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ABSTRACT

This thesis is a survey of polarization control by means of sub-wave-

length gratings. The thesis begins with a brief theoretical summary

of the fields of electromagnetic theory, coherence theory, and polar-

ization. The thesis considers inverse polarization effect in surface-

relief gratings, where the function of the structures is based on

grating anomalies, in contrast to classical polarization control de-

vices. The design of the aforementioned structures using rigorous

methods as well as fabrication by electron beam lithography is dis-

cussed. Furthermore, experimental results for polarization gratings

for lossless beam splitting and for measurement of Stokes parame-

ters are described. In addition, this thesis gives insight for new op-

tical phenomenon called coherence-polarization mixing, in which

partial correlation of the polarization components is transferred to

partial polarization.

Universal Decimal Classification: 535.42, 535.51, 681.7.063

PACS Classification: 07.60.-j, 42.25.Fx, 42.25.Ja, 42.25.Kb, 42.79.Dj,

42.79.Gn, 81.07.-b, 81.16.Nd

INSPEC Thesaurus: optics; micro-optics; optical elements; optical fabri-

cation; nanotechnology; electron beam lithography; etching; metals; po-

larisation; resonance; surface plasmons; optical filters; optical waveguides;

diffraction gratings; light coherence; electromagnetic theory of light

Yleinen suomalainen asiasanasto: optiikka; optiset laitteet; optiset hilat;

valmistustekniikka; mikrotekniikka; nanotekniikka; litografia; etsaus; met-

allit; polarisaatio; resonanssi; diffraktio; koherenssi



Preface

First of all I would like to express my deepest gratitude to my super-

visors Prof. Markku Kuittinen, Jani Tervo, and Toni Saastamoinen.

I was privileged to start working in the group even before starting

my PhD studies in the supervision of Prof. Kuittinen and from then

on this work has been fruitful and hopefully it shall continue like

that. Jani has been a source of wonderful ideas that I have been

trying to establish with my best effort. Toni has offered his help in

technical issues whenever I have needed. I would also like to thank

the former head of department of Physics and Mathematics Prof.
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1 Introduction

Light has a dualistic nature, known as wave-particle duality, in

which some of the phenomena in light and matter interaction can be

explained by the wave nature and some by particle nature of light.

With the findings of Isaac Newton [12] and Thomas Young [13] and

many before them, these theories seemed to be separated. Later on,

theories supporting the wave nature were unified to the theory of

electromagnetism by James Clerk Maxwell [14]. On the other side

of the puzzle, Albert Einstein improved the work of his anteces-

sors and was able to explain some of the physical difficulties of that

time. Light particle was named the photon. Coexistence of both of

the theories was understood as mandatory to explain all the phe-

nomena related to light, and these theories are still routinely used

to model the light and matter interactions.

Shaping light and harnessing its potential has fascinated hu-

mankind for centuries. This has been motivated by the interest in

the structure of the galaxy and distant planets in the sky as well

as microscopic structures in living cells. Both of these aspects re-

quire the understanding of the nature of light and innovative ways

of controlling it.

Nature is full of remarkable examples on innovative means of

exploiting light. Human eye, for example, with its complex struc-

ture can easily be considered as one the most adaptive and effec-

tive detectors for visible light. Man have wisely tapped the prod-

ucts of nature’s repetitious development of optical components,

thus the evolution has done the optimization for us. Development

of light sources [15, 16] and fabrication methods [17–19] of opti-

cal micro- and nanostructures together with improved theoretical

knowledge [20] has led to a current situation where artificial opti-

cal components and light sources are found everywhere.

Invention of laser [21–23] was probably the most important dis-

covery in optics during the last century and brought recognition

Dissertations in Forestry and Natural Sciences No 58 1
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to the laser pioneers Charles Hard Townes, Nikolai G. Basov, and

Alexander M. Prokhorov in 1964 and to Alfred Kastler [24] in 1966

in the form of Nobel prizes in Physics. Invention of laser further

provoked the development of optical coherence theory that was

earlier a minor field of research. Some of the famous researchers

before the time of lasers should be mentioned, such as P. H. Van

Cittert and Frits Zernike [25], who evoked the field in 1930s. The

most profound studies, that still are frequently referred to, were

presented by Leonard Mandel and Emil Wolf. “Little did we know

how rapidly the subject would develop and that it would become

a cornerstone of an essentially new field, now known as quantum

optics”, stated Mandel and Wolf in the preface of the book Opti-

cal Coherence and Quantum Optics in 1995 [26]. Nowadays the topic

attracts more attention due to the applications fueled by the laser

sources such as display technologies [27,28], radar systems [29,30],

and many others.

This thesis focuses on the control and manipulation of polariza-

tion properties of light by structures with sub-wavelength features.

We show numerical and experimental results for polarization divi-

sion by exploiting optical resonances. In addition, we demonstrate

experimental results for beam splitters exceeding the scalar diffrac-

tion efficiency. We present numerical results of interesting topic

we call coherence–polarization mixing. The name refers to phe-

nomenon where partial coherence is transferred to partial polariza-

tion. Moreover, this thesis presents ways for polarization division

utilizing optical resonances and spatial modulation on the polariza-

tion of light.

This thesis is organized as follows: Fundamentals of electro-

magnetic theory as well as optical coherence theory and polariza-

tion will be introduced in chapter 2. Chapter 3 describes diffractive

optical elements, focusing on two important topics of this thesis,

namely guided mode resonance gratings and polarization division

structures. Their physical properties as well as applications are dis-

cussed. Fabrication techniques of these structures are presented in

chapter 4, concentrating on the methods used in this thesis. The

2 Dissertations in Forestry and Natural Sciences No 58



Introduction

main results of this thesis are illustrated in chapter 5, giving future

prospects on the topics. The work is concluded in chapter 6.

Dissertations in Forestry and Natural Sciences No 58 3
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2 Fundamentals of electro-

magnetic theory

Thomas Young discovered the wave nature of light in the begin-

ning of the 19th century by observing the local intensity variations

of light behind two narrow slits [13]. Later Maxwell integrated the

work of Coulomb, Ampere, Örsted, Faraday, and many others to

the theory of electromagnetism [14]. Emil Wolf can be considered as

a pioneer in the coherence theory, especially in scalar domain [26].

His findings are still used routinely for characterizing partially co-

herent fields. The growing need of tools for analyzing vectorial

partially coherent fields has provoked the research on this field re-

cently [31–38].

In this chapter, we cover the main theory for modeling electro-

magnetic fields. Moreover, we define the polarization by means of

Jones calculus and recall the principles of coherence theory.

2.1 COMPLEX ANALYTIC SIGNAL

All the basic quantities of optical fields should be measurable and

therefore real-valued functions of space and time. However, it is

more convenient to represent the field in the complex form [26,39].

This makes the mathematics more straightforward, since we are not

forced to deal with trigonometric functions. Let us assume a real

valued field Ur with real variables r and t. Assuming that the field

is square-integrable, it can be expressed as a Fourier integral of the

monochromatic fields in the form

Ur(r, t) =
∫ ∞

−∞
Ũr(r, ω) exp(−iωt)dω, (2.1)

where

Ũr(r, ω) =
1

2π

∫ ∞

−∞
Ur(r, t) exp(iωt)dt, (2.2)

Dissertations in Forestry and Natural Sciences No 58 5
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and r is position vector, ω is angular frequency, t is time and i is

the imaginary unit. Since Ur is real, Ũr must be Hermitian, so that

Ũr(r,−ω) = Ũ∗
r (r, ω), where ∗ denotes complex conjugate. Hence,

the negative frequencies do not carry any information that is not

covered in the positive frequencies, therefore we may define a new

function

U(r, t) = 2
∫ ∞

0
Ũr(r, ω) exp(−iωt)dω, (2.3)

that is called the complex analytic signal [39], which is associated

to the real function,

Ur(r, t) = ℜ{U(r, t)}. (2.4)

The complex analytic signal may also be expressed as a Fourier

transform

U(r, t) =
∫ ∞

−∞
Ũ(r, ω) exp(−iωt)dω, (2.5)

where

Ũ(r, ω) =
1

2π

∫ ∞

−∞
U(r, t) exp(iωt)dt. (2.6)

The complex and the real spectra are now related to each other by

Ũ(r, ω) =

{

2Ũr(r, ω), when ω ≥ 0

0, when ω < 0
. (2.7)

Analogous expressions hold for all the electromagnetic field com-

ponents. Throughout this thesis we use the complex analytic signal

for presenting electromagnetic field.

2.2 COHERENCE THEORY

To simplify the analysis, the electromagnetic fields are often mod-

eled as fully coherent. However, this is not rigorously true for any

naturally generated field, as the variation of phase and also inten-

sity may be random in time or space. In this section, the theory for

modeling such random processes will be discussed as we recall the

principles of the optical coherence theory.

6 Dissertations in Forestry and Natural Sciences No 58
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2.2.1 Expectation value of a random process

Let us consider a random function, say some field component U(t),

that fluctuates in time and has a probability density p(U, t), that

denotes the probability for the random function U(t) to take the

value U at instant t. For any random process we can calculate the

expectation value

〈U(t)〉 =
∫

Up(U, t)dU. (2.8)

The set of all realizations Un is called the statistical ensemble of

U(t). Alternatively we may calculate the expectation of U at time t

as an average over the ensemble of all the realizations

〈U(t)〉 = lim
N→∞

1

N

N

∑
n=1

Un(t). (2.9)

2.2.2 Two-fold autocorrelation function

Above we considered the expectation values of single realizations

or ensembles of all the realizations. This gives us no information

about the correlation between two instants of time (and space) for

the random variables U(t1) and U(t2). For this, we may define the

joint or two-fold probability density by

p[U(t1); U(t2)] = p(U1, t1; U2, t2). (2.10)

The correlation of U(t1) and U(t2) can be described by two-time

autocorrelation function

Γ(t1, t2) = 〈U∗(t1)U(t2)〉 =
∫∫

U∗
1 U2p(U1, t1; U2, t2)dU1dU2,

(2.11)

or alternatively

Γ(t1, t2) = lim
N→∞

1

N

N

∑
n=1

U∗
n(t1)Un(t2). (2.12)

It follows from the definition of Γ that

〈I(t)〉 = Γ(t, t) = 〈|U(t)|2〉, (2.13)

Dissertations in Forestry and Natural Sciences No 58 7
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where 〈I(t)〉 is the expectation value of the instantaneous intensity

[26].

2.2.3 Complex degree of coherence

Up to this point we have considered the correlation at two instants

of time. More generally, one may be interested in the correlations

between two separate points in space and time. Moreover, the field

may have some variation in time, but the second-order statistical

measures like mean value and correlations are time-independent.

Fields with such properties are called statistically stationary at least

in the wide sense. In this thesis we consider continuous sources that

can be treated as statistically stationary. With these assumptions,

the mutual coherence matrix takes the form

Γ(r1, r2, τ) = 〈U∗(r1, t)U(r2, t + τ)〉. (2.14)

The normalized form of Γ,

γ(r1, r2, τ) =
Γ(r1, r2, τ)
√

I(r1)I(r2)
, (2.15)

is called the complex degree of coherence. It follows from the

Schwartz inequality that

0 ≤ |γ(r1, r2, τ)| ≤ 1. (2.16)

If γ = 0 the field is completely uncorrelated at points r1 and r2. If

|γ| = 1 for all pairs r1 and r2, the field is completely correlated.

However, all the naturally generated fields are partially correlated

even though the value of |γ| may be close to one for some laser

sources and nearly zero for some thermal sources [40, 41].

2.2.4 Cross-spectral density

As nearly all of the optical ”constants” are frequency-dependent,

it is more convenient to examine the correlations in the space–

frequency domain rather than in the space–time domain. The mu-

8 Dissertations in Forestry and Natural Sciences No 58
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tual coherence function can be related to the space–frequency do-

main function by a Fourier transform

Γ(r1, r2, τ) =
∫ ∞

0
W(r1, r2, ω) exp(iωτ)dω, (2.17)

where

W(r1, r2, ω) =
1

2π

∫ ∞

−∞
Γ(r1, r2, τ) exp(−iωτ)dτ. (2.18)

The function in Eq. (2.18) is called the cross-spectral density func-

tion (CSD), and the Fourier transform pair defined in equations

(2.17) and (2.18) is known as the generalized Wiener–Khintchine

theorem [42–44]. Analogously to the space–time domain intensity,

we can define intensity at frequency ω

S(r, ω) = W(r, r, ω), (2.19)

which is called the spectral density.

2.2.5 Partial coherence of scalar fields

When modeling the light interaction with micro- or nanometer scale

structures one usually assumes fully coherent illumination due to

the complexity of the problem. This is often justified by the use of

highly coherent sources such as gas lasers. If one needs to deal with

partially coherent illumination, the field needs to be decomposed

to fully coherent fields. One solution for this is to use Mercer’s

theorem, hence the CSD function may be expressed in the form

W(r1, r2, ω) =
N

∑
n=1

αnψ∗
n(r1, ω)ψn(r2, ω), (2.20)

where αn and ψn are the eigenvalues and eigenfunctions of a ho-

mogenous Fredholm’s integral equation of the first kind [26]. The

eigenfunctions in Eq. (2.20) form an orthonormal set of completely

coherent and mutually uncorrelated modes, that fulfill both the

Hermiticity and the nonnegative definiteness conditions [26]. The

Dissertations in Forestry and Natural Sciences No 58 9
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eigenvalues can be understood to represent the energy distribution

of the modes. The expression in Eq. (2.20) can be used in analysis of

partially coherent scalar fields. In addition, Wolf showed [45] that

the cross-spectral density can be expressed as a correlation func-

tion in space–frequency domain: Let {U(r, ω) exp(−iωt)} repre-

sent an ensemble of monochromatic oscillations, where U(r, ω) is

scalar amplitude and t is time. The cross-spectral density can be

expressed as [45]

W(r1, r2, ω) = 〈U∗(r1, ω)U(r2, ω)〉, (2.21)

where angle brackets denote ensemble averaging. Theory of par-

tially coherent fields described by Wolf is commonly used for anal-

ysis of such fields. However, rigorous treatment of vector valued

electromagnetic fields needs some expansion of the theory. Next

we briefly recall the results for analyzing partially coherent electro-

magnetic fields by Tervo, et al. [34].

2.2.6 Partial coherence of electromagnetic fields

The coherence properties of electromagnetic fields can be expressed

using a 3 × 3 mutual coherence tensor that describes the correla-

tions of electromagnetic field vectors in space-time domain as

E(r1, r2, τ) = [Eij(r1, r2, τ)] = 〈E†(r1, t)E(r2, t + τ)〉, (2.22)

where † denotes the Hermitian adjoint, E(r, t) is a realization of the

electric field at point r at time t, and τ is time difference. The mutual

coherence tensor can be shown to be Hermitian, i.e. E(r2, r1,−τ) =

E
†(r1, r2, τ) and it fulfills the nonnegative definiteness condition

and is square integrable in any finite domain D. Therefore we may

define its Fourier transform as

Wij(r1, r2, ω) =
1

2π

∫ ∞

−∞
Eij(r1, r2, τ) exp(−iωτ)dτ, (2.23)

where

Eij(r1, r2, τ) =
∫ ∞

0
Wij(r1, r2, ω) exp(iωτ)dω. (2.24)

10 Dissertations in Forestry and Natural Sciences No 58
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The tensor defined in Eq. (2.23) is called the (electric) cross-spectral

density tensor. The lower limit in Eq. (2.24) is zero because the

electric field is defined using complex analytic signal representa-

tion. In addition, the components of cross-spectral density tensor

in Eq. (2.23) are Hermitian, fulfill the nonnegative definiteness con-

ditions, and are square integrable. Moreover, the (electric) cross-

spectral density tensor can be expressed as a Mercer-type series of

the form

W(r1, r2, ω) = ∑
n

λnφ†
n(r1, ω)φn(r2, ω), (2.25)

where λn and φn are the eigenvalues and vector-valued eigenfunc-

tions, respectively, of a Fredholm integral equation
∫

D
φn(r1, ω)W(r1, r2, ω)d3r1 = λn(ω)φn(r2, ω). (2.26)

Thus, we can express the (electric) cross spectral density tensor W

as an uncorrelated sum of completely coherent modes

Wn(r1, r2, ω) = λnφ†
n(r1, ω)φn(r2, ω). (2.27)

Similarly to the scalar case, the (electric) cross-spectral density ten-

sor can be represented as a correlation function of the form

W(r1, r2, ω) = 〈F†(r1, ω)F(r2, ω)〉, (2.28)

where functions F can be understood as space–frequency domain

realizations of the electric field. Modes φn can be used in model-

ing optical systems by propagating them through optical systems

and superposed incoherently after the system. It should be noted

that defining the cross-spectral density separately for each polariza-

tion component of the electric field using the scalar approach leads

to a solution of the diagonal elements only, while the off-diagonal

elements would remain unknown. This approach is clearly inade-

quate for rigorous analysis of coherence properties of electromag-

netic fields. Rigorous analysis of partially coherent vectorial fields

requires electromagnetic coherent-mode decomposition [46]. Ana-

lytic expressions of some specific types of partially coherent beams,
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such as Gaussian Schell-model beams, where the intensity and the

degree of coherence are both Gaussian, can be found in the litera-

ture [47].

2.3 POLARIZATION

Let us consider the simplest solution to the Helmholtz equation,

a random or deterministic plane wave, propagating in positive z-

direction, and expressible in the form

E(r, ω) = {E0x x̂ exp[iφx(ω)] + E0yŷ exp[iφy(ω)]} exp(ikz). (2.29)

Here E0x and E0y are amplitudes, x̂ and ŷ are unit vectors, φx(ω)

and φy(ω) are the phase terms of the electric field components vi-

brating in the x- and y-directions, respectively, at frequency ω, and

k = 2π/λ is the wave number. Polarization is a term that is used

to describe the relations of the phases and amplitudes of the or-

thogonal electric field components. If only one of the components

is nonzero or the phase difference between the two components

δ = φy − φx is a multiple of π the field is linearly polarized. When

both of the components are nonzero and the phase difference δ is

not a multiple of π, the field is said to be elliptically polarized.

A special case of this is |Ex| = |Ey| and δ = ±π/2 ± 2mπ, when

the field is said to be circularly polarized. As the polarized field

propagates, the end point of the electric field vector traces out a

characteristic form according to the polarization state. This trace is

generally an ellipse, thus in the case of circular polarization it forms

a circle and in case of linear polarization a line.

2.3.1 Jones matrix formalism

Let us rewrite Eq. (2.29) in the form

E(r) = (Exx̂ + Eyŷ) exp(ikz) =

[

Ex

Ey

]

exp(ikz), (2.30)

where Ex and Ey are complex constants. The column vector in Eq.

(2.30) is called the Jones vector [48–50] and is classically denoted
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by J. For simplicity the Jones vectors J can be normalized by de-

manding that |Ex|2 + |Ey|2 = 1. As the absolute phase is usually

not significant factor compared to the phase difference between the

two components, it is customary to set the phase of the Ex compo-

nent equal to zero. For example linear polarization in x-direction

can be expressed in the form

J =

[

1

0

]

. (2.31)

Analogously various optical elements can be described by 2 x 2

Jones matrices. The Jones vector behind some optical element Jout,

described by Jones matrix say M, can be expressed by a simple

matrix multiplication

Jout = MJin. (2.32)

2.3.2 Partial polarization

Jones calculus, described in the previous section, can only be used

to model completely polarized fields. Analysis of partially polar-

ized fields requires us to define polarization using results defined

earlier for coherence theory. Let us consider plane-wave-like and

stationary (at least in wide sense) electric field E(t) = [Ex, Ey]T,

where t is time and Ex and Ey are x and y components of the elec-

tric field analogous to Eq. (2.29). Polarization state of the field may

be expressed using Stokes parameters [51, 52], that are defined in

the form

S0 = 〈E∗
xEx〉+ 〈E∗

y Ey〉 = 〈Ix〉+ 〈Iy〉, (2.33)

S1 = 〈E∗
xEx〉 − 〈E∗

y Ey〉 = 〈Ix〉 − 〈Iy〉, (2.34)

S2 = 〈E∗
xEy〉 − 〈E∗

yEx〉 = 2〈E0xE0y cos δ〉, (2.35)

S3 = i(〈E∗
y Ex〉 − 〈E∗

xEy〉) = 2〈E0xE0y sin δ〉, (2.36)

where 〈〉 denotes time averaging. For convenience, the Stokes pa-

rameters may be normalized by S0. These are later denoted by small

symbols. It is clear from Eqs. (2.33) and (2.34) that terms S1 and
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S2 represent the sum and difference of the intensities of orthogonal

polarization components, hence S1 is a measure of the degree of

linear polarization in coordinates described by the orthogonal elec-

tric field components. The term S2 illustrates the degree of linear

polarization at coordinates rotated by 45 degrees compared to the

original coordinate system and S3 is a measure of circular polariza-

tion.

Obviously, if the field consists of a single monochromatic plane

wave component, the degree of polarization is unity. Let us next

consider a field consisting of mutually uncorrelated plane-wave-

like components defined as in Eq. (2.29) with different angular fre-

quencies, with bandwidth of ∆ω. Different frequency components

of the field may have different phase differences δ leading to partial

polarization according to Eqs. (2.33)-(2.36). The Stokes parameters

can be measured with relatively simple optical setup [53, 54]. The

degree of polarization can be expressed by means of Stokes param-

eters as

P =

√

S2
1 + S2

2 + S2
3

S0
. (2.37)

Alternatively the degree of polarization can be determined by

using the mutual coherence matrix defined in Eq. (2.14), and the

degree of polarization takes the form [26]

P =

√

1 −
4 det Γ(0)

[trΓ(0)]2
, (2.38)

where det and tr denote the determinant and the trace operator, re-

spectively. Definition in Eq. (2.38) implies, that the degree of polar-

ization is a measure of correlation between the orthogonal electric

field components at a single point [55]. The degree of polarization

can be analogously derived from the cross-spectral density matrix

in space–frequency domain [52].

Perhaps the most descriptive way of representing the polariza-

tion state is the Poincare sphere in Fig. 2.1. The Poincare sphere is

a unit sphere with axes defined by normalized Stokes parameters
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s1, s2, and s3. Any polarization state can be expressed as a vector

starting from origin in Poincare sphere. The length of the vector is

defined by the degree of polarization and the direction of the vector

defines the polarization state. Any polarization vector ending at the

perimeter of the sphere represents complete polarization. The north

and south poles denote right- and left-handed circular polarization,

respectively, and all states of linear polarizations are located in the

equator. Other elliptical polarization states occupy the rest of the

surface of the sphere. All partially polarized states lay inside the

sphere and the completely unpolarized state is at the origin. Using

spherical coordinates illustrated in Fig. 2.1, the normalized Stokes

parameters can be written as [55]

s1 = P cos(2ψ) cos(2χ), (2.39)

s2 = P cos(2ψ) sin(2χ), (2.40)

s3 = P sin(2ψ). (2.41)
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s1

s2

s3

2ψ

2χ

~S

Figure 2.1: Illustration of the Poincare sphere.
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3 Diffractive optical elements

Diffraction grating refers to a periodically modulated physical prop-

erty in material that affects the propagation of waves [20,56,57]. The

modulation is seen as a change in the permittivity, and it can be

produced by modulating either the surface of the material (surface-

relief gratings) or the permittivity inside the material (volume grat-

ings). The first references to diffraction gratings are dated to the

16th century, when D. Rittenhouse fabricated the first known grat-

ing from hair positioned by the threads of two screws [58].

Probably the most renowned experiment demonstrating the ex-

istence of diffraction is Young’s double slit experiment, where two

wavefronts originating from two pinholes form a diffraction pattern

on a screen far away from the slits. The physical interpretation of

the experiment was given by Huygens already in the 17th century.

Huygens stated that the slits can be imagined as two point sources.

The wavefronts behind the slits are in phase only at discrete angles.

At these directions the waves interfere constructively and diffrac-

tion maxima can be observed. Destructive interference takes place

at the directions in which the wavefronts are out of phase resulting

in intensity minima at the observation plane.

This chapter defines the properties of surface-relief diffraction

gratings and the method for analyzing grating problems used in

this thesis. The main features and applications of two special types

of gratings, namely guided-mode resonance and polarization divi-

sion gratings are discussed in more detail.

3.1 DESIGN

Figure 3.1 illustrates the principle of the diffraction by a two-di-

mensional surface-relief grating. The directions of the propagat-

ing diffraction orders can be easily calculated by using the grating

Dissertations in Forestry and Natural Sciences No 58 17



Ismo Vartiainen: Polarization control and coherence–polarization mixing
by sub-wavelength gratings

equation [20]

n1 sin θ1 = n3 sin θ3 + mλ/d, (3.1)

where m denotes the diffraction order. The grating equation tells

us only the directions of all possible propagating diffraction orders,

but gives no information about the amplitude or phase of the or-

ders. To solve the grating problem rigorously, we need to consult

Maxwell’s equations.

Gratings can be divided into three sub-groups with different

characteristics originating from the ratio between the period and

wavelength. The domains are paraxial (d ≫ λ), resonance (d ≈ λ),

and quasi-static (d ≪ λ) [20]. In the paraxial domain, the response

of the grating is almost independent on the polarization and it can

be treated as a thin transparency. In the resonance domain the po-

larization has significant impact on the function of the structure.

Finally in the quasi-static domain, the structure acts as an uniform

anisotropic layer with effective refractive index. The latter are also

called zeroth-order gratings as only the zeroth transmitted and re-

flected orders are allowed to propagate outside the grating. The

R0
R−1

R−2 R1

R2

T0T−1

T−2
T1

T2

n1

n2(x) x

n3

d

λ

z

θ

Figure 3.1: Schematic diagram of diffraction. Incident plane wave arrives to the modulated

layer in an angle θ, and is split to transmitted (Tm) and reflected (Rm) diffraction orders.

d illustrates the period of the structure, λ is the wavelength of the incident wave and ni

denotes the refractive index in different layers.
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structures considered in this work fall in the resonance domain,

i.e., the wavelength and period of gratings are at the same order of

magnitude. We are thereby forced to apply a rigorous treatment of

the problem.

Let us consider a plane wave incident at the grating layer. If

the field is of a more general form, we may divide it into the an-

gular spectrum [26] that consists of plane wave components with

different complex amplitude vectors and wave-vectors. The grat-

ing structure is generally divided into layers having invariant per-

mittivity in z-direction (complex refractive index) similarly to Fig.

3.1. The grating in Fig. 3.1 consists of only one modulated layer

denoted by subscript 2. Maxwell’s equations are formed at each

layer, resulting to a system of equations for both orthogonal polar-

izations. By combining these equations within the group leads to

so called basic equations for both polarizations. The basic equa-

tion that contains only the y-component of the electric field, also

called transverse electric or TE polarization, closely resembles the

Helmholtz equation, whereas the equation that includes only the

y-components of the magnetic field, known as transverse magnetic

or TM polarization, differs from it.

As we consider periodically modulated permittivity in grating

layer, it follows from famous Bloch (or Floquet–Bloch) theorem [59],

that the output field is pseudo-periodic. Therefore we may express

the permittivity and the field as Fourier and pseudo-Fourier se-

ries, respectively. These equations are then transferred to a matrix-

eigenvalue problem that is used to solve the propagation constants

of the diffracted angular spectrum components. The field is then

expressed as a sum of forward and backward propagating modes

with yet unknown complex weights. Boundary conditions are then

used to connect the fields at boundaries of discontinuity. This can

be expressed as a block-matrix equation connecting the fields at

adjacent layers.

Generally there are no analytical solutions for the problem, ex-

cept for some special cases such as a plane wave at planar bound-

ary that leads to Fresnel’s coefficients [55]. Hence we are forced
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to solve the problem numerically. There are several methods to

perform this. Here we use Fourier Modal Method (FMM) [60, 61]

applying recursive scattering matrix (S-matrix) [62–64] to solve the

boundary value problem. The use of FMM with S-matrix approach

has become a standard tool in solving grating problems, and after

strong contributions in developing the method by Li [61, 64] and

others [65–67] it can be used quite safely in most cases. The proce-

dure presented above is described in great detail in [61, 63, 64, 68].

3.2 RESONANT WAVEGUIDE GRATINGS

There are two grating anomalies referred to Wood’s anomalies, na-

mely Rayleigh and resonance type [69–73]. The term resonant grat-

ing refers to sharp peaks in the reflection spectra of the structure

due to strict coupling condition. Rayleigh’s anomaly takes place

in the grazing angle, i.e., at least one propagating diffraction order

is parallel to the grating vector. Resonance anomalies occur when

electric field is coupled to a waveguide that supports the grating

coupler. The resonance waveguide grating (RWG) can also con-

sist of solely the grating layer with high effective refractive index

that acts as a coupler and supports the guided mode. These struc-

tures, also called guided mode resonance gratings GMRG [74], have

drawn much attention lately. RWGs have been applied as wide

band [75, 76] and narrow band [77] filters, polarizers [78] and laser

mirrors [79, 80]. In guided mode resonance, all the incident energy

is transferred to 0th reflecting diffraction order at a frequency band

that can be tailored by the design of the structure.

Recently enhancing the light matter interaction e.g., in Raman

spectroscopy [81,82] and fluorescent measurements [83] has become

an interesting field for RWGs. The sensitivity is increased, since in

the RWG the incident wave is coupled into a waveguide mode that

propagates in this modulated waveguide for microns [84] before es-

caping from the waveguide. Compared to the structural thickness,

the interaction length is greatly increased leading to a strong in-

crease in the sensitivity of the measurements. Moreover, the local
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field is enhanced in the grating layer leading to an even greater in-

crease of field matter interaction. Figure 3.2 illustrates the principle

of RWG.

0

1

λ

R
T

R

T

Figure 3.2: Illustration of resonant waveguide grating. Incident wave is guided to leaky

waveguide mode and reflected to 0th reflected diffraction order. Inset represent typical

response of RWG.

The effective refractive index of the waveguide layer has to be

higher than in the surrounding layers for guided mode resonance

to take place. Modeling of the resonance domain structures has

been studied quite intensively during the past few decades [85–87].

Requirements for guided mode resonance can also be calculated

by modeling the waveguide as an uniaxial crystal. This yields to

regimes generally different for perpendicular polarization compo-

nent in which the resonance may occur [76]. Even though this anal-

ysis gives an ideal starting point for analyzing RWGs, in this thesis

we focus on using FMM for solving the problem rigorously. This is

justified also since we are interested in the phases or phase differ-

ences of different field components.

3.3 POLARIZING SUB-WAVELENGTH STRUCTURES

Polarizing structures refer to elements that separate different po-

larization components, ideally leading to completely polarized sig-

nals. This can be obtained by using well-known wire-grid polar-

izers [88, 89], resonant waveguide gratings introduced in previous

section, space-variant polarization gratings [54], or recently intro-
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duced inverse polarizers [90]. Figure 3.3 illustrates probably the

most typical sub-wavelength polarizing structure, a wire-grid po-

larizer. Physically the operation of such a device can be explained

by interaction between free electrons in metallic wires and the elec-

tromagnetic field. The field makes the free electrons inside the

wires to oscillate along the field. The movement of the electrons

is quite free along the field component parallel to the wires and the

field experiences the grating layer similarly to a bulk metal layer

and is thus reflected. However, the electrons are bound in direc-

tion perpendicular to wires and the field perpendicular to wires

experiences the layer as a dielectric film.

TE

TM

Figure 3.3: Cross-section of a wire-grid polarizer showing the effect for perpendicular field

components, and the name convention of the electric field components, in which TE is

perpendicular and TM is parallel to the plane of incidence.

Polarization gratings are specific types of sub-wavelength struc-

tures that spatially modulate the polarization state of the incident

electric field. There are two main categories of polarization grat-

ings, namely structures that modulate spatially the amplitudes of

incident polarization states and structures that spatially modulate

the phases of the polarization components. The first type of struc-

tures can be produced by wire-grid polarizers with spatially vary-

ing fringe direction [54], whereas the latter consist of spatially vary-

ing wave plates [91]. Experimental results of fabricated polarization

gratings based on both concepts are presented in detail in [II]. Let

us consider a structure that consists of sub-wavelength fringes rotat-
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ing by linear law in the x-direction. If we use the notation described

by [91] the efficiencies of three central diffraction order take on the

forms

η0 =
1

4
|A + B|2, (3.2)

η±1 =
1

8
|A − B|2

[

1 ±
2|Ex||Ey| sin(∆θ)

|Ex|2 + |Ey|2

]

, (3.3)

where A and B denote the complex-amplitude transmission coeffi-

cients of the local fringes for TE and TM components of the electric

field, respectively. Moreover, Ex and Ey denote the cartesian com-

ponents of the incident field, and ∆θ = arg Ex − arg Ey is the phase

difference. Gori [54] showed that the polarization state of the zeroth

diffraction order is identical to that of the incident wave, whereas

diffraction orders −1 and 1 are right and left handed circularly po-

larized, respectively. As can be seen from Eq. (3.3), beam splitters

with desired value of energy to three central diffraction orders can

be designed by tailoring the grating parameters and the incident

electric field.

The term inverse polarizer refers to a structure where the trans-

mission efficiency of the TE-component exceeds the TM-component

that is either reflected and/or absorbed by the structure. Inverse po-

larization can take place in thin metallic gratings, where the period

of the structure is the same order of magnitude as the illumina-

tion wavelength. This makes the fabrication of these elements more

straightforward compared to the classical polarizers, that generally

consist of metallic wires in the quasi-static domain. The transmis-

sion of the TE polarization is due to the low absorption of the thin

metallic structure [90] or by guidance the polarization to a low-loss

metal-insulator-metal waveguide. The suppression of the TM polar-

ization is based on grating resonances such as Wood’s anomaly [90]

or excitation of localized surface plasmon polaritons [III, IV]. The

presence of grating anomalies, that are obligatory for the operation

of these structures, makes them extremely sensitive to fabrication

and mounting errors and they generally are effective only for a nar-

row wavelength band.
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4 Fabrication

Diffractive optical elements have gained more and more ground

in commercial applications during the past few decades. The in-

vention and development of laser initiated the commercialization

of these structures in consumer electronics. Nowadays interference

lithography can be used for fabrication of structures with periods

less than 100 nm [92]. Fabrication of diffractive optics has adopted

methods from electronics industry [93], e.g. electron beam lithogra-

phy (EBL) [18, 94], that still is far too cost-inefficient method for

commercial direct write applications. However, EBL provides a

flexible concept for fabricating complex structures with best achiev-

able resolution in relatively large size, ideal for research purposes.

Moreover, structures fabricated using EBL can be mass produced in

good extent using techniques such as nanoimprint lithography [95]

and UV and hot embossing.

In this chapter, the fabrication methods used in this thesis are

described in detail. Aluminum processing is given special attention,

since a careful optimization of the process enabled experimental

results presented in papers II–IV.

4.1 ELECTRON BEAM LITHOGRAPHY

Pattern generation in EBL is based on scanning an electron beam

on material sensitive to the electron irradiation. The chemical com-

position of the material, also called resist, is altered due to the ab-

sorbed energy from the beam. This enables dissolution of either

the exposed or the unexposed area by a proper chemical, called the

developer. Pattern generated into the resist can now be used in

post-exposure processes described in more detail in the next sec-

tions. Electron beam is generated using a thermal field emission

gun, or by thermionic emission and the beam is aligned and fo-

cused on sample surface using magnetic coils and two or more
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magnetic lenses. In this work we used a vector scanning system,

in which the beam is deflected with magnetic deflection coils to

pattern an area called the main field without moving the stage. If

structure with size larger than the main field is required, stage is

moved to the center of the next main field with high precision using

interferometric stage measurement system and the new main field

is exposed. This procedure is called stitching. The exposure dose is

determined by the beam-on time before blanking and deflection of

the beam. Figure 4.1 illustrates a typical column assembly.

The first commercially available scanning electron microscopes

were launched in 1965 by Cambridge Scientific Instrument Com-

pany. Soon after this these devices were converted for electron

beam lithography purposes by adding a beam blanking unit, a pat-

tern generator, and interferometric stage controlling unit. Nowa-

days there are several systems designed and dedicated solely for

pattern generation purposes, with high speed blanking units and

precisely controlled stages that makes it possible to stich main fields

accurately together forming large area exposures. All the structures

described in this work are exposed using Vistec EBPG5000+ES HR,

Lens

Anode

Gun alignment

Lens

Blanking

Deflection

Final lens

Substrate

Figure 4.1: Schematic of a Vistec EBPG column showing the main elements for alignment

and focusing of the beam.
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that is vector scanning Gaussian beam system operating at 20, 50, or

100 kV acceleration voltage, with 50 MHz pattern generator. Gaus-

sian beam system is the most common choice for the research and

development, since the resolution is better compared to variable

shaped beam systems, that outperform the Gaussian beam systems

in terms of throughput.

4.2 RESIST TECHNOLOGY

Electron beam resists are divided into two categories based on the

resist behavior during the development. If the exposed areas are di-

luted during the development, the resist is called a positive tone re-

sist. Analogously, if the unexposed areas are diluted during the de-

velopment, the resist is called a negative tone resist. There are many

different kinds of positive and negative tone resists, each with their

own characteristics by means of required dose, achievable resolu-

tion, and etch resistivity in selective etching processes that are de-

scribed later. The resists used in the structures described in this the-

sis are polymethyl methacrylate (PMMA) [96] and ZEP 7000-series

resist from Zeon Corporation, that is a styrene/chloromethyl acry-

late copolymer dissolved in digmyne (bis(2-methoxyethyl)ether).

Both are positive tone resists with relatively high resolution.

The resist layer is applied on the substrate by spin, spray, roll, or

dip coating. The used method depends usually on the application,

but probably the most practical method for coating flat substrates

uniformly is spin coating. After the resist is spun to the substrate,

it is usually soft baked to remove the solvent from the layer. Addi-

tional thin metallic layer (few tens on nanometers) may be applied

on the resist to prevent the sample from charging during the expo-

sure.

4.3 LIFT-OFF

Lift-off [97] is probably the most straightforward method for fab-

ricating structures in nano- and micrometer scale. The structure is
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Resist

2. Metal evaporation

Metal

3. Lift-off

1. Lithography

Figure 4.2: Lift-off process.

defined in lift-off by depositing material (usually metal) on resist

structure fabricated by some lithography method. The deposition

has to be highly directional to minimize the deposition on the side-

wall. This makes physical vapor deposition (PVD) extremely suit-

able for the process. Resist structure is stripped away using suitable

solvent, and the deposited material is preserved only on the areas

that were open on the substrate. Figure 4.2 illustrates the principle

of lift-off. Even though lift-off is a robust method for producing fea-

tures with extremely fine features, it has limitations such as limited

structure height and aspect ratio determined by the ratio between

the height and line width of the structure.

PMMA was used as a lift-off resist for the structures defined in

paper II, and it was dissolved with acetone (AC). Dissolution was

improved by heating the solvent and the sample to 40◦C and by

small agitation in ultrasonic path.

4.4 REACTIVE ION ETCHING

After the structure is successfully generated into the resist, it needs

to be transferred to the substrate. This can be done by etching,
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in which the material is removed selectively in the areas defined

by the etching mask. There are both wet and dry etching meth-

ods for different purposes. Generally the wet etching processes

are isotropic, referring to a constant etching speed in all directions

(some crystalline material such as silicon can be etched selectively,

with direction defined by the crystalline orientation), whereas the

dry etching can be highly directional or anisotropic. Reactive ion

etching (RIE) [98] is a dry etching method, in which plasma con-

taining charged particles initiated by a strong radio frequency (RF)

field are accelerated and collided to the surface of the sample. RIE

process can be separated to two main types that may take place si-

multaneously: physical and chemical etching. In physical etching,

also called sputtering, the ions remove material by a simple colli-

sion force. Therefore it is highly directional and quite anisotropic.

Physical etching results to a low selectivity between the mask and

the target material because the collisions to the surface remove also

the mask material.

The chemical etching is based on the chemical reactions between

the etchant and the target material. The chemical etching is nor-

mally very selective because the etchant can be selected so that it

reacts only with the target material. Chemical etching is also quite

isotropic because the chemical reactions also occur in the horizontal

direction. In order to produce highly selective etching process one

has to control both the physical and the chemical parts of process.

Optimization of dry etching processes is described in the next two

subsections for two different materials.

4.4.1 Silicon nitride etching

Nitrides as well as oxides can be etched using fluorine containing

gases. Typically the chemical part in these processes is CHF3, CF4,

or SF6, and the physical etching is performed by adding O2, He, or

Ar to the gas mixture. Si3N4 structures described in paper II were

etched using CHF3/O2 chemistry similar to that in [99]. O2 addition

suppresses the formation of fluorocarbon on nitrile layer that slows
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Figure 4.3: Cross-section of the Si3N4 grating etched with the optimized process.

down the Si3N4 etch rate [100]. Oxygen addition also increases the

etch rate of the resist resulting to the decrease in the selectivity

using the resist mask in Si3N4 etching. Therefore a metallic etching

mask is required. Figure 4.3 shows the profile of the Si3N4 grating

etched with the optimized process.

4.4.2 Aluminum processing

Aluminum (Al) thin films are deposited by PVD [101] using elec-

tron gun in a high vacuum chamber. PVD is a general term for the

thin film deposition process in which the target material is vapor-

ized and the vapor is condensated to the substrate. There are sev-

eral different methods to vaporize the target material which include

electron beam, high current, pulsed laser, and plasma discharge.

Throughout this thesis, we use only electron beam and electric cur-

rent PVD. In electron beam PVD, the pure target material is heated

by bombarding the target with electrons. The beam is also usu-

ally wobbled to guarantee uniformity. The deposition speed can

be controlled by current of the beam. In the electric current PVD,

the target material is placed to a container with high electric resis-

tance. As the electric current is increased, the target material starts
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to evaporize. The parameters that mostly effect on the quality and

properties of the evaporated layer are: purity of the target material,

the vacuum level, evaporation speed, and the temperature of the

substrate.

Al easily forms aluminum oxide and therefore high vacuum is

required to form good aluminum thin film. The quality of the film

can be improved by increasing the vacuum level during the deposi-

tion or by increasing the deposition speed. Titanium and chromium

can be used for gettering by absorption to improve the vacuum level

even further [102,103]. Both of the materials were used successfully

to improve the vacuum level prior to the Al deposition. As the de-

posited aluminum film is exposed to air it naturally forms a thin

aluminum oxide layer on the aluminum. This can be avoided by

deposition of a thin film on the Al layer during the deposition cycle

which blocks the oxidation. In this thesis we used silicon dioxide

(SiO2) that also serves as an etching mask for the aluminum. In ad-

dition to good selectivity, SiO2 mask improves the etched Al profile

by sidewall passivation [104].

For Al etching, we developed a highly anisotropic etching pro-

cess for fine Al features based on three different gases, all of which

incorporate different mechanism in the process. The main etchant

for Al is chlorine (Cl2). The aluminum oxide was removed with

BCl3 that is also the physical etching gas in the process. Small

amount of O2 was added to the gas mixture for preserving the SiO2

mask and for preventing horizontal etching of Al. The ratio be-

tween the Cl2 and BCl3 is used to control the amount of chemical

and physical etching. The O2 ratio is tuned so that the line widths

are preserved during the etching by depositing a thin passivating

aluminum oxide layer to the sidewalls of the structure [105]. The

passivating layer withstands the bombardment with BCl3 due to the

direction of the reactive ions. The O2 flow has to be small enough

so that the oxide forming on the vertical surfaces is removed by

the BCl3 bombardment. The line widths of the structures can be

slightly modified by the O2 flow.

Figure 4.4 illustrates the effect of O2 addition to the Al etching
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roughnessoxide

(a) (b) (c)

Figure 4.4: SEM-images of aluminum structures etched with different O2 flow: (a) 0 sccm,

(b) 1 sccm, and (c) 2 sccm. The periods in the upper images are 150 nm and 500 nm in

the lower images.

process. The increase of O2 flow leads to more charging in the SEM-

image due to the formation of aluminum oxide which can be easily

seen by the increase of brightness from Fig. 4.4 as a function of O2

addition. The increase of the O2 flow leads to an increase of the line

width and finally appearance of roughness on the grating grooves

often referred as “grass”. If the oxygen flow is increased further, the

formed oxide layer is no longer removed by BCl3 and the etching is

stagnated. Figure 4.5 illustrates the SEM-image of the cross-section

of aluminum wire-grid etched using the optimized process.

As a conclusion, we can state that the etching of structures with

extremely small feature sizes requires passivation of the side wall to

maintain the critical dimension. In the case of Al etching, this can

be done by adding small amount of O2 to the etching gas mixture.

The optimized recipe contains 1 sccm (standard cubic centimeter)

of O2 in addition to Cl2 and BCl3. Naturally the optimal etching

recipe depends on the characteristics of the deposited aluminum

and the used equipment for etching. For example, we noticed that

for sputtered aluminum, the optimal recipe is completely different

due to the different composition of the Al layer. However, the re-
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Figure 4.5: SEM-images of a cross-section of an aluminum grating etched with optimized

process described above.

sults described above may be used as guidelines for optimization

of Al etching recipe. In our experiments we used Plasmalab 100

(Oxford Instruments) for aluminum etching.

4.5 SUMMARY

The main fabrication methods used in this thesis were described.

Electron beam lithography was shown to provide optimal tool for

research purposes in lithography in terms resolution, flexibility of

patterns, and robustness.

Two methods for transferring the resist pattern to metallic struc-

ture, namely lift-off and dry etching were described. Whereas the

lift-off offers a robust transfer technique regardless of material, it

lacks the capability to be used for fabricating structures with high-

aspect ratio. Even though optimization of dry etching processes

requires much more effort, as it is optimized, it provides achiev-

able aspect ratios superior to lift-off. The represented Al etching

recipe can be used for fabricating extremely fine features into Al.

In addition, it is suitable for etching features with various dimen-

sions by tuning the O2 flow: for larger features less O2 is added
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to gas mixture to maintain high etching speed and clean grooves,

whereas with finer features, more O2 is needed to preserve critical

dimensions. Etching of Si3N4 structures with aspect ratio exceeding

5 were presented. These aspect ratios are required to introduce the

phase delays of orthogonal polarization components discussed in

the Chapter 5.
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5 Main results

The main results of papers I–V are explained briefly in this chapter.

Depolarization of quasi-monochromatic and spatially partially co-

herent light by resonant gratings, i.e., the results of papers I and

V, respectively, are discussed in section 5.1. Papers II–IV that

deal with polarization division, each from different aspects are dis-

cussed in section 5.2.

5.1 DEPOLARIZATION BASED ON RESONANCE GRATINGS

Sub-wavelength linear gratings, especially in resonance domain,

have significant difference in the effective refractive index of the

two perpendicular polarization components in the grating layer.

Therefore the grating resonances generally take place with different

grating configurations for different polarization states. Let us again

assume the incident field to consist of plane wave components with

bandwidth ∆ω. Furthermore, let us assume, for simplicity, that the

spectral density S(r, ω) is constant over this interval. Thus we as-

sume that all plane wave components have equal amplitudes. By

examining Eqs. (2.14) and (2.38) it becomes clear that for achiev-

ing complete depolarization, the perpendicular polarization com-

ponents need to have equal amplitudes and the correlations of the

TE and TM polarizations need to be suppressed. This means that

the off-diagonal elements of the mutual coherence matrix need to

cancel each other out. Solving the system of equations formed by

setting the normalized Stokes parameters s1, s2, and s3 to zero, and

solving the field components from Eqs. (2.33)−(2.36), leads to an

analogous conclusion. One possible solution is that the phase dif-

ference of the field components vary the amount of n2π pitched at

uniform intervals.

By optimizing the grating parameters carefully in the total-inter-

nal-reflection configuration, one of the polarization components is
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guided into a leaky mode and the other is reflected due to the con-

figuration. This leads to a significant temporal delay between the

components and, ideally, to complete depolarization. In paper I

this is studied more carefully for temporally partially coherent in-

cident illumination with numerical examples that show the pos-

sibility to depolarize quasi-monochromatic light by using RWGs.

We presented results for quasi-monochromatic light, namely for

bandwidths of 0.1 and 10 nm. The tolerances become strict for the

smaller line widths due to the longer coherence length. This would

require longer propagation distance in the corrugated waveguide,

which is hard to achieve. Increasing the line width further from

10 nm finally leads to a situation in which every wavelength is not

coupled into the waveguide.

In paper V we showed that depolarization of spatially partially

coherent light can occur in RWG with similar configuration as that

presented in paper I. As a numerical example, we used the Gaus-

sian Schell-model beam, that has Gaussian characteristics with re-

spect to intensity and spatial coherence. For simplicity we restricted

to a one-dimensional GSM field in the analysis. Almost complete

transformation from spatially partially coherent, fully polarized in-

put to completely depolarized output was achieved. Physically de-

polarization of a spatially partially polarized field is almost analo-

gous to the quasi-monochromatic case. The requirement of equal

amplitudes of perpendicular polarization components is satisfied

by illuminating the RWG using total-internal-reflection configura-

tion, and the different polarization components experience different

phase delays in the grating layer. TE- and TM-modes are spatially

separated in the transverse plane due to the different propagation

distances in the waveguide layer. As we assumed also partial spa-

tial correlation, this leads to a change in the cross-spectral density,

and consequently, in the degree of polarization.
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5.2 POLARIZATION DIVISION

Paper II describes the design, fabrication, and characterization re-

sults of surface-relief polarization gratings. Polarization gratings

are space-variant structures that spatially modulate the polariza-

tion state of light. In Paper II we present the results for dielectric

blazing structure, triplicator, and metallic polarimeter. If we choose

left-circularly-polarized incidence (LCP), and A = 1, B = −1, and

∆θ = ±π/2 in Eq. (3.3) we have blazing effect in −1 order that is

right-circularly-polarized (RCP). By changing the incident polariza-

tion to RCP leads to blazing in order +1 analogously reversing the

polarization handedness. Let us next assume a linearly polarized

incidence. Using the aforementioned carrier-grating parameters,

we have a duplicator with η−1 = η1 = 1/2. Moreover, if we choose

A = 1, B = exp(iθ), where cos θ = −1/3, we have a triplicator with

η−1 = η0 = η1 = 1/3. Details of the experiments are described

in paper II. Figure 5.1 represents a cross-section of the fabricated

triplicator.

Figure 5.1: SEM-image of the cross-section of the fabricated triplicator from tilted angle

illustrating four segments with different fringe orientation.

In paper II we also presented results for a polarimeter that is

a wire-grid polarizer with linearly rotating transmission axis [54].

We used this polarimeter to measure the Stokes parameters of the

diffraction orders of the triplicator also described in paper II. The

measurement was carried out using the simple method described

by Gori [54], that includes measurement of the intensities of the cen-
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tral diffraction orders with linear polarizer aligned in two different

transmission directions. Since the polarimeter is not ideal due to

the fabrication errors, we calculated the scaling factor between the

zeroth and ±1st diffraction orders that was used to scale the mea-

sured intensities. The scaling factor was determined by measuring

the intensities of the central diffraction orders from a known lin-

early polarized incident. Table 5.1 illustrates the measured Stokes

parameters of the three central diffraction orders behind the tripli-

cator.

Table 5.1: Measured Stokes parameters and the degree of polarization DOP of the triplica-

tor.

diff. order s0 s1 s2 s3 DOP

−1st 1 0.069 -0.011 -0.998 1

0th 1 0.997 0.011 0.035 0.998

1st 1 0.033 0.017 1 1

These results show not only the predicted polarization charac-

teristics of the fabricated triplicator but, more importantly, the func-

tionality of the polarimeter as a robust method for measuring the

Stokes parameters.

In Paper III we present numerical and experimental results for

absorbing polarization-selective gratings, that are based on the en-

hancement of absorption induced from localized surface plasmons

(LSP). Localized surface plasmons are non-propagating coherent

oscillations of electrons confined to metallic nanostructures [106,

107]. This resonance leads to strong scattering and absorbance of

the electric field at the resonant wavelength. The LSP resonance ex-

cited in metals such as gold, silver, platinum, or aluminum is highly

sensitive to size, distribution, and shape of the particles. This effect

was enhanced by matching the guided mode resonance with LSP to

increase the absorption due to extended interaction of the resonant

wave with metallic nanoparticles. Introducing guided-mode reso-

nance with LSP leads to even more polarization-selective behavior

of the structure.
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The structural design of the fabricated element is based on alu-

minum wire-grid embedded into TiO2 grown by atomic layer de-

position (ALD). This gives us control of the critical parameters re-

quired for optimal performance of the device. TiO2 acts as a waveg-

uide layer, whereas aluminum wires absorb the mode supported by

the waveguide. The structure was fabricated using e-beam lithogra-

phy, and aluminum was processed using the method described in

section 4.3.2. Figure 5.2 presents a SEM-image of the cross-section

of the fabricated device. The measured results were in good agree-

Figure 5.2: Cross-section of the fabricated absorbing polarization selective grating.

ment with the theory.

Paper IV gives some insight in the theory of the inverse po-

larization effect with experimental demonstration. The fabrication

of a standard wire-grid polarizer for UV-wavelengths is extremely

challenging due to the small structural dimensions required to ap-

proach the quasi-static limit. In addition, the refractive indices of

metals become less than ideal for the wire-grid polarizers in the UV.

Comparison of materials for wire-grid polarizers shows that the

performance of Iridium wire-grid polarizer actually exceeds that

of Al wire-grid below wavelength of 300 nm [108]. However, the

extinction ratio and the transmission of the TM polarization drops
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Figure 5.3: Zeroth order diffraction efficiencies of TM (a) and TE components (b) for the

optimized inverse polarizer as a function of structure height h and period d.

rapidly and the performance of the Iridium wire-grid becomes poor

below 250 nm [108].

We designed an inverse polarizer for 193 nm wavelength. We

used FMM to find optimal structural parameters to the extinction

ratio of the transmitted field defined as TTM/TTE for traditional

polarizers and TTE/TTM for the inverse polarizers, and transmis-

sion efficiency of the transmitted field. Structural design is based

on an aluminum (n193nm = 0.113 + 2.2062i) grid on SiO2-substrate

(n193nm = 1.56). Figure 5.3 illustrates the transmission efficiencies

of the TM and TE components of the electric field at a wavelength

of 193 nm as a function of structure height and period with fill

factor of 0.5 at normal incidence. The optimal period from Figure

5.3 was chosen to be 176 nm. Optimal structural height of about

160 nm would ideally give the best performance. However, in the

modeling step we used bulk aluminum refractive index, that is ex-

pected to be a bit higher than the refractive index of the evaporated

film, and hence we decided to increase the ridge height to 180 nm.

This is justified also because of thin native oxide that is grown on

the aluminum ridges during etching. By further inspection of the

physical operation of the structure, we discovered the structure to

act as a metal-insulator-metal (MIM) waveguide. Modal analysis

showed that TE0 and TM0 modes are both low-loss. This explains

the propagation of the TE0 mode, but does not explain the suppres-
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sion of the TM0 mode. Further analysis showed that the TM mode

excites the surface plasmon polariton (SPP) and is guided on the

air-metal surface. However, the TE mode does not excite a SPP and

it is therefore propagated through the MIM waveguide.

The fabrication of the device was performed using the process

described in Chapter 4 and the measurement results were in good

agreement with the simulations.

5.3 FINAL REMARKS

We demonstrated theoretically the coherence–polarization mixing

using RWGs. Experimental demonstrations of partially correlated

fields and especially their interactions with resonance domain struc-

tures have not been studied in detail. These interactions may lead

to physically interesting discoveries as was shown theoretically in

the papers I and V. The increased use of partially spatially and

temporally correlated sources, e.g., in consumer electronics should

push this field forward in the near future.

Improving fabrication methods leads to improved material se-

lection and increase of the refractive indices of the materials. Atomic

layer deposition (ALD) [109, 110] seems to be a promising method

to deposit dense thin films with refractive indices close to those of

bulk materials. This improves the tolerances for the plane wave

components supported by the waveguide and also gives more free-

dom in the design of RWGs.

The demonstrated device for measuring the Stokes parameters

[II] should prove itself useful in characterization of polarization

state of relatively coherent sources in the visible wavelength range.

The use of partially coherent sources is problematic due to the

diffractive nature of the device.

In paper III we showed theoretically and experimentally how

the guided mode resonance and the localized surface plasmon reso-

nance can be combined. We proposed to use the device for polariza-

tion-selective filtering. It should be noted that the structures pre-

sented there has a good potential for optical sensing due to the
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highly enhanced local electromagnetic field by both the guided-

mode resonance and the excitation of LSPs and increased interac-

tion length leading to enhanced light matter interaction.

Physically interesting results of using Al grid as an inverse po-

larizer for UV was described in paper IV. However, experimental

use of such a device is limited to low-intensity applications due

to the absorption induced heating of the metallic wires. The most

interesting application at this wavelength is the optical lithogra-

phy that is currently used in the processor industry with immer-

sion technique [111]. Therefore it requires a polarizer that is non-

absorbing. By designing a linear, sub-wavelength, non-absorbing

grating at grazing angle TE- and TM-polarizations can be sepa-

rated. SiO2 can be used for the application as it is transparent at

this wavelength.
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6 Conclusions

Shaping the polarization of light from new perspectives has been

studied. Sub-wavelength gratings have been applied to split the

signal into different polarization states. Guided-mode resonance

gratings are shown to depolarize partially correlated fields due to

strong phase shifts induced by the propagation of the modes in the

leaky waveguide. Combining guided mode resonance with local-

ized surface plasmons was shown to enhance the absorption ow-

ing to increased propagation in the absorbing layer. Inverse po-

larization effect in sub-wavelength metallic gratings was carefully

inspected, giving new physical reasoning for the effect. Numeri-

cal and experimental demonstrations were shown to support the

theoretical predictions.

The transformation between partial coherence and partial po-

larization is a physically intriguing phenomenon. This effect, also

called coherence–polarization mixing, was shown to take place in

RWGs [I, V]. With proper numerical design, we showed that both

spatially and temporally partially coherent sources can be com-

pletely depolarized using guided-mode resonant gratings. It would

be interesting to study if the depolarization is possible for different

distributions of the power spectrum, such as Gaussian distribution.

Experimental demonstration of the effect would also be interesting

in the future.

Polarization gratings provide means to design lossless beam

splitters. The development of lithography processes enables the

fabrication of such devices also for visible wavelengths. Polariza-

tion gratings are ideally suited for beam splitting applications that

require the highest possible diffraction efficiency owing the po-

larization freedom. These structures were experimentally demon-

strated [II] with diffraction efficiencies clearly exceeding the limits

of the scalar diffraction theory. Moreover, it was experimentally

shown that, as predicted, polarization gratings based on the spatial
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modulation of the amplitudes of different polarization states can

successfully be used as a polarimeter.

In paper III, we enhanced the absorption induced by the excita-

tion of localized surface plasmons by guided mode resonance. The

structures consisted of gold or aluminum wires embedded in TiO2

waveguide grating. Almost 100% absorption of one of the polar-

ization components was experimentally achieved with a very thin

metallic structure while the perpendicular polarization component

was transmitted with low losses. We designed the structure that

works as a polarizing beam splitter. The combination of these two

phenomena could give rise to greatly enhanced sensing applica-

tions at present solely based on LSPs [106, 112]. This certainly is a

promising topic for further studies.

Inverse polarizers can be based on different grating anomalies.

We designed and fabricated one for deep UV (λ = 193 nm) based

on selective excitation of surface plasmon resonance [IV]. This kind

of structure suits ideally for low-intensity applications due to heat

effects in metallic wires. For high-power applications, polarizers

should exploit the birefringence of sub-wavelength gratings.

Albeit the substantial theory provided in this thesis to describe

physically the light and matter interactions, the experimental work

presented should be regarded equally important. Experimental ver-

ification of the theoretical work gives not only credibility to the re-

search but also improves the application sight.
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[36] T. Setälä, J. Tervo, and A. T. Friberg, “Theorems on complete

electromagnetic coherence in the space-time domain,” Optics

Communications 238, 229–236 (2004).

[37] P. Réfrégier and F. Goudail, “Invariant degrees of coherence

of partially polarized light,” Opt. Express 13, 6051–6060 (2005).

[38] A. Luis, “Overall degree of coherence for vectorial electro-

magnetic fields and the Wigner function,” J. Opt. Soc. Am. A

24, 2070–2074 (2007).

48 Dissertations in Forestry and Natural Sciences No 58



References

[39] D. Gabor, “Theory of communication,” J. Inst. Elect. Eng. 93,

429–457 (1946).

[40] R. Carminati and J.-J. Greffet, “Near-Field Effects in Spatial

Coherence of Thermal Sources,” Phys. Rev. Lett. 82, 1660–1663

(1999).

[41] A. F. Fercher, C. K. Hitzenberger, M. Sticker, E. Moreno-

Barriuso, R. Leitgeb, W. Drexler, and H. Sattmann, “A ther-

mal light source technique for optical coherence tomogra-

phy,” Optics Communications 185, 57–64 (2000).

[42] N. Wiener, “Generalized harmonic analysis,” Acta Mathemat-

ica 55, 117–258 (1930).

[43] A. Khintchine, “Korrelationstheorie der stationren stochastis-

chen Prozesse,” Mathematische Annalen 109, 604–615 (1934).

[44] A. M. Yaglom, An Introduction to Mathematical Stationary Ran-

dom Functions (Prentice-Hall, Englewood Cliffs, NJ, 1962).

[45] E. Wolf, “New theory of partial coherence in the space-

frequency domain. Part I: spectra and cross spectra of steady-

state sources,” J. Opt. Soc. Am. 72, 343–351 (1982).
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Ismo Vartiainen

Polarization control and
coherence–polarization
mixing by sub-wave-
length gratings

This thesis considers polarization 

control by means of sub-wavelength 

gratings. The thesis investigates 

inverse polarization effect in 

surface-relief gratings. The design 

and fabrication of these structures 

is discussed. Furthermore, 

experimental results for polarization 

gratings for lossless beam splitting 

and for measurement of Stokes 

parameters are described.  In 

addition, this thesis gives insight 

for new optical phenomenon called 

coherence-polarization mixing, 

in which partial correlation of 

the polarization components is 

transferred to partial polarization.
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