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Abstract

In this thesis, a dual photo elastic modulator-based Stokes polarimetric method for
polarization measurement is described, which forms the basis of the operation of a prototype
polarimetric microscope. The operational characteristics of the microscope have been
characterized in this study and optimized. The polarimetric imaging technique has been
applied to the study of four material systems, namely, micropipe defects in SiC, a pinhole,
liquid crystal droplets, and nanograter structures. The thesis includes ten chapters, which
provide the description of polarization, literature review of the research, the methodology of
the Stokes polarimetry and its calibration, computer automation of the measurements and the
characterization and the optimization of the performance of the Stokes polarimetric
microscope, a detailed study of the polarimetric images of micropipes and their strain fields
in SiC wafers, a pinhole in a metallic film, and the polarization characteristics of liquid
crystal droplets, the polarization characteristics of plasmonic nanograter structures on gold
film.

This polarization state is sensitive to the structure of a material. Under the assumption of a
plane wave, the local electrical field is obtained. This microscope realizes mapping the full
polarization states in area widefield setting with high sensitivity and good spatial resolution
under a single optical setup. A set of experimental parameters, such as the ambient
temperature, light source construction, and polarization angle setting, have been optimized;
as well as, the optical alignments, data analysis method, and image acquisition program
implemented to provide an efficient operation of the microscope. The mapping of the
polarization parameter provides a new way to research the characteristics of material; It also
provides vector data for understanding the behavior of the interaction between light and
materials. The work demonstrates that the Stokes polarimetric imaging method is useful and
may have potential applications in a wide range of research fields.
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vii



Chapter 1  Introductory

Light is an electromagnetic wave, which is described through the Maxwell equations. The
solution of the Maxwell equation is a sinusoidal wave in two orthogonal directions which
perpendicular to the propagation of the light. Light is a transverse wave. The phase difference
of the light includes the information of birefringence which reflects the matter structure when
a light interacted with the matter. The measurement method of the polarization is called the

Stokes polarimetry.

The Stokes polarimetry is used to measure the Stokes parameters of the polarized light.
The Stokes parameters are a set of the difference of the intensity detected in special
orientation angles reference to the laboratory coordinate; so, the Stokes polarimetry is
proceeding in a laboratory coordinate. Technically, the detection of the polarization of light is
based on the detection of the intensity. The Stokes parameter describe the state of polarization

entirely, no matter the partially polarized light or completely polarized light.

The set-up of the Stokes polarimetry is Dual-Photo Elastic Modulator (PEM) Stokes
polarimeter, which includes two PEMs, one analyzer, and an intensity detector. In theory,
every optics is represented as a Mueller matrix, and the effect of dual-PEM Stokes
polarimetry to a polarized light is the product of the Mueller matrix of the three optics. In
practical, the configuration of the optical axis of the three optics (PEM1, PEM2, and
Analyser) is setting in special angles (0°, 45°, 22.5°). Under the settings, the K matrix, which
connect the experiment signal and the Stokes parameters, is diagonalized. Using the Fourier
transformation, the signal of the Stokes parameters is divided into the four parts, which is
three AC signal detected with three lock-in amplifier and one DC signal detected with a

picometer. The principle of dual-PEM Stokes polarimetry is described in Guan’s paper.

Based on dual-PEM Stokes polarimetry. I found optimum operational settings of the dual-
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PEM Stokes polarimetry. It includes: firstly, the sample stage should be separated to the
Stokes polarimeter (including two PEMs, one analyzer, and one detector) ; secondly, the
position of the sample stage is fixed in every measurement; thirdly, the position of the
retarder is fixed in light path; fourthly, the set-up should be settled on a stage with the less
vibration; the room temperature should be controlled in 22.1°C to 22.6°C; fifthly, the
monochromaticity make the measurement more accurate; sixthly, the driven current of the

light source should be fixed during the calibration process and the measurement process.

Our group established a dual-PEM based Stokes polarimetric microscope, which using the
dual-PEM Stokes polarimetry on to a microscope. The Stokes polarimetry imaging technique
is the research focus of my PhD thesis. It includes a program developing that control the
timing unit and the camera automatically, using the LabVIEW environment. Also, I have
found its optimum operation polarizer setting so as to minimize the artifacts which are most
likely due to stray lights in the microscope introduced by the insertion into the optical path of
additional optical devices. I developed a set of jigsaw washer (the thickness is 1mm, 2mm,
Smm, 10mm, 20mm, 50mm) to control the parallel and adjust the distance between the optics
freely, that makes the adjustment of the equipment more efficiency. I developed a method to
adjust the parallel light which is very important on the microscope because an unparallel light
can produce the stray light when the light reflected on the surface of the optics, which used
for imaging. An image of the depolarization with a flat uniform background is acquired for

the first time on our equipment.

Using the Stokes polarimetry microscope, four special system is researched to evaluate the
microscope: 1) a pinhole, to verify the operation of the imaging system can acquire a good
spatial resolution, ii) micropipe defects, to prove the micro strain distribution can be detected

using the Stokes polarimetry microscope, iii) liquid crystal droplets, to prove the interface in



the liquid crystal droplet can be detected using the polarization imaging technique, iv)
nanograter structures, to show that it is possible to relate the polarization information
obtained to the local electric vector field distributions, with a plane wave incidence

assumption.

Based on the research on the four different type of sample , we verified that the
polarimetric microscope can provide a polarimetric imaging; we identified an optimum
polarizer setting, enable polarization information being obtained at pixel level with good
image spatial resolution (Using the LED light source and optimized the light path of the
microscope and optimum calibration prerequisite, the resolution reached 1 um for the first
time); with a plane wave incidence assumption, experimental observations may be directly
comparable to future theoretical modelling; we proved that the polarimetric image can reflect

the inner boundary of a sample.

The thesis includes the Stokes polarimetry imaging technique and its application. A Stokes
polarimetric microscope is established and characterized using four material system with
different structures, for example micropipe, pinhole, nanograter, and liquid crystal. Based on
Stokes polarimetric microscope, the mapping of the polarization parameters is acquired.
Using the relationship between the parameters of the polarization description, many other

parameters beside the Stokes parameters, electrical field and the phase difference, is deduced.

All the thesis includes ten chapters.

Firstly, the fundamental knowledge about the description of polarization is introduced in
chapter two: such as, Maxwell equations, Mueller calculus, Jones calculus, the transformation
between Jones calculus and Mueller calculus. The interaction between the matter and the

light is described carefully.



Chapter three summarize the research background of the four-measurement system that
introduced to evaluate the microscope, such as micropipe, pinhole, liquid crystal droplet, and
nanograter. Micropipe is a kind of defect with big strain in the silicon carbide, which is good
example to show the strain characterization function of the Stokes polarimetric microscope.
The pinhole is a simplest round structure and is a good example to prove the resolution of the
microscope and the polarized light diffraction. Only scattering happens when the light
passing through the pinhole. Pinhole is a good example to characterize the effect produced by
the scattering process. The four kind of liquid crystal droplet are a ball shaped structure in
general with different inner structure inside of the ball. It is a good example to prove the
priority of the inner structure detection function with the polarimetric microscope. The
nanograter is a three-dimensional scattering structure with a splitting resonance ring. It
adjusts the electromagnetic wave with scattering process in special direction. Except the
nanograter system, the circle boundary condition is the common point of the micropipe,
pinhole, liquid crystal, that introduce a fourfold structure on the image of the Stokes

parameters.

Chapter four introduces the experimental technique of Stokes polarimetry: including
theory; experimental setup; the calibration process; the effect of the temperature and light

source wave front and the monochromaticity to the calibration matrix.

Chapter five introduce a Stokes polarimetry microscope. Some developed technique is
introduced: including the controlling software development, the alignment of the microscope,
the method of acquiring a uniform background, and the method of acquiring a parallel light.
An illumination configuration increases the resolution of the microscope much than that
before and acquired a uniform background. A uniform background of depolarization is only

existed at a special polarization angle cross with the analyser.



Chapter six introduce the research of the micropipe using Stokes polarimetric microscope.
The micro strain distribution near to the micropipe is detected through Stokes polarimetric
microscope sharply. Micropipe is a three-dimensional structure, only the position near to the

focus plane can be see clearly.

Chapter seven demonstrate the polarization mapping of a pinhole. The variation of the
polarization after passing a pinhole, is from the scattering of the edge of the pinhole. The
Stokes parameter because of the pure edge scattering effect is shown in this chapter. Also, the
Airy-like pattern of the Stokes parameters is detected at different focus position on the
microscope. The image of the normalized Stokes parameters is in bad quality because of big
scattering around the edge of the pinhole, which makes the intensity, as a denominator, at that

position very small.

Chapter eight demonstrate the Stokes parameter image of four kind of liquid crystal
droplets. Beside the shape of the liquid crystal droplet detected with the intensity signal, the
inner structure inside the liquid crystal is detected with the Stokes parameter signal, through
using Stokes polarimetry microscope. The process of the light interacted with the liquid
crystal droplet is a refractive process, the variation of the polarization is not only because of

the edge inside of liquid crystal but also because of the refractive index.

Chapter nine demonstrate the mapping of the nanograter, which is another scattering
system like the pinhole, but in three-dimension. The phase difference of the electrical field is
measured. The electrical field varies with the relative angle between the polarization and the
nanograter alignment. The nanograter can modulate the electromagnetic wave for its splitting
resonance ring structure. The electrical field around the nanograter is obtained, assuming the
inner light is a plane wave. When the azimuth angle of polarization is along with axis of

symmetry of the nanograter, a special electrical field distribution (heart shape) is acquired.



Chapter ten summarize the thesis and shows the future work. The Stokes polarimetric
microscope is established and running automatically. The best calibration parameters are
acquired in the optimum alignment. The Stokes polarimetric microscope is useful to measure
the micro strain around a micropipe in silicon carbide, and it can detect the inner structure of
a liquid crystal droplet. In the phenomenon produced by the edge scattering, the direction of
the edge is sensitive to the polarization variation. The timing unit need to improve further to

measure the intensity signal accurately.

In Appendix, the method of acquiring a Mueller matrix of a sample in experiment is
stated; the method of extracting polarization parameters through Mueller Matrix is

introduced, too.



Chapter 2  The description of polarization

This chapter presents a description of the state of polarization of light and the related
mathematical method. Details of the matrix inversion technique to determine the optical
characteristic of the sample relevant to the measurement of polarization with Stokes

polarimetry are also presented.

2.1 Description of polarization

2.1.1 Maxwell’s equation
Light is part of the electromagnetic radiation spectrum, and is described by Maxwell’s

equations (Born & Wolf, 1959). The Maxwell equations in continuous medium can be written

as follows,

oD
VXH-—=j (2.1.1.1)
VxE-I—aB—O 2.1.1.2
at_ Y ("' )
V-D=p, (2.1.1.3)
V-B =0. (2.1.1.4)

E is the electric vector, B is magnetic induction, D is electric displacement, H is magnetic

vector, # is free carrier density passing through the surface, p is electric charge density.

When an electromagnetic wave propagates through a substance, the material equations need
to be considered. The simplest form is shown below in the situation of a homogeneous and

isotropic material.

j = oE. (2.1.1.5)
D=¢E (2.1.1.6)
B =uH (2.1.1.7)



where, o is conductivity, € is electric permittivity, 1 is magnetic permeability.

Electromagnetic radiation is a transverse wave, with the field E and H perpendicular to the

direction of propagation, hence,

E-s=H-s=0. (2.1.1.8)
Here, s denotes a unit vector in the direction of propagation of the light, which is along the z
axis in Cartesian coordinates. The electric field of a linear polarized light beam along x-axis
and y-axis, which are solutions of electromagnetic wave equation, are described by equations
2.1.1.9 and 2.1.1.10 (Kliger, Lewis, & Randall, 1990, p.91). We consider the nature of the
curve which the end point of the electric vector describes at a typical point in space; this

curve is the locus of the point whose coordinates (Ey, Ey ) are

E, = E2cos(t + ¢, ) = E? sin(wt — kz + ¢y) i, (2.1.1.9)

Ey = Eycos(t+¢,) = E) sin(wt — kz + o + 6) j (2.1.1.10)
The direction of polarization is the direction of the electric vector. Where, T denotes the
variable part of the phase factor, T = wt — k - r, k is the wave vector, whose magnitude is
the wave number k; k = %n, w 1is the angular frequency of the plane wave; n is the refractive
index of a media; c is the velocity of light; the orientation of k is along z-axis; i and j are unit
vectors along the x and y axes respectively; ¢, is a constant specifying its absolute phase; E2
is the magnitude of the electric field along x-axis; E}} is the magnitude of the electric field
along y-axis; ¢ is the time at given point; and z is a point along z-axis; & is the phase

difference between ¢,, and ¢,.

For an elliptically polarized plane wave propagating along z-axis in an isotropic media with

refractive index n, the electric field is given by (Allia, P. , Oldano, C., and Trossi, 1988)



E = Re[(E,i + Eyj)expi(kz — wt)] (2.1.1.11)

Where, Re means the “real part of” and E, = aexp (i), E, = bexp(i(¢po + 5)).

where, the plane of polarization is the plane containing the electric vector and the direction of

propagation.

The interaction of matter and field through polarization P and magnetization M of the

material, is given by,

D =&E +P, (2.1.1.12)
B = puy(H + Mp) (2.1.1.13)

Here, P is called the electric polarization induced by the electromagnetic wave passing
through a medium and M5 is the magnetic polarization induced by the electromagnetic wave

passing through a medium.
In homogeneous, linear and isotropic matter

P = xg,E. (2.1.1.14)
x=¢&-—1 (2.1.1.15)

where, ¥ is the electric susceptibility, €, is the relative permittivity.

Solid matter is made of atoms, especially for the crystal, that are arranged in special lattice
which depends on the crystal class. “The response P in a solid is not necessarily parallel to
the excitation as in gas or liquid (Huard, 1997, p.39)”. Then the relative permittivity and
electric susceptibility are relative permittivity tensor [€,] and electric susceptibility tensor [x].

These are related through the relation

[e.] = [1] + [x], (2.1.1.16)

Each term of the tensor [g,] is related to the terms of the tensor [x] by the relation



Srij = 81] + Xi]" (l,] = 1, 2, 3), (211 17)
Where, 6;; is Kronecker symbol (8;; = 1if i = j and 0 if i # j). Tensor [&.] contains nine
terms and only six of them are independent (Huard, 1997, p.39). “Moreover, in loss-free

media and depending on the crystal class, the number of independent terms may still be

reduced (Huard, 1997, p.39)”.

For non-absorbent material (Huard, 1997, p. 40), Eryy = &y = sr].i* = erii*. sri].* and erji* are
the Hermite of Ery; and Erji- Only birefringence will be considered in a case of non-absorption
media. In a proper reference system, the [&] is a real, diagonal tensor (Huard, 1997, p.41).
Considering a non-magnetic media, with magnetic permeability constant Lo, the refractive
index is related to the electric permittivity, €. = n? , i =x, y,orz. According to [&/], media
is classified as isotropic media (g, = &, = €r,), uniaxial anisotropic media (g, = &, ¥

€r,), and biaxial anisotropic media (Huard, 1997, p.42)(e, +# Er, # Er,)-

However, in the case of absorbent media, the dichroism is going to be considered as well as
birefringence. The [g,] = [&,'] + i[e,''] (Huard, 1997, p.65). Where, [¢,'] is a real tensor
related with the birefringence; [&,"'] is an imaginary tensor related to the dichroism.
Considering a complex refractive index A, i = v + ik, A2 = &,, Where, the v is the refractive

index and k is the extinction index (Huard, 1997, p.65).

According to the definition in table B.1.1, for the linear birefringence, § = Zn(ns - nf)l /A
for circular birefringence, y = 2m(n_ — n,)l/A; for the linear dichroism, D =

2n(us — py )1/ 2; for circular dichroism(Pham & Lo, 2012), R = 2(u_ — py)1/A; where, |
is the thickness of the material; A is the wavelength of the test light beam; ng and ns are the

refractive index along slow axis and fast axis; us and uy are the absorption coefficient of

slow axis and fast axis; n, and n_ represents refractive index of right circular polarization
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and left circular polarization; u, and u_ represents the absorption coefficient of right circular

polarization and left circular polarization.

Based on the statement above, the relationship between phase shift § and anisotropy of the

optical birefringence (ns - nf) are established.

The polarization of the light is represented through Jones Matrix and Mueller Matrix. The
waves that satisfy Maxwell’s equations are transverse, hence there are different ways for the
electric field (or magnetic field) to vibrate -- different ways of vibration resulting in different
states of polarization of electromagnetic wave. Polarization is defined by the electric field.
For plane polarized light, the electric field oscillates in only one direction. Polarization
happens when light interacts with matter. The quantities of polarization and magnetization
represent the influence of matter on the electromagnetic field (Born & Wolf, 1959). In the
simplest case, for linear optical response of homogeneous and isotropic material, the
interaction of light and media can be introduced through the polarization and magnetization
of the materials. Boundaries and anisotropic materials may change the state of polarization of

light as it traverses through the medium.

In other words, the properties of the internal electric field E and magnetic field H in matter
are related to the polarization properties because of the interaction of the light and matter; so,
the measurement of polarization is the key to analyze the information of the internal E and H
of matter. The research presented focus on the study of the polarization state of light as it

interacts with novel material.

2.1.2 Stokes representation
Polarization state of light can be described by Stokes parameters, (I, Q, U, V). The

parameters were introduced by George Stokes in 1852. They are defined as (Bashara, 1989;
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Huard, 1997, p.24)

I = Ioo + 190" = I4_5° + 1135" = II‘ + Il, (212 1)

Q = Ipo — Igge (2.1.2.2)
U = I45° - 1135° (212 3)
V=I -1 (2.1.2.4)

where, [y , I450 , Igge, [1350 are, respectively, the intensity of the linear polarization along the
0°, 45°, 90°, 135°, with respect to x-axis of the laboratory coordinate, respectively; I, is the
intensity of right-hand circular polarization; and, |; is the intensity of left-hand circular

polarization.

Stokes parameters can be used to describe not only totally polarized light, but also partially
polarized light. Q/1 = S;, U/I = S,, and V/I = S5 are the coordinates along x, y, and z axes

on the Poincaré sphere(Huard, 1997,p.25), shown in Fig. 2.1.2.1. In Fig. 2.1.2.1, I,, equals

one; y is ellipticity angle; and W is azimuth angle.

Q, U, and V are polarization components along x-axis, y-axis, z-axis in the Poincaré Sphere
(Huard, 1997, p.25), which is shown in Fig. 2.1.2.1. Any fully polarization state is
represented as a point on Poincaré Sphere. The linear polarization is represented by points in
the equatorial plane ( V= 0); the right-handed circular polarization is represented by the
north pole (Q =U=0, V =1); the left-handed circular polarization is represented by the south
pole (Q=U=0, V=-1); and elliptical polarization is represented all other points on the

Poincaré Sphere. Partially polarized light is a point inside the Poincaré sphere.
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Figure 2.1.2.1 Poincaré representation of the state of polarization of a monochromatic wave.

For totally polarized light, the Stokes parameters obey the relationship below.
[2=Q>+U%+V? (2.1.2.5)
For partial polarized light, the Stokes parameters obey the relationship below.
12>Q%+U%2+V? (2.1.2.6)
The retardation of phase of a polarization is represented as

d = atan (%) (2.1.2.7)

Retardation of a phase & is an important physical quantity, defining the state of polarization
of the light. The polarization status is classified through the retardation: where, 6 = 0°or § =
180° represents linear polarization; & = 90° or 6 = —90° represents the circular polarization;
—90° < § < 0 represents left-handed elliptical polarization; 0 < § < 90° represents right-

handed elliptical polarization.
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Figure 2.1.2.2 The polarization ellipse of an elliptical polarization.

The state of polarization can be fully described by the Stokes parameters. The relations
between the components of polarization are shown on the ellipse on Fig. 2.1.2.2. Given the
four Stokes parameters, all polarization characteristics may be derived. For instance, the

intensity of depolarization, Igp,, can be evaluated by

oy = 12— (Q2+ U2 +V?) (2.1.2.8)

The degree of depolarization, ndP is shown below
ndP = Iy,/I (2.1.2.9)

The ellipticity angle, y, is given by

xX= %sin‘1 (V/\/Q2 +U? + VZ) (2.1.2.10)

The azimuth angle W is deduced by
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0, —45°<2¥ <45°

, 45° < 2¥ < 135°

(
| =
W =—tan"1(U/Q) + 9,9 = ! 2 (2.1.2.11)

, 135° < 2 < 225°
L”, 225° < 2@ < 315°

2
According to the calibration result, to be explained in Chapter 2, 9 added here is to make sure

the azimuth angle calculated through the Stokes parameter corresponds to the azimuth angle

of the polarization in Laboratory coordinate.

2.2 Representation of polarization

2.2.1 Mueller calculus

The Stokes parameters are readily measurable in the experiment; while, the Jones vectors
represented plane wave more directly. Both Jones representation and Mueller representation
are used in this thesis to connect experiment with the theory. So, I introduce both Mueller

representation and Jones representation in this section and next section.

The Stokes parameters can be represented in vector format. The status of a light beam before
interaction with a sample is representedas [[ Q@ U V]7 and the status of a light after
interacted with a sample is represented as [I' Q' U’ V']”. The relationship between these

two vectors is shown as a formula

I I
,: QI = Q =
W' == M| = M¥u (2.2.1.1)
\'A \"

where, the matrix M is a 4 X 4 matrix, which is called the Mueller matrix and ¥y, is Stokes
vector. The Mueller matrix is used to represent the effect of the sample or optical components
on a beam of light. It is used to describe not only a totally polarized light, but also a partially

polarized light. The Stokes vector is
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I a? + b?

_ _QY_|[| a?—b?
S=yYy= U 2 abcosS (2.2.1.2)

% 2absinéd

where, a is the semi-major axis of polarization ellipse; b is the semi-minor axis of

polarization ellipse shown in Fig. 2.1.2.2; and, 9§ is the retardation of phase.

According to equation (2.1.2.10) and (2.2.1.2), the relationship between ellipticity angle y

and retardation of phase & is acquired

1 (Zabsin(S)

= —sin
X a? + b2

> (2.2.1.3)

2.2.2 Jones Calculus

In addition to Stokes representation, an alternative representation of polarized light is the
Jones representation and Jones Matrix. The Jones representation is another way to represent
polarized light, related to the electrical field of a light, which is easy to relate with the
Maxwell equations. The status of a light beam before interaction with a sample is represented

as ¥; and the status of a light beam after interaction with a sample is represented as ;. The

relationship between these two vectors is shown as a formula

v =y (2.2.2.1)

where, ] is the Jones Matrix, and y; is the Jones vector.

Reference equation 2.1.1.8 and 2.1.1.9, the Jones vector represents the solution of plane wave

directly, which is
_ Ey _ e[ @
Y, = E,) = e (beis) (2.2.2.2)

where, a is length of semi-major axis of polarization ellipse; b is length of semi-minor axis of
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polarization ellipse shown in Fig. 2.1.2.2; § is the retardation of phase between two

orthogonal directions, x-axis and y-axis. In detail, e'? represented by equation 2.1.4.3.

ei¢ — eiwt—ik-z+i¢x (222 3)

where, e!®? is the time-dependent term, e*¥Z is the space dependent term, ¢, is absolute

phase along x-axis. w is the circular frequency of the plane wave; t is the time of light

propagation; K is the wave vector; z is the position of light analyzed in z axis.

2.2.3 Transformation between Jones Matrix and Mueller Matrix

The knowledge of the transformation between Jones Matrix and Mueller Matrix is useful to
establish the relationship between the experiment and theory. Sometimes we need the matrix

for different optical components to do the calculation.

The Mueller matrix M corresponding to Jones matrix J is given by (Ilam-Choon Khoo, 1988)

M= T(QJ])T} (2.2.3.1)

Where
1 0 O 1 1 1 0 O
(1 0 0 -1 -1 _ 0O 0 1 -—i
T= 01 1 0 | T =05 0o 0 1 i (2.2.3.2)
0t -t O 1 -1 0 O

And ® is Kronecker product, J* is the Hermite matrix to matrix J.

]11];{1 ]11];2 ]12];1 ]12];2

* ]11];1 ]11];2 ]12];1 ]12];2
1Y =\ L ot b Jaslio (2.23.3)

]21];1 ]21];2 ]22];1 ]22];2

The relationship between Stokes parameters and Jones Vectors can be written as

Wi = Yy oy, i =0,1,2,3. (2.2.3.4)
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Where Wyy; are the Stokes parameters, Py is the column matrix representing the Jones vector,

P = (E;,E;) is its adjoint, and

0o = (é (1)),01 = ((1) _01),02 - (2 (1)),03 - (? B‘) (2.2.3.5)

The operator o; (i = 0,1, 2, 3) in equation 2.2.3.5 is the Pauli operator(Cloude, 1986)

2.2.4 The propagation equation for the Stokes parameters

The status of polarization of a light beam, Stokes parameters, may change when the light

goes through an optical component.

The propagation equation for the Stokes parameters is (Iam-Choon Khoo, 1988, p.348)

dI d (9 0 =85 {21\ /0Q
d—=0, 1 Ul=| 2 0 —-2)(U)
d “\y -0, 0, 0/\v

dS—.QXS 2.24.1
or pri (2.24.1)
3
1
i=0

Where 2 is the vector of components Q,, (0, and Q5 referred to the Poincaré’s space in
which the vector S has been defined as ( Q, U, V), z is the direction of the propagation of
light, H is the propagation matrix. The evolution of the Stokes parameters of polarization is

described through equation (2.2.4.2).

For uniaxial medium with optical axis orthogonal to z-axis and without optical activity, the

transmission matrix H is real, 23 = 0. This means £ lies in the (Q, U) plane of the Poincaré

sphere, and ST = const - 2 corresponds to linearly polarized waves, which are extraordinary

and ordinary waves. For an optically active isotropic medium, 2; = 0, = 0, 2; # 0, the
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eigenfunctions of the electromagnetic wave, propagating without changing their polarization,

are circularly polarized in opposite directions.

For an optically active anisotropic medium, £ has, in addition to £3, a component in the (Q,

U) plane of the Poincaré sphere, which is zero only for light propagating along an optical

axis. The eigenfunction of the electromagnetic wave is elliptically polarized.

In all the above considered cases, a vector § which is not parallel to £ rotates, with
increasing z, around £ in such a way that its terminal point describes a circle on the Poincar

é’s sphere. In the case 2 = 0, which correspond to an isotropic medium without optical

activity, .S is a constant vector, any wave propagates without changing its polarization

state(lam-Choon Khoo, 1988, p.349).

2.3 Summary

This chapter introduce the theory related to the polarization characterization. The polarization
of light describes the vibration plane of the electromagnetic wave. The polarization is
described through Stokes calculus and Jones calculus. The Mueller matrix and the Jones
matrix, which describe the interaction between the matter and the light, can transform
between each other. Also, the anisotropy can change the polarization. This basic knowledge is

useful to understand the research in the follow chapters.
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Chapter 3  Literature review
This chapter introduces the research background of the Stokes polarimetry and microscopy
based on the Stokes polarimetry. The research background of the four materials used for

characterizing the Stokes polarimetric microscope is introduced either.

3.1 Stokes polarimetry

Quantitative determination of the full state of polarization using Stokes parameters, known as
Stokes polarimetry, usually requires four separate experimental measurements using one
photo elastic modulator. The use of two photo elastic modulators enables the measurements
to be conducted simultaneously in a single optical arrangement. This section outlines a brief

literature review on Stokes polarimetry.

The Stokes parameters describe the information of a light beam accurately, such as phase,
intensity, polarization angle, and ellipticity angle; so, the measurement of the Stokes
parameters is meaningful. One PEM method to measure the Stokes parameters, stated in
Liu’s thesis(Y. Liu, 2005), need much time to finish the measurement, for four steps needed
to determine the Stokes parameters. Guan derived a theory of dual photoelastic modulator
system to measure the stokes parameters of an arbitrary beam (Guan, Liu, Shen, & Jones,
2008); which can determine the Stokes parameters through one measurement. In the
polarization imaginary process, the Stokes parameters mapping distribution is measured in
one time. A time unit technology is used in the polarization imaginary system. The
development of the acquirement speed in the experiment expand the application range of

Stokes polarimetry technology, such as the measurement of the moving particles.

As a part of measurement, calibration is the crux. Before the acquirement of the Stokes

parameter, a calibration process is needed. The simplest one is linear regression on one PEM
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Stokes polarimetry(Guan et al., 2008); later, the nonlinear optimization method is developed
for convenient (Cook, 2010). Paul Cook’s thesis(Cook, 2010) introduced the calibration of
the linear polarization part carefully; however, the circular polarization calibration part is
indistinct. The calibration of circular polarization is important for the Stokes parameter V that
related with the birefringence directly; also, the accuracy measurement of the Stokes
parameter Q, U, and V, is the prerequisite to obtain a depolarization accurately. Based on the
importance of measuring the Stokes parameter V, Calibration method is improved in my
thesis. The improvement of calibration includes the circular polarization calibration, quick
data acquirement, and data analysis. Till now, the quickest speed of doing the calibration is
two hours measurement and two hours analysis. In my experiment, I find the calibration
parameter is sensitive to the room temperature and the wave front of the light source,

especially the Stokes parameter V. The detail is going to be discussed in chapter 4.

3.2 Stokes polarimetric microscope

The Stokes polarimetric microscope has been developed by Optimum Imaging Ltd. The
design principle is published by a patent priority filing (GB201411478DO0, T. H. Shen and P.
J. Cook.) which incorporate a dual PEM Stokes polarimeter in a widefield microscope. The
polarimetric signals are recovered at the pixel level using a numerical algorithm. Polarimetric
parameters are then computed to form images, for instance, of ellipticity angle contrast. The

microscope is also referred to as the Optimum microscope.

In essence, a dual PEM Stokes polarimeter described in (refer to section 3.1) is inserted in the
‘infinite space’ of an Olympus IX71 biological microscope. The current implementation of
the phase sensitive detection at the pixel level is achieved by a combination of a hardware
electronic timing unit, which provides the modulation to the source intensity phase locked to

the reference signal from the two PEMs for signal accumulation, and signal extraction with
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software algorithms.

Since the microscope is a single channel implementation of the design, 12 channels of images
are required for recovering the signals at the three reference frequencies with zero and
quadrature phase differences. It is also possible to operate at 6 channels so that the signals at
the quadrature phase difference with respect to the reference are not obtained. It has been
found that the electronic timing device in use has a limited frequency response so that at the
high reference frequency, the phase setting between zero and quadrature cannot be correctly
obtained. As a result of the issue, for all the practical work described in this thesis, only the 6-

channel implementation is used.

The development of the microscope is to detect the morphology information of the sample. A
kind of polarization signal, birefringence, includes the information of the phase shift makes

the observation of the phase shift to be realized.

Phase contrast microscopy invented by Frits Zernike (Zernike, 1955) can detect the
birefringence of the sample, which can transfer the phase shift into the brightness changes in
the image. Birefringence is also observed by measuring the light intensity transmitted through
the sample when viewed between two crossed polarizers used by Harley (Max Born and Emil
Wolf, 1959, p.472). Another way to measure birefringence is the rotating polarizer method
developed by Glazer (Wood & Glazer, 1980).The rotating polarizer method increases the
intensity of the signal compared with the method of two crossed polarizers. Stokes
polarimetry imaging method is based on the two photo elastic modulators method (Guan,
Cook, Jones, & Shen, 2010; Guan et al., 2008) developed by Guan et al. to characterize the
polarization information (such as Stokes parameters, phase difference) into a contrast image.

Applying this method to a microscope is the innovation point of our experiment.

We can understand the difference of these three technologies through their test principles:

23



1. For the two crossed polarizer methods, the principle of the measurement is according
to the formula I = I,sin?2¢@sin?26. (where, ¢ is the angle between polarizer and an
allowed vibration direction in the crystal. § is the phase shift, I is the intensity after

interacted with the sample, I is the intensity of the background);

2. For the rotating polarizer method, the principle of the measurement is based on the
formula I = I,/2[1 + sin 2(w,t — @) sind]. (where, w, is the rotating angular
frequency of the analyzer, ¢, is the orientation angle of the specimen, and § is the
phase shift, I is the intensity of the light after interacted with the sample, I, is the

intensity of the background);

3. In Stokes polarimetry method, Stokes parameters are detected through the Stokes
polarimeter (introduced in Chapter 4), the shift of phase is calculated through § =
atan(V/U), Which is absolutely different from the first two method. The Stokes

parameters U and V are acquired through PEM modulation process.

Comparing the formula of the method 1 and method 2, the power of sind from 2 change to 1,
that means the signal of the phase shift increase because the original signal is acquired

through the comparation of the intensity.

3.3 Research material system

3.3.1 Micropipe in SiC

The anisotropy, a physics property in media produced through the asymmetry of the inner
structures introduces many new physical phenomena: optical anisotropy, acoustic anisotropy,
and double axis stress. Optical anisotropy, represented as a producing of polarization, is a
phenomenon happens when the light going through an anisotropic matter in which the
velocity of the light is anisotropic; acoustic anisotropy, similar with the polarization, is

produced because the velocity of the sound is a tensor for the different density in different
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directions; double axis stress, a stress produced because of the anisotropy of the strain
produced through the lattice mismatch in matter, is another phenomenon of the anisotropy.
The common thing of three physics phenomena is the two axes existed in matter: the fast axis
and the slow axis. The fast axis and slow axis are introduced because of the anisotropy of the
structure in media; and the velocity along fast axis is faster than that along the slow axis, is
the origin of these phenomenon. Based on these relationship shows above, the structure
anisotropy of a media, as well as the strain in it, can be characterized through the method of
optical polarization, which is described through Stokes vector and can be acquired accurately

in the laboratory of us.

Silicon carbide is an attractive semiconductor nowadays, for its band gap wide (2.4-3.3eV),
high thermal conductivity, high temperature stability(Presser, Loges, & Nickel, 2008). It is a
material used for the MOSFET. Micropipe is a kind of macro-defect in silicon carbide, which
is hollow tube-like structures with diameter from 0.1um to Sum (V. Presser, A. Loges, 2008).
The centre of the micropipe is a screw dislocation, the radius of the micropipe increases with
the Burgers vector(Ouisse, Chaussende, & Auvray, 2009; Presser et al., 2008). The
birefringence measurement is a method of the detection of the defects without the damage.
Presser indicated that only the tilted pipes (compared with the c-axis) can be observed
through the polarization microscopy for 60 years(Presser et al., 2008). Ming et al summarized
the birefringence topography of the defects(Ming & Ge, 1990) and indicated that the
birefringence image of the edge dislocation and screw dislocation is different. Also, the shape
of the birefringence pattern is changed with the rotation of the polarizer and analyser in the
two crossed polarizer measure system (Ming & Ge, 1990). The birefringence is observed on a
microscope with a pair of polarizers which are orthogonal to each other(Ming & Ge, 1990).
Ouisse use the microscopy developed by Glazer(Wood & Glazer, 1980) to measure the

micropipe in 6H-SiC(Hoa, Ouisse, & Chaussende, 2012). In the measurement of QOuisse, the
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retardance is calculated through the formula of rotating polarizer method listed in last section.
Based on Glazer method, the centre of the birefringence is blank in the Ouisse ‘s paper(Hoa
etal., 2012, 2014; Ouisse et al., 2009). Based on the technique listed above, the micropipe is
detected through the microscope without damage the sample. However, the detail of the
micropipe is not available through the technique listed above. A new technique called Stokes
polarimetry microscope is used in our thesis, that give the detail information of a micropipe
which is not parallel to the optical axis. In this thesis, the micropipe in a silicon carbide is
researched on our homemade Stokes polarimetry microscope. The strain around a micropipe

is detected by the microscope.

3.3.2 Pin hole
Diffraction happens after a light passing through a pinhole. It has been researched for

centuries(Wang, Yang, Li, Chen, & Bai, 2018). Many approximations used in the calculation
of the patterns. The diffraction pattern of a pinhole is calculated through Fraunhofer
diffraction in far field and Fresnel diffraction in near field. Technically, the diffraction of the
light is a vector wave and it obey the Helmholtz equation. Also, the light interact with
material around the pinhole for it is an electromagnetic wave. When we use a polarized light
as a light source of the pinhole diffraction, we can observe the vector field diffraction pattern.
Polarization information is a vector information; and, the polarimetry microscope is powerful
to measure vector field of the electromagnetic wave near to the sample. Due to a pinhole is
the simplest scattering system; and its diffraction have been researched in theory(Stratton &
Chu, 1939) and experiment(Raman, 1959). However, the vector field of the pinhole is rarely
be reported. The accuracy calculation of the vector diffraction pattern of a pinhole is still a
problem nowadays(Deng & Li, 2000). Using our polarimetric microscope, it is easy to
acquire the vector field around a pinhole. The information of the vector field near to the

pinhole provides a reference information for the relevant calculations. When the focus
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position of the microscope is sited behind the pinhole, a diffraction pattern of the pinhole is
observed. In this thesis, the Stokes parameters of a diffraction pattern of a pinhole is obtained

through our homemade Stokes polarimetric microscope.

3.3.3 Liquid crystal

Liquid crystal is a distinct soft matter material used in photonics, because of their
birefringence and high susceptibility to external stimuli that can affect their internal
structure(Mur, 2016). Liquid crystals combine the physical and optical properties of both
liquids and solids(Cooper, n.d.). The liquid crystal has some degree of the orientational and
positional order, although it flows like liquids. Especially, the elongated, rod - like molecular
structure can lead to some interesting optical properties of solids, such as birefringence.
Liquid crystal also reacts predictably to an electric current, which enables the control of light
passage. Due to these properties, liquid crystals are used in liquid crystal displays(Mur,
2016). Cholesteric liquid crystals are also known as chiral nematic liquid crystals. They
organize in layers with no positional ordering within layers, but a director axis which varies
with layers. The variation of the director axis tends to be periodic in nature. The structure of

chiral nematic liquid crystals is shown in Fig. 3.3.3.1.

Figure 3.3.3.1The chiral nematic state of liquid crystal

In chiral crystal state, liquid crystal forms a bandgap for visible light, that is a resonance
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cavity for the laser. Based on this theory, liquid crystal is used on liquid crystal lasers(Humar
& Musevic, 2010)(Mur, 2016). Like a crystal, liquid crystal can form a Photonic band gap
that is rely on the marshalling sequence of the liquid crystal molecules. This pitch!(p shown
in Fig. 3.3.3-1) of a liquid crystal determines the wavelength of light which is reflected
(Bragg Reflection). A pitch can be modified through the dopant concentration, a shift of
wavelength from 370nm to 680 nm is reported(Mur, 2016). The liquid crystal droplet will
confine the liquid crystal molecules in spherical, which can generate certain lasing
mode(Humar & Musevic, 2010). The configuration of the liquid crystal inside the droplet can
depend on the size and the shape of the droplet, surface anchoring and applied external field.
Optical properties of liquid crystals are highly influenced by the director field. Different
configuration of director field in spherical crystal droplet include bipolar, radial, toroidal, and
axial(Mur, 2016). The configuration of the liquid crystal is characterized by the polarization
microscope. Yashioka et al. reported the heat-flux-driven rotation of the cholesteric
droplets.(Yoshioka & Araoka, 2018) .The topological state of cholesteric liquid crystal
droplet include five types under the polarising microscope: cross pattern, twisted cross
pattern, U-shape pattern, figure-eight pattern, and tumbleweed-like streak pattern(Yoshioka &
Araoka, 2018). The topological diagram of cholesteric droplet are observed by polarising
microscopy Chiral nematic liquid crystal possess a variety of orientation structures so that
difference topological defects are possible due to their confined envelop(Krakhalev et al.,
2017). So, the polarization measurement is sensitive to detect the topological structure of the
liquid crystal. Liquid crystal has the significance signal of the birefringence, it is an ideal

sample to be observed on our microscope, for our Stokes polarimetric microscope can

1 The period of this variation (the distance over which a full rotation of 360 <is completed) is known as the pitch in liquid
crystal. The pitch is the p in Fig. 3.3.3.1.
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measure the full information if the polarization.

3.3.4 Nanograter

Periodical structure in mesoscopic (100nm-1pum) influences the propagation of light. Opal is
a natural meta material which can modulate the light because of its periotic structure of silica
spheres. These spheres which diameters are between 150nm to 300nm produce the internal
colour by causing the interference and diffraction of light passing through the microstructure
of the opal. The reason is the periodic change of the electrical permittivity (¢) and magnetic
permeability (i) can modulate electromagnetic wave. The electric permittivity and the

magnetic permeability of light in dielectric material and metal are very different. The electric

permittivity is a complex number & = & — i% in metal, where i represents the imaginary part,

o is the conductivity of the metal, w is the angular frequency of the electromagnetic field, € is
the real part of the electric permittivity. A damping on amplitude of vibration and a delay of
the phase usually happen when a light interacts with a metal, that is, the reasons why the
metals are not transparent. While the electric permittivity of a dielectric is a real number.
Because of the difference of electric permittivity and magnetic permeability, the Poynting
vector is kept a constant in dielectric material and no energy loss happens in the process;
however, the Poynting vector in metal is a function of propagation depth and phase and the
light is easy to produce the damping of amplitude and a delay of phase. According to the
difference, many kind of metal-dielectric metamaterials are researched (Kivshar, 2014). It can
be divided into two categories, one is SRR-based style and the other is multilayer-based style,
such as hyperbolic material(Wei et al., 2016), perfect lens(Pendry, 2000), which is a kind of
two dimensional (2D) metamaterial. SSR-based style (three dimensional meta materials) are
the U-shaped resonator (Xiong, Meng, et al., 2013). SSR-based style is a kind of antenna in
mesoscale mounted on a flat metal film periodically, Xiong’s group found it can absorb and

reflect polarized light in orthogonal directions (Xiong, Hu, Peng, Wang, & Jiang, 2013). The
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reason for that is U-shaped resonator can produce induce local current which generates a
magnetic dipole. The oscillating electric current radiates an electromagnetic wave. The
absorption happens when the phase of the reflected light is opposite to that of the radiated
electromagnetic wave. Meanwhile, the absorption happens when light polarized direction

parallel to the surface of the U-shape structure, shown in Fig. 3.3.4.1b.
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Figure 3.3.4.1 The surface current loop response to different electric field

Based U-shaped structure, another kind of Vertical U-shape split ring resonators (nanograter)
are fabricated (Cui et al., 2015). Nanograter is a kind of three dimensions (3D) metamaterials
( MMs ) developed by focused ion beam(Z. Liu et al., 2016). Nanograter is similar to the
splitting ring resonance (SRR) but in three dimensions. SRR is becoming a research focus
recently because of its novel modulation to the propagation of the light, such as
electromagnetic invisibility, negative refraction, super resolution. A selectively absorption to
polarized light is existed in the SRR metamaterials. A relation between absorption ratio and
wavelength is characterized by an absorption spectrometer. The prediction of metamaterial
begins in 1968 by Veselago (Veselago, 1968). From the negative electric permittivity are
existed in meta material proved by John Pendry (Pendry, 2000), many kinds of meta
materials are designed in recent twenty years. The style can be divided into three categories
(Kivshar, 2014): they are nonlinear arrays of magnetic meta-atoms SRR (Kivshar, 2014),

wire metamaterials (finish net structures) (Valentine et al., 2008) and metal-dielectric layered
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materials(Chebykin, Orlov, Simovski, Kivshar, & Belov, 2012). A series of new optical
properties, such as negative index, super-resolution, and invisibility stimulate scientist

interests to manipulate the light.

In this thesis, the nanograter is measured by our Stokes polarimetric microscope. The vector
field of the light manipulated by the nanograter is shown here. The electrical field around the

nanograter is also measured.

3.4 The aim of the research

Polarization is a vector information; so, the polarimetry microscope is powerful to measure
the vector field of the electromagnetic wave near to the sample. The mapping polarization
image can be measured through our polarimetry microscope, such as Stokes parameters,
elliptical angle, depolarization, and azimuth angle. The Mueller matrix of a sample can be
deduced with the Stokes parameters of a polarization before and after interacted with the

sample.

There is a common thing among the micropipe, pinhole, and the liquid crystal droplet, that is
a round boundary existed in their structures. Comparing the vector field of the three structure
helps to understand the effects produced by the round boundary restrictions to the

polarization.

A pinhole is the simplest scattering system. Although its diffraction has been researched in
theory and experiment, the research of the pinhole through the Stokes polarimetric
microscope can provide the information of the vector field diffraction which is rarely be
reported. It helps to complete the theory of the tiny hole diffraction in near vector field. The
purpose of the work on pinhole has two folds — 1) illustration that the local polarization

states, hence the complex field vector (assuming a plane wave, normal incidence) may be
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experimentally determined. 2) a comparison of ‘out of focus’ characteristics between the

intensity image and the polarimetric images.

The findings are shows below:

1) we can measure them quite well in the vicinity up to tens of microns away from the

pinhole and broadly in line with what are known in literatures.

2) the ‘decay’ in the signals are comparable and hence the ‘depth of focus’ would be

expected in a similar manner.

The investigation on the effect of defects (micropipes) on the local strains, hence the optical
anisotropy contains two parts: The first is trying to obtain the information on the Mueller
matrix of the samples (birefringence, dichroism, and depolarization of the sample), assuming
the samples are homogeneous over the measurement area; the effort is a partial success as the
variation of strain on a local scale has been found to be a major obstacle for obtaining
consistent results. The second part of the study is to address the local variation of optical
anisotropy using the recently developed Optimum microscope, which has been met with

better success.

The liquid crystal is sensitive to the polarization due to its anisotropy in shape and alignment.
A birefringence is existed in liquid crystal. The liquid crystal droplet is a sphere. The inner
structure of a liquid crystal droplet can be detected with the Stokes polarimetry microscope.

Four type of liquid crystal droplet are researched in this thesis.

Due to a kind of nonlinear metamaterial (nanograter) is response to electrical field along two
orthogonal direction (the azimuth angle of polarization) in different way; the research using
the polarimetry microscope to measure the polarization information around the nanograter is

interesting and important.
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3.5 Summary

This chapter introduce the literature review of the Stokes polarimetry and the Stokes
polarimetric microscope. The Stokes polarimetric microscope can provide a vector
information image to research the anisotropy structure with a birefringence. Also, the
research background of the four material systems, micropipe, pinhole, liquid crystal and
nanograter, are introduced to characterize the microscope respectively. The Stokes
polarimetry signal is strong in micropipe, liquid crystal and nanograter. The pinhole is

researched to prove that the signal detected by the microscope is near to the focus plane.
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Chapter 4  Stokes polarimetry

4.1 Introduction

Stokes polarimetry is a method to measure the Stokes parameters. The set-up of the optical
parts of the Stokes polarimeter includes two photo elastic modulators (PEM), one analyser,
and one detector. As a part of Stokes parameter measurement, calibration is the crux. A
calibration process is needed before the measurement of the Stokes parameters. The
calibration of circular polarization is important for the Stokes parameter V which relates to
the birefringence directly; also, the accurate measurement of the Stokes parameters Q, U, and
V, is the prerequisite to obtain a depolarization accurately. Based on the importance of
measuring the Stokes parameter V, calibration method is improved in this thesis. The
improvement of calibration includes the circular polarization calibration, quick data
acquirement, and data analysis. Till now, the quickest speed of doing the calibration is two
hours measurement and two hours calculation. In my experiment, I find the calibration
parameter, especially the Stokes parameter V, is sensitive to the room temperature and the

wave front of the light source.

Also, the principle of the dual Stokes polarimetry deduced from the theory is stated. Every
optical element is treated as a Mueller matrix. The PEM is treated as a retarder with a

birefringence.

4.2 The PEM

Photo elastic modulator ( PEM ) is a light modulated device made of fused quartz which is
vibrated in a frequency of ultrasonic wave to produce a standing wave in a quartz
crystal(“Photoelastic Modulation Principles of Operation - Hinds Instruments,” ). A PEM

includes a controller, an optical head and an electronic head (“Photoelastic Modulation
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Principles of Operation - Hinds Instruments,”). The electronic head generates a highly precise

sinusoidal function for the optical head. The optical head is an octagonal fused silica (a half
wave resonant bar) bonded to two quartz piezoelectric transducers, which are driven by the
electronic circuit and vibrate at a fixed frequency to compress and stretch the bar. The
frequency of the transducer is tuned to the natural frequency of the bar. This resonance
modulation results in highly sensitive polarization measurements. The fundamental vibration
of the silica is along its longest dimension. The frequency of the photo elastic modulator head
is a constant (In our experiment, two photo elastic modulators with frequency of 47 kHz and
42 kHz are adopted.). Practically, a standing wave produced by the resonance in quartz
crystal, producing an anisotropy of density in fused quartz, means the velocity of the light
propagation is different in different direction, because the velocity of a light is a function of

the density.

“The PEM produces an oscillating signal at a special frequency to modulate the modulus of
the intensity; and afterwards, the amplitude of the oscillating signal is monitored by a lock-in
amplifier.” (Guan, Cook, Jones, & Shen, 2010). On account of its high sensitivity, wide
spectral range and high precision phase modulation, the PEM has figured prominently in a
wide range of physical measurements (Liu, 2005) . Based on a series of calculation and
analysis of the signal at different oscillation frequency, the detection of the Stokes parameters

is realized.

4.3 Methodology of Stokes polarimetry
The photo elastic modulators manufactured by HINDS. The advantage of dual PEM
polarimetry is all four Stokes parameters are measured simultaneously, thus the polarization

state of light is completely characterized.
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4.3.1 The configuration of experiment

The configuration of dual polarimetric setup is shown in Fig. 4.3.1.1. To acquire a stable
representation of the measurement, the Sample rotation stage and the quarter waveplate next
to the sample rotation stage are mounted separately. The part of the laser source includes
Polarizer, slit quarter waveplate and laser are mounted together on a stage. The other part of
the Polarimeter include a photo diode, analyzer, PEM1, and PEM2 are mounted together as a
whole thing. We can get circular polarization when we put in a quarter waveplate and set a

special angle. We can get a linear polarization when we remove the quarter waveplate.

During our experiment, the sample stage is adjusted to make the surface of the sample
perpendicular to the direction of the light propagation. And the sample rotation stage can

rotate to adjust the optical axis of the sample.

Figure 4.3.1.2 shows the configuration of the optical axis of PEM1, PEM2, and analyzer in
laboratory coordinates: o is the angle between PEM1 and laboratory coordinates; {3 is the
angle of the optical axis of analyzer in laboratory coordinate; the optical axis of PEM?2 is

along the x-axis of laboratory coordinate in the Stokes polarimetry system(Guan et al., 2010).

The final intensity detected by the photo diode is transferred into a potential signal by a
photo diode before sending into a pre-amplifier. The potential signal multiplied by pre-
amplifier includes two parts, DC signal and AC signal. DC signal is monitored by an
electrometer, while AC signal is tuned by lock-in amplifiers to produce harmonic

signal(Guan et al., 2010).
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Figure 4.3.1.1 The configuration of the experimental set up

YA PEM1

Analyser

= DEM?2
X

Figure 4.3.1.2 the angle of the optical axis of optics referenced to the laboratory
coordinate(Guan et al., 2010).

Then the intensity signal of modulated signal is decomposed into four parts Spc, Sq, Su, and

Sv, which are tested by one voltmeter and three lock-in amplifiers.

The meter readings acquired by the electrometer and lock-in amplifiers are transferred into a

computer. The GPIB socket (IEEE488.2) is used to connect the instrument and computer. The
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meter reading of the four equipment is transferred into the computer through a controlling

program written on LabVIEW.

Based on the formula (B.1.1.1), the Mueller Matrices of PEM1, PEM2 used in the experiment

are shown as matrices M1, M», and respectively in below.

M,
1 0 0
/0 cos(4a) sin? (62 ) + cos (821) sin(4a)sin? (%) —51n(2a)sm(81)\\
_ i 5 5 5 i (43.1.1)
0 sin(4a) sin? (?1) — cos(4a) sin? (71) + cos? (?1) cos(2a)sin(8;)
\0 sin(2a) sin(8;) —cos(2a) sin(6;) cos(64) /
1 0 0 0
0 1 0 0
M, = 0 0 cos(6,) sin(6,) (4.3.1.2)
0 0 —sin(8,) cos(8,)

According to the Mueller matrix of a linear polarizer(Huard, 1997), the Mueller Matrix of the

analyzer in the experimental set up is described through matrix M3,

1 cos(2PB) sin(2p3)
M, _ 1 cos(2B) cos?(2B) cos(2PB)sin(2pB)

2\ sin(2B) cos(2B)sin(2PB) sin?(2p) (4.3.1.3)
0 0 0

S O OO

Here, §; = 8;,sin(Q4t) is the retardation of phase produced by PEM1, §;, is the amplitude
of the retardation of PEM1 and (), is the modulating frequency of PEMI1. 8, = §,,sin({,t)
is the retardation of phase produced by the PEM2, 6§, is the amplitude of the retardation of

PEM2 and Q, is the modulating frequency of PEM?2.

The polarization states before and after the Stokes polarimeter are represented as
I Q@ U V)Tand(I' Q U V"), respectively. The effect of dual Stokes polarimetry

on a polarization can be described as a product of the three Mueller matrices, the following
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relationship was obtained:

I I
Q Q
U, == M3M2M1 U (4’314)
\'A \'%

Equation (4.3.1.4) is used to describe the effect of the dual PEM Stokes polarimeters to the

light going through it.

Multiplying out equation 4.3.1.4, the total intensity can be measured by the photo detector
collected and enlarged with a preamplifier. Using the standard expansions of Bessel
Functions shown in equation 4.3.1.5 and 4.3.1.6, a Fourier transformation to make the signal

to be measured by the lock-in amplifier and ammeter in laboratory, shown in 4.3.1.7.

sin(§;) = sin[§;, sin(Q;t)]

= 2]1(8i0) sin(Qit) + 2J3(80) sin(21) + 2J5(6;0) sin(4Qit) + -+

—2 z Jans1 (810 sin((2n + D4t (43.1.5)
n=0

cos(6;) = cos[;psin(Q;t)]
= Jo(8i0) sin(Qit) + 2];(8;) sin(2Q;t) + 2]4(8;0) sin(4Q;t) + -

= Jo(850) sin(Qy©) + 2 Z Jon (810) cos(2n0;t) (4.3.1.6)
n=1

Here, 1 =1 and 2 indicate the index for PEM1 and PEM2.
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I' = 1I + %QCOSZ(ZO() cos(2PB) + %Usin(éla) cos(2PB)

2

+

% Qsin?(2a) cos(2PB) — %Usin(é}a) cos(2 B)] Jo(810)

% Qsin(4a) sin(2B) + %Usin2 2w) sin(ZB)] Jo(820)

4 Qsin(4c) sin(2) — 5 Ucos2(260 sin(28)] o (510 520)

— Vsin(2a) cos(2p)]1(81p) sin(Q,t)

+ Vecos(2a) sin(2P)];(810)]0(620) sin(Q4t) -

+

_Qsinz(Za) cos(2PB) — %Usin(4a) cos(ZB)] J,(810) cos(2Q,t)
% Qsin(4a) sin(2B) + Usin?(2a) sin(ZB)] J5(8,0) cos(2Q,t)

% Qsin(4a) sin(2B) — Ucos?(2a) sin(ZB)] J2(810)]0(850) cos(Qt)

2 Qsin(4c) sin(2B) — Ucos?(20) sin(2B)| o (510)12(620) cos(020)

+ [Qsin(2a) sin(2B) — Ucos(2a) sin(2B)]]1(810)]1(620) cos(2; + Q,) t

+ [Qsin(2a) sin(2B) — Ucos(2a) sin(2B)]]1(810)]1(820) cos(Q; — Q) t

+ Vsin(2PB) J2(810)]1(820) sin(2Q; + Q) t

+ Vsin(2PB) J2(810)]1(820) sin(2Q; — Q) t

+ Vcos(2a) sin(2B)]1(810)]2(820) sin(2Q, + Q)

— Veos(2a) sin(2B)]1(810)]2(820) sin(2Q, — Q1)

......... (4.3.1.7)

According to (4.3.1.7), the intensity of the light is decomposed into four signals: one direct

current signal and three alternating current signals based on the frequencies ; 2Q4; and

200,
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For easier analysis, we put 619 = 8,9 = 277r (0.3831) = 2.4808rad, because at this point,
Jo(810) = Jo(820) = 0, which make the formula simpler.

To simplify this equation, we use some constant to represent the coefficient in equation

4.3.1.7. Then the formula 4.3.1.8 is obtained:

I' =Kk I+ k,Q+ kU — kgVsin(Q;t) + [k,Q — ks U] cos(2Q4t) + [keQ + k; U] cos(2Q,t)

+ [Qsin(20a) sin(2B) — Ucos(2a) sin(2B)]]1(810)]1(820) cos(Qy + Q) t

+ [Qsin(2a) sin(2B) — Ucos(2a) sin(2B)]]1(610)]1(820) cos(Qy — Q) t

+ Vsin(2B) J2(610)]1(820) sin(2Q; + Q,) t

+ Vsin(2B) J2(810)]1(820) sin(2Q; — Q) t

+ Veos(2a) sin(2B)]1(810)]2(820) sin(2Q; + Q1)

— Vcos(2a) sin(2B)];(610)]2(820) sin(2Q, — Q) + - (4.3.1.8)
The relationship of equation (4.3.1.9) is obtained if the higher order items of equation 4.3.1.8

can be neglected.

II = kll + sz + k3U - kgv Sin(Qlt)
+[k,Q — ksU] cos(2Q4t) + [kgQ + kU] cos(2Q,t)  (4.3.1.9)

The four independent relationships established through picking up those terms. The
relationship between the signals and the Stokes parameters is determined. Four signals are
direct current l4c, harmonic signals associated with Q4 , 20, , 2Q,respectively. Then, the
signals got by photodiode are distinguished into four parts. The I, Q, U and V are acquired

through the four signals.

In practice, the theoretical signal is not equal to the actual signals detected by the detector,
according to the experiment. So, the relationship between theoretical signal and actual signal

1s as shown below:

lac = CdcSder
Iqui = Cqu1Squ1s
Iquz = cqu2Squ2,
Iy = ¢cySy,

(4.3.1.10)

Then we can establish the relation between actual signal and Stokes parameter(Guan et al.,
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2010):

/ Sdc g 82 8 0\ /I I

S 0

Qui | _( 0 8+ 8 Ql _ .[Q

\Squz =lo g g o0/lu]=Cvu (43.1.11)
Sy 0 0 0 gg/ \V \Y

The matrix G can be obtained through the process of calibration. Then we can get the Stokes

parameters through the straightforward inversion of G, which is matrix K shown below.

I kl kz k3 O SdC SdC
Q 0 k, ks 0 |[Squ1 Squ1

=K 4.3.1.12
0] 0 kg k, 0 || Squz Squz ( )
\Y 0 0 0 kg Sy Sy

When we choose the configuration of a = 45°, 3 = 22.5°, k, = k3 = ks = kg = 0, the

matrix G is diagonalized. then the equation (4.3.1.9) can be simplified as follows:

I'= %I — V?]l(filo) sin(Q;t) + lez (810) cos(2Q4t) + Ug]z(Szo) cos(2Q,t)
QU2 (51001 Ban) c05(0s + )t QL1181 () cos( — 1)
+ V?]z(&o)h@zo) sin(2Q; + Q) t
+ V?]z(sw)h((szo) sin(2Q; — Q) t+ -+ (43.1.13)

The matrix K is diagonalized when the higher order item in 4.3.1.12 was neglected.

By measurement of the DC signal, first harmonic signal of PEM1, the second harmonic
signal of PEM1, and the second harmonic signal of PEM2, the Stokes parameters I (DC), V
(1), Q (222;) and U (2Q,) can be deduced respectively from these measurements. I’
expansion has many terms containing I, Q, U, and V. By measuring the DC component, all ac

signals averaged over a period. The signals with frequencies Q,, 2Q4, 2Q, (related with the
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V, Q, and U, respectively), are selected by three lock-in amplifiers. The four relationships
(relationships between the experiment signal and the Stokes parameters) is established. We

calculated matrix K through the nonlinear-regression method, which is called calibration.

4.4 The method of acquire six special polarization
The configuration of the experiment on the bench is shown in Fig. 4.3.1.1. The method of

acquiring six special polarization is shown here.

To measure the Mueller matrix of a sample, six special polarization is needed. The detail is in
Appendix B. Linear polarization is easy to acquire through the rotation of the polarizer: set
the fast axis at 0°, 45°, 90°, and 135°. The acquisition of the circular polarization follows the

steps below.

1. We cross the polarizer with respect to the analyzer to acquire an extinction; and mark
the angle of the polarizer to be 0° (reference coordinate).

2. Insert the quarter waveplate between the polarizer and analyzer to get an extinction.

3. Note the angle of the quarter waveplate A and remove the quarter waveplate.

4. When we need the circular polarization, just put the retarder in and set the angle of
quarter wave plate to be A+45° (clockwise rotate polarizer 45°) and A-45°
(anticlockwise rotate polarizer 45°) to acquire a right handed circular polarization and

left handed circular polarization respectively.

4.5 Calibration

4.5.1 Experiment of calibration

Normally, the DC signal and amplitude of harmonic signal are chosen by the lock-in
amplifier. Another way to acquire the DC signal and amplitude of harmonic signal is the

equivalent algorithm timing unit. In the system using the equivalent algorithm, two methods
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are used to acquire the four signals: one is the twelve channels method; and another is the six

channels method. The two method are going to be explained in chapter 5.

The calibration is determined after aligning the optical parts and the electronic part of the
Stokes polarimetry. The retardation is the parameter on the PEM setting. All the parameters

of the equipment should not change after the calibration.

The values of Bessel function at special retardation point 2.405 rad and 3.053 rad are shown

in Table 4.5.1.1.

Table 4.5.1.1 The values of Bessel function at 2.405 rad and 3.0536rad

retardation Jo I P I3 Ja Js Je J7
2.405 rad 0 0.5191 | 0.4318 | 0.199 | 0.0648 | 0.0164 | 0.0034 | 0.0006

3.053rad | -0.278 | 0.3188 | 0.4835 | 0.3185 | 0.1392 | 0.0463 | 0.0125 | 0.0029

In our experiment, the retardation chosen is 0.4864, when the §;9 = 8, = 277{ (0.4864) =

3.0536 rad. The value of Bessel function shows in table 4.5.1.1. Under the configuration of

a = 45° and B = 22.5°, the intensity is represented as

1 1 1
=21+ [5Qc0s2B) | o (810) + |5 Usin@B)[10(820) = V cos 2B}y (8,0 sin(@,0) -

2
+ [Qcos(2B)]]2(810) cos(2Q4) + [U]J2(820) cos(2Q,1t)
+ [Qsin(2B)]]1(810)]1(820) cos(y + Q) t
+[Qsin(2B)]]1(810)]1(820) cos(y — Q) t
+ Vsin(2B) J,(810)]1(820) sin(2Q; + Q) t

+ Vsin(2PB) J5(810)]1(820) sin(2Q; — Q,) t (4.5.1.1)

A calibration process is used to establish the relationship (Matrix K in equation 4.3.1.12)

between the collected signals and the Stokes parameters. The calibration of the dual-PEM
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polarimeter was done after the alignment of the optical components. The DC signal is
collected through a picometer; the signal of Q and U are obtained through the double
frequency oscillation of the PEM1 and PEM2; the signal of V is acquired through the
fundamental frequency of PEM1. The orientation angle of polarization changed through
rotation of the polarizer and the retarder, the S, Sq, Su, and Sv are recorded through the
computer. During the configuration of @ = 45°, f = 22.5°, the matrix k is diagonalized and
the parameters k4, k6, k7 are acquired by the four states calibration method(Guan, 2007).
Based on the solver function in Excel, a nonlinear calibration method(Cook, 2010), which is

more accurate and not rely on the diagonalized matrix, was adopted in the experiment.

The frequency of PEM 1 is 47.065 kHz and the frequency of PEM 2 is 42.055 kHz. The input
reference frequencies of the three lock-in amplifiers are 94.12 kHz (2F), 84.11 kHz (2F), and

47.07 kHz (F) in the experiment.

The experimental set up of calibration for dual-PEM Stokes polarimetry microscope is shown
on Fig. 4.5.1.1. Every optics settled parallel with the jigsaw washers, shown in Fig.4.5.1.1.
The thickness of washers is 1mm, 2mm, Smm, 10mm, 20mm, and 50mm. The washes are
combing used together to acquire different distance between the two optics. A parallel light is
acquired through adjust the distance between the lens on the light source. A filter is mounted
to increase the monochromaticity of the light. A scotch tape is settled to increase the
homogeneity of the light. A linear polarization is acquired through a polarizer. A circular
polarization is obtained when the optical axis of a linear polarizer cross with the optical axis
of the retarder (quarter waveplate). A Stokes polarimeter is sited under the sample stage. The

intensity at every pixel obtained by a camera is sent into a computer.
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Figure 4.5.1.1 Experimental set-up for calibration of the system

A linear polarized light in different angle is used to do the calibration. To acquire k8, a
quarter wave plate for 670 nm is mounted between the polarizer and the PEM1 to acquire an

elliptical polarization.
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4.5.2 Data analysis method of calibration

4.5.2.1 Nonlinear regression

In practice, it’s not easy to make sure the setting angles of PEMs and the analyzer are
accurate; and a more accurate non-linear calibration method is adopted(Cook, 2010). In the
non-linear calibration process, many polarizations are measured to acquire more data point
that make the regression more reliable. Linear polarizer at different orientation angles are
used after the laser has been tuned into a circular polarization through a quarter wave plate
(retarder). The purpose of this process is to make sure the intensity of the polarization at
different orientation angles is uniform and grade of polarization is a few parts permillage. In
this case, the passing axis of the polarizer sited after a circular polarizer (quarter wave plate)
is rotated. The angle between the passing axis of the polarizer and the fast axis of the PEM2
(x-axis of the laboratory coordinate) is noted as 0:. The angle of polarizer 0 is varied from 0°
to 180° in incremental angle of 10°. An elliptical polarization is obtained through putting a
quarter wave plate between polarizer and PEM1. The matrix K can be got through a random
number fitting method, executed by computer iteration on solver on the Excel software, to

make sure the limo = I2 — Q% — U2 — V? = 0, here 1 is the cycle index. Four error values
T

should be close to zero when the constants are correctly fitted, they are as follows(Cook,

2010):
e = y1(If - I;i)z = V1I§pi (4.5.2.1)
12 gy
€2i )’2(1_; —-1)? = 1ITp_L (4.5.2.2)
pi pi
Qi Uup .
€3 = V3 (I—f — c0s(26,))? + v3 (I—f — sin(26,))? (4.5.2.3)
l l

52



,fUi2+Qi2

V.
€ai = Va( I_l| — |sin(2(6; = p)))? + va( I.
i L
— |cos(2(8; — p))])? (4.5.2.4)

Here y4, ¥2, VY3, V4 are scaling factors, p is the angle between the fast axis of quarter
waveplate and the x-axis of laboratory coordinate. To make sure the calibration parameters
converge to the same value in different initial value. In Cook’s thesis(Cook, 2010), the
influence of initial value of y;, y,,¥3, s discussed and the value of y;, 5, V3 is chosen to
make sure the convergence of the regression. In my experiment, y; = y, = y3 = 1. The
convergence of &,4; can be very well and not influenced by the intial parameter of the K
matrix when the equipment is in good alignment. &,; is based on the wavelength of the
retarder match the wavelength of the light, because the circular polarization is only available

in this situation.
In the iteration process, we should keep &iotal near to 0, wotal is shown below:

Erotal = E1¢ t Ear T €3¢ = N1 &1 T X101 &2 T Xing €31 + DI €4y (4.5.2.6)

Here, m is the number of polarizations adopted in the calibration process.

Matrix K shown in equation (4.3.1.12) is obtained through the process of calibration.

Both the calibration, on the optical bench system measured with the lock-in amplifier and that
on the microscope measured with the equivalent algorithm, use the non-linear regression

method.

4.5.3 Elliptical polarization

The calibration experiment is used to establish the relationship between actual signals and

Stokes parameters. A proper alignment is the basement of the right calibration parameters.
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The process of alignment is shown in Appendix A.1. The configuration of the calibration is
shown in Fig. 4.5.1.1. A linear calibration and circular calibration are done separately. The
retarder (waveplate) is installed between the polarizer and PEM1, in the process of doing the
elliptical calibration. The linear polarization calibration has been stated in Cook’s
thesis(Cook, 2010); I state the elliptical polarization calibration here for an accurate

measurement of Stokes parameter V.

It is a bit complex to acquire a circular polarization, the circular polarization is got when the
angle between the axis of the polarizer and retarder equals 45°. In the calibration experiment,
there are two ways to acquire the elliptical polarization: one is fixing the retarder and rotating

the polarizer; and the other is fixing the polarizer and rotating the retarder.

In our experiment, a linear polarizer and a quarter waveplate are used to acquire a circular
polarization. According to the Appendix B in (Kliger, Lewis, & Randall, 1990), the Mueller

Matrix of a quarter wave plate is shown in formula (4.5.3.1)

0 cos?(2p) sin(2p) cos(2p) —sin(2p)
Mgw = 0 sin(2p) cos(2p) sin?(2p) cos(2p) (4.5.3.1)
0 sin(2p) —cos(2p) 0

where, the p representes the angle of the optical axis with the x-axis of the laboratory
coordinate.

The Stokes parameter vector of a linear polarization after a polarizer, whose optical axis is
aligned at an angle 6 reference to the laboratory coordinate, is represented as a vector

(1 cos28 sin260 0)T. When the linear polarization light comes through a quarter
waveplate whose optical axis represented as an angle of p reference to the laboratory

coordinate, the Stokes parameter vector represented as S,
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1 1 0 0 0 1

¢ —m [cos20|_ [0  cos®(2p)  sin(2p)cos(2p) —sin(2p) | [ cos26

" W\ sin20 | | 0 sin(2p) cos(2p) sin?(2p) cos(2p) sin26
0 0 sin(2p) —cos(2p) 0 0

1
cos(2p)cos(2p — 26)
sin(2p)cos(2p — 20)

sin(2p — 20)

(4.5.3.2)

Consider two situations: fix the retarder and rotate the polarizer; and fix the polarizer and

rotate the retarder. These are designated case 1 and 2, respectively.

Figure 4.5.3.1 The trace of the end of the Stokes vector in 3D graphic, when rotate the
polarizer from 0° to 180° at retarder angle p = 65°
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Case 1: keep the retarder fixed and rotate the polarizer: p = const; and 8 = (0° — 180°).
the trace of the end of the Stokes vector on Poincaré sphere is a big circle on Poincaré sphere,

shown in Fig. 4.5.3.1, which across the south point and the north point of Poincaré sphere.

We discuss the simplest four configurations shown below:

1
cos(26)
0
—sin(26)

1

1. When p = 0° then §, =

0
sin(20)
cos(26)

1
0
cos(26)
—sin(20)
1
cos(20)
0
sin(26)

The trace of the polarization after the retarder in case 1 is shown in Fig. 4.5.3.2.

2. When p = 45°, then §,. =

3. When p = 135° then S, =

4. When p =90°, then §, =
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Figure 4.5.3.2 the trace of the end of the Stokes vector on Poincaré sphere, when rotate the
polarizer from 0° to 180° , at different retarder angles: (a) p = 0°; (b) p = 45°; (¢) p = 90°;
(d) p = 135°

Case 2: keep the polarizer fixed and rotate the retarder: & = const; and p = (0° — 180°).
The trace of the end of the Stokes vector on Poincaré sphere is a special curve on Poincaré

sphere, shown in Fig.4.5.3.3, which across the south point, the north point, and the equator on

Poincaré sphere.
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Figure 4.5.3.3 the 3D image of the trace of the end point of the Stokes vectors on Poincaré
sphere when changing the retarder angle from 0° to 180° when the polarizer angle is 45°.

We discuss the simplest four configurations shown below:

1
cos(2p)cos(2p)
sin(2p)cos(2p)

sin(2p)
1

1. When 8 = 0°, then §,. =

cos(2p)cos(2p)
sin(2p)cos(2p)
—sin(2p)
1

2. When 6 = 45°, then S,. =

cos(2p)cos(2p)
sin(2p)cos(2p)
sin(2p)

3. When 6 = 90°, then S, =
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1
—cos(2p)cos(2p)
—sin(2p)cos(2p)

sin(2p)

The trace of the end of the Stokes vector of the polarization after the retarder in case 2 is

4. When 6 = 135°, then §,. =

shown in Fig. 4.5.3.4.

Figure 4.5.3.4 The trace of the end of the Stokes vector on Poincére sphere, when rotate the

retarder from 0° to 180° , at different retarder angles: (a) 8 = 0°; (b) 8 = 45°; (c) 8 = 90°;
(d) 6 = 135°

In summary, the method used to attain the elliptical polarization in the two case is different.
The trace of the end of the Stokes vector on Poincaré sphere is also different. The two

methods are identical to the calibration but deduced different curves. In our experiment, the

59



test is done when p = 65° and 8 = 45°; the trace of the polarization in 3D Poincaré sphere

after the retarder is shown in Fig. 4.4-2 and Fig. 4.4-4, respectively.

4.5.4 Calibration result

45.4.1 Weight factor in the calibration
According to the equation 4.5.2.2 to equation 4.5.2.4, the weight factor of calculation of the

fourth error y,, is discussed in this section. In the calibration process of elliptical polarization,
keeping the angle of retarder p to be a constant ( p = 65° ) and rotating the polarizer, &4 1s
considered in the calibration. Table 4.5.4.1 shows calibration parameter of the LED source
using 6 channel method with different weight factor of y,. From table 4.5.4.1,y, isnot a
dominant parameter in the process of calibration; so, in most calibration, we set y, to be zero

and ignore it.

Table 4.5.4.1 The calibration parameter of the LED source with 6 channel (S3, S4, S5, S6,
S11, and S12) method: the comparison on the differential ratio of y, , Y1 =y, =y3 =1

Va 0 1 0.1
ky 1 1 1
k, 0.33362878 0.33363727 0.33362991
ks ~6.4664483 -6.4669231 -6.4664968
ke 2.3841937 2.38263873 2.3840346
ks 347867617 3.44020227 3.47484097
ke -0.581882 -0.5876728 -0.5824586
k; 13.3599652 13.3437633 13.3583404
ke 1.75606593 1.75661201 1.75612785
&1 0.03683115 0.0368312 0.03682664
Ear 0.28895661 0.28989602 0.28901579
£3¢ 1.72E-02 1.68E-02 1.72E-02
P — 5.45E+00 5.45E-01
Erotal 0.34303393 5.79611419 0.88838696

4.5.4.2 The effect of temperature on the measurement of Stokes parameters
PEM is sensitive to the temperature. The normalized Stokes parameter V under the same

sequence of the variation of the temperature. The variation of the room temperature is about
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2°C over 24 hours; so, keeping the stable of the room temperature is important. The variation
of the temperature may produce an error on the measurement of the Stokes polarimeters. To
clarify the influence of the temperature on the Stokes parameter measurement, calibration

under different temperature is done in the system of the Stokes polarimetric microscope.

The calibration parameters under five different room temperatures, shown in Table 4.5.4.2
and Table 4.5.4.3 are measured to find a suitable temperature regime of doing the experiment.
From table 4.5.4.2 and table 4.5.4.3, the calibration parameter is stable between 22.1°C and
22.6°C.

Table 4.5.4.2 Calibration parameters at different temperatures, the elliptical polarization is
acquired under the retarder at 65°

Temperature | 21.3 21.5 21.8 22.1 22.6 23

(°C)
ky 1 1 1 1 1 1
k, 0.825295 | 0.818964 | 0.793202 | 0.806342 | 0.807120 | 0.816797
ks -0.429385 | -0.434175 | -0.433474 | -0.436373 | -0.436121 | -0.446456
ky 2.089706 | 2.099021 | 2.097920 | 2.145031 | 2.149179 | 2.197265
ks -0.449445 | -0.451311 | -0.440221 | -0.463483 | -0.454554 | -0.474884
ke 0.273516 | 0.279134 | 0.277612 | 0.282740 | 0.285535 | 0.284613
k, 3.723577 | 3.738653 | 3.756446 | 3.807487 | 3.811786 | 3.871728
ke 3.765930 | 3.691535 |3.090881 | 2.982916 | 2.953434 | 2.826086
£1¢ 0.015741 | 0.034330 | 0.015382 | 0.032401 | 0.049497 | 0.069008
€t 0.003128 | 0.006265 | 0.002865 | 0.005177 | 0.007432 | 0.007252
£3¢ 0.000614 | 4.98E-04 | 4.48E-04 | 1.04E-03 | 7.81E-04 | 1.12E-03

Eroral 0.019482 | 0.0410 0.0187 0.0386 0.05771 | 0.07738

In theory, the situation of the calibration and the measurement should be exactly the same to
keep the accuracy of the measurement. In practice, the set-up of the calibration and the
measurement is different. Of course, the calibration and the measurement can’t be done at the
same time. The variation of the environment temperature influences the accuracy of the
measurement. It’s very important to keep the temperature in a small variation range. Using
the calibration parameter of one temperature to calculate the Stokes parameters measured at

different temperature can help to find a reliable temperature range of the measurement.
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Table 4.5.4.3 calibration parameters at different temperatures, the elliptical polarization is
acquired under the polarizer at 45°

Temperature 21.3 21.5 21.8 22.1 22.6 23

(°C)
k, 1 1 1 1 1 1
k., 0.820240 | 0.818741 | 0.795740 | 0.806907 | 0.806141 | 0.816514
ks -0.42663 -0.42148 -0.42953 -0.44801 -0.44689 -0.44404
ky 2.089499 | 2.098183 | 2.097910 | 2.142456 | 2.145591 | 2.196268
ke -0.44643 -0.46012 -0.44738 -0.46579 -0.45868 -0.46323
ke 0.275279 | 0.274966 | 0.273749 | 0.282557 | 0.284859 | 0.289715
k, 3.727160 | 3.743279 | 3.752759 | 3.823937 | 3.835210 | 3.862457
ke 3.633819 | 3.774747 | 3.060242 2.968449 | 2.900989 | 2.832062
&1t 0.066309 | 0.019679 | 0.029634 | 0.059362 | 0.085347 | 0.072348
Ext 0.012468 | 0.003932 | 0.005272 | 0.007406 | 0.009831 | 0.008433
&3¢ 5.86E-04 5.98E-04 4.89E-04 1.08E-03 9.28E-04 9.92E-04

Erotal 0.079364 | 0.024209 | 0.035395 | 0.067846 | 0.096106 | 0.081773

Figure 4.5.4.1 shows the Stokes Parameters tested at different temperatures using the same
calibration parameters tested at 22.6°C. The Stokes parameter V is strongly influenced by the
test temperature: 21% of decrease under the temperature decrease of 1°C; 4% of increase with
the temperature increase of 0.4°C. A stable test temperature range shown by the experiment is

from 22.1°C to 22.6°C.
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Figure 4.5.4.1 The representation of the Stokes parameters on Poincaré sphere for circular
polarization under fixed retarder angle of 65° tested at different temperature: (a)23°C,
(b)22.6°C, (¢)22.1°C, (d)21.8°C, (e)21.5°C, (f)21.3°C using the calibration parameters at 22.6
°C

However, the linear polarization is not sensitive to the variation of the temperature, shown in
Fig. 4.5.4.2. The Stokes parameter Q decreases slightly under the increase of temperature: Q
showns 1.8% of decrease under the increase of temperature of 0.4°C; Q is 3.8% of increase
under the decrease of the temperature of 1.3°C. The Stokes parameter U decrease slightly

under the increase of the temperature: U is 1.2% of decrease under the increase of

temperature of 0.4°C; U is 2.7% of increase under the decrease of the temperature of 1.3°C.
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Figure 4.5.4.2 The Stokes parameters for linear polarization tested at different temperatures:
(2)23°C, (b)22.6°C, (c)22.1°C, (d)21.8°C, (e)21.5°C, (£)21.3°C using the calibration parameters
at 22.6 °C

The variation of the Stokes parameters of an elliptical polarization acquired through rotation
of the retarder, shows on Fig. 4.5.4.3. Figure 4.5.4.3a is the 3D image. The shape of the
experimental curve is similar to the theoretical calculation shown on Fig. 4.5.3.3. From Fig.
4.5.4.3b, the Stokes parameter V decreases under the decrease of the temperature, while, the

Stokes parameter U increases under the decrease of the temperature. The Stokes parameter Q

is shifted towards the direction of -Q with the decrease of the temperature, shown in Fig.
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4.5.4.3c. The difference of the calibration temperature and the measurement temperature can
make the Stokes parameter tested does not remain on the Poincaré’s sphere; while, that move
to inside or outside the Poincaré’s sphere. Furthermore, the pure polarization may be shown

as a partially polarization because of the application of calibration parameter measured under

a not right temperature.

So, keeping the temperature stable during the experiment and using the right temperature

calibration parameter is the key for the accurate characterization.
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Figure 4.5.4.3 The Stokes parameters for circular polarization at different angle of view [ (a)
3D imagine, (b) projection image on plane of U and V, (c) projection image on plane of Q
and U] under fixed polarization angle of 45° tested at different temperatures: 23°C, 22.6°C,
22.3°C, 21.8°C, 21.5°C, 21.3°C using the calibration parameters at 22.6 °C.

Table 4.5.4.4 The maximum value of Stokes parameters U and V under different room
temperatures, using the same calibration matrix K under 22.6°C.

Temperature (°C) Umax Vimax
23 0.9875 1.01
22.6 0.98 0.98
21.3 1.02 0.77
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Table 4.5.4.5 absolute error and relative error of maximum Stokes parameters U and V at
temperature variation of 0.4 °C and 1.3°C

Temperature difference (°C) | dUmax dVmax dUmax/dT dVmax/dT
0.4 -0.0015 0.03 -0.00375 0.075
13 -0.04 0.21 -0.03077 0.161

Figure 4.5.4.4 The variation of the calibration parameters ki, ko, ks, ka, ks, k¢, k7, and kg to the
calibration temperature, under different test configurations: (a) polarizer is at 45° and (b)
retarder is at 65°

Table 4.5.4.4 shows the maximum value of Stokes parameters U and V under 21.3°C, 22.6°C,
23°C, calculated using the calibration parameter under 22.6°C. Based on this, the error of

temperature variation around 0.4°Cand 1.3°C is calculated, shown in Table 4.5.4.5. From
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Table 4.5.4.5, the room temperature variation of 0.4°C makes the error in V of 7.5%. The
measurement of linear polarized light is not as strict as that on the elliptical polarized light,

the room temperature variation on 1.3°C makes the error of 3.1% in U.

Figure 4.5.4.4a compared the calibration parameter acquired under different temperatures, at
the configuration of fixing the polarizer at 45° and rotating the retarder. The calibration
parameter kg is strongly influenced by the variation in temperature. A suitable test
temperature should lie between 22.1°C and 22.6°C. Figure 2.4-10b shows the calibration
parameters acquired under different temperatures, with the configuration of fixing the
retarder at 65° and rotating the polarizer. The variation is similar to Fig. 2.4-10a; so, the

method of acquiring the circular polarization is not influenced by the calibration parameters.

In summary, temperature is a very sensitive condition for the experiment. The variation of the
temperature can produce a relative error around 0.375% for Stokes parameter U and 7.5% for
Stokes parameter V when the variation of temperature is within 0.4°C. Larger temperature
variation produces a great error. the variation of the temperature can produce a relative error
around 3.077% for Stokes parameter U and 16.1% for Stokes parameter V when the variation
of temperature is within 1.3°C. According to the experiment, a more stable temperature range,
22.1°C to 22.6°C, is suitable to do experiment in order to avoid the error arising from the

variation of the temperature.

4.5.4.3 Current effect to the calibration matrix
The calibration parameters change very much with the drive current of the LED. Table

4.5.4.6 compares the calibration parameters tested at different drive currents of the LED.
Every calibration parameter strongly influenced by the drive current of the LED. So, it is very
important to keep the drive current of the source the same during the measurement and the

calibration process.
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Table 4.5.4.6 The comparation of the calibration parameters tested at different LED current
with 660nm filter.

drive current 104mA 104mA 400mA 400mA

670nm retarder retarder 65° polarizer 45° retarder 65° polarizer 45°

Temperature (°C) 22.3 22.3 22.3 22.3
ky 1 1 1 1
k, 0.59474312 0.59614547 0.79944091 0.80132288
ks -0.312358 -0.3101647 -0.4503723 -0.4488464
ky 1.75434194 1.75616876 2.20076337 2.19973518
ke -0.3069869 -0.3086612 -0.4661182 -0.469393
ke 0.22446946 0.22344232 0.30885216 0.30729587
k-, 2.6580261 2.65563444 3.9744122 3.97647766
kg 2.27827764 2.2983657 2.98041251 2.9824212
&1t 0.3612712 0.59046311 0.12514279 0.14374952
Eat 0.00461015 0.00773862 0.00690742 0.00782706
E3¢ 0.00134587 1.25E-03 7.96E-04 8.33E-04

Etotal 0.36722722 0.5994474 0.13284616 0.15240971

4.5.4.4 The effect of the filter wavelength on the calibration matrices
Table 4.5.4.7 shows the comparison of the influence of the filter wavelength at the same drive

current of the LED (400mA). The wavelength of the retarder is 670nm. The convergence is
better in the situation using the 670nm filter than that using 660nm filter. The 660nm filter is

used for high intensity output of the LED light source.

Table 4.5.4.7 the comparison of the calibration parameter tested with different wavelength
filter using 670nm retarder at the same drive current (400mA) of the LED

Filter chosen 660nm 660nm 670nm 670nm

Geometry retarder at 65° | polarizer at 45° | retarder at 65° | polarizer at 45°

configuration

Temperature (°C) 22.3 22.3 22.1 22.1
k, 1 1 1 1
k, 0.79944091 0.80132288 0.80634187 0.80690654
ks -0.4503723 -0.4488464 -0.4363731 -0.4480133
k, 2.20076337 2.19973518 2.14503125 2.14245597
ke -0.4661182 -0.469393 -0.4634834 -0.4657941
ke 0.30885216 0.30729587 0.2827399 0.28255678
k., 3.9744122 3.97647766 3.80748683 3.82393709
kg 2.98041251 2.9824212 2.98291605 2.96844904
€1t 0.12514279 0.14374952 0.03240131 0.05936162
&t 0.00690742 0.00782706 0.0051775 0.00740569
&3t 7.96E-04 8.33E-04 1.04E-03 1.08E-03
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Erotal ] 0.13284616 ‘ 0.15240971 0.03862103 0.06784598

The difference of wavelength of the filter produces an error shown in table 4.5.4.8. The
difference of wavelength produces an error 2.5%, 8.8%, and 4.3% to the calibration
parameter k,, k¢, and k; shown in Table 4.5.4.8. Stokes parameters Q and U are strongly
influenced by the choice of the wavelength, for Q is dependent with the k, and ks ; and U is
dependent with the kg and k,. While, the error of the calibration parameter kg is very small,
which is within 0.1% for the rotating polarizer (retarder 65°) method and 0.46% for rotation
of the retarder method (polarizer 45°). So, the wavelength chosen does not produce a big
error to the measurement of Stokes parameter V which is relevant on kg. The relative error of
k3 (3%) using rotating polarizer method is much different from that (0.2%) using rotating

retarder method, shown in Table 4.5.4.8.

Table 4.5.4.8 the relative error produced by using different filter , filter (660nm) and the filter
(670nm). The light source driving current is 400mA and retarder wavelength is 670nm.

relative error
670nm retarder retarder at 65° polarizer at 45°
source current 400mA 400mA
k, 1 1
k, -0.0085951 -0.0069439
ks 0.03157441 0.00185772
ke, 0.02564876 0.02638263
ks 0.00566866 0.00769668
ke 0.08827792 0.08388229
k, 0.04290094 0.03911089
ke -0.0008396 0.00469584

The influence of the current may be explained by the difference of the shape of wave front of
the intensity under different drive currents. The height of the pulse of the light intensity is

different, although the period is different. That makes different shape of the front of the light
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pulse. The wave front chosen by filter 660nm is different from the wave front chosen by the

filter 670nm. So, the errors shown in Table 4.5.4.8 exists. This order of the magnitude of the

error is acceptable to do the measurement. We chose 660nm filter in the situation of

increasing the intensity.

4.5.4.5 The effect of monochromaticity on the calibration matrix
The calibration parameters measured on the Stokes polarimetric microscope. The other

optical setting is same, but in the two situations: with a filter covered by a scotch tape and

without a filter covered with a scotch tape. The scotch tape can prevent the mirror reflection

from the surface of the filter. The working current of the LED light source is 400mA. The

filter increased the monochromaticity. The calibration matrix K is shown in Table 4.5.4.9.

Erotaqr 18 sSmaller in the situation with a filter than that in the situation without a filter. The

situation with a filter is the best calibration we have obtained.

Table 4.5.4.9 The calibration comparison on the Stokes polarimetric microscope between the

situation with and without a filter.

without filter with filter
polarizer 45° | retarder 65° polarizer 45° | retarder 65°
Ya=1 Ya=0 Ya=1 Ya=0
kq 1 1 1 1 1 1
k, 0.2092673 0.2074199 0.2074145 0.2122284 0.2177296 0.21772651
ks -2.20633 -2.2014794 -2.2013796 -2.3644821 -2.3724368 -2.3724427
k, 2.4977149 2.5000255 2.5003110 2.7561998 2.7548650 2.75467118
ks 0.99045711 | 0.9857056 0.9841226 1.3853479 1.3838578 1.38417161
ke -0.5419384 -0.5452004 -0.5463411 -0.8154092 -0.8167409 -0.8165331
k- 4.6296085 4.6332038 4.6356422 4.8335046 4.8389402 4.83895942
kg 1.6179447 1.6218813 1.6197493 1.6092152 1.6041688 1.60442641
€ | 0.0043165 0.0030530 0.0030027 7.8062E-05 8.4593E-05 8.4618E-05
& | 0.0101958 0.0070421 0.0069046 0.0027987 0.0030413 0.00304199
&3 | 0.0201648 0.0202402 0.0203432 0.0006438 6.04E-04 0.00060248
Eat 5.3292880 5.34E+00
Erotal | 0.0346771 5.3596232 0.0302505 0.0035206 5.3482781 0.00372908
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45.4.6 Comparation of the test interval of the angles on the calibration matrix
A series of tests was done to acquire a set of more accurate calibration parameters, one is the

change of the number of the data. The data point was collected at angles in different interval
of angles. Table 4.5.4.10 shows the calibration matrix K measured with the angle intervals in

10°, 5°, 2°.

Table 4.5.4.10 calibration parameters tested at different increment of angle in twelve channel

method.

Calibration in different depth 10° 5° 2°

ky 1 1 1
k, 0.4151712 0.42957818 0.35181403
ks -0.2926271 -0.1908937 -0.3887469
ky 1.66779577 1.68498509 1.59720765
ks -0.2805359 -0.2995648 -0.3773759
ke 0.2097901 0.22759809 0.20464706
k, 2.84104073 2.95744701 2.74867656
kg 2.59036343 2.5675225 2.55897749
&1t 0.024638 0.03043611 0.02778696
ot 0.08099658 0.09900998 0.0922023
£3¢ 0.01451597 0.01328985 0.00433309

Etotal 0.12015054 0.14273595 0.12432235

Technically, the calibration tested at small intervals of angle should be more accurate than the
big intervals of angle, for more test samples used to do the fitting. The abnormal phenomenon
shown in table 4.5.4.10 is from an error of the hardware, which is shown in Fig. 4.5.4.6. The
signal at 100kHz is not symmetric at the zero point, which is from the selection error of the
signal choice on the test device. While, the signal at 84kHz shown in Fig. 4.5.4.5 and 50kHz

shown in Fig. 4.5.4.7 are symmetric to the zero point, which is the right signal.

We chose six channel method in later experiments after we found out the problem. The

timing unit has not reached a better situation at the moment.
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Figure 4.5.4.5 the signal acquired at 84kHz of PEM2

Figure 4.5.4.6 the signal acquired at 100kHz of PEM 1
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Figure 4.5.4.7 signal acquired by PEM1 at 5S0kHz

4.6 Summary

In this chapter, the principles of Stokes polarimetry are introduced. The calibration is
discussed carefully. Despite the linear regression method, a nonlinear regression method is
introduced to solve the calibration matrix. Elliptical polarization calibration is acquired
through two ways: rotation of the polarizer and rotation of the retarder. At the same
configuration, the calibration parameter kg is sensitive to the ambient temperature. A stable
temperature region of the measurement is between 22.1°C to 22.6°C. The calibration matrix K
is sensitive to the drive current of the LED and the matching of the optical components. The
convergence of the calibration depends on good alignment and the monochromaticity of the
light source. From the research above, a reasonable measurement needs five prerequisites:
keeping room temperature between 22.1°C to 22.6°C, keeping the LED driving current
constant, using the matching optical components, maximizing monochromaticity of the light,
and doing a careful alignment. Calibration can be used to check the problem of the hardware

equipment. Ten degrees interval is accurate enough to acquire a reasonable calibration matrix.
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Chapter 5  Stokes polarimetry microscope --
computerized automation in image acquisition and the
identification of best operational conditions

The Stokes polarimetric microscope has been developed by Optimum Imaging Ltd. The
design principle is protected by a patent priority filing (GB201411478D0, T. H. Shen and P. J.
Cook.) which incorporate a dual PEM Stokes polarimeter in a widefield microscope. The
polarimetric signals are recovered at the pixel level using a numerical algorithm. Polarimetric
parameters are then computed to form images, for instance, of ellipticity angle contrast. The

microscope is also referred to as the Optimum microscope.

In essence, a dual PEM Stokes polarimeter described in (refer to a previous chapter and the
literature review chapter) is inserted in the ‘infinite space’ of an Olympus IX71 biological
microscope. The current implementation of the phase sensitive detection at the pixel level is
achieved by a combination of a hardware electronic timing unit, which provides the
modulation to the source intensity phase locked to the reference signal from the two PEMs

for signal accumulation, and signal extraction with software algorithms.

Since the microscope is a single channel implementation of the design, 12 channels of images
are required for recovering the signals at the three reference frequencies with zero and
quadrature phase differences. It is also possible to operate at 6 channels so that the signals at
the quadrature phase difference with respect to the reference are not obtained. It has been
found that the electronic timing device used has a limited frequency response so that at the
high reference frequency, the phase setting between zero and quadrature cannot be correctly
obtained. As a result of this issue, for all the practical work described in this thesis, only the

6-channel implementation is used.

5.1 Experiment
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5.1.1 Experimental set-up

Based on the Stokes polarimeter, a Stokes polarimetric microscope is established. In practice,
a Stokes polarimeter is installed on a microscope to acquire the signals of the Stokes
parameters. The camera of the microscope detected the signal. PEM1 and PEM 2 are
connected with a timing unit to collect the signals of three frequencies (50kHz, 100 kHz and

84kHz). The diagram of the equipment is shown in Fig. 5.1.1.1.

Figure 5.1.1.1 The diagram of the Stokes polarimetry microscope

The computer connects with the timing unit and sends a command to the timing unit to
change the working frequency of the time unit. The timing unit controls the intensity of the
light source. The images under different working frequencies captured by the Andor Zyla 5.5
camera are sent to the computer. After the calculation and analyses, the images including the

information of Stokes parameters are acquired.

The image capture process is controlled by a program developed based on the LabVIEW
software. The program sends a command to the time unit firstly, and grabs an image

secondly, then saves as a picture document. The involvement of the program controlling is to
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make sure the process of the test is more convenient and efficient. In the process of data
collection, 12-channel method and 6-channel method are adopted in our experiment which is

going to be introduced later.

5.1.2 The 12- channel signal extraction

Equations (5.1.2.1) to (5.1.2.4) are used to obtain the four signals at each pixel for the 12-

channel method.

Sac G (5.1.2.1)
Sso = V(51— 52)% + (S5 — S4)? (51.2.2)
Sga =/ (S5 — S6)? + (S7 — Sg)? (5.1.2.3)
S100 = \/(59 = 510)% + (511 — 512)? (5.1.2.4)

Where, Si, ... S12 are the phase locked accumulated intensity signals at each pixel. The first
four signals are phase locked to the fundamental frequency 1F; of PEMI, the second four to
the first harmonic frequency 2F, of PEM2, and the last four to the first harmonic frequency
2F; of PEMI. For the PEMs with frequencies of 50kHz, 84kHz, 100kHz, the calibration
curve is shown in Fig. 5.1.2.1. From Fig. 5.1.2.1, we can find the curve q is discontinuous
when the polarizer is at 45° and 135 °. That is because an error in the timing unit mentioned
earlier. The details of the signal at frequency 100kHz is shown in Fig. 4.5.4.6. The angle
between signal s9-s10 and s11-s12 is not 90°. According to Fig. 4.5.4.6, the angle between s9-
s10 and s11-s12 is 73°. However, the effect is only observable when P; close to zero. Since
the calibration procedure can automatically adjust the phase factor in the phase sensitive
signal recovery, so the 6-channel method is used for most of the experimental work, which is

detailed in the next section.
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Figure 5.1.2.1 The calibration curve of the linear polarization (a) and the elliptical
polarization (b) calculated through twelve channel method.

5.1.3 The six-channel signal recovery method

To avoid the problem discussed in section 5.1.2, the six-channel method is used to obtain the

signals of different frequency.

In the six-channel method, the formulae needed to calculate the signal of S;., S5, Sgs, and

S100 are shown as follows,

S1+S5,+S5+S¢+S511+S
Sy = 1 T2 Tos 36 11 T 912 (5.13.1)
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51— 5

550 = m (513 2)
S5 — S
Sgys = — 5.1.3.3
84 0.8912 ( )
S11— S12
Si00 = ———— 5.1.3.4
100 0.9950 ( )

The calibration results are shown in Fig. 5.1.3.1. The discontinuities in Fig. 5.1.2.1 are

removed.

Figure 5.1.3.1 The calibration curve for, a linear polarization (a), and an elliptically
polarization (b), calculated through six channel method

5.2 The computerization of the image acquisition

The camera used with the microscope, supports the programming based on the LabVIEW
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development platform with underlying Andor SDK3 Software Development Kit. LabVIEW is
a graphic programming environment product from National Instruments, which is a
convenient tool for developing control software for scientific instrumentation. The related

programing method is stated in this section.

5.2.1 The Switch of the channels

To acquire the images at different channels, the situation of the set-up is switched from
channel-1 to channel-12. The change of the channels is realized by a timing unit. A command
from a computer, is sent to the timing unit to generate a pulse signal with special frequency
that controls the light source of the microscope. The data collection of the measurement
realized through the process of changing channels, taking the pictures in different channels,
and saving the pictures, sequentially. After the timing unit switched from channel-1 to

Channel-12, twelve pictures in different situations are obtained for the analysis in future.

The timing unit is connected with a computer through an USB ‘COM port’, which is a series
port operated with a baud rate 19200 bit/s. The control command is based on the Virtual
Instrument Software Architecture (VISA) function. The VISA command is an ASCII ("NI-
VISA Overview," 2018) string. The VISA command is not affected by the method of the
physical connection between the computer and the equipment, such the Serial port, GPIB

card, Enter net, or USB.

The program of controlling the timing unit is shown in Fig. 5.2.1.1 and 5.2.1.2. The first
method shown in Fig. 5.2.1.1 can be used in a loop and returned a symbol after the successful
change of the channel. We use the second method shown in Fig. 5.2.1.2 in later version of the
controlling program, which is simple and not return a symbol after the successful change of

the channel, but the speed increased.
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Figure 5.2.1.2 The control code of the time unit in version 3 to version 7

5.2.2 The design logic of the program

For increasing the speed, the images are saved in a buffer during the process of image

acquisition. The space of one image with 2160*2560 pixel is 8323072 bytes. A circular buffer
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is used for the Andor camera. The size of the buffer distribution equals the product of the
number of accumulations and the bytes of the space of one image. After the distribution of
the space, the data of the images taken by the camera are sent into the buffer one by one. The
data are output into a file document from a buffer, after all the buffer are saved images, which
is a two-dimensional matrix. The intensities are accumulated at every pixel through the
matrix superposition. Basically, three main structures were used in the program development.

The flowchart is shown in Fig. 5.2.2.1.

Figure 5.2.2.1 the flow chart of the main structure of the program: the version I (a); the
version II (b); the version III (¢)

The speed of image acquisition of the three flow charts in Fig. 5.2.2.1, is shown in table
5.2.2.1. The version 1 creates a buffer at every time of changing the channel, it is suitable for
the situation that needs for more accumulation. The version 2 and version 3 create one buffer
at a time, it is limited by the physical buffer of the computer, but the speed increase because it
saves the time of creating the buffers. The version 3 make the data acquisition process and
the data saving process be executed separately, hence increasing the actual image acquisition

speed.
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Table 5.2.2.1 Comparison of the time used in the running of three program versions

Accumulation number Version 1 Version 2 Version 3
10 48s 38s 31s
100 75s 71s 55s
300 157s 150s 141s
500 230s 219s 206s

To increase the speed, choosing a small interested area in the full-scale image to take photos,
increase the speed of the microscope efficiently. The parameter setting comparison in the
LabVIEW developing kit and the Andor solis program are shown in Tab. 5.2.2.2. The AOI-
Bottom and the AOI-Top indicate a same position on the full-scale image. The parameters
shown in Table 5.2.2.2 represented as the same area on the whole image. The data input into a
buffer firstly and output later from a buffer later. The sequence of input and output is
inversed. Because of the difference of the sequence between the input and output, some data
acquired through our LabVIEW program is a reversal image of the image acquired through

the Andor solis program, which is the default program of the Andor Zyla camera.

Table 5.2.2.2 the parameters of the camera setting in two program when selecting the same
special area of the CCD.

Andor Solis Parameters Labview Parameters
AOI-Height 500 AOI-Height 500
AOI-Bottom 900 AOI-Top 900
AOI-Width 500 AOI-Width 500
AOI-Left 1000 AOI-Left 1000

5.2.3 The comparison of the 7 versions of program

Totally, seven versions of the controlling program are developed, the benefits are shown in

Tab. 5.2.3.1.
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Table 5.2.3.1 Comparison of seven version developed on LabVIEW environment

Version buffer Accumulation channel Benefit new new function 2
number | creation number number function 1
times
1 12 6000 12 more
accumulation
1 500 12 more efficiency
1 500 12 Higher resolution
1 500 12,6,2 Overlapping, channel
area selection selection
5 1 500 12,6,2 Overlapping channel setting checking
area selection selection
6 1 500 12,6,2 Overlapping, channel ten set of data
area selection selection collection
7 1 500 12,6,2 Overlapping, special ten set of data
area selection channel collection
selection

Figure 5.2.3.1 The front panel of the version 4 of the microscope controlling program

Version 1 suitable for the situation of big accumulation numbers. Version 2 is quicker than
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version 1 for saving the time of create buffer, but it only can do around 6000 pictures in total
for 12 channels. Version 3 set the image acquisition process and image output process
separately. It increases the speed of the image acquisition. Based on the version3, version 4
increase a function of channel chosen and area chosen. The turning on mode of Center AOI,
shown in Fig. 5.2.3.1, can increase the speed of the image acquisition. The turning on mode

of overlap, shown in Fig. 5.2.3.1 can increase the speed of the image acquisition, too.

Figure 5.2.3.2 The front panel of the version 6 of the microscope controlling program

Version 6 is used for acquiring ten sets of images at the setting time intervals, the front panel

is shown in Fig.5.2.3.2.

Figure 5.2.3.3 is the front panel of the version 7 for the microscope controller. Based on the

front panel on the version 6, Version 7 have another function of the channel chosen in a
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special channel. For example: In 2 channel mode, the program usually outputs the signals
from channel 1 and channel 2 when the number of V channel is 0; the user can also choose
from the signals channel 3 and channel 4 when the number of V channel is 1. The choice of

the U channel and Q channel is in the same principle.

Figure 5.2.3.3 the front panel of the version 7 of the microscope controlling program

Figure 5.2.3.4 is the situation of the program after taking one set of images for a full scale.
The quickest speed is 100 frames per second for a 2160*2560 pixels images. The highest
speed is only available when the image area is very small and siting in the centre of the
image. That is because the CCD acquires the signal pixel by pixel. Fewer pixels means a

saving of time. The quickest speed is 1639.87 frames per second for 128*128 pixels image.
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Figure 5.2.3.4 The situation of the front panel after the running process

5.3 The optimisation of the microscope operation

5.3.1 Reflection on the surface of polarimeter

A ‘rainbow’ is a large variation of background in the form of part of a circular band. It looks
like a ‘rainbow’ only when a false colour representation is used. The rainbow problem always
existed on the image, especially in the image of the ellipticity angle and azimuth angle. We
found it is from the multireflection of the photo elastic modulator and the analyser. It has
been removed by tilting the photo elastic modulators and the analyser slightly, to make sure

the image of the reflection and the image itself not overlapped.

5.3.2 Rainbow on the image of depolarization

A rainbow background variation in depolarization image was found to be still present after
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tilt the PEMs and the analyzer, however such feature can be completely suppressed when the
polarizer is orthogonal to the analyzer, suggesting it is likely to be a stray light issue, which is
minimum in the cross-polarizer geometry. Depolarization include the information of three
Stokes parameters, such as Q, U, and V. It is more complex than the elliptical angle and the
azimuth angle because it include the information of the Q, U, and V. Mei et al. indicate that,
the distribution of polarimetric properties of a Gaussian Schell-model beam, over transverse
beam cross-section, is non uniform on propagation even though it is typically uniform in the
source plane (Z. Mei, Korotkova, & Shchepakina, 2013). According to Mei’s theory , the
state of polarization in the center of the beam and the fringe of the beam is different. Only the
polarization state at the centre of the beam is kept the same on the process of propagation of
the light beam(Z. Mei et al., 2013). On the microscope, the light source is a surface light
source. To keep the background of the depolarization image in uniform must set the area of
the light source cover the area of the image, firstly. The second prerequisite is keeping the
light beam to be parallel beam. The third prerequisite is the sample stage must be

perpendicular to the light beam. The experiment is conducted on this situation.

5.3.3 Situation without a condenser

I did a set of experiments on the microscope without a condenser to find the reason for the

nonuniform background.

1. Light source

The Stokes microscope is built on a framework of a normal microscope. The light beam is
reflected by a mirror to change the direction of prorogation of the beam for 90° before it
projects on the sample stage. The maintenance of a parallel light beam is very important in
this process, because the diameter of the light beam keeps the same situation after the
propagation direction is changed. To acquire a parallel light beam, a mark of one, two, three,

and four is written on the double side of the screw on the LED source, which can mark the
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distance of the two LED lenses accurately. For example, the smallest distance between the
two lenses record as 1f1; after the lens rotated one circle, the distance between the two lenses
record as 2f1. The divergence of the light beam is adjusted through changing the distance
between two lenses on the LED light source. The background of the depolarization is
measured in different distance between the lenses as shown in Fig. 5.3.3.1. we can find a
valley between 2000 and 2500 pixels on the profile of the background, that is the position
with a nonuniform position of the background. The difference between the maximum value
of normalized depolarization and the minimum value of normalization for position 18fl1
keeps around 0.9, and that for position 1f1 keeps around 0.6. The position of the valley
shifted outward when the distance between the two lenses increase. The distance marked 43
is a position output a parallel light beam. In the position marked 18f1, the trend of the curve

is decreased from left to right, no valley existed on the image.

Figure 5.3.3.1 The profile of the normalized depolarization without a condenser using the
different focus distance light source: (a) 1f1 position with a divergent light beam; (b) 43
position with a parallel light beam; ¢) 18f1 position with a convergent beam
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The valley is from a reflection of the light when the light beam is a divergent beam, which is
reflected and overlapped on the original light source. The distribution of the original light and
the reflected light is different because it divergent and travels different distance. The
divergent light beam change into a convergent light beam because of the increase of the

distance between the two lenses.

Figure 5.3.3.2 The depolarization profile image of the whole image in special position

Figure 5.3.3.2 compares the situation with and without a filter, and with a covered filter. The
valley is from a mirror reflection on a band filter facing the light source overlapped on the
light source, shown in Fig. 5.3.3.3. The valley existed in curve b in Fig. 5.3.3.2 is from the
reflection on the surface of the filter, which is looks like a mirror. Because the reflected light
overlapped on the original light, the light source comprised two parts: the original light and
the reflected light, which state of polarization distribution is different in radius(Z. R. Mei,
2010). According to Mei’s theory, the distribution of the polarization of a Gaussian Schell-

model beam varies with the distance of propagation and with the radius of the light beam.
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The overlapping produces a nonuniform of the polarization from the light source. The
propagation distance from the light source directly and the secondary reflection light to the
sample surface is different. To keep the radius of the beam of the light the same, I adjust the
distance between the LED chip and the lens before LED (413 position), to make sure the light
in use to be a parallel light. The diffuse reflection shown in Fig. 5.3.3.2c, the valley
disappeared, but the difference of the normalized depolarization image from one side to

another side is still existed which is 0.6.

Figure 5.3.3.3 The diagram of second reflection of the light source.

Figure 5.3.3.3 is a drawing to explain the double composition of the light source. An image of
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the filament is acquired after its passing through a pinhole, is doubled if a mirror sited under
the image position. Apparently, the surface of the sample reflects the light, although it is only
part of light for a transparent light. The tilt of the mirror can make the image of the filament

and the second reflection image of filament be not coaxial.

Using the covered filter, the situation with a condenser and without a condenser is shown in
Fig. 5.3.3.4. The condenser converges the light and makes the situation more complex
because the diameter of the light beam is adjusted by the condenser and more reflection

produced on the surface of the lens on condenser.

Figure 5.3.3.4 The slope of depolarization with a covered filter in two situations: (a) without
a condenser in the light path; (b) with a collimator in the light path.

To remove the slope on Fig. 5.3.3.4 curve b, a polarizer rotation experiment is done and

introduced in next section.

5.3.4 Situation with a condenser

A condenser is a most important device on the microscope to increase the intensity of the
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light which goes into the objective lens. It used on the microscope to increase the resolution
of the image. It can focus a light from the light source into a lens. In the process of the
focusing a light, the light is converging. The light from the edge of the condenser to the
focusing point may reach Brewster angle. The polarization status may be changed during the
reflection process. That reflected light goes back to the source and reflected back again as a
part of the light source. This reflected light produces the rainbow pattern background of the
depolarization image. Fortunately, the reflection at an angle bigger than Brewster angle is
polarized. This means that it can be eliminated by placing the polarizer at a special

polarization angle.

Figure 5.3.4.1 the relationship between the polarization angle and the rainbow background on
the image of normalized depolarization

Figure 5.3.4.1 shows the non-uniform background (rainbow) on the depolarization image is

disappeared at special polarization angle (119°-124°). That position is exactly the position
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that the optical axis of polarizer crosses the optical axis of analyzer. Based on this, we can
acquire a flat image, without a rainbow, of the normalized depolarization from 72° to 124°,
The flattest image for normalized depolarization and the azimuth angle should be measured at

120° + 2° (azimuth angle reference to the laboratory coordinate).

To acquire a better resolution of the image, the polarization angle used in my experiment is

119°, where a best depolarization image and an azimuth angle image is obtained, shown in

Fig. 5.3.4.2.
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Figure 5.3.4.2 The best picture quality acquired at last experiment (with an antireflection
polarizer): (a) image of depolarization; (b) image of normalized depolarization; c) image of
elliptical angle; (d) image of azimuth angle; (e) image of normalized Stokes parameter Q; (f)
image of normalized Stokes parameter U; (g) image of normalized Stokes parameter V; (h)
image of the intensity
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5.3.5 Comparison between uncoated polarizer and the antireflection
polarizer

The antireflection polarizer can increase the resolution of the image, shown in. Fig. 5.3.5.1.
The inset is the profile of the image along the line in black. Figure 5.3.5.1a shows the
situation with a normal polarizer. Figure 5.3.5.1b shows the situation with an antireflection
polarizer. The resolution increased after using the antireflection polarizer. However, the edge

in the image seems more significant in the image using the antireflection polarizer.
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Figure 5.3.5.1 the image of normalized depolarization of the scale plate using: normal
polarizer (a); antireflection polarizer (b)

This proved that the reflection on the surface of the polarizer is one reason for the

deterioration in resolution of the microscope.

5.3.6 Comparison of the laser light source and the LED light source
The using of the LED light source improves the quality of the image significantly. Figure

5.3.6.1 is the image of normalized depolarization of the eclogite sample, a mineral, took
under the laser light source (Fig. 5.3.6.1a) and the LED light source (Fig. 5.3.6.1b). The

resolution of the image increases significantly after using the LED light source.
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Figure 5.3.6.1 The pattern of the normalized depolarization of eclogite sample: measured
using the laser light source (a); and measured using the LED light source (b)
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5.3.7 Boundary behaviour of the image of the elliptical angle
The common factor of a pinhole and the liquid crystal is the round shape of the age. The

angle distribution of the elliptical angle is positive and negative alternately around the circle
age. The line of demarcation between the positive value and the negative value is exactly
along the optical axis of the polarizer or perpendicular to the optical axis of the polarizer. The
structure of the elliptical polarization pattern is the fourfold symmetry structure, shown in
Fig. 5.3.7.1. The image on the pinhole, Fig. 5.3.7.1a, is in bad quality because of only
scattering process in this process. The image of the liquid crystal droplet, Fig. 5.3.7.1b, is in
good quality because both the refractive process and the scattering process happens in this

process.
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Figure 5.3.7.1 the image of the elliptical angle on the circle age structures: pinhole (a); liquid
crystal droplet (b)

5.4 Summary

In this chapter, the in-house Stokes polarimetric microscope is introduced. The twelve-
channel and the six-channel signal recover are introduced. The programing of the data
acquisition is introduced. For obtain a uniform background image, several solutions are
adopted, such as using parallel light, setting the special polarization angle. To increase the
resolution, the antireflection polarizer and the LED light source is used. The image quality in

the pure scattering process is as good as that in the refractive process.
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Chapter 6  Research of Anisotropy in SiC

6.1 experimental results on optical bench

6.1.1 Experiment 1—Rotation of polarizer without adjustment the Stokes
polarimeter

The sample used in the experiment is the commercial sample from Cree company, c-plane
4H-SiC with an epilayer of GaN/AlGaN. The crystal structure is hexagonal. I measured
Stokes parameters of the laser light after passing through a sample on the bench shown in Fig
4.3.1.1. The polarizer rotates on its own axis during the process of measurement. The sample

with Sn ion irradiation is measured, and the result is shown in Fig. 6.1.1.1.
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Figure 6.1.1.1 the normalized stokes parameter V/I changed with the polarization angle for
different Sn 1on irradiation dose.

Figure 6.1.1.1 refers to the Stokes parameter V/I tested with different linear polarization light.

Slight birefringence is detected through the increase of V. The signal V/I is not zero and the
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results follow the rotation of polarizer. If the plane of the polarizer is not perpendicular to the
light path, the laser may project on the different area of the sample. The sample may not
uniform, shown in how the extent of birefringence of the sample (V/I) changes with different
polarization angle. To detect the non-uniformity of the sample, the Stokes polarimetric
microscope is used, and the result is listed in next section. In the first few steps of rotation of

the sample, the results follow the rotation of an effective uniaxial optical axis.

6.2 The imaging of the micropipe defects using the OPTIMUM
microscope

Through the experiment on the optical bench in section 6.1, we know some slight
birefringence existed in the AIGaN/GaN//4H-SiC film. To measure the distribution of
birefringence carefully, Stokes polarimetric microscope is used to measure the polarization.
In this experiment, we find a set of defects that exist in the SiC substrates. There is
micropipe, a kind of tube shape defect found in semiconductors. In my experiment, five
defects are observed, one twisted double micropipe and the others are the single micropipe.

All the micropipes can’t be seen in one focus position.

6.2.1 Experiment 2 — observation the micropipes using the Stoked
polarimetric microscope

Both laser and LED light sources are used to measure the micropipe in the SiC. We only
discuss the experiment using LED source, which is in good resolution. Table 6.2.1.1 shows

the experimental situation.

To acquire a flat background, the polarizer is set at in a special angle 120° with reference to
the laboratory coordinate, the configuration of the orientation on the image is shown in Fig.

6.2.1.1. The x-axis shown on Fig. 6.2.1.1 is zero degree in the laboratory coordinate.
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Table 6.2.1.1 The experiment of the A1IGaN/GaN/SiC on microscope

date Sample light lens Item Experiment configuration
source
20180724 0 LED 40X Micropipe focus changing
20180725 | Background | LED 40X Micropipe focus changing
20180726 0 LED 40X five defects
20181011 0 LED 40X Micropipe three p angle
20190207 0 LED 40X Micropipe
20190208 0 LED 40X Micropipe
iy :
image
coordinate
X
-t
Wl C
¥ axis
PEM2 @
8
12¢°
Analyser
polarization
angle

Figure 6.2.1.1 the laboratory coordinate showing on the image of the microscope

6.2.2 Image of double micropipe in focus position

Figure 6.2.2.1 is the image of Stokes parameters of a double micropipe. Figure 6.2.2.1a, the
image of the intensity, give out the diameter of one micropipe, 4.5um; and, the area around
the big hole is another micropipe, which cannot be focused well in this focus plane. Stokes
parameter Q and U are negative outside the micropipe, but remain positive in the hole of the

micropipe, shown in Fig. 6.2.2.1b and 6.2.2.1c. Stokes parameter V varies apparently in a big

106



area, about 128um, shown in Fig. 6.6.2.1d. The response area to Stokes parameter V (128um)

is much bigger than that in images using Q, U and I, which is about 10pum, shown in Fig.

6.2.2.1a.

Figure 6.2.2.1 Image of contrast of the Stokes parameters on double micropipe: (a) Intensity,
(b) Stokes parameter Q, (c) Stokes parameter U, (d) Stokes parameter V.

Figure 6.2.2.2 shows the normalized polarization parameters. Figure 6.2.2.2a shows that a
strong depolarization (0.97) existed in the position of the hole. The depolarization is small
outside the micropipe but still around 0.5. The normalized Stokes parameter Q /I, shown in
Fig. 6.2.2.2b, remains around -0.5 in the normal area but positive in the area of the hole. The
normalized Stokes parameter U /I, shown in Fig. 6.2.2.2¢, keeps around -0.7 in the normal

area but -0.4 in the area of the hole. The normalized Stokes parameter V /I, shown in Fig.
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6.2.2.2d, keeps around -0.2 in the upper area of the image but 0.1 in the lower area of the
image. The positive part and the negative part are divided along the direction of the

polarization.

Figure 6.2.2.2 The image of (a) normalized depolarization, (b) normalized Stokes parameter
Q/1, (c) normalized Stokes parameter U/I, and (d) normalized Stokes parameter V /I on a
double micropipe.

Figure 6.2.2.3a shows the elliptical angle X varies between -10° and 10°. The azimuth angle
Y shown in Fig. 6.2.2.3b keeps 120° in the area outside of the micropipe, which is same as
the azimuth angle of the polarization; While, the azimuth angle decreases to 50° at a special
edge of the micropipe. The surrounding area of the micropipe exist anisotropy on structure
which produce a retardation of phase & , shown in Fig. 6.2.2.3c¢, that varies between -30° and
30°. The contrast image in sin(9) in Fig. 6.2.2-3d looks clearer than & in Fig. 6.2.2.3c.
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Figure 6.2.2.3 The contrast image of (a) the elliptical angle y, (b) the azimuth angle v, (c) the
retardation of phase 3, and (d) the sin(&) on a double micropipe..

This section introduces a set of images of a double micropipe acquired at one particular
position. The Stokes parameters are acquired at the beginning, other parameters are deduced
based on the Stokes parameters. The Stokes parameters are near to zero inside the hole. The
Stokes parameters change at the edge of the hole: Q and U decrease (2x10° a.u. and 2x10°
a.u. respectively), and V increases (2x10° a.u.). The normalized depolarization in the hole is

near to 1, the mapping of depolarization has three tails (the depolarization varies between 0.4

and 0.6) on the left side of the hole.
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6.2.3 Image of the double micropipe at different focus position

Figure 6.2.3.1 The mapping of the intensity of the double micropipe in different focus
position

The micropipe is a kind of defect that distributed within a certain focus position. So, a set of
focus position is used to observe the micropipe. In this section, all the pictures marked with

the same letter are taken in the same position at one time.
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Figure 6.2.3.2 The mapping of Stokes parameter Q of the double micropipe in different focus
position

Figure 6.2.3.1 shows the image of the intensity of the double micropipe in different focus
positions. It is a structure of two micropipes twisted together. Figure 6.2.3.1a, 6.2.3.1c, and
6.2.3.1d shows a position with a bigger hole which is nearly perpendicular to the surface of
the sample. While in other positions, shown from 6.2.3.1h to 6.2.3.11, the micropipe is tilted
to the surface of the sample. The Fig. 6.2.3.1f and 6.2.3.1g show a position that the micropipe

are twisted.
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Figure 6.2.3.3 Stokes parameter of the double micropipe in different focus positions

Figure 6.2.3.2 is the image of the Stokes parameter Q of the double micropipe in different
depth. Stokes parameter Q is a negative number in all the pictures. The value of Q in the hole
(around -0.5x10° a.u) is bigger than that in surrounding areas (around -2.5x10° a.u.). The
range of the U is small (about 2.5x10° a.u.) in the twist position, shown in Fig. 6.2.3.2f and

Fig. 6.2.3.2g.
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Figure 6.2.3.4 Stokes parameter V of the double micropipe in different focus positions

Figure 6.2.3.3 shows the mapping of the Stokes parameter U, which is a negative value in
most area of the images. The value of U in the position of the hole (about 0) is bigger than the
surrounding areas (about -4.5x 10° a.u). In the position shown in Fig. 6.2.3.3f and Fig.
6.2.3.3g, two lobes (shown in colour of green) with a lower value of U existed in left side and
right side of the hole position (shown in red). In other positions, shown from 6.2.3.3h to
6.2.3.31, only a lobe existed on the right side of the hole. While in Fig. 6.2.3.c and 6.2.3.d,

only a lobe existed on the left side of the hole.
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Figure 6.2.3.5 The mapping of elliptical angle y of the double micropipe in different focus
positions

Figure 6.2.3.4 is the image of Stokes parameter V at different depths. Stokes parameter V is
related to the properties of anisotropy of the structure. V varies between a positive value
(about 2x10° a.u.) and a negative value (about -2x10° a.u.) in all the images. In the positions
shown in Fig. 6.2.3.4a and 6.2.3.4b, a sharp change (from -1x10° a.u. to 2x10° a.u) exists in
the area surrounding the micropipe. In the position of a big hole, shown in Fig. 6.2.3.4c and

6.2.3.4d, the value of V is about 0 in the position of big hole, while is about -2.5x10° a.u. at
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the hole vanishing point. The variation of the surrounding area is small in Fig. 6.2.3.4c and

6.2.3.4d. Figure 6.2.3.e shows a twisted position of the micropipe

Figure 6.2.3.6 The mapping of azimuth angle 1 of the double micropipe in different focus
position

Figure 6.2.3.5 is the image of the elliptical angle y of the micropipe at different focus

positions. The variation in Fig. 6.2.3.5 is similar to the variation in Fig. 6.2.3.4 because both

V and y are related to the anisotropy of the structure. The elliptical angle y reaches -30° in
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Fig. 6.2.3.5d, in a vanishing point position of a hole, reference to Fig. 6.2.3.1d. while in the
position of a big hole, it is only 0°. The position at the boundary of the big hole is about 30°.
The variation of the surrounding area is about 15° shown in Fig. 6.2.3.5a, 6.2.3.5i to 6.2.3.51.

At the twisted position, shown from Fig. 6.2.3.5¢ to Fig. 6.2.3.5g, the variation reaches 40°.

Apparently, the azimuth angle is sensitive to the tilt angle of the tube wall of the micropipe.

Figure 6.2.3.6 show the mapping of the azimuth angle of the double micropipe at different
focus positions. The azimuth angle of the probing polarization is at 120°. The azimuth angle
is rotated a little (about 2° )in the position of the micropipe, shown in Fig. 6.2.3.6. In Fig.
6.2.3.6j and Fig. 6.2.3.6k, at the position shown in blue and red colour together is two
boundaries of the micropipe, reference to Fig. 6.2.3.1j and Fig. 6.2.3.1k. At the vanishing
point position of a micropipe shown in Fig. 6.2.3.6d, the azimuth angle is about 50°. While in
the position of a big hole nearly perpendicular to the sample surface, shown in Fig. 6.2.3.6d,

the azimuth angle is about 115°.
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Figure 6.2.3.7 the mapping of normalized Stokes parameter @ /I of the double micropipe in
different focus position

Figure 6.2.3.7 shows the normalized Stokes parameter Q /I for the double micropipe at
different positions. The variation of the Q /I in Fig. 6.2.3.7a, Fig. 6.2.3.7a, and Fig. 6.2.3.71,
is about 0.3. While in other images, from Fig. 6.2.3.7c to Fig. 6.2.3.7k, the variation of that is
about 0.6 to 0.9. In Fig. 6.2.3.7d, a three-lobe structure exists at the tail of the vanishing point
position and a maximum value and a minimum value of the Q /I are sited at the vanishing
point position.
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Figure 6.2.3.8 normalized Stokes parameter V/I of the double micropipe at different focus
positions

Figure 6.2.3.8 is the mapping of the normalized Stokes parameter V/I in different focus

positions. In the twist position shown in Fig. 6.2.3.8e and Fig. 6.2.3.8f, the variation of V/I is
about 0.8. A sharp variation existed at the vanishing point position in Fig. 6.2.3.8d; while, the
V/I in the position of the big hole, in Fig. 6.2.3.8c, is 0 and the V/I in the surrounding area of

the hole is about 0.3.
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Figure 6.2.3.9 normalized depolarization of double micropipe in different focus positions

Figure 6.2.3.9 is the mapping of the normalized depolarization in different focus positions. A
special characteristic of the structure is a red head with three yellow tails in Fig. 6.2.3.10d. A
tip should exist at the position of the red head for a strong scattering, the depolarization is

about 0.9 at the tip. From the direction of the tail, we can judge the convergence direction of
the tip. At the twisted position, shown in Fig. 6.2.3.9f and Fig. 6.2.3.9g, the little tip is in the

middle, it is divergence in both side of the tips. At the position shown from Fig. 6.2.3.9; to
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Fig. 6.2.3.91, the tip is on the left side and the tail is on the right side.

In conclusion, the double micropipe is distributed over a certain depth in the SiC. They are
twisted and rotated. At the boundary of the hole, the linear polarization changes to an
elliptical polarization. The tilt degree of the micropipe influences the mapping structure of
parameters related to the phase difference, such as V, V /I, x, 6 and sin(&d). The shape of the
micropipe, such as the divergence or the convergence or the twist, can be detected through
the mapping structure of Q, U, Q/I, U/I. In the image of the dP/I, the tilt degree of the
micropipe and the shape of the micropipe can be observed together. azimuth angle can detect
the shape of a tube, it represents as a structure in red and blue together, the azimuth angle of

the polarization rotates in two direction at the two side of the wall of a tube.

6.2.4 Image of single micropipes in focus position

Figure 6.2.4.1 is the mapping of the Stokes parameters in a focus position with a largest
diameter. The intensity, shown in Fig. 6.2.4.1a, inside of the hole is smallest and with a two
tail on left and right side, respectively. The Q, shown in Fig. 6.2.4.1b, is zero inside the hole
but with three rays on the left and right side, respectively. The mapping of U, shown in Fig.
6.2.4.1c is similar to the mapping of Q. While the mapping of V is different, shown in Fig.
6.2.4.1d, four rays with negative value is distributed on the top of the image, four rays with

positive value are distributed at the bottom of the image.
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Figure 6.2.4.1 Image of contrast of the Stokes parameters at a single micropipe: (a) Intensity,
(b) Stokes parameter Q, (c) Stokes parameter U, (d) Stokes parameter V

Figure 6.2.4.2 is the mapping of normalized signal. The normalized depolarization (dP/I)
shown in Fig. 6.2.4.2a has eight rays on the side of the hole. The dP/I near to 1 inside of the
micropipe and outside the wall of the micropipe. The dP/I is about 0.4 on the wall of the
micropipe. The eight-ray structure is still present on the other three parameters, Q/I, U/I,

V' /1, shown from Fig. 6.2.4.2b to Fig. 6.2.4.2d, respectively. The Q/I at the wall of the
micropipe is same to that on surrounding area; while, the Q /I outside the wall of the
micropipe decreases to -0.8; and the Q /I inside the micropipe divided into two parts, -0.2 on

the top of the hole and 0.2 on the bottom of the hole, respectively. The U/I at the wall of the
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micropipe keeps the same to that on the surrounding area; while, the U/I outside of the wall
of the micropipe increase to -0.5; and the Q /I inside of the micropipe divided into two parts,
-0.1 on the top of the hole and -0.8 at the bottom of the hole, respectively. The trend of the
Q/1I is in contrast to that of U/I. The rays of the micropipe are negative on the top of the
image of V /I and positive at the bottom of the image of V /1. The V /I reaches 0.3 inside the
micropipe on the bottom of the hole. The structure of the micropipe looks like a screw rotated

clockwise into the paper.

Figure 6.2.4.2 The image of at a single micropipe (a) normalized depolarization dP/I, (b)
normalized Stokes parameter Q/I, (¢c) normalized Stokes parameter U/I, and (d) normalized
Stokes parameter V /I

Figure 6.2.4.3 shows the mapping of particular angles describing the polarization. The

elliptical angle y, phase difference §, and sin(&) are related to the VV /I component, so the
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mapping structure of the three parameter is similar. The trend of the mapping of the y is in
contrast to the mapping of §. The azimuth angle 1 after interaction with the sample keeps the
same with the polarization angle (about 120°) in general; however, the 1 decrease to 100°
outside the wall of micropipe and decrease to the 50° on the bottom of hole. sin(¢) listed

here to compare the result of Ouisse (Ouisse, Chaussende, & Auvray, 2009).

Figure 6.2.4.3 The contrast image of at a single micropipe (a) the elliptical angle y, (b) the
azimuth angle 1, (c) the retardation of phase d, and (d) the sin(§).

In conclusion, a set of polarization mapping images of a single micropipe is acquired. Eight
rays existed on the range of the micropipe. On the wall of the micropipe, the value of Q/I,
U/1,V/I, and I;p /I keep the same with that on the surrounding area. A Ray structure exists
outside the wall of the micropipe in different Stokes parameters images. Inside the micropipe,

the mapping of Stokes parameters is different. On the images related with the signal V, such
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as x, 0, sin(6), a diving line between positive value and negative value existed, which is

along the azimuth angle of the polarization of incident light.

6.2.5 Image of single micropipe in different focus positions
Figure 6.2.5.1 shows the overlapped image of the intensity of the micropipe at different focus

planes. This micropipe is a tube-like structure with the maximum diameter in the middle.

This micropipe is about 30um long and tilted grown in the substrate.

Figure 6.2.5.1 The overlapping image of the mapping of the intensity of the single micropipe

From Fig. 6.2.5.2, the phase difference § is divided into positive part and negative part along
the wall of the micropipe. The same situation existes in the image of V, such as y, sin(é) . I

will not list here for the simple of the thesis.
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Figure 6.2.5.2 The overlapping image of the mapping of the phase difference & of the single
micropipe

Figure 6.2.5.3 is the intensity of the micropipe at different focus positions. The lobes in green
on the left side and the right side of the micropipe implies a hollow position existed at the
position of the lobes, which can be seen clearly after adjusting the focus position of the

microscope.
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Figure 6.2.5.3 The mapping of the intensity of the single micropipe at different focus position

Figure 6.2.5.4 The mapping of Stokes parameter Q of the single micropipe in different focus
positions

The mapping of Q is different in different positions, shown in Fig. 6.2.5.4. The eight-ray
structure only exists when the micropipe in perpendicular to the surface of the substrate,
shown in Fig. 6.2.5.4c. In the position where the micropipe is tilted, on Fig. 6.2.5.4¢ and Fig.

6.2.5.4f, only two rays left and some interference patterns on the other side. Fig. 6.2.5.4a and
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Fig. 6.2.5.4d shows the mapping at a twist position.

Figure 6.2.5.5 The mapping of Stokes parameter U of the single micropipe in different focus
positions

Figure 6.2.5.6 The mapping of Stokes parameter V of the single micropipe in different focus
positions

Figure 6.2.5.5 shows the mapping of the U in different focus position. the structure of

mapping in Fig. 6.2.5.5 is similar to that in Figure 6.2.5.4, but with a little different. The
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distribution of the rays in Fig. 6.2.5.5 is in contrast to that in Fig. 6.2.5.4.

Figure 6.2.5.6 shows the mapping of the V' of the micropipe in different focus positions. The

upper side of the images is negative, and the lower side of the images is positive.

Figure 6.2.5.7 The mapping of azimuth angle 1 of the single micropipe in different focus
positions

The azimuth angle in Fig 6.2.5.7 is changed sharply only at the position of micropipe. The

variation of the rays is only about 5°.

Fig. 4.6.5-8 is the mapping of sin(&) in different focus position. In Fig. 6.2.5.8d, the

variation of sin(§) is smaller than the other positions because this position is a twist position.

Fig. 6.2.5.9 is the mapping of normalized Q /I of single micropipe in different focus

positions.
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Figure 6.2.5.8 the mapping of sin(§) of the single micropipe in different focus positions

Figure 6.2.5.9 The mapping of normalized Stokes parameter Q /I of the single micropipe in
different focus positions.

Figure 6.2.5.10 is the mapping of the normalized U /I in different focus position. An

interference pattern existed on the right side of the hole in Fig. 6.2.5.10¢ and Fig. 6.2.5.10e.
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Figure 6.2.5.10 The mapping of normalized Stokes parameter U /I of the single micropipe in
different focus positions

Figure 6.2.5.11 is the mapping of the normalized Stokes parameter V /I in different focus

positions. The interference pattern can be seen at the end of the micropipe in Fig. 6.2.5.11e.

Figure 6.2.5.11 The mapping of normalized Stokes parameter V /I of the single micropipe in
different focus positions

Figure 6.2.5.12 is the mapping of the normalized depolarization I;p /I in different focus

positions. The I;p /I is near to 1 in the centre of the hole. On the wall of the hole, the I;p/I is
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0.5, which is similar to that on the substrate. Outside of the wall of the micropipe, there are
eight rays when the micropipe is sited perpendicular to the substrate surface. The eight-ray
structure outside the micropipe decreases to three rays when the micropipe is sited tilted in

the substrate shown in Fig. 6.2.5.12f.

Figure 6.2.5.12 The mapping of normalized depolarization I;p /I of the single micropipe in
different focus positions.

In conclusion, an eight-ray structure existed around the micropipe when the micropipe is
sited perpendicular to the surface of the substrate. When the micropipe is tilted within the
substrate, a three-ray structure distributed on one side of the micropipe is observed. An

interference pattern exists at the end of the micropipe.

6.2.6 Additional defects

This section introduces three other defects which are smaller than the two defects discussed
above. Figure 6.2.6.1 shows the Stokes parameters. Unlike the situation in section 6.2.4, Fig.
6.2.6.2d shows the positive and negative division line is along two different orientations,

although the polarizer is set at the same position (120°).
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Figure 6.2.6.1 Image of contrast of the Stokes parameters at three micropipe: (a) Intensity, (b)
Stokes parameter Q, (c) Stokes parameter U, (d) Stokes parameter I/

In conclusion, the division line of positive and negative V for three defects are different. To

clarify the situation, the three defects are magnified and observed at different focus positions.

in table 6.2.6.1. The image marked c is at the end of the micropipe. The focus position is
moved from the surface (marked a) of the sample to the inside of the sample (marked c). A
pipe structure is tilted located in the substrate from a to c. A tail structure is on the left of the
defect in image c and on the right of the defect in image a. It may be from the hollow position
of the micropipe. The image marked b is a position with two tails. It looks like a waist of the

micropipe.
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The image of V of the three defects is listed in table 6.2.6.2. The devision of the positive
region and negative region of the three defect is different. An interference pattern existed in
the image marked c of defect 3, which be the end of the defect 3. The interference patten is
not observed in the image marked a. The similar structure is seen in the image of V/1, y, 6,

and sind. The image of the intensity of the three defects 3, 4, and 5 at different focus position

are listed in table 6.2.6.1.

Table 6.2.6.1 The figures of intensity of defects 3, 4 and 5 at different focus position

No. Image of intensity at different focus position

3

The image of azimuth angle of the three defects is organized in the table 6.2.6.3. A tail
structure is seen at the position of a hollow micropipe, shown in image marked a and c. The

azimuth angle is not change generally. There is 2° - 5° variation to show the tail structure
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existed at the position of a micropipe. While, the interference pattern is existed on the side of
the termination of the micropipe. The micropipe of defect 5 is nearly perpendicular to the
surface of the substrate but with a little tilt, that make the division line between positive and
negative elliptical angle along 70° reference to the laboratory coordinate. Five rays exist near
to the end of the micropipe, later, three rays exist further, shown in the image marked ¢ of

defect 5. The similar structure is existed in the image of Q, U,l;p, and I;p /1.

Table 6.2.6.2 The figures of Stokes parameter V of defects 3, 4 and 5 at different focus
position

No. Image of V at different focus position

3

In conclusion, the background of the images is smooth. The defect 3 is a tube liked structure
with a knot in the middle. The interference pattern exists on the right side of the termination
of the micropipe on the image of V and 1. The division line between positive V and negative
V depends the defect itself. The defect 4 and defect 5 are different from the defects1, defect2,
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and defect3 because of the different image of V. A tail structure existed at the position with a

hollow micropipe structure on the image of .

Table 6.2.6.3 The figures of azimuth angle y of defects 3, 4 and 5 at different focus position

No. Images of the azimuth angle v in different focus position

3

6.3 Summary

Anisotropy of the structure can be observed through the polarization measurement. The non-
uniformity of the substrate is detected through the Stokes polarimetric microscope. Based on
the Stokes polarimetry microscope, the mapping of the polarization parameters is acquired.
Five defects are researched here. Eight rays’ structure is existed on a micropipe perpendicular
to the surface of the substrate. Three rays’ structure is existed on a micropipe tilted along the
surface of the substrate. An interference pattern existed at the termination of the micropipe.

The convergence or divergence of the micropipe can be judged through the directions of the
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three rays. The normalized depolarization is near to 1 on the position of micropipe; and keeps
0.55 in most area of the substrate (which is that reflective and scattering process exist

together). A flat background of the Stokes parameters can be acquired in this measurement.
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Chapter 7 Investigation of the polarisation
characteristics of light in the vicinity of a pinhole

A pinhole is the simplest scattering system; and has been studied in theory and experiment for
diffraction phenomenon. Using the polarimetric microscope to observe the pinhole helps to
understand the diffraction theory of a pinhole. In this chapter, the vector field of the pinhole

diffraction is measured first.

7.1 The experiment

7.1.1 The experiment of pinhole

A pinhole is a structure composing a hole in a metal. The metal used a stainless steel and its
thickness is about 1um. The diameter of the pinhole is 2.5um, which is measured using the
SEM shown in Fig. 7.1.1.1a. Some bulge (the diameter is around 6um.) existed outside the
pinhole arising from manufacturing process. Figure 7.1.1.1b is the image of the pinhole
observed with the Stokes polarimetric microscope. The shape of the bulge outside of the
pinhole is observed in the image of Q, although it is not seen as clearly as that shown in the
image of SEM. The pinhole is a simple structure, for only a scattering and diffraction process
occurs when a light goes through the pinhole, without a refraction process. In this
experiment, a linearly polarized light bean with azimuth angle of 120° is used to detect the

Stokes vector of the image.

The pinhole is measured many times to obtain a best resolution shown in table 7.1.1.1. The
experiment using a 64X lens is reported in this section. The air conditioner is kept at

2140.5°C because this experiment is sensitive to the room temperature.
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Figure 7.1.1.1 (a) the SEM picture of the pinhole used in the experiment; (b) the image of Q
measured by Stokes Polarimetric microscope.

Table 7.1.1.1the experiment of pinhole conducted using the microscope

Date Sample | Magnification | Light | Configuration | Airconditioner | Temperature
2018/5/21 | pinhole 40X Laser | in focus or off
focus
2018/5/22 | pinhole 40X Laser in
focus/pangle
change
2019/2/8 | pinhole 40X LED In focus on
2019/2/11 | pinhole 40X LED In focus on
2019/2/13 | Pinhole 40X LED In focus on
2019/2/15 | Pinhole 40X LED in focus/circle On
2019/2/17 | Pinhole 40X LED in focus or off Off 242
focus
2019/2/20 | Pinhole 40X LED in focus or off On
focus
2019/2/21 | Pinhole 40X LED in focus or off On
focus
2019/2/24 | Pinhole 40X/64X LED in focus or off On
focus

7.2 Results and discussion
7.2.1 Airy-like pattern from a circular aperture
The diffraction pattern of a pinhole is calculated and observed for many years. It is a good

example to research the regulation of the imaging of the Stokes parameters. Adjusting the
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objective lens, to choose the position of the focus plane, which is shown in Fig. 7.2.1.1.six
position is chosen from the plane of the pinhole (marked a) to a position after pinhole of Sum
(marked f). All the figures marked with letters of an alphabet in next section are taken at the

relevant position shown in Fig.7.2.1.1.

pinhole
camera
Iight Oum Tum 2um 3um dum Sum
— | | | | | | ﬂ fi @:}
I—l——'—"'f_ B
a b c d e f U

microscope
lens

focal plane

Figure 7.2.1.1 The configuration of the pinhole experiment

At the position of the light unfocused (b - f), the luminous flux decreased. The integration

time is increase from b to f. The detail is shown in table 7.2.1.1.

Table 7.2.1.1 The exposure time of the images took at six planes (a-f)

Position A B C D E F
Exposure time (s) 0.3 0.3 0.3 0.6 0.7 0.9

Figure 7.2.1.2 shows the image of the intensity of the pinhole diffraction. It looks like Airy
pattern but with a little difference, called Airy-like pattern here. In this experiment, the vector
field of the light is measured. The intensity shown in Fig. 7.2.1.2 is normalized for
convenience of the comparation between the image of the six position. Apparently, the

intensity decreased from a to f for the defocusing process.
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Figure 7.2.1.2 The Airy-like pattern of I for the pinhole after focus position: (a) 0 pm, (b) 1
pm, (c) 2 pm, (d) 3 pm, (e) 4 pm, (f) 5 pm

Figure 7.2.1.3 The Airy-like pattern of Q for the pinhole after focus position: (a) 0 um, (b) 1
pum, ¢) 2 um, (d) 3 um, (e) 4 um, (f) 5 um

Figure 7.2.1.3 to Fig. 7.2.1.5 shows the mapping of the Stokes parameters Q, U, and V. In the

position between Oum to 4um, the outside of the Airy-like pattern is an oval. The semi-minor

axis is along the azimuth angle of the polarization, shown in the mapping of the I, Q, and U
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from Fig. 7.2.1.3d to Fig. 7.2.1.5d. However, the mapping of the V keeps a circle in the
position between Oum to 4um. the division between positive and negative V is along the

azimuth angle of the polarized light shown in Fig. 6.2.1.1.

Figure 7.2.1.4 The Airy-like pattern of U for the pinhole after focus position: (a) 0 um, (b) 1
pm, (¢) 2 um, (d) 3 pm, (e) 4 pm, (f) 5 pm
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Figure 7.2.1.5 The Airy-like pattern of V for the pinhole after focus position: (a) 0 um, (b) 1
um, (c) 2 pm, (d) 3 pm, (e) 4 pm, (f) 5 pm

The elliptical angle of the pinhole is shown in Fig. 7.2.1.6. The response area of elliptical
angle (the four rays structure shown in red and blue) kept between Oum and 3um, shown
from Fig. 7.2.1.6a to Fig. 7.2.1.6d; and in the position of 4um and 5um, shown in Fig.
7.2.1.6¢ to Fig. 7.2.1.6f, the tail is absorbed into the Airy-like pattern. The diameter of the tail
periphery keeps maximum, which is about 30um in Fig. 7.2.1.6a; and that decrease to 20pum
in Fig. 7.2.1.6d. The response areas of the mapping of the X, {, §, and sind, are the same,
shown from Fig. 7.2.1.6 to Fig. 7.2.1.9. In position of 3um, Fig. 7.2.1.6d to Fig. 7.2.1.9d, a
sub-fine structure exists with four lines in the outside circle of the Airy-like pattern. This sub-

fine structure does not exist at the position of 5um shown from Fig. 7.2.1.6f to Fig. 7.2.1.9f.
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Figure 7.2.1.6 The Airy-like pattern of x for the pinhole after focus position: (a) 0 um, (b) 1
um, (c) 2 pm, (d) 3 pm, (e) 4 pm, (f) 5 pm

Figure 7.2.1.7 The Airy-like pattern of § for the pinhole after focus position: (a) 0 um, (b) 1
pm, (c) 2 pm, (d) 3 pm, (e) 4 pm, (f) 5 pm
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Figure 7.2.1.8 The Airy-like pattern of § for the pinhole after focus position: (a) 0 um, (b) 1
um, (c) 2 pm, (d) 3 pm, (e) 4 pm, (f) 5 pm

Figure 7.2.1.9 The Airy-like pattern of sin(6) for the pinhole after focus position: (a) 0 um,
(b) 1 um, (¢) 2 pm, (d) 3 pm, (e) 4 um, (f) 5 pm

The image quality of the normalized Stokes parameter is very poor, because the intensity in
the surrounding area of the pinhole is near to zero, which makes the normalized Stokes

parameter an infinite number, which make the image of the normalized signal invisible.
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Figure 7.2.1.10 to Fig. 7.2.1.13 are obtained through getting rid of the noise data. The Sign of

Q/I and U/I are opposite.

Figure 7.2.1.10 The Airy-like pattern of I;p /I for the pinhole after focus position: (a) 0 um,
(b) 1 m, (c) 2 pm, (d) 3 pum, (e) 4 pm, () 5 pm

Figure 7.2.1.11 The Airy pattern of Q /I for the pinhole after focus position: (a) 0 um, (b) 1
um, (c) 2 pm, (d) 3 pm, (e) 4 pm, (f) 5 pm
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Figure 7.2.1.12 The Airy-like pattern of U/I for the pinhole after focus position: (a) 0 um, (b)
1 pm, (c) 2 pm, (d) 3 pm, (e) 4 pm, (f) 5 pm

Figure 7.2.1.13 The Airy-like pattern of V/I for the pinhole after focus position: (a) 0 um, (b)
1 um, (¢) 2 pm, (d) 3 pm, (e) 4 pm, (f) 5 pm

The local polarization states, a complex field vector, may be experimentally determined,
assuming a plane wave normal incidence onto the sample. Figure 7.2.1.14 and Fig. 7.2.1.15

show the mapping of the modulus of the of electric filed |Ey| and |Ey|: the distribution of

patterns of |Ey| and |Ey| are complementary.
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Figure 7.2.1.14 The Airy-like pattern of |E4| for the pinhole after focus position: (a) 0 pm, (b)
1 pm, (c) 2 pm, (d) 3 pm, (e) 4 pm, (f) 5 pm

A clockwise vortex structure is seen in Fig. 7.2.1.14b to Fig. 7.2.1.14e, which do not exist in

Fig. 7.2.1.14f. This structure can’t be seen in Fig. 7.2.1.15.

Figure 7.2.1.15 The Airy-like pattern of |Ey| for the pinhole after focus position: (a) 0 pm, (b)
1 um, (c) 2 pm, (d) 3 pm, (¢) 4 um, (f) 5 pm

The electric field is a complex number. The mapping of real part and imaginary part of the

electric field Ey are shown in Fig.7.2.1.16 and Fig. 7.2.1.17.
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Figure 7.2.1.16 The Airy pattern of real part of E; for the pinhole after focus position: (a) 0
pm, (b) I pm, (¢) 2 pm, (d) 3 pm, (¢) 4 pm, (f) 5 pm

The imaginary part shown in Fig. 7.2.1.17 is similar to that of V/I, but with the four lines of
the sub-fine structure more visible. The position of 4 um is a threshold position what the four

lines sub-fine structure begins to disappear.

Figure 7.2.1.17 The Airy pattern of imaginary part of Ey, for the pinhole after focus position:
(a) 0 pm, (b) 1 um, (c) 2 pm, (d) 3 um, (e) 4 pm, (f) 5 pm

In conclusion, the response area of the mapping of the relevant angles on polarization
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(x, ¥, 8, sind) is about 30um for a pinhole whose diameter is about 2.5 pm. The range of the
response area decreases with the increase of the distance from the pinhole. The image quality
of the normalized Stokes parameters is poor because the intensity is very small on far from
the pinhole. A four lines sub-fine structure exists between 0 to 3 um and disappears at 5 pm.
At position of 4 um, the sub-fine structure is starting to disappear. A clockwise vortex

structure existed in the image of the modulus of the electrical field along x-axis.

7.2.2 Mapping of the polarization parameter before the pin hole

This section introduces the image before the pinhole. The rays structure exists, but no rings
comparing the situation shown in section 7.2.1. I suppose the ray structure is from the
scattering at the edge of the pinhole. The focal plane in this case is about Sum before the
pinhole. The image of relevant angles is shown in Fig. 7.2.2.1. The image of Stokes

parameters is shown in Fig. 7.2.2.2. The image of V is special.
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Figure 7.2.2.1 The contrast image of (a) the elliptical angle y, (b) the azimuth angle vy, (c) the
retardation of phase 9, and (d) the sin(9).
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Figure 7.2.2.2 Image of contrast of the Stokes parameters on pinhole: (a) Intensity, (b) Stokes
parameter Q, (c) Stokes parameter U, (d) Stokes parameter V.

Figure 7.2.2.3 The modulus of the electric field with reference to the laboratory coordinate.
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Figure 7.2.2.4 The electric field along y-axis: (a) real part and (b) the imaginary part.

In conclusion, the ray structure exists on both sides of the pinhole; while, the Airy pattern

only exists after the pinhole. The ray structure may from the scattering of a bulge.

7.2.3 The situation in front of and behind the pinhole

It is interesting to observe the situation in front of the pinhole and behind the pinhole. This
section compares the mapping of polarization parameters in the position near to the pinhole.
The shape of the mapping of intensity changes when the light going through, shown in Fig.
7.2.3.1. The shape on the focus is a circle only in the focused position, and an oval on the
unfocused position. The semi-major axis of oval is along the azimuth angle in front of the
pinhole and perpendicular to the azimuth angle behind the pinhole. The orthogonal
relationship of the semi-major axis of oval between the position in front of the pin hole and

behind the pinhole is also exist in the mapping of the Q and U in Fig. 7.2.3.2 and Fig. 7.2.3.3.

Figure 7.2.3.1 The mapping of I for the pinhole: (a) the object plane behind the pinhole; (b)
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the object plane on the pinhole; (c) the object plane in front of the pinhole

Figure 7.2.3.2 The mapping of Q for the pinhole: (a) the object plane behind the pinhole; (b)
the object plane on the pinhole; (¢) the object plane in front of the pinhole

Figure 7.2.3.3 The mapping of U for the pinhole: (a) the object plane behind the pinhole; (b)
the object plane on the pinhole; (c) the object plane in front of the pinhole

The mapping of V shown in Fig. 7.2.3.4b is a structure of four parts. The position near to the
pinhole is divided into positive and negative along the azimuth angle. The V is negative on
the left side of the azimuth angle, while, on the right side of the azimuth angle is positive.
The mapping of V in front of the pinhole is a structure double lines with positive and

negative together and with an angle to the azimuth angle of polarization about 45°.
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Figure 7.2.3.4 The mapping of V for the pinhole: (a) the object plane behind the pinhole; (b)
the object plane on the pinhole; (c) the object plane in front of the pinhole;

The normalized depolarization keeps zero in the middle of the pinhole; and the shape of the
ovals is same to the regulation of I, Q, and U. The rings and the rays can be seen on the
position behind the pinhole, shown in Fig.7.2.3.5a, Fig.7.2.3.6a, and Fig.7.2.3.7a. However,
only rays exist in front of the pinhole, shown in Fig.7.2.3.5¢c, Fig.7.2.3.6¢, and Fig.7.2.3.7c.
On the position of pinhole, the rays and four parts structure exist together, exist on the image

of the normalized Stokes parameters.

Figure 7.2.3.5 The mapping of I;p /1 for the pinhole: (a) the object plane behind the pinhole;
(b) the object plane on the pinhole; (c) the object plane in front of the pinhole
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Figure 7.2.3.6 The mapping of U/I for the pinhole: (a) the object behind plane the pinhole;
(b) the object plane on the pinhole; (c) the object plane in front of the pinhole

Figure 7.2.3.7 The mapping of Q /I for the pinhole: (a) the object behind plane the pinhole;
(b) the object plane on the pinhole; (c¢) the object plane in front of the pinhole

Figure 7.2.3.8 The mapping of VV /I for the pinhole: (a) the object plane behind plane the
pinhole; (b) the object plane on the pinhole; (c) the object plane in front of the pinhole

Figure 7.2.3.9 to Fig.7.2.3.11 are the relative angles in polarization characterization: elliptical

angle X, azimuth angle s, and phase difference 8. The structure is similar to that of V/I.
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Figure 7.2.3.9 The mapping of x for pinhole (a) the object plane behind plane the pinhole; (b)
the object plane on the pinhole; (c) the object plane in front of the pinhole

Figure 7.2.3.10 The mapping of Y for the pinhole: (a) the object plane behind plane the
pinhole; (b) the object plane on the pinhole; (c) the object plane in front of the pinhole

Figure 7.2.3.11 The mapping of 8 for the pinhole: (a) the object plane behind plane the
pinhole; (b) the object plane on the pinhole; (c) the object plane in front of the pinhole
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Figure 7.2.3.12 The mapping of |E,| for the pinhole: (a) the object plane behind plane the
pinhole; (b) the object plane on the pinhole; (c) the object plane in front of the pinhole

Figure 7.2.3.13 The mapping of |E, | for the pinhole: (a) the object plane behind plane the
pinhole; (b) the object plane on the pinhole; (c) the object plane in front of the pinhole

The mapping of the modulus of the electric field (|E,| and |E,,| ) is shown in Fig.7.2.3.12 and
Fig.7.2.3.13. The azimuth angle of the semi-major axis of the oval of (|E,| rotates 45°

clockwise comparing with the oval of |E, |

Figure 7.2.3.14 and Fig. 7.2.3.15 shows the mapping of the real part Re(E,) and imaginary
part Im(E,) of electrical field E,,. The imaginary part includes the information of phase

difference. An anti-clockwise vortex is shown in Fig. 7.2.3.16a.

158



Figure 7.2.3.14 The mapping of Re(E,,) for the pinhole: (a) the object plane behind plane the
pinhole; (b) the object plane on the pinhole; (c) the object plane in front of the pinhole

Figure 7.2.3.15 The mapping of Im(E, ) for the pinhole: (a) the object plane behind plane the
pinhole; (b) the object plane on the pinhole; (c) the object plane in front of the pinhole

In conclusion, the mapping of the intensity shows the shape of the polarized light is an oval
in front of and behind the pinhole. The two ovals are orthogonal. The pin hole is a circle. The
light is easily passing the pinhole along the edge which parallel to the azimuth angle of the
polarized light; while, the light is stopped by the edge of the pinhole which perpendicular to
the azimuth angle of the polarized light. The ray structure exists on both side of the pinhole

within 3 pm. The Airy-like patterns only exists on behind of the pinhole.

7.3 Theory model

7.3.1 The model of the scattering at a pin hole

Based on the experimental phenomena shown above. | extract a model shown in Fig. 7.3.1.1.
The edge of the pinhole is a circle in Fig. 7.3.1.1. The orientation of the polarization is along

the horizontal direction. The energy of the light is selected by the edge of the pinhole. On one
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point of the circle 0’, a new coordinate is established, x’0’y’. The coordinate x’0’y’ changed
with the position of origin point o’. The angle between the polarization direction and the

circular normal is C, shown on Fig. 7.3.1.1.

polarization

w Y

Figure 7.3.1.1 The interaction of the polarization at the edge of pin hole

The modulus of the incident polarization is marked as |E|. Electric field is divided into two
components in two orthogonal directions which is shown as 0’x’ and 0’y’. We can establish

the relationship shown in equation.

Iy = E%sin’C. (7.3.1.1)

Iz = E%cos?C. (7.3.1.2)
where, I represents the intensity around the edge passing through the pinhole, and, I
represents the intensity around the edge in front of the pin hole. The interaction between
polarization light and the pinhole, only includes the reflection and transmission. At the edge
of the pinhole, no absorption existed. According to the wavelength of the probing light

670nm, the photon energy of the probing light is 1.85eV, which is less than the work function
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of aluminium 4.28eV. The electrons on the metal around the pinhole are excited by the light

absorbed at the edge.

1. C=0° I;=0, Ix=E?
2. C=180° I;=0, Iz=E?
3. C=90° I;=E? Iz=0
4, C=270° I =E? Ix=0
This model can be used to explain why the semi-major axis of the oval in front of the pinhole

and behind the pinhole are orthogonal.

7.4 Summary

In this chapter, a pinhole is studied using the Stokes polarimetric microscope. The Stokes
polarimetric microscope is powerful to measure the near field vector field. A series of focus
planes is chosen to obtain a series of Airy-like patterns. A ray structure is observed in the
images of the Q, U and V both in front of and behind the pinhole. The diffraction pattern
exists only behind the pinhole. The spot of the intensity in front of the pinhole and behind of
the pinhole are ovals that whose semi-major axes orthogonal with each other. A clockwise
vortex can be observed in the image of the |E,|. We can measure Airy-like pattern quite well
in the vicinity up to tens of microns away from the pinhole and broadly in line with what are
known in literatures. The ‘decay’ in the signals are comparable and hence the ‘depth of focus’

would be expected in a similar manner.
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Chapter 8  Liquid crystal droplets
This chapter researched four types of liquid crystal droplets, which have different interfaces

inside the droplet, to show the advantage of microscope on the detection of the interface.

8.1 Experiment

8.1.1 The detail of four liquid crystal sample

The liquid crystal samples are provided by Bao Peng in Leeds University. We use our Stokes
polarimetric microscope to investigate the liquid crystal sample. Four samples, which
topographically is different, are researched. The experiment is done many times in different

experimental states. The experimental detail is shown in table 8.1.1.1.

Table 8.1.1.1 The experiment parameter on liquid crystal droplet polarization observation

Date samplel sample2 sample3 sample4 light source
2018/5/17 PCPGE7 PCPGET7 no PVAE7 PVAS11FE-7-8 Laser
70 20 treatment
2018/5/24 PVAE7 PVAS11FE-7-8 Laser
2018/6/1 PVAS11FE-7-8 Laser
2018/6/6 E7PCPG PCPGE7 PVAE7 SDE7 Laser
treated notreatment
2018/6/7 s1011-E7PVA Laser
2018/6/8 PVAE7 s1011-E7PVA Laser
2018/6/12 s1011-E7PVA Laser
2018/6/13 E7PCPG PCPGE7 s1011-E7PVA Laser
treated notreatment
2018/6/21 PDMS2 Laser
2018/12/17 PCPGE7 PCPG-E7 1-1 75T PVAE7 PVA chiral E7 LED
1-1
2018/12/19 PCPGE7 PCPG-E7 1-1 75T PVAE7 PVA chiral E7 LED
1-1
2018/12/20 PVAE7 LED
2019/0222 PCPG-E7 PCPG-E7 1-1 75T PVAE7 PVA chiral LED

The liquid crystal droplets are produced by mixing several chemicals, such as E7, S1011,

PVA (polyvinyl alcohol), and glycerol. The detail of the chemicals is shown below.
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E7 (Merck): E7 is a commercially available nematic LC material, which is a mixture of four

different liquid crystals, as shown in Fig. 8.1.1.1. (Cooper, n.d.).

SCB (51%) e ‘af’“x{ x—a —(=N
W
TCB (25%) s ,m,fm{ = ‘} o
A N '
—
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ii._T{H-_!:"-} S .IIH-'_/_( d .‘-._ _,f‘ =N

Figure 8.1.1.1 The chemical component of the E7 liquid crystals

S1011 is a chiral dopant (Merck), whose structure is shown in Fig. 8.1.1.2.

Figure 8.1.1.2 the molecular structure of the chiral solution S1011.

PVA (polyvinyl alcohol) is a water-soluble synthetic polymer. The structure is shown in

Fig.8.1.1.3.

HO |,

Figure 8.1.1.3 The structure of PVA

The structure of glycerol is shown in Fig. 8.1.1.4.
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OH

HO.___OH

Figure 8.1.1.4 The structure of glycerol.

The nematic liquid crystal mixture E7 was purchased from Synthon Chemicals GmbH & Co.
KG, Germany. The S1011 was purchased from Merck &co. Inc, USA.1,2-Dio-leoyl-sn-
glycero-3-phosphocholine (DOPC), 1,2-dioleoyl-sn-glycero-3-phospho-rac-(1-glycerol)
sodium salt (DOPG), PVA and glycerol were purchased from Sigma-Aldrich. The premium

glass microscope slides were from Fisher Scientific (Pittsburgh, PA).

The production of LC droplets reference to P. Bao’s paper(Bao et al., 2019): Monodisperse
lipid-coated droplets (diameter = 17 um) were produced using a flow focus droplet

microfluidic device (Bao et al., 2019).
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8.2 Results and discussions

8.2.1 Samplel
Samplel is the DOPC/DOPG (1:1) coated E7 liquid crystal droplets (as produced). The

polarization information of samplel is shown in this section. Fig. 8.2.1.1shows the image
corresponding to different the Stokes parameters. There is no difference between the three
samples in image of I, but in the image of Q, U and V. The difference of the image can be
seen in the centre of the ball. One pattern is the laevo and the other is the dextro. A two layers

structure can be observed in the image of V.

Figure 8.2.1.1 Image of contrast of the Stokes parameters on LCD samplel: (a) Intensity, (b)
Stokes parameter Q, (c) Stokes parameter U, (d) Stokes parameter V.
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Fig. 8.2.1.2 shows the relevant angles of the polarization. The azimuth angle of the incident
probe light is 128°, shown in Fig. 8.2.1.2b. The optical axis of the polarizer is just the 180°
rotation axis of the symmetry-axis of the shell of the droplet, which is a round structure,

reference to the laboratory coordinate shown in Fig. 6.2.1.1.

Figure 8.2.1.2 The contrast image of (a) the elliptical angle y, (b) the azimuth angle vy, (c) the
retardation of phase 9, and (d) the sin(6) on LCD samplel.

Figure 8.2.1.3 shows the normalized depolarization and Stokes parameters. The structure is
seen more clearly in the image of normalized Stokes parameters. The image is different from
that of the image of the pinhole, which background is very rough. That is because the
interaction between the light and the sample includes refraction in the liquid crystal system.

The light can go through the sample that makes the intensity detected in the image
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background is not zero.

Figure 8.2.1.3 The image of (a) normalized depolarization, (b) normalized Stokes
parameterQ /I, (c) normalized Stokes parameter U /I, and (d) normalized Stokes parameter

V/I on LCD samplel.
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Figure 8.2.1.4 The modulus of the electric field of the LCD samplel with reference to the
laboratory coordinate (a) |E,| and (b) |Ey|

Figure 8.2.1.5 The electric field of the LCD samplel along y-axis: (a) real part and (b) the
imaginary part.
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Figure 8.2.1.6 The modulus of the electric field of the LCD samplel with reference to the
polarizer coordinate: (a) modulus of electric field along x1, (b) modulus of electric field
along y1, and (c) the retardation of phase d1

The modulus of the electric field with reference to the laboratory coordinate is shown in Fig.
8.2.1.4. The structure of |E, | and |Ey| is complementary. The real part and the imaginary part
of the electrical field along y-axis is shown in Fig. 8.2.1.5. The modulus of the electric field
along x1 and y1, which are the axis of the polarization coordinate, are shown in Fig. 8.2.1.6.

o1 is the phase difference between the yl1-axis and x1-axis, Fig. 8.2.1.6c.

In conclusion, the interface of the LCD is seen in the image of the Stokes parameters. The
polarizer axis is a symmetric axis of the image of the Stokes parameters. Stokes polarimetric

microscope is powerful to distinguish the dextrorotation and laevorotation.
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8.2.2 Sample 2
Sample 2: DOPC/DOPG (1:1) coated E7 liquid crystal droplets (heated to 70 °C, held for

20min, then cooled to RT), which gives a radial alignment. The structure of sample 2 is

shown in Fig. 8.2.2.1.
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Figure 8.2.2.1 the structure of the sample2

Figure 8.2.2.2 shows the Stokes parameters of the sample. The four parts structure should be
produced by the boundary of a circle, which can be observed in every droplet. But the inter-
layer structure is characteristic of the sample, which is shown in the image of Q, U and V.
This multilayer structure is more clearly in the image of the relevant angles, shown in Fig.
8.2.2.3. The biggest droplet has a five-layer shell structure. Some small droplets have a
double shell structure which is same that shown in Fig. 8.2.2.1. Some small droplet does not
have any inner structure. The polarization probing is a good way to distinguish the inner

structure of the droplet, which cannot be seen in the image of the intensity.
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Figure 8.2.2.2 Image of contrast of the Stokes parameters on LCD sample 2 : (a) Intensity, (b)
Stokes parameter Q, (c) Stokes parameter U, and (d)Stokes parameter V.
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Figure 8.2.2.3 The contrast image of (a) the elliptical angle y, (b) the azimuth angle vy, (c) the
retardation of phase 0, and (d) the sin(d) on LCD sample2.
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Figure 8.2.2.4 The image of (a) normalized depolarization, (b) normalized Stokes parameter
Q/1, (c) normalized Stokes parameter U/I, and (d) normalized Stokes parameter V /I on
LCD sample2.

Figure 8.2.2.5 The modulus of the electric field of the LCD sample2 with reference to the
laboratory coordinate (a) x-axis and (b) y-axis.

The background of the normalized depolarization is not uniform in Fig. 8.2.2.4a because this
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azimuth angle (128°) is not in the best position (120°). Some light reflected from the surface
of the sample is reflected back to the sample as part of the illumination for the microscope. A
phase difference exists between the original light and the reflected light. It cannot be got rid

of when the polarizer is not crossed with the analyzer.

The modulus of the electric field with reference to the laboratory coordinate is shown in Fig.

8.2.2.5.

Figure 8.2.2.6 The modulus of the electric | field of the LCD sample 2 with reference to the
polarizer coordinate: (a) modulus of electric field along x1, (b) modulus of electric field
along y1, and (c) the retardation of phase 61

Fig. 8.2.2.6 is the modulus of the electric field along the polarization coordinates and the
phase difference between two axes.
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Another structure of sample 2 is magnified, shown in Fig. 8.2.2.7 and Fig. 8.2.2.8.

Apparently, no inner structure exists in this liquid crystal.

Figure 8.2.2.7 The contrast image of (a) the elliptical angle y, (b) the azimuth angle vy, (c) the
retardation of phase 6, and (d) the sin(d) at another position of LCD sample2.

In conclusion, the 180° symmetric structure exists in every round edge uniform material, such
as the pinhole, micropipe and the liquid crystal (except sample3). The two -degree symmetric
structure can be recognized as a characteristic of a uniform round sample. The reflection
passing through the edge of the hole is p-polarization and s-polarization in two orthogonal
direction respectively, according to the Fresnel Equations. But sample 3 is different, it is a
bipolar structure. The density in two poles is different, that makes the intensity passing

through the material is different.
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Figure 8.2.2.8 Image of contrast of the Stokes parameters on another position of LCD
sample? : (a) Intensity, (b) Stokes parameter Q, (c) Stokes parameter U, and (d) Stokes
parameter V.

8.2.3 Sample3
Sample 3: PVA coated E7 liquid crystal droplets, which give a planar alignment. The
production method of PVA coated LC droplets is similar to sample 1 and 2. The only

difference is that the buffer used is 15% glycerol with 1w% of PVA. The structure of the

sample3 is shown in 8.2.3.1.
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Figure 8.2.3.1 the structure of sample 3

Figure 8.2.3.2 Image of contrast of the Stokes parameters on LCD sample3 : (a) Intensity, (b)
Stokes parameter Q, (c¢) Stokes parameter U, and (d) Stokes parameter V.

The information of the polarization angles is more clearly than that on Stokes parameters,
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which is shown in Fig.8.2.3.2. The PVA coated shell can be seen in the image of Stokes
parameters, but not clearly. The image of the relevant angles, shown in Fig. 8.2.3.3, shows
more clearly the layers on the shell. The response distance of the elliptical angle and azimuth
angle is bigger than the Q and U. So, the interior the droplet is detected in the image of the

relevant angles in Fig. 8.2.3.2.

Figure 8.2.3.3 The contrast image of (a) the elliptical angle y, (b) the azimuth angle vy, (c) the
retardation of phase 6, and (d) the sin(6) on LCD sample3.

The normalized depolarization and the normalized Stokes parameters are shown in Fig.
8.2.3.4. The PVA shell produced a big depolarization of the light, shown in Fig. 8.2.3.4a.
Some non-uniformity on the shell of the droplet is detected, which cannot be seen in the

image of the intensity. The modulus of the electric field with reference to the laboratory
coordinate is shown in Fig. 8.2.3.5. The images of |E,| and |Ey| are complementary, shown
in Fig. 8.2.3.5. The real part and the imaginary part of the E,, is shown in Fig. 8.2.3.6. The
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modulus of the electric field along x1-axis and y1-axis, which are the axis of the polarization
coordinate, are shown in Fig. 8.2.3.7. 51 is the phase difference between the y1-axis and x1-

axis, Fig. 8.2.3.7c.

Figure 8.2.3.4 The image of (a) normalized depolarization, (b) normalized Stokes parameter
Q/1, (c) normalized Stokes parameter U/I, and (d) normalized Stokes parameter V /I on LCD
sample3.
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Figure 8.2.3.5 The modulus of the electric field of the LCD sample 3 with reference to the
laboratory coordinate (a) x-axis and (b) y-axis.

Figure 8.2.3.6 The electric field of the LCD samplel along y-axis: real part (a) and the
imaginary part (b).
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Figure 8.2.3.7 The modulus of the electric field of the LCD sample3 referenced to the
polarizer coordinate: (a) modulus of electrical field along x1-axis, (b) modulus of electrical
field along yl1-axis, and (c) the retardation of phase 61

In conclusion, the structural information inside the droplet can be acquired in the image of
the elliptical angle, azimuth angle, and V /I, which has big response scale. Also, it relates to
the structure and material of the sample. When the structure is non uniform, the four parts
structure cannot be seen as shown in sample 2. The microscope is a good way to detect the

inner structure of a sample.

8.2.4 Sample4
Sample 4: PVA coated E7/S1011 (7.8 w%) liquid crystal droplets, which gives a planar

alignment. The production of PVA coated LC droplets is same as sample 3.
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Figure 8.2.4.1 The contrast image of (a) the elliptical angle y, (b) the azimuth angle v, (c) the
retardation of phase 6, and (d) the sin(d) on LCD sample 4.

The polarization information is shown from Fig. 8.2.4.1 to Fig. 8.2.4.6. A defect line exists in
the liquid crystal of sample4. Two structures exist, shown in elliptical angle (Fig. 8.2.4.1a),
the chiral is different. Figure 8.2.4.2b (image of Q) shows the difference of the structures
more clearly. The difference of the two structures can also be observed in the image of the U

and V.
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Figure 8.2.4.2 Image of contrast of the Stokes parameters on LCD sample4 : (a) Intensity, (b)
Stokes parameter Q, (c¢) Stokes parameter U, and (d) Stokes parameter V.

The movement of the LCD makes the image of the normalized depolarization (Fig. 8.2.4.3a)
very poor. The defect line in the LCD is very clear in the image of normalized Stokes

parameter (Fig. 8.2.4.3c and Fig. 8.2.4.3d).
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Figure 8.2.4.3 The image of (a) normalized depolarization dP /I, normalized Stokes
parameters (b) Q/1, (¢c) U/I , and (d) V /I on LCD sample4.

Figure 8.2.4.4 The modulus of the electric field of the LCD sample4 referred to the laboratory
coordinate (a) x-axis and (b) y-axis.

The modulus of the electric field with reference to the laboratory coordinate is shown in Fig.
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8.2.4.4. The real part and the imaginary part of the electrical field along y-axis is shown in
Fig. 8.2.4.5. The movement of the droplet produces more effect on the image of the

imaginary part of E,.

Figure 8.2.4.5 The electric field of the LCD sample4 along y-axis: (a) real part and (b) the
imaginary part.

The modulus of the electric field along x1-axis and yl1-axis, which are the axes of the
polarization coordinate, are shown in Fig. 8.2.4.6. 81 is the phase difference between the y1-

axis and x1-axis, Fig. 8.2.4.6c.
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Figure 8.2.4.6 The modulus of the electric field of the LCD sample4 referred to the polarizer
coordinate: (a) modulus of electric field along x1, (b) modulus of electrical field along y1,
and (c) the retardation of phase &1

In summary, the defect in the chiral structure can be seen in the image of Stokes parameters.
The movement of the sample makes the image quality worse, because the data acquisition

process of images is an accumulation process.

8.2.5 The movement of liquid crystal

To capture the images continually in a special time interval, I updated the controller program
(version 7 in section 5.2.3). This set of data is acquired on liquid crystal sample 2 in a time
interval of 1s. Fig. 8.2.5.1 is the intensity of LCD sample2; just a slight movement can be

seen. The situation is similar in image of Q, U, and V, although they are not shown here. A
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slight rotation of the LCD can be observed in the image of depolarization which is shown in
Fig. 8.2.6-2. The normalized depolarization and the image of the |Ey,| and |Ey;| has the

similar information but not significant. I am not going to show them here.

Figure 8.2.5.1 The mapping of I for the LCD sample?2 tested in different time intervals, when
the polarization azimuth angle sited at 128° and sample stage sited in 147°, sample number:
(a) Os, (b) 1s, (c) 2s, (d) 3s, (¢) 4s, (f) 5s, (g) 6s, (h) Ts, (i) 8s
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Figure 8.2.5.2 The mapping of /;p for the LCD sample?2 tested in different time intervals,
when the polarization azimuth angle sited at 128° and sample stage sited in 147°, sample
number: (a) Os, (b) 1s, (c) 2s, (d) 3s, (e) 4s, (f) 5s, (g) 6s, (h) 7s, (i) 8s

In summary, the microscope can be used to observe the movement of the sample. The

depolarization has more information than the intensity. It can be used to detect the revolve of

a ball on its own axis.

8.3 Summary

The liquid crystal droplet, which is a ball, is studied, for its future application in the laser
mode generation. The polarization pattern is sensitive to the inner structure of the liquid
structure, that cannot be observed on the intensity image. The rotation and movement of the
liquid crystal are observed in the depolarization image. The 180° symmetry is a characteristic

of uniform matter with a circular boundary. The Stokes polarization measurement provides

188



more information on structure of the material that need to be researched further.
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Chapter 9  Research of the nanograters

The Polarimetric microscope can measure the vector field of the electromagnetic wave near
to the sample. Due to a kind of nonlinear metamaterial (nanograter) is response to electrical
field along two orthogonal directions (the optical axis of a polarizer and the direction
perpendicular to the optical axis) in different way; the research using the polarimetric

microscope to measure the electrical field around the nanograter is interesting and important.

experiment of the nanograter

9.1 Experiment

9.1.1 Experiment of nanograter

In the research of nanograter, three sample stage is used. A sample rotation stage (sample
stage 3) is the best one, which is mounted on the microscope shown in Fig. 9.1.1.1a. Figure
9.1.1.1b show the detail of the sample stage 3. Sample stage 3 include two dial circle on the
polarizer and the sample stage that can realizes the accurate controlling the angle of the

polarizer and the sample.

Nanograter sample is provided by the Institute of Physics, Chinese Academy of Sciences,
China. The nanograter samples are marked in a series of numbers, which is shown in Fig.
9.1.1.2. The shape of the nanograter unit is U-shape, Flower shape, square sjape, and
rectangle shape. The experiment did on nanograter is shown in Table 9.1.1.1. The U-shape
structure is measured in two ways, polarizer rotation and the sample stage rotation. To
increase the quality of the imaging, an antireflection polarizer is used in the later stage of the

experiment.

In the experiment of fix the azimuth angle of polarization at 122°, a new coordinate called

polarizer coordinate is defined here, which is x; Oy;. The axis of x; keeps an angle 9 with the
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x-axis of the laboratory coordinate about 30°. The configuration of two coordinate is shown

in Fig. 9.1.1.3.

Figure 9.1.1.1 The configuration of the experiment: (a) the sample stage 3 mounted on the
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microscope; (b) the sample stage 3

Figure 9.1.1.2 The number of the nanograter samples

O

X- aXlIs

y1
y-axis  x1

Figure 9.1.1.3 the diagram of the polarization coordinate and the laboratory coordinate
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Because the image of elliptical angle is divided into positive and negative along the azimuth
angle of the polarization. It is reasonable to detect the electrical field along the azimuth angle

of the polarization (the x1-axis and yl-axis).

The coordinate transformation of the electrical field between the laboratory coordinate and

polarization coordinate is rely on the equation shows below.

ao = |E, |2 (9.1.1.1)
by = |E|? (9.1.1.2)
a’' = aycos?9 + bysindcosd + ¢, sin? Y (9.1.1.3)
¢’ = agsin?9 — bysindcosd + ¢, cos? 9 (9.1.1.4)
|Exil = V¢’ 9.1.1.5)
|Eyi| = Vo' (9.1.1.6)

8, = sin™* ({/(aoco)/('c)sind) (9.1.1.7)
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Table 9.1.1.1 the experiment of nanograter performed on the microscope: “—”’ means the
protrusion of the nanograter facing the light source; “—” means the protrusion of nanograter is
facing the camera

Date sample number Len | polarizer sample Configuratio | Polarizer Sample Orientatio

3 O] stage (2) n n

2019/2/21 7,8,9 40 120 Normal sample stage | —
1

2019/2/25 1 64 07 -357 Focused Normal sample stage | —
1

2019/2/27 1 64 297 Unfocused Normal sample stage | —
1

2019/3/1 1,2-3,4-5,7,8 64 152 Focused Normal sample stage | —
2

2019/3/4 9,--, 27 64 152 Focused Normal sample stage | —
2

2019/3/5 28, ---, 45, 2,3,4,5 64 152 Focused Normal sample stage | —
2

2019/3/11 1,--,12 64 110 101 Focused antireflectio sample stage | —
n 3

2019/3/12 13, -, 32 64 110 101 Focused antireflectio sample stage | —
n 3

2019/3/13 34, ---, 47 64 110 101 Focused antireflectio sample stage | —
n 3

4,----,12 64 110 191 Focused antireflectio | sample stage | —
n 3

2019/3/14 1,2,3,13,--,33 64 110 191 Focused antireflectio sample stage | —
n 3

2019/3/15 34, ---, 47 64 110 191 Focused antireflectio sample stage | —
n 3

13,14, 15 64 110 146 Focused antireflectio | sample stage | —
n 3

2019/3/18 1,2 64 110 146 Focused antireflectio | sample stage | —
n 3

2 64 110 144 Focused antireflectio | sample stage | —
n 3

1,2,8,9,10 64 110 148 Focused antireflectio sample stage | —
n 3

2019/3/19 2,--,7,11,---, 40 64 110 148 Focused antireflectio sample stage | —
n 3

2019/3/20 1 64 110 58, 238, 328 | Focused antireflectio sample stage | —
n 3

1 64 20 328 Focused antireflectio | sample stage | -~
n 3

1 64 20 148 Focused antireflectio | sample stage | —
n 3

2,—-,6 64 20 148 Focused antireflectio sample stage | —
n 3

2019/3/21 7,8,9,10, 11-12 64 20 148 Focused antireflectio | sample stage | —
n 3

1,--,32 64 20 328 Focused antireflectio sample stage | —
n 3

2019/3/22 31-47 64 20 328 Focused antireflectio sample stage | —
n 3

15 64 20 328 Unfocused antireflectio | sample stage | —
n 3

1 64 20 304, 214, | Focused antireflectio | sample stage | ~
124 n 3

2019/3/25 1 64 20 124, 34 Focused antireflectio | sample stage | ~
n 3

1 64 110 34,304 Focused antireflectio | sample stage | ~
n 3

1 64 110 304 Unfocused antireflectio | sample stage | ~
n 3

10,20,19,17,35,32, 64 110 304 Focused antireflectio sample stage | -~
24 n 4
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9.2 Results and discussion

9.2.1 Polarizer rotation experiment

A linear polarizer is rotated, when measuring the U-shape nanograter, with the intervals of
10° from 007° to 357 °. The polarization angle is reference to the laboratory coordinate shown
in Fig. 6.2.1.1. The calculation of the azimuth angle is according to the equation 2.1.2.11 in
chapter 2 to make sure the azimuth angle measured follow the setting of the polarizer. The
protrusion of the nanograter is facing the light source. The measured pattern is varied with the
rotation of polarizer. The mapping of intensity is shown in Fig. 9.2.1.1. The mapping of
Stokes parameter Q shown in Fig. 9.2.1.2, is depending on the rotation of the polarizer. It is
the same to the U and V, shown in Fig. 9.2.1.3 and Fig. 9.2.1.4. Generally, there are four type
patterns in the image of V shown in Fig. 9.2.1.4. The normalized depolarization and Stokes
parameters are shown in Fig. 9.2.1.5, Fig. 9.2.1.6, Fig. 9.2.1.7, and Fig. 9.2.1.8. Because the
nanograter is a scattering system, much scattering exists in this process, so much noise
existed in the image of normalized signals. The position in red means the normalized
depolarization is near to 1, shown in Fig. 9.2.1.5. From Fig. 9.2.1.6, we can know the
periodicity of the polarizer rotation should be 180°. That is correspondence to the property of
the polarizer. Fig.9.2.1.9 to Fig. 9.2.1.12 shows the mapping of related angles in the
polarization measurement, such as, elliptical angle y, azimuth angle 1, phase difference &,
and sin §. The mapping of the azimuth angle of the polarization shown in Fig. 9.2.1.10. A
rotation happened on a linear polarization when the light going through the nanograter. In the
position of the space between U-shape hole, the azimuth angle of the polarization is same to
the incident polarized light. A variation of azimuth angle happens at the position of the
nanograter. The range of the variation changes with the rotation of the polarizer. A minimum
variation is sited at 217° in Fig. 9.2.1.10. In the two positions, the U-shape hole can’t be seen.

That means the polarization rotation only happens on the protrusion of the nanograter. A
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minimum variation of azimuth angle at 57°. This is not existed on the 180° symmetric

position at 237°.

0 is the phase difference of the electrical field between y-axis and x-axis. The mapping of 6 is
shown in Fig. 9.2.1.11. In some special configuration, such as 337 ° and 157 ° shown in Fig.

9.2.1.11, the & near to zero. The mapping of sin(8) is shown in Figure 9.2.1.12. The variation

is same to § in Figure 9.2.1.11.

Figure 9.2.1.13 and Fig. 9.2.1.14 shows the modulus of the electrical field along x-axis and y-
axis shown in Fig. 9.1.1.3. The electrical field along y-axis E,, is an imaginary number. Its

real part and imaginary part are shown in Fig. 9.2.1.15 and Fig. 9.2.1.16.
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Figure 9.2.1.1 The mapping of I for the nanograter tested at different polarization angles
reference to the laboratory coordinate
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Figure 9.2.1.2 The mapping of Q for the nanograter tested at different polarization angles
reference to the laboratory coordinate.
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Figure 9.2.1.3 The mapping of U for the nanograter tested at different polarization angles
reference to the laboratory coordinate.
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Figure 9.2.1.4 The mapping of V for the nanograter tested at different polarization angles
reference to the laboratory coordinate.
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Figure 9.2.1.5 The mapping of 1;p/1 for the nanograter tested at different polarization angles
reference to the laboratory coordinate.
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Figure 9.2.1.6 The mapping of Q/I for the nanograter tested at different polarization angles
reference to the laboratory coordinate.
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Figure 9.2.1.7 The mapping of U/I for the nanograter tested at different polarization angles
reference to the laboratory coordinate.
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Figure 9.2.1.8 The mapping of V /I for the nanograter tested at different polarization angles
reference to the laboratory coordinate.
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Figure 9.2.1.9 The mapping of y for the nanograter tested at different polarization angles
reference to the laboratory coordinate.
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Figure 9.2.1.10 The mapping of Y for the nanograter tested at different polarization angles
reference to the laboratory coordinate.
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Figure 9.2.1.11 The mapping of & for the nanograter tested at different polarization angles
reference to the laboratory coordinate.

207



Figure 9.2.1.12 The mapping of sin(8) for the nanograter tested at different polarization
angles reference to the laboratory coordinate.
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Figure 9.2.1.13 The mapping of |E}| for the nanograter tested at different polarization angles
reference to the laboratory coordinate.
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Figure 9.2.1.14 The mapping of |E,, | for the nanograter tested at different polarization angles
reference to the laboratory coordinate.
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Figure 9.2.1.15 The mapping of Re(E,) for the nanograter tested at different polarization
angles reference to the laboratory coordinate.

211



Figure 9.2.1.16 The mapping of Im(E,) for the nanograter tested at different polarization
angles reference to the laboratory coordinate.

In this section, the polarization mapping of the U-shaped nanograter is measured with the
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rotation of polarizer. The polarizer is rotated from 7° to 357°. The pattern of the mapping is
depending on the polarizer rotation angle. A special position is sited on 337° that the variation
of signal V is the minimum. This is not existed on the 180° symmetric position at 157°. The
variation of azimuth angle is the minimum at 57° and 67°. This is not existed on the 180°
symmetric position at 237°. The measurement relates with polarizer angles closely. So, |
developed the sample stage 3 in the later experiment to pinpoint the configuration of the

polarizer and the sample stage.

9.2.2 Sample rotation experiment with the protrusions facing the light
source

From last section, the relative angle between the symmetrical axis of the sample (A) and the
polarizer fast axis (P) is sensitive to the mapping pattern of the nanograter from last section.
Because a background of the microscope is sensitive to the azimuth angle of the polarization
discussed in chapter 5. To ensure the measurement is reliable, I do the experiment of fixing
the polarizer at a special angle (The azimuth angle is about 122° reference to the laboratory

coordinate) of the flattest background, shown in table 9.2.2.1, and rotate the sample stage.

The reading of angle of the sample stage is chosen at 58°, 148°, 238°, 328°, 102°, and 192°.
According to the laboratory coordinate shown in Fig.9.1.1.3, the configuration of the
polarizer and the sample stage is shown in Table 9.2.2.1. The configuration P || A is shown in
Fig.9.2.2.1a. The configuration P L A, is shown in Fig.9.2.2.1b. The angle of 102°, and 192°
is the situation between Fig.9.2.2.1a and Fig.9.2.1.1b. A protrusion existed on one side of the

U-shape nanograter shown on Fig. 9.2.2.1¢c. The sample stage rotated anticlockwise.
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polarization direction

—_—

a b

Figure 9.2.2.1 The configuration of the polarization and the nanograter: (a) polarization along
the symmetrical plane of the nanograter; (b) polarization perpendicular to the symmetrical
plane of the nanograter. (c) the SEM image of the nanograter.

Table 9.2.2.1 The configuration of the axis of polarizer (P) and the axis of nanograter (A)

Polarization angle Sample stage angle (°)
122° 58(PLA) | 148(PNIA) | 238 LA | 32814 [102] 192
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Figure 9.2.2.2 The mapping of I for the nanograter sited at angles: (a) 58°, (b) 148°, (c) 238°,
(d) 328° (e) 102°, (f) 192°
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Figure 9.2.2.3 The mapping of Q for the nanograter sited at angles reference to the laboratory
coordinate: (a) 58°, (b) 148°, (c) 238°, (d) 328°, (e) 102°, (f) 192°
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Figure 9.2.2.4 The mapping of U for the nanograter sited at angles: (a) 58°, (b) 148°, ¢) 238°,
(d) 328° (e) 102°, () 192°
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Figure 9.2.2.5 The mapping of V for the nanograter sited at angles: (a) 58°, (b) 148°, c¢) 238°,
(d) 328° (e) 102°, () 192°

The pattern is varied with the relative angle of P and A. The Stokes parameters is shown in
Fig. 9.2.2.1 to Fig. 9.2.2.4. The normalized depolarization is shown in Fig. 9.2.2.6. The
image quality is poor because the strongly scattering exists in this system. In the
configuration of 58°, 148°, 238°, and 328 °, the depolarization is strong on the nanograter unit,
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but weak in the surrounding area of the nanograter, shown in Fig. 9.2.2.6. In the
configuration of 102 © and 192 °, the depolarization is strong in the surrounding area of the

nanograter, but weak on the nanograter unit.

Figure 9.2.2.6 The mapping of dP/I for the nanograter sited at angles: (a) 58°, (b) 148°, (c)
238°, (d) 328°, (e) 102°, (f) 192°
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Figure 9.2.2.7 The mapping of @ /I for the nanograter sited at angles: (a) 58°, (b) 148°, (c)
238°, (d) 328°, (e) 102°, (f) 192°
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The surrounding of P, is near to -1 when the sample stage is sited on 58°, 148°, 238°, 328 °;

while the surrounding of P, is about -0.6 at 102 ° and 192 °, shown in Fig.9.2.2.8.

Figure 9.2.2.8 The mapping of U/I for the nanograter sited at angles: (a) 58°, (b) 148°, (¢)
238°, (d) 328°, (e) 102°, (f) 192°

In the surrounding of the nanograter, the V /I is near to zero in the configuration of 58°, 148°,

238°, and 328°; and the variation of V/I is localized at the position of the nanograter, shown
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in Fig. 9.2.2.9 a, Fig. 9.2.2.9b, Fig. 9.2.2.9¢, and Fig. 9.2.2.9d; while, the surrounding area of
V /I is anisotropy, in the configuration of 102° and 192°, shown in Fig. 9.2.2.9 a, Fig.

9.2.2.9b.

Figure 9.2.2.9 The mapping of V /I for the nanograter sited at angles: (a) 58°, (b) 148°, (¢)
238°, (d) 328°, (e) 102°, (f) 192°
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Figure 9.2.2.10 The mapping of elliptical angle y for the nanograter sited at angles: (a) 58°,
(b) 148°, (c) 2387, (d) 328 °, (e) 102 °, (f) 192°

The distribution of elliptical angle y behaves similar to the V signal. The variation of y is

between10° and 0° at the angle of 58° and 328° in P L A, while, that is between -20° to 0° at

the angle between 148° and 238° in P || 4, shown in Fig. 9.2.2.10. The surrounding area in
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orthogonal position (58°, 328°, 148° and 238°) is zero; while, the surrounding area in oblique

position (102° and 192°) is about -20° and 20°, respectively.

Figure 9.2.2.11 The mapping of azimuth angle 1 for the nanograter sited at angles: (a) 58°,
(b) 148°, (c) 2387, (d) 328 °, (e) 102 °, (f) 192°

Figure 9.2.2.11 is the mapping of azimuth angle 1 sited at different angles. The surrounding
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area of the nanograter is uniform in orthogonal position (58°, 148°, 238°, 328°). The
surrounding area is not uniform when the polarizer fast axis tilt to the edge of the nanograter
(102° and 192°). Big variation of azimuth angle on the nanograter patterns is sited on the
position of 148°, 102 °, and 238 °; while, small variation of azimuth angle is sited on the

position of 58°, 192°, and 328°.
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Figure 9.2.2.12 The mapping of § for the nanograter sited at angles: (a) 58°, (b) 148°, (¢)
238°, (d) 328°, (e) 102°, (f) 192°

The phase difference 6 of y-axis and x-axis in the laboratory coordinate is shown in Fig.
9.2.2.12. Figure 9.2.2.12a shows ¢ is the minimum and the variation of § is localized at the

position of the edge of the protrusion.
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The variation of sin (§) in Fig. 9.2.2.13 is same to the variation of § in Fig. 9.2.2.12.

Figure 9.2.2.13 The mapping of sin(§) for the nanograter sited at angles: (a) 58°, (b) 148°,
(c) 238° (d) 328 °,(e) 102°, (f) 192°
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The mapping of the modulus of electrical field |E,| and |E,| is shown in Fig. 9.2.2.14 and
Fig. 9.2.2.15.

Figure 9.2.2.14 The mapping of |E|for the nanograter sited at angles: (a) 58°, (b) 148°, (¢)
238°,(d) 328 %, (e) 102°, (f) 192 °
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Figure 9.2.2.15 The mapping of |E,,| for the nanograter site at: (a) 58°, (b) 148°, (c) 238°, (d)
328° (e) 102°, (f) 192°
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The real part and real part Re(E,,) of the electrical field E,, are shown in Fig. 9.2.2.16.

Figure 9.2.2.16 The mapping of Re(E,) for the nanograter sited at angles (a) 58°, (b) 148°,
(c) 238°, (d) 328°, (e) 102°, (f) 192°
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The variation of imaginary part of E,, is the smallest in the Fig. 9.2.2.17a.

Figure 9.2.2.17 The mapping of Im(E,,) for the nanograter sited at angles: (a) 58°, (b) 148°,
(c) 238° (d) 328 °, (e) 102°, (f) 192 °

The mapping of modulus of the electrical field along the x1 axis (which is parallel to A
shown in Fig. 9.1.1.3 and y1 axis (which is perpendicular to A shown in Fig. 9.1.1.3 are

shown in Fig. 9.2.2.18 and Fig. 9.2.2.19. The phase difference §; between yl-axis and x1-
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axis is shown in Fig. 9.2.2.20. The red heart, about 2.5 X 103 a.u. on Fig. 9.2.2.18a should
related with the U-shape hole on the nanograter samplel; while, the blue dot, about 1.2 X

103 a.u. should be related to the protrusion of the nanograter samplel.

Figure 9.2.2.18 The mapping of |E,| for the nanograter sited at angles: (a) 58°, (b) 148°, (c)
238°,(d) 328°,(e) 102°, (f) 192 °
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Figure 9.2.2.19 The mapping of |E,4 | for the nanograter sited at angles: (a) 58°, (b) 148°, (¢)
238° (d) 328 °, (e) 102 °, (f) 192°
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Figure 9.2.2.20 The mapping of §; for the nanograter sited at angles: (a) 58°, (b) 148°, (¢)
238° (d) 328 %, (e) 102 °, (f) 192°

The relative angle between the polarizer fast axis and the nanograter edge can adjust the
mapping of polarization component. The nonuniform background is removed in the sample
rotation experiment. Orthogonal to the edge of the nanograter will make the surrounding area
of the elliptical angle, azimuth angle and phase difference is uniform; while, tilt to the edge of
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the nanograter will make the surrounding area of that parameters is nonuniform. At a special

position 58°, the phase difference is near to zero in general.

9.2.3 sample rotation experiment with the protrusions facing the camera

Nanograter is a three-dimension structure. Despite the symmetrical characteristic in a plane
discussed in section 9.2.2, another symmetrical characteristic outside of the plane is
important, the protrusions’ orientations, facing the light source or the camera. The situation of
protrusion facing the light source is discussed in last section. The situation of protrusion
facing the camera is going to be introduced in this section. Table 9.2.3.1 shows the
configuration between the polarizer and the nanograter in the experiment of the protrusion

facing to the camera.

Table 9.2.3.1the configuration of the sample stage rotation experiment—the protrusion facing
to the camera.

Polarization angle (°) Sample stage angle (°)
110 (122) 34(P LA 124 (P 11 4) 214(P L A) 304(P Il A)
20 (32) 34 (P |l A) 124(P L A) 214(P || A) 304(P L A)

The experiment of the polarization angle (32°) is done for cross reference. I only list the

situation of polarization at 122° in my thesis for significance.

Although the sample is flipped over, the symmetrical characteristic in plane is similar to the
that in the last section. In the situation of P || A, the V varied with the relative angle between
P and A, for A is a vector, too. The polarization is strongly depolarized in the configuration of

P 1 A than that in the configuration of P || A.
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Figure 9.2.3.1The mapping of I for the nanograter protrusion facing to the camera, when the
polarizer sited at 122° : (a) 34°, (b) 124°, (c) 214°, (d) 304°
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Figure 9.2.3.2 The mapping of Q for the nanograter protrusion facing to the camera, when the
polarizer sited at 122° : (a) 34°, (b) 124°, (c) 214°, (d) 304°
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Figure 9.2.3.3The mapping of U for the nanograter protrusion facing to the camera, when the
polarizer sited at 122° : (a) 34°, (b) 124°, (c) 214°, (d) 304°
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Figure 9.2.3.4The mapping of V for the nanograter protrusion facing to the camera, when the
polarizer sited at 122° : (a) 34°, (b) 124°, (c) 214°, (d) 304°

239



Figure 9.2.3.5 The mapping of I;p/1 for the nanograter protrusion facing to the camera, when
the polarizer sited at 122° : (a) 34°, (b) 124°, (c) 214°, (d) 304°
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Figure 9.2.3.6 The mapping of Q/I for the nanograter protrusion facing to the camera, when
the polarizer sited at 122° : (a) 34°, (b) 124°, (c) 214°, (d) 304°
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Figure 9.2.3.7 The mapping of U/I for the nanograter protrusion facing to the camera, when
the polarizer sited at 122°: (a) 34°, (b) 124°, (c) 214°, (d) 304°
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Figure 9.2.3.8 The mapping of V /I for the nanograter protrusion facing to the camera, when
the polarizer sited at 122° : (a) 34°, (b) 124°, (c) 214°, (d) 304°

In the image of the elliptical angle, the image of the protrusion is can be seen, but the image

of the U- shape can’t be seen, when the P L A.
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Figure 9.2.3.9 The mapping of y for the nanograter protrusion facing to the camera, when the
polarizer sited at 122° : (a) 34°, (b) 124°, (c) 214°, (d) 304°

When polarization rotate much in the situation of P L A, and it is nearly not change when the
P |l A, shown in the image of azimuth angle. Although in the image d P || 4, the little error

may produce the P } A.
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Figure 9.2.3.10 The mapping of y for the nanograter protrusion facing to the camera, when
the polarizer sited at 122° : (a) 34°, (b) 124°, (c) 214°, (d) 304°
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Figure 9.2.3.11 The mapping of § for the nanograter protrusion facing to the camera, when
the polarizer sited at 122° : (a) 34°, (b) 124°, (c) 214°, (d) 304°
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Figure 9.2.3.12 The mapping of sin(§) for the nanograter protrusion facing to the camera,
when the polarizer sited at 122° : (a) 34°, (b) 124°, (c) 214°, (d) 304°
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Figure 9.2.3.13 The mapping of |E| for the nanograter protrusion facing to the camera, when
the polarizer sited at 122° : (a) 34°, (b) 124°, (c) 214°, (d) 304°
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Figure 9.2.3.14 The mapping of |E,,| for the nanograter protrusion facing to the camera, when
the polarizer sited at 122° : (a) 34°, (b) 124°, (¢) 214°, (d) 304°
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Figure 9.2.3.15 The mapping of Re(E,,) for the nanograter protrusion facing to the camera,
when the polarizer sited at 122° : (a) 34°, (b) 124°, (c) 214°, (d) 304°
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The imaginary part of Ey can’t provide an image of the protrusion when the P L A, although
the protrusion is in front of the U-shape hole. At the position the U-shape is blocked by the

protrusion, reference to the SEM image in Fig. 9.2.2.1c, the Im(Ey) is no signal.

Figure 9.2.3.16 The mapping of Im(E,,) for the nanograter protrusion facing to the camera,
when the polarizer sited at 122° : (a) 34°, (b) 124°, (c) 214°, (d) 304°
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Figure 9.2.3.17 The mapping of |E, |for the nanograter protrusion facing to the camera,
when the polarizer sited at 122° : (a) 34°, (b) 124°, (c) 214°, (d) 304°
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Figure 9.2.3.18 The mapping of |Ey1 |f0r the nanograter protrusion facing to the camera,
when the polarizer sited at 122° : (a) 34°, (b) 124°, (c) 214°, (d) 304°
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Figure 9.2.3.19 The mapping of §; for the nanograter protrusion facing to the camera, when
the polarizer sited at 122° : (a) 34°, (b) 124°, (c) 214°, (d) 304°

In conclusion, the patterns in configuration P L A and P || A is different. The pattern of
protrusion facing the camera and that facing the light source is different, too. The signal of
phase difference is stronger in configuration of P || A than that in configuration of P L A. To
analysis this phenomenon carefully, I sum up the pictures in configuration P L A and P || A

in next two sections, to analysis the influence of the protrusion facing.

9.2.4 The optical axis of polarizer perpendicular to the axis of the
nanograter

The intensity is a bigger when the protrusion facing the light source than that facing the
camera, shown in Fig.9.2.4.1. Both the protrusion and the U-shape hole can be seen in the

image of the |E,, |, shown in Fig.9.2.4.2. The U-shape hole is clear in Fig.9.2.4.3b, and the
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protrusion is shown in image of |Ey1 |, shown in Fig.9.2.4.3a. The phase difference |6; | is
nearly zero when the protrusion facing the camera, shown in Fig.9.2.4.4a; while, the U-shape
hole can be seen when the protrusion facing the light source, in Fig.9.2.4.4b. Both the
protrusion and the U-shape hole can be seen in the image of semi-major axis a, but looks
different, shown in Fig.9.2.4.5. The image of semi-mimor axis b shows the protrusion and the
U-shape hole, in Fig.9.2.4.5. The image of a and b is swapped when the sample is flipped

OVET.

Figure 9.2.4.1 The mapping of I for the nanograter protrusion facing to (a)the camera, (b) the
light source, when P L A, polarizer sited at 122°

Figure 9.2.4.2 The mapping of |E, | for the nanograter protrusion facing to (a) the camera,
(b) the light source, when P_LA, polarizer sited at 122°

255



Figure 9.2.4.3 The mapping of |Ey1| for the nanograter protrusion facing to (a) the camera,
(b) the light source, when P L A, polarizer sited at 122°

Figure 9.2.4.4 The mapping of 6; for the nanograter protrusion facing to (a) the camera, (b)
the light source, when PLA, polarizer sited at 122°

Figure 9.2.4.5 The mapping of semi-major axis of the polarization a for the nanograter
protrusion facing to (a)the camera, (b) the light source, when P LA, polarizer sited at 122°
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Figure 9.2.4.6 The mapping of semi-major axis of the polarization b for the nanograter
protrusion facing to (a) the camera, (b) the light source, when P LA, polarizer sited at 122°

Figure 9.2.4.7 The mapping of I;p for the nanograter protrusion facing to (a) the camera, (b)
the light source, when PLA, polarizer sited at 122°

Both the protrusion and the U-shape hole can be seen in the image of I;p, shown in
Fig.9.2.4.7. In the image of Im(E,, ), shown in Fig.9.2.4.8, the U-shape hole is blurred when
the protrusion facing the camera, and both the U-shape hole and the protrusion can be seen
when the protrusion is facing the light source. Im(E,) may be useful to detect the

information shadowed by a metal.
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Figure 9.2.4.8 The mapping of Im(E,) for the nanograter protrusion facing to (a)the camera,
(b) the light source, when P_LA, polarizer sited at 122°

Only the protrusion can be seen in the image of the elliptical angle y, both in Fig. 9.2.4.9a
and in Fig. 9.2.4.9b. The azimuth angle variation is localized at the position of the protrusion.
But the variation of azimuth angle is changing from negative to positive when the nanograter

is flipped over, in Fig. 9.2.4.10.

Figure 9.2.4.9 The mapping of y for the nanograter protrusion facing to (a)the camera, (b) the
light source, when P_LA, polarizer sited at 122°
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Figure 9.2.4.10 The mapping of Y for the nanograter protrusion facing to (a)the camera, (b)
the light source, when PLA, polarizer sited at 122°

In configuration of PLA: the protrusion can produce a localized rotation of the azimuth angle
of polarization; the elliptical angle is nearly not changed. The rotation of azimuth angle is
localized at the position of the protrusion. The variation of elliptical angle is localized at the
juncture of the plane of the protrusion and the mainplane of U-shape hole. The image of the
semi-major axis (a) of the polarization is swapped with the image of the semi-minor axis (b)
when the nanograter is flipped over. The image of |E,| is not changed with the flip over of

the nanograter, but the image of |Ey1| is the complementary in two side of the nanograter.

9.2.5 The axis of polarizer parallel to the axis of the nanograter
The intensity is bigger at the position of the U-shape hole, shown in Fig. 9.2.5.1.

Both the protrusion and the U-shape hole can be seen in the image of |E,;| shown in Fig.
9.2.5.2, when the protrusion facing to the light source, while, the image of protrusion is

indistinct when the protrusion facing to the camera.

The image of |Ey1| shown in Fig. 9.2.5.3 include the information of the protrusion and the U-

shape hole when the protrusion is facing the camera; while, the information of the protrusion
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is blurred when the protrusion is facing the light source.

Figure 9.2.5.1 The mapping of I for the nanograter protrusion facing to (a) the camera, (b) the
light source, when P || A, polarizer sited at 122°

Figure 9.2.5.2 The mapping of |E, | for the nanograter protrusion facing to (a) the camera,
(b) the light source, when P||A, polarizer sited at 122°
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Figure 9.2.5.3 The mapping of |Ey1| for the nanograter protrusion facing to (a) the camera,
(b) the light source, when P||A, polarizer sited at 122°

Figure 9.2.5.4 The mapping of 61 for the nanograter protrusion facing to (a) the camera, (b)
the light source, when P||A, polarizer sited at 122°

Both the protrusion and the U-shape hole can be seen in the image of §1, shown in Fig.
9.2,5.4, when the protrusion is facing the camera; while, only the U-shape hole can be seen

when the protrusion is facing the light source.

Both the protrusion and the U-shape hole is clear in the image of a when the protrusion is
facing the light source, shown in Fig.9.2.5.5b; while, the image of protrusion is blurred when
the protrusion is facing the camera, shown in Fig.9.2.5.5a. An information behind the plane
of nanograter sample can be seen in the image of semi-major axis a. The situation for semi-
mimor axis b shown in Fig.9.2.5.6 is similar to that of the semi-major axis shown in Fig.
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9.2.55.

Figure 9.2.5.5 The mapping of semi-major axis of the polarization a for the nanograter
protrusion facing to (a) the camera, (b) the light source, when P||A, polarizer sited at 122°

Figure 9.2.5.6 The mapping of semi-mimor axis of the polarization b for the nanograter
protrusion facing to (a) the camera, (b) the light source, when P||A, polarizer sited at 122°

A big depolarization is existed at the position of U-shape hole when the protrusion is facing
the camera, shown in Fig.9.2.5.7a. Both the protrusion and the U-shape hole can be seen in
the image of depolarization when the protrusion is facing the light source, shown in

Fig.9.2.5.5b.

262



Figure 9.2.5.7 The mapping of I;p for the nanograter protrusion facing to (a) the camera, (b)
the light source, when P||A, polarizer sited at 122°

The imaginary part of Ey is bigger when the protrusion is facing the camera than that facing

the light source, shown in Fig.9.2.5.8.

The elliptical angle varied positively at the U-shape position when the protrusion is facing the
camera, shown in Fig.9.2.5.9a; while, that varied negatively at the protrusion when the

protrusion is facing the light source, shown in Fig.9.2.5.9b.

Figure 9.2.5.8 The mapping of Im(E,) for the nanograter protrusion facing to (a) the camera,
(b) the light source, when P||A, polarizer sited at 122°
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Figure 9.2.5.9 The mapping of y for the nanograter protrusion facing to (a) the camera, (b)
the light source, when P||A, polarizer sited at 122°

Figure 9.2.5.10 The mapping of 1 for the nanograter protrusion facing to (a) the camera, (b)
the light source, when P||A, polarizer sited at 122°

The azimuth angle is varied more when the protrusion is facing the light source than that

when the protrusion is facing the camera, shown in Fig.9.2.5.10.

Table 9.2.5.1 summarized the pictures listed in section 9.2.4 and 9.2.5. The line in vertical
represents the U-shape hole on nanograter. The ling in horizontal represents the protrusion.
The dash line -+’ represents that it can’t be seen in the relevant image. The solid line ‘-’

represents that it can be seen in the relevant image.
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Table 9.2.5.1 The table of showing the visible part and the invisible part in the image of
Physical quantity (° | > represent the U-shape hole; “— ’ represent the protrusion)

Physical quantity Conliipiu ition Confl';g“uAtation
Protrusion facing Camera Light source Camera Light source
B, 1. 1|
|Ex1l |_ _ J |_
, L L
a |_ |_
b m
dP |_ |_
Im(E,) |_ i_
X i_ |_
Y L

To sum up, the characteristic of protrusion and the U-shape hole under four configurations

are summarized in table 9.2.5.1.

9.2.6 The influence of the angle of the protrusion to the polarization
patterns

To research the effect of the angle of the protrusion of the nanograter to the polarization
adjustment, different protrusion angle samples are measured. The SEM images are shown in
Figure 9.2.6.1. The information of the samples is listed in table 9.2.6.1. The polarization
azimuth angle sited at 122° and sample stage sited in 148°.The configuration between the axis

of polarizer and the symmetric axis of the nanograter is P || A.

Table 9.2.6.1 The name of the samples and the relevant angles

Sample number 4 12 22 29 31 32 33

Protrusion angle No 90 120 45 0 30 100

Protrusion angle -- 80 116.3 40 5.6 27.2 90
Figure name g d f c a b E
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Figure 9.2.6.1 The SEM image of the U-shape nanograter with different angles.

The protrusion angle reference to the published paper (Liu et al., 2016). The angle of

protrusion influences the intensity of the image in Fig.9.2.6.2.

Figure 9.2.6.2 The mapping of I for the nanograter that protrusion in different angles: (a)
5.6°, (b) 27.2°, (c) 40°, (d) 80°, (¢)90°, (f) 116.3°, (g) no protrusions, when P||A, polarizer
sited at 122° and sample stage sited in 148°.
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Figure 9.2.6.3 The mapping of Q for the nanograter that protrusion in different angles: (a)
5.6°, (b) 27.2°, (c) 40°, (d) 80°, (¢)90°, (f) 116.3°, (g) no protrusions, when P|| A, polarizer
sited at 122° and sample stage sited in 148°.

The image of Q varied with the angle of protrusions, shown in Fig. 9.2.6.3. It is same to that

of U and V, shown in Fig.9.2.6.4 and Fig. 9.2.6.5 respectively.

Figure 9.2.6.4 The mapping of U for the nanograter that protrusion in different angles: (a)

5.6°, (b) 27.2°, (c) 40°, (d) 80°, (e)90°, (f) 116.3°, (g) no protrusions, when P|| A, polarizer
sited at 122° and sample stage sited in 148°.
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Figure 9.2.6.5 The mapping of V for the nanograter that protrusion in different angles: (a)
5.6°, (b) 27.2°, (c) 40°, (d) 80°, (¢)90°, (f) 116.3°, (g) no protrusions, when P|| A, polarizer
sited at 122° and sample stage sited in 148°.

Figure 9.2.6.6 The mapping of dP/I for the nanograter that protrusion in different angles: (a)
5.6°, (b) 27.2°, (c) 40°, (d) 80°, (e)90°, (f) 116.3°, (g) no protrusions, when P|| A, polarizer
sited at 122° and sample stage sited in 148°.

Only the image e in Fig.9.2.6.6 is different with the others with a maximum depolarization at

the position of the nanograter, which angle is 90°. The P;, P,, V/I also varied with the angles,

shown in Fig. 9.2.6.7, Fig. 9.2.6.8, and Fig. 9.2.6.9.
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Figure 9.2.6.7 The mapping of Q /I for the nanograter that protrusion in different angles: (a)

5.6°, (b) 27.2°, (c) 40°, (d) 80°, (¢)90°, (f) 116.3°, (g) no protrusions, when P|| A, polarizer
sited at 122° and sample stage sited in 148°.

Figure 9.2.6.8 The mapping of U/I for the nanograter that protrusion in different angles: (a)

5.6°, (b) 27.2°, (c) 40°, (d) 80°, (e)90°, (f) 116.3°, (g) no protrusions, when P|| A, polarizer
sited at 122° and sample stage sited in 148°.

Figure 9.2.6.9 The mapping of VV /I for the nanograter that protrusion in different angles: (a)
5.6°, (b) 27.2°, (c) 40°, (d) 80°, ()90°, (f) 116.3°, (g) no protrusions, when P||A, polarizer
sited at 122° and sample stage sited in 148°.

The elliptical angle y varied with the protrusion angles too, shown in Fig. 9.2.6.10. The
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variation of 1 is shown in Fig. 9.2.6.11.

Figure 9.2.6.10 The mapping of y for the nanograter that protrusion in different angles: (a)
5.6°, (b) 27.2°, (c) 40°, (d) 80°, ()90°, (f) 116.3°, (g) no protrusions, when P||A, polarizer
sited at 122° and sample stage sited in 148°.

Figure 9.2.6.11 The mapping of 1 for the nanograter that protrusion in different angles: (a)
5.6°, (b) 27.2°, (c) 40°, (d) 80°, (e)90°, (f) 116.3°, (g) no protrusions, when P||A, polarizer
sited at 122° and sample stage sited in 148°.

Figure 9.2.6.12 The mapping of § for the nanograter that protrusion in different angles: (a)
5.6°, (b) 27.2°, (c) 40°, (d) 80°, (e)90°, (f) 116.3°, (g) no protrusions, when P||A, polarizer

270



sited at 122° and sample stage sited in 148°.

Figure 9.2.6.13 The mapping of sind for the nanograter that protrusion in different angles: (a)

5.6°, (b) 27.2°, (c) 40°, (d) 80°, ()90°, (f) 116.3°, (g) no protrusions, when P||A, polarizer
sited at 122° and sample stage sited in 148°.

The variation of § and sind are shown in Fig. 9.2.6.13 and Fig.9.2.6.13, respectively.

Figure 9.2.6.14 The mapping of |E,| for the nanograter that protrusion in different angles: (a)

5.6°, (b) 27.2°, (c) 40°, (d) 80°, (e)90°, (f) 116.3°, (g) no protrusions, when P|| A, polarizer
sited at 122° and sample stage sited in 148°.
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Figure 9.2.6.15 The mapping of |Ey| for the nanograter that protrusion in different angles: (a)

5.6°, (b) 27.2°, (c) 40°, (d) 80°, (e)90°, (f) 116.3°, (g) no protrusions, when P|| A, polarizer
sited at 122° and sample stage sited in 148°.

The image of |E, | and |Ey| are shown in Fig. 9.2.6.14 and Fig.9.2.6.15, respectively.

Figure 9.2.6.16 The mapping of Re(E),) for the nanograter that protrusion in different angles:

(a) 5.6°, (b) 27.2°, (c) 40°, (d) 80°, (€)90°, (f) 116.3°, (g) no protrusions, when P||A, polarizer
sited at 122° and sample stage sited in 148°.

Figure 9.2.6.17 The mapping of Im(E,,) for the nanograter that protrusion in different angles:
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(a) 5.6°, (b) 27.2°, (c) 40°, (d) 80°, (¢)90°, (f) 116.3°, (g) no protrusions, when P||A, polarizer
sited at 122° and sample stage sited in 148°.

The real part and the imaginary part of E,, is shown in Fig. 9.2.6.16 and Fig. 9.2.6.17.
respectively. The spot in Fig. 9.2.6.16¢ is from the scattering light in the system, but it does
not exist in Fig. 9.2.6.17¢. The mapping of |E,4 | and |Ey1| are shown in Fig.9.2.6.18 and
Fig.9.2.6.19. The image of |Ey1| is similar to that of the Q shown in Fig. 9.2.6.19. The image
of §; in Fig. 9.2.6.20 is similar to that of the Im(E,) in Fig.9.2.6.17, but the signal of Im(E,)

is stronger.

Figure 9.2.6.18 The mapping of |E, | for the nanograter that protrusion in different angles:
(a) 5.6°, (b) 27.2°, (c) 40°, (d) 80°, (e)90°, (f) 116.3°, (g) no protrusions, when P||A, polarizer
sited at 122° and sample stage sited in 148°.

Figure 9.2.6.19 The mapping of |Ey1| for the nanograter that protrusion in different angles:
(a) 5.6°, (b) 27.2°, (c) 40°, (d) 80°, (e)90°, (f) 116.3°, (g) no protrusions, when P||A, polarizer
sited at 122° and sample stage sited in 148°.
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Figure 9.2.6.20 The mapping of §; for the nanograter that protrusion in different angles: (a)
5.6°, (b) 27.2°, (c) 40°, (d) 80°, (¢)90°, (f) 116.3°, (g) no protrusions, when P|| A, polarizer
sited at 122° and sample stage sited in 148°.

Figure 9.2.6.21 The mapping of a for the nanograter that protrusion in different angles: (a)
5.6°, (b) 27.2°, (c) 40°, (d) 80°, (e)90°, (f) 116.3°, (g) no protrusions, when P|| A, polarizer
sited at 122° and sample stage sited in 148°.

Figure 9.2.6.22 The mapping of b for the nanograter that protrusion in different angles: (a)
5.6°, (b) 27.2°, (c) 40°, (d) 80°, ()90°, (f) 116.3°, (g) no protrusions, when P||A, polarizer
sited at 122° and sample stage sited in 148°.
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Figure 9.2.6.23 The mapping of dP for the nanograter that protrusion in different angles: (a)
5.6°, (b) 27.2°, (c) 40°, (d) 80°, (¢)90°, (f) 116.3°, (g) no protrusions, when P|| A, polarizer
sited at 122° and sample stage sited in 148°.

The image of semi-major axis a, semi-mimor axis b, and I;p are shown in Fig. 9.2.6.21,

Fig.9.2.6.22, and Fig. 9.2.6.23, respectively.

In conclusion, the angle of the protrusion influences the patterns of the polarization image.
All the image is shown in this section. The 90° can produce biggest depolarization in the

configuration of P||A. The signal of Im(E,) is similar to that of the §, sin§ and §1. The Q is

similar to that of the |Ey1 |

9.2.7 Other types of nanograter
Despite the U-shape nanograter, there are other type of the nanograter, I list the typical of

them in this section.

9.2.7.1 Rectangle shape
Without a U-shape protrusion, just a rectangle protrusion sits beside a rectangle hole or not,

The SEM image is shown in Fig. 9.2.7.1.
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Figure 9.2.7.1 SEM image of rectangle nanograter: (a) sample: 20, (b) sample 34, (c)sample
36

Without a protrusion, the image is significantly different from that of with a protrusion,
shown in Fig.9.2.7.2. The §; is divided into positive and negative in a protrusion exist
structure, shown in Fig.9.2.7.4a and Fig. 9.2.7.4c. A big variation on §; existed when the
protrusion is removed, shown in Fig. 9.2.7.4b. The pattern of |E,| and |E,; | of sample 20
and sample 34 are coincident, while, that of sample 36 is complementary, shown in Fig.
9.2.7.2 and Fig. 9.2.7.3. All the image of §; in Fig.9.2.7.4 is complementary with the image

of |E, 4| in Fig. 9.2.7.3.

Figure 9.2.7.2 The mapping of |E,4| for the nanograter that protrusion in different direction,
when the polarization azimuth angle sited at 122° and sample stage sited in 148° : (a) sample
20, protrusion along the azimuth angle of polarization (P || A); (b) sample 34, no protrusion;
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(c) sample36, protrusion perpendicular to the azimuth angle of polarization (P L A)

Figure 9.2.7.3 The mapping of |E, | for the nanograter that protrusion in different direction,
when the polarization azimuth angle sited at 122° and sample stage sited in 148° : (a) sample
20, P || A; (b) sample 34, no protrusion; (¢) sample36, P L A

Figure 9.2.7.4 The mapping of §; for the nanograter that protrusion in different direction,
when the polarization azimuth angle sited at 122° and sample stage sited in 148° : (a) sample
20, P || 4; (b) sample 34, no protrusion; (c¢) sample36, protrusion perpendicular to the
azimuth angle of polarization P L A

9.2.7.2 Square shape
A square shape structure hole and U-shape protrusion structure typical structure is listed in

this section, which SEM image is shown in Fig.9.2.7.5. The protrusion is on the left and on

the right on sample 26.
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Figure 9.2.7.5 SEM image of (a) sample 24, (b) 25 and (c) 26

The image of |E,4| and |E,; | are coincidence in the three samples 24, 25 and 26 shown in

Fig.9.2.7.6 and Fig.9.2.6.7. Sample 26 produce big variation on §; shown in Fig. 9.2.6.8.
The image of |E,;| and §; are complementary on sample 24 and 25 in Fig. 9.2.7.7 and Fig.

9.2.7.8, while that on sample 26 is coincidence in range but the shape changed a little.

Figure 9.2.7.6 The mapping of |E,| for the square-nanograter that protrusion in different
angles, when the polarization azimuth angle sited at 122 and sample stage sited in 148 ,
sample number: (a) 24, (b) 25, c¢) 26
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Figure 9.2.7.7 The mapping of |E,;| for the square-nanograter that protrusion in different

angles, when the polarization azimuth angle sited at 122° and sample stage sited in 148° ,
sample number: (a) 24, (b) 25, (¢) 26

Figure 9.2.7.8 The mapping of §; for the square-nanograter that protrusion in different angles,
when the polarization azimuth angle sited at 122° and sample stage sited in 148°, sample
number: (a) 24, (b) 25, ¢) 26

9.2.7.3 Flower shape
This set of samples compare the influence of the shape of the protrusion, because the shape of

the hole is the same, a square hole quaternity (flower shape), shown in Fig. 9.2.7.9.
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Figure 9.2.7.9 SEM image of flower-shape nanograter, sample number: (a) 13, (b) 14 (¢) 15,

(d) 19

The blue spot around the red spot in the image of |E, |, shown in Fig. 9.2.7.10b and Fig.
9.2.7.10d, should be from the protrusion. The red spot is from the square hole. The U-shape
protrusion produce bigger effect than square-shape protrusion on |E, |, shown in Fig.
9.2.7.11. The square hole doesn’t produce a variation of |E,; | shown in Fig. 9.2.7.11a. The
U-shape hole protrusion on sample 15 produce a pattern of §;, which is significantly different
from the others, shown in Fig. 9.2.7.12. A square hole can produce a division on §; shown in
Fig. 9.2.7.12a, but the distribution of positive §; and negative §; is localized with a existence
of the protrusion (square shape in Fig. 9.2.7.12b and U-shape in Fig.9.2.7.12d) and diffused

because of the protrusion (U-shape hole in Fig. 9.2.7.12¢).
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Figure 9.2.7.10 The mapping of |E,| for the nanograter that protrusion in different angles,
when the polarization azimuth angle sited at 122° (sample stage sited in 146° for sample 13,
14, 15 and 148° for sample 19), sample number: (a) 13, (b) 14 (c) 15, (d) 19
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Figure 9.2.7.11 The mapping of |E,;| for the nanograter that protrusion in different angles,

when the polarization azimuth angle sited at 122° (sample stage sited in 146° for sample 13,
14, 15 and 148° for sample 19), sample number: (a) 13, (b) 14 (c) 15, (d) 19
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Figure 9.2.7.12 The mapping of §; for the nanograter that protrusion in different angles,
when the polarization azimuth angle sited at 122° (sample stage sited in 146° for sample 13,
14, 15 and 148° for sample 19), sample number: (a) 13, (b) 14 (c) 15, (d) 19

9.3 Summary

The nanograter is a 3D material. The symmetrical characteristic is broken. The Stokes
polarimetric microscope can detect the information of a vector field. So, Abundant image
with different patterns is obtained and reported in this chapter. The pattern is sensitive to the
angle between the symmetric axis of the nanograter and the polarization directions. The
different polarization component is sensitive to the protrusion or the hole-structure; so, the
information of the protrusion or the hole-structure can be obseved separately in different
polarization image. The rectangle hole can produce a localized variation of §; when the short

edge is parallel with the optical axis of the polarization. The square hole can’t localize the
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variation of §;, the protrusion structure can manipulate the distribution of the &;. This result

can provide a reference for the electromagnetic wave manipulation design in future.

Reference
Liu, Z., Gong, Z., Li, H., Xia, X., Shen, T. H., Li, J., ... Cui, A. (2016). Saptially oriented
plasmonic “nanograter” structures. Scientific Reports, 6, 28764.

https://doi.org/doi1:10.1038/srep28764
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Chapter 10 Summarize and future work

In my PhD scheme, I realized Stokes polarization imaging. I developed the control software
for the microscope in high speed acquisition. To acquire a high resolution, I optimized the
experiment process. Firstly, I find the error on channel 9 and channel 10 in my calibration
experiment and optimize the 12-channel method to 6-channel method. Secondly, I find the
room temperature influences the measurement of signal V strongly and find out a special
temperature to keep the accuracy of the experiment. Thirdly, I find the best position to
acquire a parallel light. Fourthly, we aligned the microscope in a best position to acquire a
uniform background image. And at last, I used an antireflection coated polarizer to improve

the quality of the images.

The reflection light back to the light source is the reason of the uniform background of the
polarization signal because the light path to the sample is different for the reflected back light
and the original light. The phenomenon is found in the experiment using the parallel light
without a condenser. In the process of microscope imaging, a condenser must be used to
obtain the high luminesce. A parallel light is not available anymore, so the cross of the
polarizer and the analyser is the optimize position to get rid of the reflected light to the light
source. The parallel light source and the cross position of polarizer and the analyser are both
needed in the experiment to acquire a uniform background. Under this equipment

configuration, a high resolution is obtained.

Based on the experiment technique we developed, I researched four material systems,
micropipe, pinhole, liquid crystal, and nanograter. The image of micropipe can be compare
with that acquired by Metripol apparatus(Ouisse, Chaussende, & Auvray, 2009) and crossed
polarizer method, but with much higher resolution. In our image, no blank area, which is

much different with the image acquired by Metripol apparatus. The image of micropipe is
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sensitive the configuration of the micropipe in the silicon carbide. Abundant images are

reported in chapter six.

The vector field of the pinhole diffraction is reported in chapter seven. An Airy-like pattern in
a vector field is published. The information of elliptical angle and azimuth angle has a
response area of 20um, which is much higher than that of the intensity 2 um. The four-ray
structure is from the scattering of the edge of the pinhole; it exists in front of the pinhole and

behind the pinhole.

The liquid crystal is a good sample to be researched on the Stokes polarimetric microscope,
because it has interface inside the liquid crystal with different style. Four type of liquid
crystal is researched, the interface inside the liquid crystal can be seen clearly. Also, some

feature is because of the round edge of the liquid crystal droplet.

Nanograter is a kind of metamaterial to manipulate the light. The pattern of the polarization is
relative to the angle between the optical axis of the polarizer and the symmetric axis of the
nanograter. The electrical field along and orthogonal to the polarisation is deduced in chapter
nine. The protrusion or the U-shape hole may be indistinct in the image of a special
polarization. The angle of the protrusion also influences the image of the polarization. The
shape of the hole can influence the distribution of the polarization, too. The shape of the

protrusion can influence the distribution of the phase difference.

Beside this, I realized the six-polarization measurement on the optical bench and developed
calculation program of the polarization extraction in our lab. I put it in the appendix because
it may influence the coherence of the whole thesis. Also, the relationship between the

polarization and the anisotropy of the structure is clarified in this thesis in chapter two.

However, many problems are not been solved and need to be done in future.
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Because of the magnification of our microscope, some nanograter pattern is too small to see
the details, a big magnification lens is needed in future to research them. The faulty of the
channel 9 and channel 10 on the equipment needs to be modified. The six-channel method
cannot get the information of the phase angle, which is only can be acquired using twelve-

channel method. The measurement of intensity needs to be modified too.
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Appendix A

A.1 Calibration experiment -- Alignment
The calibration experiment is used to establish the relationship between actual signals and
Stokes parameters. The Matrix K is solved through calibration process. A proper alignment is

the basement of the right calibration parameters.
The alignment process follows these steps:

Set the Polarizer and the Analyzer cross, where we got an extinction;

Put the PEM2 between the Polarizer and the Analyzer and got an extinction;

Put the PEM1 between the Polarizer and the Analyzer and got an extinction;

Set axis of PEM2 to be the laboratory coordinate;

Under the right-hand coordinate, rotate the analyzer clockwise 22.5° to make sure the

axis of the analyzer (f = 22.5°)

6. Rotate the PEMI clockwise 45° to make sure the axis of the PEM1 along the direction
(a = 45°)

7. To acquire a circular polarization, a retarder with the right wavelength was installed

after the polarizer.

orwdPE

A linear calibration and circular calibration are done separately. The retarder (waveplate) is

only needed when the process of a circular calibration.
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Appendix B: Optical component extraction deduction
This chapter presents a description of the state of polarization of light and the related
mathematical method. Details of the matrix inversion technique to determine the optical
characteristic of the sample relevant to the measurement of polarization with Stokes

polarimetry are also presented.

B.1 Mueller matrix of different optical component

Mueller matrix is a good way to represent the effect of an optical component on the light.
However, sometimes optical properties are a hybrid effect which need further analysis. To
extract the optical parameters, the hybrid Mueller matrix is treated as a product of Mueller
matrix of different optical components. The Mueller matrix of every significant optical

property is shown in the following sections.

The optical property of a material is classified into five parts: linear birefringence, circular
birefringence, linear dichroism, circular dichroism, and depolarization. The definition of the
effective parameters is shown in table B.1-1.

Table B.1-1Symbols and definitions of effective parameters(where, LB is linear

birefringence; CB is circular birefringence; LD is linear dichroism; CD is circular dichroism
(Pham & Lo, 2012b, 2012a) )

Name Symbol Range Definition
Orientation angle of fast axis of LB o [0°,180°]
Linear birefringence of LB é [0°,360°] 21'[(nS - nf) /2
Optical rotation angle of CB Y [0°,180°] 2n(n_—ny )1/
Orientation angle of LD 04 [0°,180°]
Linear dichroism of LD D [0,1] ZTT(,uS — uf) /A
Circular dichroism of CD R [-1,1] 2n(u_ —u ) /A
Linear depolarization el and e2 [-1,1]
Circular depolarization e3 [-1,1]
Depolarization index A [0,1]
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B.1.1 Mueller Matrix of linear birefringence

The Mueller Matrix of linear birefringence with an orientation angle a and phase retardance § is expressed as follows(Kliger et al., 1990, p.287)

1 0 0 0
0 cos(4a)sin?(8/2) + cos?(8/2) sin(4a) sin?(8/2) —sin(2a) sin(8)

Myp = 0 sin(4a) sin?(8/2) —cos(4a) sin?(8/2) + cos?(8/2)  cos(2a) sin(8) (8.1.1.1)
0 sin(2a) sin(§) — cos(2a) sin(d) cos(6)

B.1.2 Mueller Matrix of circular birefringence sample

The Mueller Matrix of circular birefringence with an optical rotation angle y is expressed as follows (Huard, 1997, p.313)

0 0
cos(2y) sin(2y)
—sin(2y) cos(2y)
0 0

(B.1.2.1)

S O O
= o OO

B.1.3 Mueller Matrix for a linear dichroism material

The Mueller Matrix of linear dichroism with an optical rotation angle 8, and linear dichroism D is expressed as follows (Pham & Lo, 2012a)
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1 1-D
1 1-D 1 1-D —=sin(264) (1 - —)
E(1+1+D) ECOS(Zed)(l 1+D) 2 N 1+D

2 2 2
20 (1 1-D ) 1e 22 4 cosaog|1- 222 Lonceog(1- 222
20528 (1-1735) 3 17D Teos8a) 1+D 2 5n(48a) 1+D

Mjq = 2 2

in(26,) (1 - ~—2 Linco(1- 222 iy 122 40| 1 —
7 sin( d)< _1+_D> 25In(464) 1+D 1 17D —cos0a)
0 0 0

B.1.4 Mueller Matrix of a circular dichroism material

The Mueller Matrix of circular dichroism R is expressed as follows(Pham & Lo, 2012a)

14+R2 0 0 2R
0 1-R> 0 0
M., =
cd 0 0 1 — R? 0
2R 0 0 1+R?
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B.1.4 Mueller Matrix of the property of depolarization

Considering the existence of the solution of the matrix decomposition proved by Lu and
Chipman(Ossikovski, De Martino, & Guyot, 2007), two types of depolarizer matrix form are
used in the calculation. The Mueller Matrix of depolarization in forward family2 M, 1s shown
in formula (B.1.5-1) and the Mueller matrix of depolarization in reverse family wm,, is shown
in formula (B.1.5-2) (Ossikovski et al., 2007). Ossikovski proved that the decomposition
process has a solution only using the right style of Mueller matrix of depolarization in its

corresponding family (Ossikovski et al., 2007).

1 0 0 O

_|p1 e¢ 0 O
My = P2 0 e O (B.14.1)

Ps 0 0 €3

1 dy d, d,

|0 e 0 O
e (B.1.4.2)

0 O 0 e;

where p,, p,, p3 are the polarize; dq, d,, d; are diattenuation; e;, e,, are the degree of linear

depolarization, and ej is the circular depolarization.

B.2 Deduction of the effective optical parameters
The interaction between sample and polarization is represented by a Mueller Matrix M. The

status of polarization before interaction with the sample is represented as S, and the status of

2 Because the matrix multiplication is not commutative, the Mueller matrix of retarder M,, diattenuator M, and depolarizer
M, are order dependent(Lu & Chipman, 1996). The forward family means the M, on the left of the M}, and M, (Ossikovski et
al., 2007). The reverse family means the means the M, on the right of the M}, and M,; (Ossikovski et al., 2007).
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polarization after interaction with the sample is represented as S . The relationship is shown

in equation 2.1.3-1.

In a complex situation, matrix M includes many kinds of optical effect, such as CD, LD, CB,
LB, and depolarization. The matrix M is decomposed as a product of Mueller matrices of
different optical effect. The algorithm of the decomposition of the Mueller matrix is shown
by Cloude in 1986 (Cloude, 1986) . Lu et. al. proves any Mueller matrix can be decomposed
into a diattenuator, retarder, and a depolarizer (Lu & Chipman, 1996). Chipman also declared
the problem of the order dependence of the matrix multiplication (Lu & Chipman, 1996).
Ossikovski et al. had pointed out a symmetry existed between the two order of

decomposition: forward and reverse family (Ossikovski et al., 2007).

B.2.1 Testing method

Stokes polarimeter is used in our experiment to test the Stokes parameters. Six different
polarization states (Sge, Sys0, Soge, S1350, Sircs Sruc), explained in section 1.3.5, are used as
input polarization, whose Stokes parameters are acquired without a sample in the way of light
propagation. The polarization (§' e, $' 450, S'000s $'135 S'Lrics S ruc) is used as an output
polarization, whose Stokes parameters is acquired with a sample mounted between retarder
and PEM1. The Mueller matrix of the sample is acquired through the calculation method
shown in section B.2.5. The data acquired is calculated through a program written by

MATLAB to get the Mueller matrix of the sample.

B.2.2 Situation without regard to depolarization

In some systems, the depolarization effect is very small. The depolarization effect is not
considered. Assuming the order of the optical components is CD, LD, CB, and LB.
According to the Mueller Matrix shown in section B.2.2, the Mueller matrix tested is the

product of these Mueller matrices, which is shown in equation (B.2.2-1). From derivation
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shown below, the polarization parameters under the situation without depolarization is

obtained.
M= MCdMlndleb (B 221)
Ajr Az Az Agy
Ayr Ay Azz Ay,
MoqMyy = B.2.2.2
caMia =1L Mgy Az Asg (B.2.2.2)
Ayr Agp Asz Ay
Ajr Az Az A1 0 0 0]
Azi Azz Azz Az|| 0 cos2y sin2y 0
M. .M, M., =
cd™1dch A31 A32 A33 A34 0 —Sir12y COSZV 0
A11 Aqpc082y — A13sin2y  Aiysin2y + Aq13cos2y Ay,
_|Az1 Ajzcos2y — Ayzsin2y  Aj,sin2y + Ajzcos2y Agy
- A31 A32C052y - A33Sin2]/ A325in2)/ + A33C052y A34
Ay Aupc0S2y — Ayzsin2y  AupSin2y + AyzcoS2y Ay
Bi1 Biz Biz Big
By1 Biz Bas By
- B.2.2.3
By, Bs Bas Ba (B.2.2.3)
Bs1 Biz Bys Bay
b
|0 hy hy hs
=10 hy he hg (B.2.2.4)
[0 h; hg hol
By; Biz Biz Byr1 0 0 O
B,y Byz Bas B[00 hy hy hs
MogMigMoy My, =
cd1d b b B3y Bsz B3z Bss||0 hs hs he
Bs1 Buz Bys BuyllO h; hg hy
Byy  hyBip + hyBis + hyBiy  hpBip + hsBys + hgBiy  h3Bip + hgBys + hoByy
_ Ba1  hiBaz + hyBas + hyByy  hyBay + hsBas + hgByy  h3Bay + heBas + hgByy
B3y hyBsp + hyBss + h;B3y  hyBsy + hsBss + hgBsy  h3Bsy + hgBss + hoBsy
Bs1  hyBuz + hyByusz + hyByy  hyByy + hsBys + hgBay  h3Byy + heBas + hoByy
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= = M. B.2.2.5
Car Csp Cas Cag (B.2.2.5)
Cs1 Cuz Cuz Cyuy
From equation (B.2.2-2) to (B.2.2-5), we can obtain
Ci1=B11=411,Cy1 =By; = A3, ,031 = B3y =A31,C4 =By = Ay (B- 2-2-6)

where, matrix M is acquired by Stokes polarimetry experimentally. So, the C;4, Cy4, C34,
and C4, are known number from the experiment. From the matrix of the linear dichroism

(B.1.3-1) and circular dichroism (B.1.4-1) , A14, A1, A31, and A,q are acquired.

From formula B.2.2-6, we can obtain the formula of C;;, Cyq, C31, and Cy;.

C —1(1+R2)<1+1_D> B.2.2..1

) 1+D (B.2.2..1)
1 1-D 5

Cz1 = 5c05(284) (1 - 1+—D> (1-R?) (B.2.2..2)
1 1-D )

C31 = 55in(204) (1 - 1+—D> (1-R?%) (B.2.2.3)

1-D
Ci =R (1 + 1+—D> (B.2.2.4)

From equation (B.2.2-7) to (B.2.2-10), the D, R, and 0, are acquired.

C
0, = tan™? (ﬁ> (B.2.2.5)
CZl
C21 + C31
(B.2.2.6)
C11 - Cﬁl
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=\/C11—C41—\/C11+C41
\/C11—C41+\/C11+C41

(B.2.2.7)

According to the formula (B.2.2-11) to (B.2.2-13), the Mueller matrix of dichroism
My = M_.4M,, is obtained. The Mueller matrix of birefringence M, = M, M,;is acquired

through the formula shown below

From formula (B.1.2-1) and (B.2.2-4), we can obtain

Mb =MCleb =

1 0 0 0

0 hqicos2y + hysin2y hycos2y + hssin2y  hzcos2y + hgsin2y
0 —hySin2y + hycos2y —hysin2y + hscos2y —hzsin2y + hgcos2y
0 h; hg hg

(B.2.2.9)F
rom matrix (B.1.1-1), we can obtain
h; = —h,; = —sin(2a)sin(8), and hy = —hg = co s(2a) si n(6) (B.2.2.10)
. .20 5,0
D,y = hicos2y + hysin2y = sin Ecos(4a —2y) + cos zcosZy. (B.2.2.11)

D33 = —hycos2y + hssin2y

é é
= —sin® icos(4a — 2y) + cos? zcosZy (B.2.2.12)
Dy3 = hycos2y + hssin2y = sin Esm(ém — 2y) + cos ESLTIZ)/. (B.2.2.13)

D3y = —hqcos2y + hysinZy

é é
= sin® 5 sin(4a —2y) — cos? 5 Sin2y. (B.2.2.14)
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Comparing the formula (B.2.2-14) and (B.2.2-15), we can acquire the formula of these

optical parameters

8 = cos 1(Dy4/D11)

1 <D23 — D32)

=—t
v=2%" \D,, + Ds;

(B.2.2.15)

(B.2.2.16)

(B.2.2.17)

According to the derivation above, the parameters «, &, ¥, 84, D, R are obtained for the

Mueller matrix of the sample being measured.

B.2.3 Situation with regard to depolarization

In the situation with regard to the depolarization, the Mueller matrix of depolarization is
involved in the calculation. According to the paper of Ossikovski (Ossikovski et al., 2007),

the Mueller matrix of a reverse family is used here. This is very important, because it make

the decomposition process easily solved.

[Cn Ciz Ciz Ciqq[1 di dy ds
C21 Czz Cz3 Co4|[0 &1 0 O
Magp=MiM, M), =
dba CEPTACTIC3 C3p Caz Caall0 0 ez O
lC41 C4,2 C43 C44J 0 0 0 €3
[C11 d1C11+ Cizer daC11+ Cizez d3Cip + Cpges)
_ 621 d1C21+C2261 d2C21+C236’2 d3621 +C24€3|
631 d1C31+C3261 d2C31+C33€2 d3C31+C34e3|
_C41 d1C41+C4281 d2C41+C43€2 d3C41+C44e3J
[E11 E12 Eiz Ei4]
Ez1 Ezp Epz E24|
= B.2.3.1
E31 Ezz Eszz Ezy ( )
[Ey; Egp Egz Egql

From relationship in (B.2.3-1) and (B.2.2-3), we can obtain the formula below
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E11=C11=B11=4A11,E21 = C31 = Byy = A1, E31 =C31 = B3y = A3y, E41 = (41 =

B4_1 = A41 (B. 2.3. 2)

According to the formula (B.2.2-11) to (B.2.2-13) in section B.2.2, the polarization

parameters are solved.

E
0, = tan™? (i> (B.2.3.3)
Eyq
E3, + E3,
D = W (B. 2.3. 4’)
11 41

=\/En — E4q —\/E11 + E4q
\/511 — Eyq +\/E11 + Ey4q

(B.2.3.5)

The diattenuation matrix My = M_4M,, is acquired through ( 0-4) to ( 0-6 ), (B.1.3-1) and

(B.1.4-1).

The Mueller matrix of retarder and depolarizer My, is acquired through the formula (B.2.2-

9).

Mppa 1s the Mueller matrix tested by Stokes polarimetry in the experiment.
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o) o)
0 (sin? Ecos(4a — 2y) + cos? EcosZy)el

1) 1)
0 (sin? Esin(4a — 2y) + cos? EsinZy)el

10 sin2a - sind - e,

o) o)
(sin? Esin(4a — 2y) — cos? EsinZy)ez

) 1)
(—sin? > cos(4a — 2y) + cos? EcosZy)ez

—cos2a - sinéd - e,
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Myn = M, My = Mz'M,,, (B.2.3.6)
Djy 0 0 O71[l dy dy ds
" 0 D,, Dys Dyfl0 e, 0 0
A= 0 Ds Dis Dagfl0 0 e, 0
0 Dy Duz Dyl 0 0 3
1 0 0 0 1 d4 d2 ds
0 hycos2y +hyusin2y  hycos2y + hgsin2y  hycos2y + hgsin2y ” ]
~10 —hysin2y + hycos2y —h,sin2y + hccos2y h3sm2y+h60052y|0 0 e2 |
0 h7 hg hg JO 0 O e3J
rl d1 dZ d3
o (hycos2y+hysin2y)e; (h,cos2y + hgsin2y)e,  (h;cos2y + hgsinZy)es
“lo (—hysin2y + hycos2y)e; (—h,sin2y + hscos2y)e, (—h;sin2y+hgcos2y)es
o h,e, hge, hge; |
1 d, d, dy

(sindsin(2y — 2a))e;

(sindcos(2y — 2a))e;

cosé " e3




Fi1 Fip Fi3 Fiy
0 Fy Faz Fyy
= B.2.3.7
0 Fy Fay F (8.23.7)
0 F42 F43 F4—4
According to B.2.3-7, the equation B.2.3-8 acquired,
1 d, d, d,
50 4 . ,0 20 . o
0 (sin? Ecos(4af — 2y) + cos? ECOSZ)/)el (sin Esm(4a — 2y) —cos ESany)ez (sindsin(2y — 2a))e;
50 5 ,0 0 .
0 (sin? Esm(4a — 2y) + cos? Esty)el (—sin? Ecos(4a —2y) + cos EcosZy)ez (sindcos(2y — 2a))es
L0 sin2a - sind - e; —cos2a - sind - e, cosé - e3
Fi1 Fip Fi3 Fiu
= For Fas Fou (B.2.3.8)

0
0 F3p Fzz3 Fiy
0

Using normalized Stokes parameter to solve the equation, the diattenuation is eliminated.

1 0 0 0Dy O 0 0

M = pr e 0 O 0 Dy; Dy3 Dyy
Ab p, 0 e O 0 D3, D33 D3y
ps 0 0 e 0 Dsz Dys Duyy
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[ 1
P1
P2
LP3

[ 1
P1
P2
D3
[ 1
P1
P2
LD3
1
P1

P2
D3

0 O
e; O
0 ey
0 0

(hicos2y + h,sin2y)e;
(—hysin2y + hycos2y)eq

(hicos2y + hysin2y)e,
(=hysin2y + hycos2y)e;

01r1 0
0[]0 hycos2y + husin2y
0|0 —hysin2y + h,cos2y
ezl L0 h,

0 0

Dy1
_ |P1D11
p2D11
p3D11

h,cos2y + hgsin2y
—h,sin2y + hscos2y

h;e; hge;,

0 0

—hze; —hee;

0

o) o)
(sin? > cos(4a — 2y) + cos? 5 cos2y)e,

(sin?

2

5 . 5 .
—=sin(4a — 2y) + cos? = sin2y)e;

2
sin2a - sind - e

D11 = E11 = 1

0

hg

(hycos2y + hgsin2y)e,
(—h,sin2y + hscos2y)e,

(hycos2y + hgsin2y)e,
(—hysin2y + hscos2y)e,

0 0

0

(h3c0s2y + hgsin2y)es
(—h3sin2y + hgcos2y)es

hges

0

(h3cos2y + hgsinly)es
(—hs3sin2y + hgcos2y)es

hges

0

0

Djze; Dyze; Dyses
D3ye; Dzze; Diges
Dyre; Dyze; Dyges

0

ho

0 o)
(sin? > sin(4a — 2y) — cos? EsinZy)ez

(—sin?

2

—cos2a - sind - e,
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10) o)
—cos(4a — 2y) + cos? =

2

cos2y)e,

h;cos2y + hgsinZy
—h3sin2y + hgcos2y

0
(sindsin(2y — 2a))e;

(sindcos(2y — 2a))es

cosd - e;

(B.2.3.10)

(B.2.3.9)



P1 = D—ll (B. 2.3. 11)
E
p, = D—31 (B.2.3.12)
11
E
ps = Ti (B.2.3.13)
E;;
e, = —== (B.2.3.14)
Dy,
E
e, = D_“ (B.2.3.15)
22
E
;= D;‘A (B.2.3.16)
44
1 Dy, 1 Eyy/eq
a=——tan"! <—) = ——tan"! <— B.2.3.17
2 Dy3 2 Ey3/e; ( )
D E
8 =cos™? (ﬁ> = cos™! (L/%> (B.2.3.18)
11
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= Seant (222 L (Brade—Eunler)

B.2.3.19
2 D35 + D33 2 E;z/e1 + Esz/e; ( )
1 D2sDyr — DouD 1 E../e E./e) — (E,i/ex)(Esz/e
y = = sin-1 < 34 z;z 224 43) _ L (( 3a/€3)(Egz/ 12 (Ezs/ 3)2( 43/ 2)) (B.2.3.20)
2 D> + Dy 2 (Eqz/e1)? + (Egz/ez)
_1 —1 (E22/e1+Es3/e;
Y = ZCOS ( 14E,,)/e; ) (B.2.3.21))
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B.2.4 Acquisition of the Mueller matrix of a sample

Suppose the Mueller matrix of the sample to be a matrix M, the Stokes parameter before
interaction with the sample is input Stokes parameter (S), and the Stokes parameter after
interaction with the sample is output Stokes parameter (S”). The relationship of input Stokes

parameters and output parameters is shown in equation 1.1.3.1.

The Mueller matrix of a sample is determined through the measurement of Stokes parameters
at special polarization(Chen, Lo, Yu, Lin, & Yang, 2009; Liao & Lo, 2013; Pham & Lo,

2012a, 2012b). Usually, using six different input polarizations to do the measurement (Pham
&10,2012a): Spe =1 1 0 0]%,So0-=[1 -1 0 0]",S4se=[1 0 -1 0],
Si3so=[1 0 =1 0]",Smc=[1 0 0 —1]",andSgzc=[1 0 0 —1]7.Then

the output polarization shows below.

Using M, represent the Mueller Matrix of a sample,

MS = MdbA = (B24 1)

E31 E32 E33 E34-
E:4-1 E4-2 E43 E4-4-

We can obtain the relationship

1 Ei1 +Eqp
1| _ |E21 +E2
0| |Es1 +Es
0 Es1 + Egn

M (B.2.4.2)

1 Ei1 —Eyp
-1 _ Ey1 — Eg
0 E3; — E3;
0 Es —Eg

M (B.2.4.3)
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1
0

AME (B.2.4.4)
0

1 Ei1 —Eg3
M| O [ = |E21~Eas (B.2.4.5)
(B.2.4.6)

M = (B.2.4.7)

According to formula B.2.4-2 to B.2.4-7, the Mueller matrix of a sample is determined.

1
Eyy = 6 (50"(50) + S90°(So) + Sa5°(So) + S135:(So) + Srrc(So)

+ S11c(So)) (B.2.4.8)

E, = %(soo(so) — S90:(S0)) (B.2.4.9)
Ej3 = %(5450(50) — $135:(Sp)) (B.2.4.10)
Eiy = %(SRHC(SO) — Suc(So)) (B.2.4.11)

1
Ey = 3 (So°(51) + S900(S1) + S450(S1) + S135:(S1) + Sruc(S1)
+ S1c(S1) (B.2.4.12)
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1
Ezz = 5 (So:(S1) — So0e(51))

(B.2.4.13)
Ey3 = %(5450(51) - S135°(51)) (B.2.4.14)
1
Eza = 5 (Sric(S1) = St (S1) (B.2.4.15)

1
E3 = 5 (S450(S2) + S135°(S2) + Sruc(S2) + SLuc(S2) + So(S2)

+ S90+(S3)) (B.2.4.16)

E3p, = %(Sm(sz) — So0=(S2)) (B.2.4.17)

E3z = %(5450(52) - 5135°(52)) (B.2.4.18)
1

E3y = E(SRHC(SZ) — Suc(S2)) (B.2.4.19)

1
Eyy = E(SRHC(S3) + S1rc(S3) + S450(S3) + S135:(S3) + Se(S3)

+ S9o°(53)) (B.2.4.20)
1

Eyp = 2 (50°(53) - 590°(53)) (B.2.4.21)
1

Eys = 5(545‘)(53) - S135°(53)) (B.2.4.22)

1
Eyy = E (SRHC(S3) - SLHC(SS)) (B.2.4.23)
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