a powerful method to target arbitral oriented nanorods which is able to

apply to bio image and local heating treatmen
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Chapter VII

Conclusion and Outlook

7.1 Thesis Conclusion

In this thesis, we began with the basic theory of a diffraction system toward vectorial
diffraction theory which can apply to describe the depolarization effect of a strong focusing
condition. From the theory, we do know-the.beam structure at pupil plane strongly affects
the field distribution in the vicinity of the focal point, which reveals 2D to 3D transformation
from the 2D pupil plane to the 3D focus volume. The beam structure at the entrance
contains the information of amplitude, phase;, and polarization.. Among those parameters,
polarization engineéris the most important and useful but hard to implement in practical. In
Chapter 2, we proposed a universal method to synthesis arbitrary polarization structure
so-called SIP beam. In"addition to superposition method for coherent light source, we also
introduce a simple and costless. method for the generation of incoherent SIP beam based on
segmental method in Chapter/5. Following, the focusing mechanism of radially polarized
beam was study in Chapter 3. Based on the fully understand on the optical property of SIP
beams, we utilized their unique polarization property to interact with metal material
including flat gold thin film as well as gold nano particle. Based on the phase matching
condition, the interaction of TM-polarized light and gold nano structure can excite surface
plasmon resonance which is useful for the applications on plasmonic device, sensing,
imaging, melting, and optical data storage. Individual paper review has been given in Chapter
5 to Chapter 7. Moreover, we proposed several novel ideas for these applications to push
technology moving forward by means of pupil engineering. As a summary, a far-field scheme

on generation of long-range propagating surface plasmon was proposed in Chapter 5 for
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simplified the excitation scheme. For the sensing application, two kinds of SPR sensors were
proposed in Chapter 6 based on coherent and incoherent light sources which can be applied
for nanoscopy sensing radar and SPR-based spectral microscopy, respectively. Finally, by
means of focus polarization vector synthesis, we implement the possibility of imaging,
sensing, melting, and cording information on gold nanorods which opens a new era for
scientist has the chance to fully utilize polarization in 3D. The concept of 3D polarization
manipulation can apply to current bio-image, optical therapy, and advanced optical data

storage.

7.2 Outlook

The research in this thesis-can be further extended towards a more comprehensive
understanding on each proposed optical system, such as far-field SPPs excitation scheme,
nanoscopy sensing radar, SPR-based spectral microscopy, and 3D.polarization manipulation

scheme.

Far-Field SPPs Excitation Scheme

Based on the proposed excitation scheme, we are able to generate a wide range of SPPs
patterns, not only steering and manipulating single SPP wave, but also launching multipole
SPP waves at the same time. This unique feature could provide a customized SPPs lighting
source for advanced plasmonic devices, which can be used for ultrahigh bandwidth devices

for optical systems.

Nanoscopy Sensing Radar
Based on proposed interfering SPR sensor, one can utilize radial polarization generated

omnidirectional propagating SPP wave to sense the tiny change among the metallic plane

110



surface. However, this system is a concept which still remains a lot of room for researcher to

study its sensing ability, such as accuracy, and applicable targeting area.

3D SPR-based spectral microscopy

Based on incoherent white light radial polarization, we demonstrate the possibility to
excite entire wavelength of SPR at the same time for full color sensing application. Current
optical configuration can be further integrated with two dimensional scanning stages. In that
case, one can generate a three dimentional refractive index map which contains two
dimensions in spatial and one dimension.in wavelength. This wavelength dependent
information could assist researcher to'decompose-a conventional optical image into a series
of refractive index map ‘on individual wavelength which are able to highlight the wavelength
dependent structure.inside a cell.-Moreover, .the sensitivity of this white light SPR based

sensor could be further improved by doping gold nanorods on the metallic surface.

3D Polarization Manipulation Scheme

We demonstrated the interaction of 3D polarization focus and arbitrary orientated gold
nanorods through imaging, sensing, melting, and-coding. Also, we utilized this entire process
to further increase the recording capacity of bit-by-bit optical data storage by means of
melting out-of-plane gold nanorods. As we know that gold nanorods are great polarization
absorber which can generate two-photo luminance without the bleaching effect. In addition
to increase recording capacity via adding more polarization vector, this technique can also be

used for the application on biomedical imaging, diagnostics, and therapy.
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