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Stellingen
behorende bij het proefschrift

RADIAL POLARIZATION AND BEAM SHAPING TO SHARPEN THE ELECTRIC

10.

FIELD IN FOCUS
door

Katsiaryna Y. USHAKOVA

. Het verkrijgen van een sterke, smalle longitudinaal elektrische veldcomponent in

het brandpunt door middel van amplitude-, polarisatie- en fasemodulatie van de
lichtbundel is een veelbelovende mogelijkheid om de resolutie met 20—30% te ver-
beteren in photolithografie, laser writing en fluorescentiemicroscopie (zie Hoofd-
stuk 4).

. Het gebruik van een polarisatie-gevoelige photoresist in combinatie met de lon-

gitudinaal gepolariseerde spot is een mogelijke methode om een tot 60% hogere
resolutie te behalen in photolithographie (zie Hoofdstuk 5).

. Een draadrooster polarisator is een veelbelovend optisch element om een hoge

kwaliteit amplitude en polarisatie vorming te verkrijgen over een groot golflengte-
bereik (zie Hoofdstuk 3).

. Fabricatie in een cleanroom is onderzoek aan de hand van een recept, dat alle

ingrediénten bevat maar niet de exacte instellingen en verhoudingen. Het is een
kwestie van het juiste recept kiezen.

. Experimentele opstellingen zijn als een levend organisme: perfect functioneren is

mogelijk als elk element zonder fouten werkt.

. Er is geen goede of slechte ervaring. Er zijn slechts ervaringen waar men wel of

geen lessen van leert.

. Een PhD heeft veel gemeen met een bergtocht. Men heeft de juiste schoenen no-

dig en moet meerdere beklimmingen en dalingen volbrengen om om het einde
efficiént te bereiken.

. Deelname aan meerdere projecten vergroot het succes van elk daarvan.

. Voorspellen dat de wet van Moore binnenkort zal falen is als voorspellen dat er een

eind komt aan de olie en gasreserves: het wordt continu uitgesteld.

Traditie en innovatie zijn beiden belangrijk in het leven. Respect voor de eerste en
moed om de tweede te implementeren zorgen voor de balans,

Deze stellingen worden opponeerbaar en verdedigbaar geacht en zijn als zodanig

goedgekeurd door de promotor prof. dr. H.P. Urbach.



Propositions
accompanying the dissertation

RADIAL POLARIZATION AND BEAM SHAPING TC SHARPEN THE ELECTRIC
FIELD IN FOCUS

by

Katsiaryna Y. USHAKOVA

1. Obtaining alarge, narrow longitudinal electric field component in focus via modu-
lation of amplitude, polarization and phase of the light beam is a potential tool for
up to 20 —30% resolution enhancement in photolithography, direct laser writing
and fluorescence microscopy (see Chapter 4).

2. Utilization of polarization-selective photoresist with longitudinally polarized spot
can become candidate for up to 60% resolution enhancement in photolithography
(see Chapter 5).

3. Wire grid polarizer is a promising optical element to perform high quality light
beam amplitude and polarization shaping in a broadband wavelength range (see
Chapter 3).

4. Fabrication in a clean room is research according to a raw recipe: all ingredients
but no precise settings and ratios are known. It is a matter of finding a good initial
recipe.

5. Experimental set-up is like a living organism: its perfect working is possible pro-
vided every element is functioning without failure,

6. There is no good or bad experience. There is experience one gets or does not get
the lesson from.

7. PhD has something in common with a hiking route. One needs appropriate shoes
to reach quickly and effectively its end while making multiple uphills and down-
hills on the way.

8. Participation in multiple projects triggers success in each of them.

9. Predicting a quick failure of Moore's law is like predicting the end of petrol and gas
reserves: it is being continuously postponed.

10. Tradition and innovation are both important in one’s life. Respect for the first and
courage to implement the later make its balance.

These propositions are regarded as opposable and defendable, and have been approved
as such by the promotor prof. dr. H.P. Urbach.
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SUMMARY

The progress in lithography takes its impulse from Moore’s law. It states that the number
of transistors in integrated circuits doubles every 1.5 year and that the costs of transistors
will diminish by consequence. The need for smaller sized transistors stimulates the de-
velopment of next-generation lithography technologies and pushes optical lithography
to its limits. The motivation for this PhD thesis research originates from recent theoret-
ical results showing that optimally amplitude-shaped radially polarized light produces
a very tight longitudinal electric field component in focus. If this longitudinal electric
field can be isolated from the other components by, for example, selectively printing in
a photoresist, then an increase of resolution can be achieved.

Experimental implementation of this research would not be possible without an ap-
propriate theoretical background. Vector diffraction theory, valid for general optical fo-
cusing systems with high numerical aperture in which light polarization should be taken
into account, is the proper theory that has to replace classical scalar diffraction theory.
An inspiration for our experiments comes from works of S. Quabis et al., and later H. P
Urbach et al. Here, the authors consider the role of the state of polarization, the ampli-
tude and the phase of the light in view of tighting of the electromagnetic field in focus
by utilization of the Richards-Wolf integral vector diffraction theory. In Urbach’s work,
the solution of the optimization problem predicts a field in the entrance pupil of the
lens, such that the longitudinal electric component at the focal point is maximum for
the given power flow. The question then arose how to realize this optimum pupil field
experimentally.

In this thesis, an experimental proof is given which shows that the optimum radially
polarized pupil field gives a tightly focused longitudinal electric field component in the
focal region. The experimental realization includes research on design, fabrication and
implementation of a circular wire grid polarizer (WGP) to shape high-quality radially
polarized light in the near UV wavelength range. Other research topics are the manu-
facturing of the experimental focussing set-up which includes the WGP, of a spatial light
modulator (SLM) to modulate the amplitude and of a spiral phase plate (SPP) to realize
the optimum constant phase throughout the pupil. A LabView program, synchronizing
the laser, the pulse generator and the movements of the XYZ piezo stage, manages the
experiment. A high-NA objective lens focuses the laser light on a photoresist sample,
mounted on the XYZ piezo stage to enable recording of through-focus arrays. The goal
of the experiment is to realize the ideal amplitude and phase modulated radially polar-
ized light field distribution in the entrance pupil of the high-NA objective to get the large
longitudinal electric field component in the photoresist which is substantially narrower
than a classical Airy spot. The optimum electric field distribution is radially polarized
light with its amplitude increasing in a specific way towards the rim of the pupil and the

Xi



xii SUMMARY

electric field vectors being in phase across the entire pupil. The detailed description of
the optical and electronic components and of the commercial resist preparation proce-
dure are provided, as well as the main experiment flow chart and data analysis based on
atomic force and scanning electron microscopy methods.

When focused in the resist, the radially polarized light has also a transverse elec-
tric field component, which can be significantly wider than that of a conventional Airy
pattern. Therefore, to maintain the resolution high, the longitudinal component of the
electric field in focus should be selectively printed. This has been achieved here by either
modifying the amplitude distribution of the field in the pupil and/or by using a resist,
that is only sensitive to the longitudinal electric field component. A proof-of-concept
resolution enhancement based on a newly developed polarization-selective resist is im-
plemented. A multidisciplinary approach via integration of liquid crystal chemistry in
the development of an advanced optical application has been followed. This has been
performed in collaboration with the Functional Organic Materials & Devices Group of
the Technical University of Eindhoven. The final recipe of the polarization-selective re-
sist is provided. We show experimentally that the FWHM of the radially polarized light
spot focused in this specially developed polarization sensitive resist, can be up to 56%
smaller compared to an isotropic resist. The results have been confirmed by simulations
conducted with a rigorous electromagnetic solver based on Richards-Wolf vector diffrac-
tion integral.

To summarize, techniques to tighten the focused spot, by amplitude, phase and po-
larization shaping of the field in the pupil and by the utilization of a newly synthesized
polarization-selective photoresist, are demonstrated. The experimental methods devel-
oped in this thesis, based on theoretical models of the tight focusing problem, pave the
way for a study of advanced optical applications.



De vooruitgang in lithografie wordt gedreven door de Wet van Moore, die voorspelt dat
het aantal transistors op een geintegreerd circuit elke 1,5 jaar verdubbelt. Als gevolg
daarvan dalen de productiekosten van transistoren. De behoefte aan kleinere transis-
toren stimuleert zowel de ontwikkeling van de volgende generatie lithografie technolo-
gie als ook het verleggen van de grenzen van optische lithografie. De drijfveer achter dit
PhD onderzoek ligt in recent theoretisch werk waarin wordt aangetoond dat optimaal
amplitude gemoduleerd, radieel gepolariseerd licht in het brandpunt een sterk gecon-
centreerd longitudinaal veld heeft als het gefocusseerd wordt. Als deze veldcomponent
geisoleerd kan worden van de andere veldcomponenten door deze selectief te printen
met een resist of met fluorescentie, kan een verhoogde resolutie worden bereikt.

Experimentele uitvoering van dit werk zou niet mogelijk zijn zonder de ontwikkeling
van een geschikte theoretische achtergrond. Vectoriéle diffractietheorie, algemeen gel-
dig voor focusserende optische system met een hoge numerieke apertuur voor gevallen
waarin men rekening dient te houden met polarisatie is hier een vereiste. Dit in vergelij-
king tot klassieke theorie die veelal gebaseerd is op scalaire diffractietheorie. Inspiratie
voor onze experimenten komt uit het werk van S. Quabis et al., en later H.P. Urbach et
al. Deze auteurs beschrijven de rol van polarisatie effecten, amplitude en fase van licht
op het elektromagnetische veld in focus met behulp van de Richards-Wolf integraal. Het
optimalisatieprobleem om de ideale elektrische velddistributie in de ingangspupil van
de lens te vinden waarmee het longitudinale elektrische veld in focus gemaximaliseerd
wordt, voor een gegeven vermogensflux, is opgelost. Dit nodigde uit tot experimentele
verificatie.

In deze scriptie wordt het experimentele bewijs geleverd dat het optimale, radieel
gepolariseerde pupilveld een sterk gefocusseerde longitudinale elektrische veldcompo-
nent oplevert in het brandvlak. De experimentele uitvoering omvat het ontwerp, de fa-
bricage en implementatie van een cirkelvormige draadrooster polarisator (WGP) om een
hoge kwaliteit van radieel gepolariseerd licht te verkrijgen nabij het UV bandbereik. Een
ander deel van het onderzoek omvat het ontwerpen en samenstellen van de optische
opstelling, inclusief WGP, spatial light modulator (SLM), en spiraalvormige fase plaat
(SPP) voor het moduleren van amplitude en de fase van het pupilveld. Een LabView
programma dat de laserpulsen synchroniseert met de verplaatsing van een XYZ piezo
element bestuurt het experiment. Op het piezo element is een hoog NA objectief gemon-
teerd dat het licht op een fotoresist focusseert, zodat men controle heeft over de positie
van de fotoresist ten opzichte van het brandvlak. Het doel van het experiment is om de
optimale amplitude en fase modulatie te realiseren van de radieel gepolariseerde veld-
distributie in de ingangspupil van het hoog NA objectief om daarmee een sterke longitu-
dinale elektrische veldcomponent te verkrijgen in de fotoresist die substantieel smaller
is dan de klassieke Airy schijf. De optimale elektrische velddistributie is radieel gepolari-
seerd met een amplitude die toeneemt in de richting van de rand van de pupil, terwijl het

xiii



Xiv SAMENVATTING

elektrische veld over de gehele pupil in fase blijft. De gedetailleerde beschrijving van op-
tische en elektronische componenten, de commerciéle resist verwerkingsprocessen, het
hoofdexperiment en data analyse gebaseerd op atomic force- en scanning electron mi-
croscope technieken worden verstrekt, evenals de experimentele procedure en de data
analyse die gebaseerd is op atomic force en scanning electron microscopie methoden.

Bij focusseren in de resist heeft het radieel gepolariseerd licht ook een transversale
elektrische veldcomponent, die significant breder kan zijn dan de gebruikelijke Airy schijf.
Om desondanks een hoge resolutie te behouden, is nodig dat men de longitudinale veld-
component selectief kan printen. Dit is hier bereikt door de amplitude distributie van
het pupilveld aan te passen en/of het gebruik van een resist die slechts gevoelig is voor de
longitudinale elektrische veldcomponent. Een proof-of-concept resolutievergroting ge-
baseerd op de recent ontwikkelde polarisatie-gevoelige resist is hier geimplementeerd.
Dit kwam tot stand door een multidisciplinaire aanpak waarin LC (vloeibare kristal) che-
mie is geintegreerd in de ontwikkeling van een geavanceerde optische toepassing. Dit
is uitgevoerd in samenwerking met de Functional Organic Materials & Devices Group
van de TU Eindhoven. Details van het recept van de polarisatie-gevoelige resist worden
verstrekt. We demonstreren door middel van experimenten dat de FWHM van het gefo-
cusseerde radieel gepolariseerde licht in deze speciaal ontwikkelde polarisatie-gevoelige
resist tot 56% kleiner kan zijn in vergelijking tot een isotrope resist. De resultaten worden
bevestigd door simulaties uitgevoerd met een rigoureuze elektromagnetische veldoplos-
ser gebaseerd op de Richards-Wolf vectoriéle diffractie-integraal.

Samengevat, twee technieken om het brandpunt te verkleinen worden gedemon-
streerd, door middel van amplitude, fase en polarisatie modulatie van het pupilveld
en door het gebruik van een recent gefabriceerde polarisatie-gevoelige fotoresist. Ex-
perimentele methoden ontwikkeld in dit onderzoek, gebaseerd op de theoretische be-
schrijving van sterk focusseren, leggen de grondsteen voor verder onderzoek aan gea-
vanceerde optische toepassingen.
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INTRODUCTION

1.1. LITHOGRAPHY APPLICATIONS FOR A RESOLUTION IMPROVE
MENT USING A TIGHTLY FOCUSED LONGITUDINAL ELEC-

TRIC FIELD COMPONENT.

The 2015 "Market & Technology" report entitled "Photolithography Equipment and Ma-
terials for Advanced Packaging, MEMS and LED Applications" describes the current state-
of-the-art in the semiconductor industry, driven by trends including technology down-
scaling, cost reduction and increasing functionality [1]. This report advocates further
research in order to push photolithography to its limits, either by maintaining Moore’s
law or by adding functionality. Fig. |.! shows the progress over the last decade towards
miniaturization through comparison of sizes of semiconductor manufacturing process
nodes with some microscopic objects and visible light wavelengths. According to In-
tel [2], the pace of advancement of Moore’s law has slowed, starting at the 22 nm node
around 2012, and continuing at 14 nm in 2015. This is scheduled to hold through the 10
nm node in late 2017.
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Figure 1.1: Sizes of semiconductor manufacturing process nodes in the period of 1970-2015 [/].

A simplified working principle of the mask photolithography technique is as follows.
A light beam, emitted from a source, collimated by a series of condenser lenses, illu-
minates a mask. The mask contains patterns that are imaged by a lithographic lens
onto a substrate with a layer of a photoresist. The photoresist consists of photosensi-
tive molecules which undergo a chemical reaction induced by light. This change allows
the user to remove either the exposed or unexposed part depending on the type of the
photoresist. The exposed areas become soluble while the unexposed areas remain insol-
uble in the case of positive photoresists; the opposite occurs for negative photoresists.
Fig. 1.2 illustrates these processes after the exposure.
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Ll

[lumination l

Mask |
L

Film
Substrate
Negative tone photoresist Positive tone photoresist
Etched film
| I | | 1= I [ | [ |

Figure 1.2: Positive and negative tone photoresists upon exposure in the photolithography process.

Although mask photolithography is the most widely used technology for chip fabri-
cation, other techniques can be advantageous for small scale production or complex 3D
structures. Among them, direct laser writing technology, also known as maskless lithog-
raphy, is capable of manufacturing 3D objects with high fidelity and resolution [].

~+—— Fiezozlectric 3D Scanning Stage
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Figure 1.3: Set-up for direct laser writing [/]

Instead of a mask, an electronically designed file is used to draw patterns onto a pho-
toresist. Multiple Gaussian beams from a raster scan laser writer create microstructures
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Figure 1.4: Two-photon absorption process.

(Fig 1.3). The beams’ intensities are modulated by an acousto-optic modulator (AOM) or
a spatial light modulator (SLM) according to a design file. In the case of SLM, a conven-
tional reticle is replaced by a "programmable pattern mask", which is an array of pixels.
Then, directed by an acousto-optic deflector (AOD), light is focused by a lens onto the
moving substrate. A photoresist layer on the substrate is exposed one stripe at a time
by successive scans. Application of the pattern to the entire substrate from the stripes is
accomplished by stepping the sample in the direction perpendicular to scanning.

In multi-photon lithography, a tightly focused femtosecond laser beam induces multi-
photon absorption in the photoresist (Fig. 1.1). Very little exposure of the photoresist
occurs away from the central focal area, since the type of the photoresist used is not
sensitive to a single photon. Two-photon absorption mainly takes place very near the
geometrical focus. As usual, the resolution of the resulting structure is limited by a size
of the focal spot. But the effective size of the focal spot is reduced by v2 due to the
square-law exposure behaviour of the photoresist. 3D patterns can be fabricated with
3D scanning of the laser beam.

Direct laser writing technologies can benefit from lateral resolution enhancement.
Therefore, the experimentally realized proof of the principle of isolation of a tightly fo-
cused longitudinal electric field component, to which this thesis is dedicated, is applica-
ble to direct laser writing technologies.
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1.2. THE FOCUSSING OF LIGHT: FROM THE SCALAR TO THE VEC
TORIAL APPROACH
1.2.1. IMAGE FORMATION IN AIR
' )f 1 HE classical theory of scalar diffraction normally describes the field in the focal plane
| ofalens under the paraxial approximation [(—]. Given a certain field distribution at

the front focal plane of a lens, the resulting field at the back focal plane is proportional to
the Fourier transform of the complex amplitude of the field in the front focal plane scaled
by the product of the wavelength and the focal length. In the simple case of focussing a
field of uniform amplitude and constant phase (plane wave), one obtains the well known
Airy pattern whose intensity is given by:

2]1(7zDr2//'lf))2 1)

Tt} = IO( nDry/Af

where Iy is the peak intensity, r is the distance from the center of the spot at the focus
plane, A is the wavelength, D is the lens diameter and f is the focal length. The radius
of the spot, defined as the distance from the center to the first zero minimum of the Airy
disk, is rs =1.22Af/D.

The scalar approach however is not valid for all optical systems. One of the fundamen-
tal properties of the light as electromagnetic wave is that it is a transverse wave as found
from the solution of Maxwell’s equations. Polarization of the light is a direct consequence
of this property, but for low numerical aperture optical systems the polarization of a
beam between the source and focus is essentially unchanged and thus may be ignored
by using scalar diffraction theory for low numerical aperture lens optical systems. In our
case, a high numerical aperture (NA) focussing system is employed. Therefore, the ef-
fect of the polarization properties of the light beam upon focussing becomes important.
A more general theory is needed to describe the field at focus: vector diffraction the-
ory. Originating from Ignatowsky diffraction theory [9], as later elaborated in [10, | |],the
solution is commonly refered to as vector Richards-Wolf diffraction integral.

The converging spherical wave is expanded in terms of plane waves in different di-
rections (the so-called angular spectrum). The evolving field is calculated by combining
the contributions from each plane wave component after propagating to the point in
question. Then, assuming a lens free of aberrations, the electric field in focus can be
written as

1 g
E(ry) = 4—7_[2' f,/(;AUCU ky) exp (lk (rp — l']))dkxdky. (1.2)

r; and r, correspond to the focal point and the point of observation with the coordinate
system origin at the center of the lens and the z direction along the lens’ axis. Q refers
to the solid angle made by the lens as seen from the focus which limits the range of k
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according to k3 + k% < k* N A% ky, ky and k; are components of the k, so k% + kj + k% =
k2. A(ky, ky) is the electric field describing each plane wave component.

Further details of the calculation of the focused field corresponding to the case of
linear and of radial polarization are given in Appendix A. By numerical integration [12],
based on the vector Richards-Wolf diffraction integral, we calculate the x-, y-, z- compo-
nents of the electric field and the net magnitude of the electric field around the focus.
It is important to note, that in the case of focusing by a high NA lens, with polarization
taken into account, the focussed field has a polarization which varies across the focal
spot. This is clearly illustrated in Fig. 1.5 where the linearly polarized light (along the x
direction at the input of the lens) produces not only a field in focus that is linearly po-
larized in the same direction but also in the other two orthogonal components (y- and

z-).
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Figure 1.5: Intensities of the x - (a), y - (b), z - (c) components and total intensity - (d) at focus in air due to
incident linearly polarized light along the x direction at the NA=0.9 lens pupil. x and y axes are labelled in units
of A. For each plot the image scale (right of the plot) is set according to that plot’s peak value. The plots are
normalized to the peak (on axis) intensity |E0|2 =|Eto¢t(0, 0)!2.

A second conclusion is that, although the lens is cylindrically symmetric about the z
axis, polarization of the incident field in one direction results in a field at the focal plane
which is not cyllindrically symmetric (see Fig. .5, total field intensity).

This asymmetry can be avoided by using cyllindrically symmetric vector beams of
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radial polarization, as shown in Fig. 1.6. From this figure one can see that focussing
a radially polarized laser beam results in a cyllindrically symmetric beam for the total
intensity and includes a large longitudinal component (polarization in the z direction)
in a narrow region around the focus.
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0.2 g 0.2
=
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Figure 1.6: Intensities of the x - (a), y - (b), z - (c) components and total intensity - (d) at focus in air due to
incident radially polarized light at the NA=0.9 lens pupil. x and y axes are labelled in units of A. For each plot
the image scale (right of the plot) is set according to that plot's peak value. The plots are normalized to the peak
(on axis) intensity | Eg|? = |E;o(0,0)|2.

By analysing the profiles of the different field components, as shown in Fig. 1.7, one
can observe that considering the total intensity (|EJ?) at focus the half width at half max-
imum of the spot size with linearly x-polarized illumination (HWHM%’} =~ 0.375 A along
the x axis and HWHM!/" =~ 0.281 A along the y axis) is smaller than when the illumination

tot
is radially polarized (HWHM;'g,‘i =~ 0.389 1) . However, only considering the longitudinal
(z) polarization component at focus, the HWHM of the spot in the case of radial po-
larization (HWHMZ% = 0.255 1) is smaller than that using linear polarization even as
measured along the narrower (y) direction (HWHM!” =~ 0.281 A). The profiles for the
X, y and z components (Ey, Ey, and E;) of focussed linearly polarized light (along the x

and y directions) and radially polarized light are shown in Fig. 1.7 a, b and c, respectively.

Thus, the polarization state of the light influences the size of the focused spot in the
case of high NA. Sensitivity to only the longitudinal component at focus produced using
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Figure 1.7: Profiles of the intensities of the longitudinal and transverse components and total intensity at focus

in the case of linearly along x axis (a, b) and radially (c) polarized incident light focused using a high NA=0.9
lens in air. The plots are normalized to the peak (on axis) intensity IE[)I2 =|Et0t(0, 0)2.

radially polarized light can result in a very substantial resolution improvement.

1.2.2. PRINTING FOCUSED SPOTS IN A PHOTORESIST: DILL'S MODEL, PHO
TORSESIST RESPONSE

When focusing in a photoresist, it is important to model the effect of the light on the
medium. The photoresist exposure effect, when it becomes less absorbing and more
transparent, evolving during the illumination, was modelled by E H. Dill [13]. The in-

tensity of light I(z), passing through a homogeneous medium in the z direction, can be
expressed via the Lambert’s law:
I(z) = Ipexp(—az)

(1.3)
= Igexp(— (apacc+ap(co—rc) +ZaRcR)z),

where apyc and ¢y and are the molar absorption coefficient and concentration of the
photoactive compound before photochemical reaction due to exposure, ap is the molar

absorption coefficient of the photoactive compound after exposure, ¢ is the remaining
amount of the unexposed photoactive compound after exposure, and the ay and cy are

the molar absorption coefficients and concentrations for each other constituent of the
photoresist. Dill then expressed the net coefficient a according to:

a=AM+B,

(1.4)
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where

A= (apac—ap)cy,

BZZaRCR"'aPCO» (1.5)
¢
M=—,
Co

These are known as the "Dill parameters": A is the additional optical absorption co-
efficient before exposure, while B represents the sum of all optical absorption due to
components of the resist which are independent of the light exposure. M =1 and M =0
correspond to unexposed and completely bleached photoresist, respectively. The quan-
tum efficiency is incorporated in "Dill’s parameter" C:

5—M:—CIM, (1.6)
ot

where I and f represent intensity of light and time, correspondingly.
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Figure 1.8: Influence of the photoresist dissolution rate function on the crosssectional geometry after etching
due to the pattern in the exposed photoresist.

The response of a photoresist can be defined as its dissolution rate, which is a func-
tion of an exposure dose. This characteristic of a photoresist determines a crossection
geometry of the pattern in a photoresist upon exposure. Convolution of the light in-
tensity pattern and the photoresist response function determines the shape of the print
from the exposed photoresist (Fig.1.8). In the case of a photoresist with a nonlinear re-
sponse, there is a threshold exposure, after which the photoresist’s solubility increases.
No change in the solubility of the photoresist takes place until this threshold is reached.
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It is then possible to make a crossection with steep edges using such a photoresist. If
the dissolution response of the photoresist is linear, then the resulting pattern due to a
sinusoidal exposure will itself have a sinusoidal crossection.

In Subsec. |.2.1 we show that one must take into account not only amplitude but the
polarization and phase of the electric field, when considering the effect of the illumina-
tion from a high-NA lens focussed inside the photoresist. This is done in Appendix D
and Appendix E of the Chapters 4 Commercial Resist and 5 Polarization-selective Resist.
The derivation employs the vector Richards-Wolf integral, and it is presented in detail in
[10, 11, 14-18].

1.3. PROJECT "HIGH RESOLUTION LITHOGRAPHY USING UN
CONVENTIONAL POLARIZATION STATES OF LIGHT"

The primary motivation of the project "High resolution optical lithography using uncon-
ventional polarization states of light" is the experimental realization of laser beams with
specially shaped amplitude, phase and polarization distribution at the input pupil of a
high numerical aperture lens with the aim of reducing the effective spot size of the fo-
cused field below that of the conventional diffraction limit. This motivation originates
from recent theoretical works [15, 19, 20]. They show that when the polarization state of
the light beam is radial and with a particular radial amplitude distribution at the pupil of
the lens, a very tight spot can be achieved by means of the longitudinal (in the direction
of propagation) electric component of the focused field.

This reduction of the effective PSF can be used in various applications such as laser
writing, mastering, optical data storage, confocal microscopy, and optical tweezers. An-
other possible utilization of longitudinal polarization in the focused field is in fluores-
cence microscopy. By tailoring the field at the pupil, the polarization of the field at focus
can be optimized so that the selective fluorescence can be excited since this occurs for
molecules whose dipole moments are in the direction of the electric field.

One problem that limits the application of this principle is that the longitudinal com-
ponent is not the only one present in the focal region (see Fig. 1.6). Thus one has to
implement techniques which are sensitive only to the longitudinal electric field compo-
nent. In this regard, this project is done in collaboration with the University of Eind-
hoven where a polarization sensitive resist has been developed so that exposure is lim-
ited mainly to one polarization component. The project "High resolution optical lithog-
raphy using unconventional polarization states of light" is the STW (Stichting Technische
Wetenschappen) project #10727 conducted in the framework of a collaboration between
the Optics Research Group of TUDelft and the Polymers in Advanced Systems Group of
TU/e involving two PhD students (in optical physics and in chemistry). The goal of the
optical component of the project, which is the subject of this thesis, is to optimize the
field at the pupil in order to obtain a narrow, large longitudinal electric field compo-
nent inside the photo-resist. The chemistry aspect of the project aims to investigate and
synthesize a photo-resist which is sensitive only to the longitudinal component of radia-
tion. This topic is thoroughly described in Ref.[21]. For applications in direct laser writ-
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ing technology and point per point optical lithography, the spot size inside the photore-
sist and the properties of the photoresist are of crucial importance. This thesis presents
proofs of the principle which optimizes these parameters in comparison to traditional
lithography. Both proofs of principle demonstrate a factor of two decrease in spot size
compared to the conventional Airy pattern inside the photoresist. Focused amplitude
modulated radially polarized light inside the commercial isotropic photoresist is used
in implementation of the first proof of the principle. The second proof of the principle
is realized by means of focussing radially polarized light inside a polarization-selective
photoresist.

1.4. THE STRUCTURE OF THE THESIS

Chapter 2 Experimental Set-up, Methods and Instrumentation is dedicated mostly to the
experimental set-up for generating amplitude modulated radially polarized light with a
specific amplitude profile to be focused on a sample coated with a thin layer of pho-
toresist. The production of radially polarized light with uniform phase formed using a
circular wire grid polarizer (WGP) and spiral phase plate (SPP) is described. The am-
plitude modulation of near-UV light has been obtained using a spatial light modulator
(SLM). Discussion of SLM tuning and testing for the wavelength of interest is included.
Finally, the procedures for the preparation of commercial and polarization selective re-
sist samples are presented.

One of the key components for producing radially polarized light at near-UV wavelength
range and particularly for A = 405 nm is the WGP. Chapter 3 Wiie Grid Polarizer covers a
design of the WGP, followed by fabrication and experimental testing of the device. Theo-
retical research, based on Finite Element method (FEM) which rigorously solves for the
electromagnetic field numerically, indicates geometries and materials for the realization
of the WGP. The theoretical proof of a procedure which obtains a circularly symmetric
radial polarization with constant phase is presented. The fabrication procedure based
on the final recipe with a detailed explanation of every fabrication step is provided. Per-
formance results from tests using the WGP to shape high quality radially polarized light
for tight focusing applications are shown. Printing of spots smaller than conventional
Airy spots by focusing amplitude modulated radially polarized light on commercial pho-
toresists is thoroughly described in the Chapter 4 Commercial Resist. Modelling of the
longitudinal and the transverse electric field components performed using a rigorous
solution of the Richards-Wolf diffraction integral. Experiments in which the amplitude
in the pupil plane is tailored are realized using a SLM such as reducing the apertures and
optimization of the field. We provide results from inspecting the resulting structures us-
ing AFM to infer the spot sizes.

Chapter 5 Polarization-selective Resist discusses printing of focused spots in polariza-
tion selective and polarization isotropic resist. The method of obtaining spots smaller
than the conventional Airy disc combining the properties of polarization selective resist
and focussing near-UV radially polarized light is described. A brief overview of polariza-
tion-selective resist synthesizing, its preparation and application on the substrate is fol-
lowed by details on the exposure and post exposure procedures and AFM inspection of
the resulting structures. Polarization selectivity of the polarization selective photoresists
and proof of the principle for obtaining smaller spots compared to the usual Airy disc by
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high quality radially polarized light are described.

In Chapter 6 Conclusions, the conclusions are presented.

Finally, in the appendices, we present the derivation of equations for high numerical
aperture focusinglinearly and radially polarized light in the framework of vector Richards-
Wolf diffraction theory, listing of a LabView program used in the experimental procedure
of exposing the photoresist, details of the WGP fabrication and inspection and analysis
of focused spots using commercial resist.
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Following the lines of [1, 2], we give the expressions of the electromagnetic field in focus
for the cases of linear and radial polarization, continuing discussion from Eq. |.2 of
Chapter 1 Introduction.

A time-harmonic electromagnetic field with w > 0 propagates in positive z-direction
in respect to the Cartesian coordinate system (x, y, z). When focused in a homogeneous
nonabsorbing medium of a refractive index n, it can be described as an angular spec-
trum of plane waves:

E(r) = A(ky, ky) exp (ik-r)dk.dk,.

|
an? JJ | i+ kz<koNa

(L.7)
k X A(k,\'! ky) eXp (ik * r)dk'\-dky.

L 1
-2
an? wpo N\ /iZ+k2<kona

ky, ky, k. are components of k with k, = (kin* — k2 - kf,)“z, where ko = 27/Ag. NA =
nsin(0yqx).
Unit vectors X, ¥, Z of the Cartesian coordinate system are expressed as:

% = sin() cos(¢p)k + cos(0) cos(¢p)B — sin(¢p) P,
¥y =sin(@) sin((,b)f(+ cos(0) sin((p)@ + cos((/b)(Z), (1.8)

2= cos(@)k— sin(B)é,

Positively oriented orthonormal basis k,8, ¢ of the spherical coordinate system in the
reciprocal k space is defined as:

k = sin(6) cos ()% + sin(B) sin(¢)y + cos(0)z,
0 = cos(0) cos(¢p)x+ cos(8) sin(¢p)y —sin(0)z, (1.9)

(:b = — Sln((p))‘(*' COS(¢)$’;

where 0 <0 < 0,,4x, 0 < ¢p < 27 are polar and azimuthal angles, correspondingly.
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k = konk and the Jacobian of the transformation of spherical coordinates 8, ¢ into k com-
ponents ky, ky is written:

o o — kop [CO3©O) cOS(P)  —sin(B)sin(¢) (1.10)
%% % ~ "\ cos(@)sin(¢)  sin(9) cos(¢p) -

and dkydk, = kZn? cos(6) sin(0)dfdep.
Since the electric field is free of divergence (A-k = 0), the vector amplitude A can be given
by:

A©,¢) = Ag(6,$)0 + Ay(6, ). (1.11)

Applying the property of orthonormality of unit vectors:

kx0=¢, 0xp=k ¢xk=0, (1.12)
we get

kxA=kon(—Agp + Agh). (1.13)

Finally, electromagnetic field in focus can be rewritten as:

;12 Omax 21 " n
E(r) = ﬁf f (A0 + App) cos(0)sin(0) exp(ik-r)dOd¢p
0 0

(1.14)

]13 €0 1/2 Omax p2m - N
H) = (—) f (=Ag0 + Agp) cos(0) sin(0) exp(ik-r)dOd¢p
Ay \Ho 0 0

Let consider a transformation of a pupil field from polar coordinate system (pp,¢p)
into the Cartesian coordinate system (xp, yp, zp):

Ep(pp;(Pp):Eg(ppywp)pp+E£(ppx(Pp)(lA’p; (1.15)

where
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P, = cos(pp)X+sin(g,)y

(1.16)
@), = —sin(@p)X+cos(p)y
According to [3-5], amplitude of the plane waves in the focal plane can be written as:
. f ( fk.\' ka)
Alky, k) = —2ni ——————M(EP| — ,——, 1.1
(kx y) Tl (kon)llzkyz (k) kon' kon (1.17)

where f is the focal distance of the lens and a matrix M(k) rotates the pupil electric field
in the direction perpendicular to the wave vector k = ko n(sin(f) cos(¢)k+sin(0) sin(¢)0 +
cos(0)¢) so that

MKE? (pp,,¢p) = —Eh0 — ED . (1.18)

Pupil polar coordinates p, and ¢, can be expressed through spherical coordinates 6 and

¢:

pp=fsin@), @p=¢+m, (1.19)
so that
A@B,¢) = —2nimwe,¢)}zp(— [sin(@) cos(¢h), — £ sin(8) sin(¢)) =
% 1.20
- nim[ﬁg(—fsm(@) cos(¢), — f sin(@) sin(¢h)) 0+ T2

E} (- fsin(0) cos(®),~f sin(®) sin(®) .

Linearly x-polarized plane wave can be expressed with respect to the polar basis in
the pupil of a lens:

Ep(pp,p) =cos(@p)  Ep(pp,ep) =—sin(pp) (1.21)

In the case of linearly x-polarized pupil field
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_f sin(@)

. [ cos(¢)
AgO,p) =2mi— , ApB,¢)=-2 . 1.22
_ B mkoﬂ cos(0) WOk mkoll cos(0) L

Hence,

y f T A
A@, ) =2mi— I o
©@,4) i Cos(e)[cos(db) sm(¢)¢]

2m'k0n\/——iTw |(cos(®) cos?(¢) + sin (@)%

+(cos(0) — 1) cos(¢p) sin(¢p)y — sin(6) cos((/))i],
—Ap(0,)0 + A6, )P = (1.23)

, f : 5 .
27 m [Sm((b)ﬂ g COS((p)([)]

m.koT—\/jZosﬁ [(cos(@) —1) cos(¢p) sin(p)x

+(cos(0) sin®(¢p) + cos?(¢))§ — sin(6) cos(P)z

In order to achieve maximum on axis longitudinal component in focus [1], radially
polarized light with a monotonically increasing amplitude from the centre to the periph-
ery of the pupil can be implemented. Such amplitude distribution can be expressed with
respect to the polar basis in the pupil of a lens as:

0
Ep(op 9p) = ———=—=E}(0p,pp) =0 (1.24)

f*-p}

P

In the case of radially polarized pupil field
. [ tan(0)

Ag0,¢) =2mi— ———, Ap0,0) =0, 1.25
il kon A+v/cos(@) o (25}

where



REFERENCES 19

3/2
T 1217 €0 11742 I 4 1/2
— —(— — —c08(013ax) + = €0S° (0,4 1.26
PO) A5 (/10) (3 (Omax) 3 ( nm.\)) ( )
is the Lagrange multiplier, obtained under the constraint of the constant mean power
flow Py (see Appendix D for details).
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EXPERIMENTAL SET-UP, METHODS

AND INSTRUMENTATION

This chapter is dedicated to the experimental set-up to generate tight focal spots with a
large longitudinal component inside the photoresist. The working principle of the cru-
cial elements and details of the experimental procedures are provided. A special atten-
tion is given to a description of combination of spatial light modulator, wire grid polar-
izer and spiral phase plate to shape the optimum amplitude modulated radially polar-
ized light beam with all points in phase. The optical components and the experimental
alignment procedure, photo-resist preparation, exposure and sample scanning methods
all characterized.

2.1. GENERAL DESCRIPTION

l‘ N this section we show the experimental set-up designed and built to achieve the goal
I of the project, i.e. to get a large longitudinally polarized component inside the pho-
toresist and hereby to realize a smaller focused spot than a conventional Airy spot for the
same wavelength and numerical aperture.[!].

An overview of the set-up key components and their positions; a source; optical ele-
ments to achieve amplitude, polarization and phase shaping; a focusing lens; a sample
holder and sample scan driving electronics is presented with details.

A scheme of the setup is shown in Fig 2. |. The light beam emitted by a 405 nm a diode
laser is shaped to approximately a top-hat function by a collimation lens. The beam
passes a polarizer (GLP1) and a beamsplitter (BS1) that directs it to a reflective spatial
light modulator (SLM) to achieve amplitude modulation (modulated after GLP2). With
the combination of a quarter waveplate (1/4), a wire grid polarizer (WGP) and a spiral
phase plate (SPP), the beam is converted from linear to radial polarization with a flat
phase (as explained in Chapter 3 \Wire Grid Polarizer in details). Finally, a 0.9 NA lens (L1)
focuses the laser beam onto a glass sample containing a thin layer of photoresist. The
sample is mounted on a 3D piezo cube with a scan range of 100 um for all axes. The laser
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Figure 2.1: The schematics of the complete setup:Blue diode laser (405 nm); Collimation lens; DM1: dichroic
mirror; M2-M3: mirrors for A = 405 nm; FM4: flipping mirror to switch between linearly and radially polarized
arms of the set-up; GLP1-GLP3: Glan-Laser polarizers; BS1, BS2: beam splitters; A/4 quarter wave plate; WGP-
wire grid polariser; SPP - spiral phase plate for A =407 nm; CCD camera; L1: high NA Objective lens with NA
=0.9; L2: low aperture focusing lens. The sample with photo-resist is mounted on a 3D scan piezo table (100
microns per axis). The HeNe laser (633 nm) is used for alignment purposes.

exposure time and the position of the scan table are controlled with a LabView software.
The polarization-selective resist sample is mounted in a closed box (Black container)
which is pumped with nitrogen during the exposure, because the polarization sensitive
resist reacts only in an oxygen-free environment.

2.2. LASER SOURCE

The liquid crystal polarization selective photoresist is sensitive in the near UV wave-
length range of AA = 193-405 nm. Blue diode Nichia laser (Blue diode laser) of 405 nm
with a laser driver fabricated at Philips Research is used as a source. The measured laser
spectrum is presented in Fig ”.” a.

A specially designed for the wavelength A = 405 nm collimation lens is incorporated
in the same holder as the laser head with possibility of the position adjustment to achieve
the best collimation. The laser power as a function of laser diode current is shown in the
graph of Fig 2.2 b.

The 633 nm He-Ne red laser is used for alignment procedures with subsequent veri-
fication of overlapping of the two beams (red and blue) at several control locations along
the beam path. It has an important role in the focusing procedure in the case of com-
mercial resist (see Sec. 2.0).
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Figure 2.2: (a) Blue diode Nichia laser spectrum; (b) power as a function of blue diode laser current

2.3. AMPLITUDE MODULATION

Amplitude modulation of the beam is realized via spatial light modulator (SLM). The
working principle of SLM is based on the interaction of liquid crystal molecules with
light, and subsequent transformation of light characteristics such as amplitude, phase
and polarization. Liquid crystal (LC) molecules are polar molecules, possessing an axis.
Therefore, they can be regarded as anisotropicaly reflective and absorptive medium. It is
possible to position LC molecules in such organized way that the light of particular po-
larization direction in respect to their polarization axis is reflected/transmitted whereas
the light of perpendicular polarization is not. All the intermediate polarizations are par-
tially reflected/transmitted. We use a liquid crystal - reflective (LC-R 2500) from Holoeye
based on a reflective liquid crystal on silicon (LCoS) microdisplay of twisted 45° nematic
LC type molecules. The modulation function can be electrically addressed by a com-
puter. SLM has a 1024 x 768 resolution and 256 gray values. Basically, 1024 x768 pixels
picture of a maximum number of 256 gray levels is sent by means of the software to the
device to manage the position of LC molecules in space inside every pixel (pixel pitch
is 19x19 um?). Each gray level is associated with a certain voltage value that is applied
to the LC cell. The gamma correction curve gives the relation between the voltage and
gray level, i.e., the voltage as a function of gray level. This function is wavelength depen-
dent. The operational wavelength range of AA = 400-700 nm with a max 1:1000 inten-
sity ratio at A = 532 nm can be applied. The SLM was assembled with XYZ micrometer
stage to enable easy centering of the beam with possibility of tilts in vertical and hori-
zontal directions to align the display orthogonally to the beam. A special configuration
of two polarizers should be used, the first before and the second after the SLM, to enable
controllable amplitude modulation of the light beam. These alignment and polarizers
positioning procedures are compulsory to ensure a correct position of the polarization
axis of the light in respect to the axis of the LC molecules in the maximum and mini-
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mum values of the associated gray levels and also to have the largest possible range of
modulation. A wavelength A = 405 nm is at the operational edge of the SLM. An iterative
procedure to achieve an optimum amplitude modulation function as a function of gray
level has been performed. The optimized gamma curve for 405 nm is shown in Fig. 2.3
as well as examples of amplitude modulation in Fig. 2.4.
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Figure 2.3: Modulated power as a function of gray value optimized for 405 nm.

2.4. REALIZATION OF RADIALLY POLARIZED LIGHT WITH A FLA']
PHASE DISTRIBUTION FORMATION.

Radially polarized light with a flat phase distribution is required at the entrance pupil
of the focusing lens. The method we use here is a combination of a quarter wave plate
(A/4), a cylindrically symmetric wire grid polarizer (WGP) and a spiral phase plate (SPP)
(see Fig. 2.1). Theoretical details based on the Jones matrix calculus of the transmission
properties of these elements are shown in Chapter 3 Wire Grid Polarizer. The wire grid
polarizer, consisting of ~ 10000 concentric aluminum cylinders of sub wavelength pe-
riod and height on the fused silica substrate, was designed for the wavelength A = 405
nm and fabricated at the Van Leuwenhoek Laboratory (VLL) in Delft. The theory, de-
sign, fabrication and performance are thoroughly described in the Chapter 3 Wire Grid
Polarizer. The spiral phase plate for the wavelength of A = 407 nm was utilized to reach a
flat phase distribution of the radially polarized beam. The spiral phase plate (SPP) from
Rochester Photonics is a 24 10x10 mm patterns of Polymer replicated on a glass sub-
strate of refractive index of n = 1.56 (see Fig. 2.5).

The thickness of the polymer in each pattern, designed for the particular wavelength
A, has a linear azimuthal angle 6 dependence th = 276/A. Thus, the light with a flat
phase wave front would have a phase vortex of 27 after passing through the pattern.
However, the opposite will happen if the vortex of light passes through the SPP of appro-
priate wavelength handedness. Wrong handedness would result in double vortex struc-
ture of the beam, and inappropriate wavelength results in a defect line in the transmitted
intensity distribution.



2.5. PHOTORESISTS PREPARATION AND DEVELOPMENT PROCEDURES 25

c)

Figure 2.4: (a) 2 gray level ring amplitude modulated function with zero transmission in the center (b) variable
intensity modulation function, starting from zero at the center and increasing monotonically towards the edge
(c) and (d) measured amplitude distribution after amplitude modulation function in (a) and (b), respectively.

2.5. PHOTORESISTS PREPARATION AND DEVELOPMENT PROCE-
DURES

2.5.1. COMMERCIAL PHOTORESIST SAMPLES

In this subsection we will show the cleaning and application procedures recipes of com-
mercial photoresist samples (Shipley 1805). The glass substrate was used, since its index
of refraction is similar to the resist, so that no standing wave effects will occur. This im-
plies a significant simplification for numerical simulations and for the interpretation of
experimental data. To obtain results that are also relevant for industrial purposes, it was
verified, that all photoresists, used in this thesis, adhere both to silicon and glass (either
directly or through an adhesion layer). Before coating with an ultrathin layer of pho-
toresist, the glass substrates must be free of organic and inorganic contaminations and
irregularities. To achieve this, the samples were handled in the cleanroom at the Van
Leeuwenhoek Laboratory (VLL) cleanroom in Delft. All steps of the cleaning process are
summarized in the Table ”.1. After each step, the samples were rinsed with deionized
water to prevent the cleaning solutions from mixing.
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Figure 2.5: a) SPP sample; b) wavelength map of the SPP sample and c) thickness as a function of azimuthal
angle in each of the 24 patterns.

After the 2-propanol bath, the samples are either dried with a nitrogen gun or spun
dry in a spinning rack, depending on the amount of samples. A Shipley 1805 resist with
a positive tone was used. This is alkaline with a pH of 10 and refractive index n(405 nm)
= 1.68 + i- 0.020, measured by means of an ellipsometer. In order to apply a thin layer
of a homogeneous thickness, the substrates were mounted on the vacuum holder of a
spinner. The photoresist is applied in the center of the sample, rotating at a high angular
velocity to assure its even spread. Each resist has its own calibrated spin curve, enabling
the user to predetermine the resist thickness by adjusting the angular velocity (here mea-
sured in revolutions per minute (rpm)). Our goal was to create a resist layer with a thick-
ness of approximately 300 nm, which is within the depth of focus of the field. In order
to obtain this thickness at achievable spinning speeds the resist was first diluted with its
original solvent, Propylene Glycol Monomethyl Ether Acetate (PGMEA) in a1 : 1 ratio.
With a spinning velocity of 2,000 rpm the desired thickness of 300 nm was reached. The
thickness and surface roughness of the resist were verified using a profilometer avail-
able in the VLL. In order to stabilize the layer and ensure a good development process,
the resist was prebaked (before exposure) at an optimized temperature of 110 °C for 2
minutes. Shorter and longer baking times have led to unsharp or cracked boundaries
between exposed and unexposed resist when developed. This is presumably because of
a delicate balance between baking out the solvent and removing water from the resist
solution. The humidity level determined the speed of the light-induced reaction, which
must be sufficiently high. The development of the resist was done in a mixture of deion-
ized water and Microposit Resist Concentrate in a 2:1 ratio.

2.5.2. POLARIZATION-SENSITIVE PHOTORESIST SAMPLES.

This subsection is mainly based on the results of the work by My Phung Van during
her PhD in TU/e in the framework of the collaboration project "High resolution optical
lithography using unconventional polarization states of light". It is described in details
in [2]. General recipes were implemented and the performance characteristics of the re-
sist were being continuously changed and improved in all the stages of samples prepa-
ration, starting with cleaning procedure, finishing with post development treatment and
the composition of the polarization sensitive resist mixture itself. Here we will not focus
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Table 2.1: Cleaning steps recipe.

Cleaning menu Chemical formula Time [min] Special remarks
Placed in
Nitric acid HNO;3 10 an ultrasonic bath
atroom temperature
Heated to 80 °C
RCA 1 ; a0 N Hy i Hz Oy . 10 in a water bath
ina5:1:1volume ratio 3
to start up the reaction
Heated to 80 °C
RCA 2 ] HgOs HE1 E Halh . 10 in a water bath
inab5:1:1volume ratio g
to start up the reaction
Placed in
Acetone C3HgO 5 an ultrasonic bath
at room temperature
Placed in
2-Propanol C3H;0H 5 an ultrasonic bath
at room temperature

on the details of this research process, (for more details, see [3]) but will give the final
version of all the procedures with some explanations relevant for the present thesis.
Microscopic glass was used as a substrate to prepare polarization sensitive resist samples
for the same reason as in the case of the commercial resist samples, namely, elimination
of the standing waves formation.
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Figure 2.6: a) Polarization-selective resist sample; b) chemical composition polarization-selective resist.

The polarization sensitive resist is a liquid crystal molecules resist with a basic struc-
tural elements that can be classified as following: dichroic photoinitiator, smectic B LC
host, crosslinker and inhibitor (see Fig. 2.6). Smectic B LC host is a monoacrylate which
forms a linear polymer network upon the polymerization. Crosslinker is used to ensure
solvent-resistivity of the created polymer network. LC host and crosslinker form the mix-
ture in 5/1 weight ratio. Dichroic photoinitiator (1 wt% of the initial mixture consisting
of LC host and the crosslinker) is another component in a mixture which is responsi-
ble for polarization sensitivity. Finally, selected inhibitor 4-methoxyphenol (0.5 wt% of
the initial mixture consisting of LC host and the crosslinker) besides its direct function
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is also used to increase polarization sensitivity upon polymerization. In the consider-
able number of cases, height of the remaining structures after development procedure
of the polarisation-selective resist is ~20 nm. This imposes extra requirements to the
substrates of the samples, namely to the roughness and cleaning procedure. Thus, the
photoresist was coated on a glass substrate which must be free of organic and inorganic
contaminations. To achieve this, the glass substrates were handled in a cleanroom con-
ditions at the VLL cleanroom in Delft. In addition to the cleaning procedure of commer-
cial resist samples (after standard cleaning procedure (RCA1 treatment step)), the glass
substrates were placed in a Piranha solution of sulphuric acid and hydrogen peroxide
(ratio H,SO4 : H, Oy = 3 : 1) and heated for 10 minutes in a water bath of 75 °C. The de-
scribed resist is of negative tone. A 12.5 wt% solution of the liquid crystalline photoresist
in o-xylene was prepared to coat the glass substrates. To ensure a homogeneous solu-
tion, it was mixed for 10 minutes at 70 °C and subsequently cooled to room temperature
before spin coating at 1,000 rpm for 90 s at an acceleration of 500 rpm-s~! to form layers
of approximately 120 nm. After spin coating the resist was placed on a hotplate at 60
oC for 30 s to ensure complete evaporation of o-xylene. The samples were kept at least
one hour in nitrogen atmosphere before exposure. After illumination, a post-exposure
bake in nitrogen atmosphere was performed for 60 s at 80 °C to improve the mechanical
stability of the polymer network. After cooling the photoresist down to room tempera-
ture, the photoresist was developed in cyclopentanone for 10 s to remove the unexposed
areas, and then subsequently dried with a nitrogen blow gun.

2.6. EXPERIMENTAL PROCEDURE
HE OPTIMAL FO

2.6.1. MAIN EXPERIMENTAL PARAMETERS. FINDING Ol
LS,

The key parameters to control in main experiment are amplitude (intensity) distribu-
tion, radial/linear polarization, phase, exposure dose (laser power multiplied by laser
pulse duration), and the best focal position (which should be inside the photoresist).
Managing of the first three parameters is described in previous sections. In the follow-
ing subsection we will show the alignment procedure for the photoresist exposures. In
the setup, prepared photoresist samples (both commercial and polarization-selective)
are placed on the closed loop XYZ piezo-stage moving within a range 100 ym in each
direction. The range of motion is used to produce arrays of the spots, so that the focal
position and exposure dose are varied for each spot. Initially, neither the right expo-
sure dose nor the best focal position values are known. In the case of commercial resist
sample, there is a prior procedure to find roughly (with an accuracy of ~ 1 um) the best
focus position by means of a mirror and the He-Ne laser. A glass plate with a reflective
coating was inserted into a sample holder. A beamsplitter (BS2 in Fig. 2.1) was inserted
before the beam reaches the high numerical aperture lens. The collimated beam passes
then through the beamsplitter, and is focused onto the reflective sample. If the distance
between the sample and lens of focal length f is such that the light is focused at the sur-
face of the sample, then the reflected beam will be again collimated. Thus by placing a
coupled charge device (CCD) camera at a large distance d from the sample (d >> f) and
imaging the laser spot on the camera, one obtains approximately the desired focus po-
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sition on the sample. Afterwards the z-difference of the foci positions of the red He-Ne
laser and blue diode laser is calculated and corrected. After this, the reflective sample
and beamsplitter are removed, and the sample with the commercial photoresist is in-
serted into the holder. With this procedure, we achieve roughly the focus position but it
is still required to scan the sample around this position in order to get the smallest spot.
This is done with sub micrometer movements, since the depth of focus is of the order of
0.5 um. In the case of polarization-selective experiment, the best focal position can be
estimated with the polarization-selective resist sample by means of the blue diode laser.
This can be achieved in normal environment conditions, since the resist is only reactive
when N, and vacuum pumps are on. Once the focus position is set, the lateral position
of the piezo is changed so that arrays with different focal positions and different expo-
sures are created. In Fig. 2.7, a schematic view of such an array is given. In each row,
the focal position is held fixed while for each column, the exposure time is constant. The
exposure dose is achieved by modulating the diode laser with a square pulse of variable
length. In each experiment, it is possible to create up to roughly 500 spots in which two
parameters are optimized simultaneously. The amplitude (intensity) distribution, polar-
ization and phase of the beam remain the same throughout the entire array but may be
modified from one array to another.
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Figure 2.7: An array of throgh focus exposures printed in a photoresist.

In the fortunate case that we have captured the right focal position in the sweeping
scan, we should observe a small size spot surrounded by larger spots on a column of
constant exposure dose. Having found the focal plane, we can proceed to reduce the
exposure dose until we reach only partial removal of the photoresist after development,
which is the most informative part of the contrast curve.

2.6.2. LABVIEW PROGRAM

A Labview program was built in order to operate the setup automatically. This program
operates in a loop-like fashion, that can be controlled by setting the array dimensions
(N;M) (# spots in both dimensions), the initial exposure time , the linear increase in ex-
posure time At per column step, the defocus step Az per row and the distance between
two spots (Ax; Ay) Between each new (x;, y;) positions, stopping the platform for a time
of approximately 1 s is done to ensure that the piezo element has stopped vibrating. The
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algorithm of the Labview program is shown in the Appendix B. In the array, exposure
parameters of each spot (exposure time and a relative z coordinate) can be linked to its
position. Therefore it is an efficient way of recording data, as only the initial parameters
and step sizes need to be stored. The initial exposure time is the smallest exposure time,
increasing with a value At for each next spot. The initial relative z coordinate is associ-
ated with the best focus position. The scanning is performed in [-z,—z+Az,...z— Az, z],
so that the best assumed focus position corresponds to z =0
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Algorithm of experimental exposure procedure

Require: (x; y; z) = (0; 0; f). — The piezos are at their rest position and the sample in
focus.

Function Expose(x; y; z; t)

Make marker. — Create a marker point by heavily overexposing start of array.

fori=0to (N - 1) do — Choose N to be an odd number.

forj=0to (M -1) do

X=X+i-Ax

y=y+j-Ay

z=z+ (i- (N-1)/2) + Az — Symmetric scanning around z = f in a step of Az in z direc-
tion.

tete]s Af

Pause at current location, pulse laser

end for

end for

Return to initial stage position

end Function Expose
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This chapter is based on the contents of the paper "Near UV-VIS radial wire grid polar-
izer for tight focussing applications”, by K. Ushakova, A. C. Assafrao, S. E Pereira, H. P
Urbach, which has been published in Optical Engineering, 54(10), 104101 (2015) [!].

3.1. INTRODUCTION

. ] OWADAYS, the realization of radial polarization shaping devices is important, be-
l \<J cause of a large number of applications[?]. Radially polarized light is widely used
in laser processing of materials [3], trapping of micro-, nanoparticles [, 5] and surface
plasmon excitation [6-9]. There are several ways to generate radial polarization such
as interferometric techniques [10, 11], liquid crystal devices [1”], optical fibers [13-15],
space variant gratings [10, | /], laser intracavity gratings [ 8, | Y] and spatial light modula-
tors [20]. Although interferometric methods provide high quality radially polarized light,
they imply usage of bulky set-ups. Liquid crystal (LC) devices and spatial light modu-
lators (SLMs) have a limited (down to 400 nm) operational wavelength range. All men-
tioned methods are mostly intended for the visible-infrared (VIS-IR) wavelength range.
The idea to use wire grid polarizers (WGPs) was introduced by Bird and Parrish [?1].
WGP offers high quality performance and is applicable at a wide range of wavelengths.
The first WGPs worked in the IR range. Recently, an increasing interest in WGPs for near
UV-VIS wavelength range is found [2”-”/]. In Refs. 2?-24 WGPs made of tungsten, irid-
ium and aluminum are used to generate near UV linearly polarized light down to A =193
nm. In Ref. 25, formation of radially polarized light of visible wavelength range is stud-
ied. In Refs. 26 and 27, commercial fabrication techniques of linear WGP are introduced.

The aim of our research is to design and fabricate a WGP made of concentric metal-
lic cylinders to shape the optical beam with spatially homogeneous radial polarization,
that operates in the near UV-VIS wavelength range, in particular for the wavelength of
405 nm to form a sharper focused spot of the longiudinal component of the electric field
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that is narrower than the conventional Airy spot. Among potential applications of such
a longitudinal polarized spot, it is important to mention optical mastering, laser writ-
ing on polarization sensitive materials [2#] and polarization-selective fluorescence[”Y]
in microscopy.

In the first part of this chapter (Sec. 3.2) we analyze the ratio of transmitted radial
and azimuthal polarizations at the near UV wavelength range using a rigorous vectorial
modeling. We also analyse how one can design the grating to obtain radial polarization

combined with amplitude modulation. Then, in Sec. 3.3, considerable attention is given
to the fabrication of the sample. An evaluation of the experimental performance and
comparisons with simulations are presented in Sec. 3.4 The main results are summa-

rized in the Sec. 3.5

o

3.2. DESIGN OF THE WGP BASED ON FEM SIMULATIONS

r 'ﬂ" HE general geometry of the WGP is shown in Fig. 3.1. It consists of concentric metal
L cylinders of subwavelength height hy; (Fig. 3.1a) and period p = wqir + wa;, where

Wair, Wy are the width of the air spacing and the rings made of aluminum (Fig. 3.1b).

The chosen metal for the WGP is aluminum, since it has an appropriate index of refrac-

tion at the wavelength region of interest and also is suitable for fabrication[30].

a)

Figure 3.1: Schematic representation of the WGP to generate radial polarization consisting of concentric metal-
lic cylinders (pink color) on a fused silica substrate (p, wy;, Wgi, and hy; are the pitch, the width of alu-
minium, the width of air spacing, and the height of the alumunium pattern, respectively, and rg, 7oy are the
radii of the inner and outer metallic cylinders): a) 3D view; b) top view.

Since the WGP has a cylindrically symmetric geometry, the radial electric field com-
ponent (associated with the transverse magnetic (TM) polarization component, of which
the electric field is perpendicular to the grooves) is transmitted, whereas the transmis-
sion of the transverse electric (TE) polarization component (parallel to the grooves) is
suppressed, when the grating period is smaller than A/2. The suppression is 100% for
a grating with such pitch made of a perfelcty conducting metal. There are two causes
that the WGP does not completely surpress the undesired TE polarization. Firstly, alu-
minum has a finite conductivity. Secondly, the grating structure is curved. The curvature
increases towards the centre of the WGP and hence one may expect that the contrast
between the transmitted radial and the transmitted azimuthal electric field is less with
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decreasing distance to the centre of the WGP Suffciently far away from the center of the
structure, as shown in Fig. 3.2, a 1D grating model can be adopted to simulate the trans-
mission of the light by the structure [31, 32].

Figure 3.2: Illustration of light interaction (decomposed into TM and TE electric field components) with 1D
grating of geometry corresponding to Fig. . 1.

To solve Maxwell’s equations, a rigorous solver based on Finite element method (FEM)
[33] was used to model the interaction of the light with the structure. From the near-field
interaction, the scattered field is computed in the Fraunhoffer regime for both TE and
TM polarizations.

In Fig. 5.3 the ratio of the transmitted amplitudes of the electric fields of the TM and
TE cases is shown for wavelengths in the range AA = 190—410 nm for gratings of identical
geometry but with varying air spaces and made of different metals. It can be seen that
the highest values correspond to Al and Ir gratings in the near UV wavelength range and,
in particular, at the wavelength of A =405 nm.
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Figure 3.3: Transmitted ratio TM/TE in the cases of Au (a), Ag (b), Ir (c) and Al (d) gratings in the wavelength
range of AA = 190 — 410 nm for the identical grating geometries of period p = 200 nm, the width of air spacing
Wqir =40—180 nm and heights of Al /1 5; =40—180 nm .

In Fig. 3.4, the transmitted intensity ratios TM/TE of gratings made of aluminum
for different geometries as a function of the wavelength are shown. The ratio is plotted
on logarithmic scale. In all cases, the height and the width of aluminum are h4; = 100
nm and w,; = 120 nm, respectively, whereas the w,;, is varied and plotted in different
curves. The ratio TM/TE is close to unity for the spacing width and aluminum width
such that wy;, = wy; (dashed, solid black curves). This occurs because of the high TE
signal transmitted through the grating. Thus, in this case the grating does not function
as a wire grid polarizer. On the other hand, for a grating in which the width of the spac-
ing wgi, is reduced, the ratio TM/TE is maximized up to TM/TE = 10* (dotted black
and gray curves), due to the damping of transmitted TE wave. The TE polarization com-
ponent is parallel to the metallic wires and therefore induces motion of free electrons
parallel to the grooves. This causes that the TE component is reflected or transformed
into heating of the wire. Similarly, by changing the period p and the width of the spacing
wqir while keeping the ratio w,;/ wqir approximately constant, the transmitted ratio is
greatly affected (see Fig. 3.5).
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Figure 3.4: Transmitted ratio TM/TE of aluminum gratings of different geometries: the period p =
156,202, 240,300 nm, the width of air spacing w,;, = 36,82,120, and 180 nm for gray, dotted, solid and dashed
black curves, respectively. For each grating, the height and width of aluminium are /1 4; = 100 nm and w,; =
120 nm.
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Figure 3.5: Transmitted ratio TM/TE for gratings of the width of aluminium w4; = 100, 120 and 150 nm and
the width of spacing w;, = 30, 36 and 50 nm for dotted, dashed and solid curves, respectively. Here the ratio

w . . .
W '3,, is maintained constant.
atr

The period of this grating should be smaller than the wavelength, to prevent prop-
agating higher orders. For the case of a period of p = 130 nm, width of the air spacing
wair = 30 nm (dotted curve), the ratio becomes TM/TE = 10°. TE waves cannot pass
through the grating because of the decrease of the air spacing width w,;,. Similar be-
havior is found for a grating with a period p = 156 nm and width of the spacing w,;, = 36
nm (dashed curve). For the case when a grating has a period p = 200 nm, and the width
of the air spacing is w,;, = 50 nm (solid curve), the transmitted ratio is TM/TE = 10? for
A =350 nm and increasing to ~ 10* at higher wavelengths. The ratio TM/TE is in general
larger for the dotted and dashed curves because the transmitted TE at these wavelengths
(see Fig. 1.5). Values of the transmitted 7'M and TE components at the wavelength of
A =405 nm for different geometries are summarized in Table 3.1.

The analysis of these theoretical data suggests that the highest ratio TM/TE grat-
ing operating at wavelength of 405 nm should have a small period and width of the air
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Table 3.1: Transmission efficiency of intensity of TM, TE components and ratio TM/TE at the A =405 nm
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wal wair, N 100/30 120/36 150/50
T™ 0.419 0.404 0.396
TE 81x10° [ 86x10°° | 7.6x107°
TMITE 52x10% | 47x10% | 5.2x103

spacing. The dips at the wavelengths A = 270,320 nm (dashed and solid curves) can
be explained by surface plasmons excitations [34, 35], whereas peaks at wavelengths
A = 238,298 nm (dashed and solid curves) can be attributed to Wood anomalies [3”].
According to the equipartition of diffraction orders, generation of surface plasmons de-
creases the transmission of the mask because of the transfer of energy.

In some applications of radially polarized light, such as tight focusing to generate a large
longitudinal field component, the optimum amplitude distribution of the radially polar-
ized light is not uniform. For example, by having a smaller transmission at the center as
compared to the edge of the beam, one can achieve tighter focussing of the longitudi-
nal component [36, 37]. Such amplitude distribution can in general be achieved using a
spatial light modulator, but as we propose here, one can alternatively design the WGP in
such way that the amplitude of the transmitted TM component can be varied (increas-
ing or decreasing) in the radial direction, whereas TE component remains suppressed.
This can be reached, if the ratio of the w,;, and the wy; is varied in an appropriate way
as function of the distance to the centre (see Fig. 3.6).
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Figure 3.6: Transmitted T M (a) and TE (b) component for several grating geometries with the period p varying
from p’'"" = 28 nm to p"'** = 1339 nm, the width of air spacing w,;, varying from w!!"" = 8 nm to w/14* =

1142 nm, the width of aluminium varying from wﬁ’f” =20nm to w/}}"* =197 nm.

In Table 3.2, some possible WGP geometries are shown to obtain a wide range of the
T M transmission values. Thus, simultaneous polarization and amplitude beam shaping
becomes possible by using one mask.

In general the operational bandwidth of wire grid polarizers can be very broad. (See
for example in the Ref. 38, where a design is shown which works for the entire visible
range is covered. Furthermore, in Ref. 39, a broadband design is realized in the UV
range.) In our case, referring to the calculations shown in Fig. 3.4, the gray curve shows a
ratio TM/TE > 10? starting from wavelengths around 280 nm which increases for larger
wavelengths. The deciding factors are the combination of the material and the geometry
of the grating of the WGP (period, width of the metal, width of the air spacing, height of
the metallic cylinders). Usually the smaller the period the better ratio TM/TE is (see Ta-
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ble 3.2), but then the fabrication for designs in the UV wavelength range becomes very

difficult.

Table 3.2: Transmission efficiency of intensity of TM, TE components and ratio TM/TE at A = 405 nm for
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several grating geometries (different period, widths of aluminum and air spacing) based on Fig. 1.0

wayl Wgir, NM 173/70 161/65 128/51 80/64 29/46
T™ 0.14 0.31 0.42 0.52 0.64
TE 53x10° 7 [ 35x107% | 1x107% [ 84x107% | 7x107*%
TMITE 25x10% | 89x10% | 4.2x10% | 6.1x10% | 9.1x10?

3.3. EXPERIMENT: FABRICATION PROCESS

A compromise between a simple fabrication procedure and high value of the ratio TM/TE
(Fig. 3.5) determined the choice of our design. Although high aspect ratio grating (height
ha; >> p, wy;) gives higher values of the ratio TM/ TE, its fabrication procedure is more
sophisticated and it is more difficult to obtain straight walls of aluminum down to the
glass substrate. Also, WGPs with higher ratios TM/TE = 10° have a smaller absolute
transmission of TM polarized light, due to the larger width of the aluminum bars. Small
values of TE (see Table 3.1) also become a bottleneck for precise measurement of high
transmission ratio TM/TE, due to a limited dynamic range and noise level of detectors.
Thus, concentric aluminum rings of height hy; = 100 nm, period p = 200 nm, width
of aluminium w,4; = 150 nm and width of the air spacing wg;; = 50 nm were fabri-
cated (design of a solid curve in Fig. 3.5). The radius of the outer aluminum ring is
T'our = 2 mm and the total number of concentric rings is Ny ;s = 10000 with radii rp;-1 =
ro+ (2i — 1) wair, r2i = ro + 2i p for outer spacing and inner aluminum ring radii, respec-
tively, where 1y - radius of the circle positioned in the center of the structure, r; - radius
of the i — th ring from the center. This wire grid polarizer was made at Van Leeuwen-
hoek Laboratory of Delft University of Technology according to the fabrication proce-
dure schematically shown in Fig. 3.7.

ZEP520A

Figure 3.7: Fabrication steps: a) Al sputtering; b) e-beam resist spincoating; c) e-beam resist exposure and
development; d) Al etching; e) removal of the resist residuals.

Before actual fabrication, a thorough 5 step inorganic and organic cleaning proce-
dure of the sample substrate was applied. Firstly, the sample substrate was placed in ni-
tricacid H N O3 with subsequent ultrasonic treatment for 10 min. Next step included de-
contamination based on sequential oxidation, desorption and complexing with Hy O, —
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NH;OH—- H;0 (RCA1) to remove organic contaminants and particles and subsequently
H,;0,— HCIl— H;0 (RCA2) to remove ionic contamination. The sample substrate was
placed in (RCAL) and (RCA2) solutions in a water bath of 75-80 °C for 10-15 min. Af-
terwards acetone and isopropyl-alcohol (IPA) ultrasonic treatment for 10-15 min was
applied. In between all cleaning steps dipping and rinsing of the sample with dimineral-
ized water for 0.5-1 min was made to ensure no contimenation left. Finally, the sample
substrate was left in spinning dryer for 2-3 min. An aluminum layer was sputtered in Al-
liance AC450 on the sample with the height accuracy of Ah4; = +5%. Then e-beam resist
ZEP520A was spin coated and baked. Actually, spincoated resist was a diluted solution
of ZEP520A and PGMEA diluter with dilution ratio DR = 1.7 to reach an optimum reisist
thickness of 200 nm. An optimum thickness was 200 nm, equal to ~ of twice the metal
layer thickness (in the thickness range of 150 - 300 nm). Spincoating was performed
@2000 rpm in Suss Microtec Delta8 spincoater. Baking was done in Ultraclean 100 Oven
@ 175 °C for 15 min. Cooling down of the sample to room temperature for ~15-20 min
followed. Afterwards, the sample was exposed in a Vistec electron beam pattern gen-
erator (EBPG) EBPG5000Plus electron beam lithography system. The pattern data file
of the design was created by means of an adapted example program delivered with the
BEAMS machine software. The area to be exposed (concentric rings pattern) was divided
into trapezoids of various shapes to be filled with electron beams with a certain beam
step size (BSS). This can cause locally some errors in shape of rings 6 ; ~BSS. Moreover,
since the maximum size of simultaneous exposure area, called main field S,yy, is 20 yum
x20um, the total area of the structure is divided into main fields. The exposure was
done in a spiral way, i.e. the closest to the centre main field was exposed the first. There
was a trade off between writing time and accuracy of the written structure, due to the
presence of fine and macrosize features in the structure. By using smaller BSS a struc-
ture will be more accurate but longer writing time is required. In our case, BSS = 10 nm
was chosen as a compromise value between writing time and acceptable structure error.
So, this exposure fashion could cause dose variation within a structure area depending
on the position of the particular main field. Shifts between two subsequently exposed
main fields can occur as well. As a consequence, shifts of the rings parts can follow. This
could be due to oscillations during shift between main fields and was unavoidable. This
situation was checked by SEM/AFM inspection of the sample in different areas corre-
sponding to different main fields. Height differences check (or acceptable tilts) along
the exposure area of the sample was done manually (before loading the sample into the
EBPG machine) and automatically by EBPG software right before exposure. The man-
ual method was based on a system of an optical microscope assembled with a red laser
and a detector. As a rule of thumb, maximum acceptable height difference was 2 ym
on 2 mm. The tilts of higher values could be manually corrected by means of Cu foils.
The tilts of smaller values are automatically corrected by EBPG software. These proce-
dures ensured correctly delivered exposure dose. There was also an exposure dose test
D1 = 100 uC/em?... Dyg= 900 uC/cm? which has resulted in the optimum dose Dopr =
190 uC/cm?. Then 3 step development procedure was done. The exposed sample was
dipped into a pentyl acetate for 90 s, mixture of MIBK:IPA = 1:9 for 30 s and IPA for 30 s
successively. Blow drying with a nitrogen gun was applied.

SEM images after development step are shown in Appendix B. E-beam resist develop-
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ment was followed by etching in Alcatel Cl etcher with subsequent passivation in water,
nitrogen gun blow drying and removal of e-beam resist residuals by means of O, plasma
in Tepla 300. The etching time was the most challenging parameter to adjust. Range
of times windows of 1, 2, ...,15 min were tried converging to the optimum etching time
window of 3, 4, ...,,12 min depending on the substrate, size of the pattern, number of at-
tempts to etch (in the case of underetch) and sometimes also stability of the system itself.
Conditioning of 2-5 min was always made prior to the etching of the sample. However,
sometimes the values of the power and pressure parameters were changing abruptly re-
sulting into instable plasma. Writing time in EBPG of the complete structure was 4-8
hours depending on the used design file and dose. The number of structures created in
EBPG was 30 in total (not taking into account dose tests on smaller structures). Only a
quarter of them reached the etching step and subsequent final inspection in the SEM.
SEM measurements of the obtained final structure are shown in Fig. 3.8.
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Figure 3.8: SEM images of a fabricated WGP: a) central area of the WGP; b) peripheral area of the WGP.

The fabrication of the structure was performed on a transparent glass substrate of a
height hgjo, = 8 mm made of an UV grade fused silica plane plate from QiOptiq of A/10
flatness. The choice of this substrate is because of quality requirements of the phase
wavefront of the transmitted light for the further focusing applications, where good qual-
ity of the wavefront is required.

Some more details on the final recipe can be found in Appendix B.
3.4. EXPERIMENTAL VERIFICATION OF THE PERFORMANCE OF
THE FABRICATED WGP.
3.4.1. SPECTRAL VISIBILITY OF THE WGP USING A WHITE LIGHT POLARIZA
TION MICROSCOPE

The multiwavelength performance of the WGP has been checked via qualitative esti-
mate of the maximum and minimum transmitted intensities I;yqx(A), Imin(A) at differ-
ent wavelengths A. The polarized white light from a Leica DM EP Polarizing Microscope
System (equiped with a 2000 hour/35 Watt halogen lamp), is spectrally filtered at the
wavelengths of A = 382, 398, 401, 475 and 589 nm, transmitted through the WGP and
recorded on a CCD. The polarization axis of the impinging light coincides with the axis
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of maximum values in each "bow-tie" pattern of Fig. 3.9.

A =398 nm
: larization
axis

% =475 nm
larization

Figure 3.9: Radially polarized component transmitted by the WGP at wavelengths A = 382 (a), 398 (b) 401 (c),
475 (d), 589 (e) nm.

Inax(A), Inin(A) are associated with the transmission of radially and azimuthally po-
larised components, respectively. These images show that the polarization is radial for all
the tested wavelengths. The best performance is observed at A = 401 nm (Fig. 3.9¢) and
larger wavelengths of 1 = 475, 589 nm (Fig. 2.9d, e), At the latter wavelengths the grating
becomes more subwavelength. The aparent poorer performance at smaller wavelengths
of A =382, 398 nm (Fig.3.9a, b) is due to the vicinity of the operational edge of the CCD.

3.4.2. ABSOLUTE TRANSMISSION, TRANSMITTED RATIO TM/TE OF THE W(
BY MEANS OF PINHOLE SCANNING TECHNIQUE AT 405 NM AND COM -
PARISON WITH THEORETICAL RESULTS

In applications for optical recording (mastering) and laser writing, the wavelength of 405

nm is important. In this work, we therefore investigate the performance of the WGP at

this wavelength. In order to have a good dynamic range, we use as detector the New-

port1835C Multi-Function Optical Meter. The 55 mW Omicron laser LDM 405.55.150

beam is expanded by means of 2-8x Linos beam expander for A = 405 nm to a diameter

of d = 4 mm, and Gaussian intensity distribution. The beam is guided through a Glan-

Laser polarizer of extinction ratio R = 10~ before entering the WGP, which total trans-

mission power is captured by the detector (Fig. 3.10a when a pinhole Ph is removed).

The absolute transmission of the mask T, defined as the ratio of the measured total

transmitted power by the measured total incident power (when the WGP is removed)

Taps = Lty / Line = 118.

Theoretical calculations of the absolute transmission agree with the measurements at

A =405 nm. Let linearly polarized light be incident on the WGP. The intensity of radially

polarized component transmitted through the WGP can be calculated as
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where total incident on the WGP intensity is equal to nr2,,, r, 0 - are a radial coordi-
nate and a polar angle, respectively. This implies that half of the intensity incident on the
WGP will be transmitted. The transmitted intensity is decreased by a factor of % more,
because of the limited area of the rings of air spacings:

N
Y wip)? —w(war + (i — 1)p)* = 0.250019772,,. (3.2)
i=1

Thus, the combination of these factors results in the theoretical estimation of the trans-
mitted intensity to be equal to T, =1/8.
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Figure 3.10: Set-up to check performance (a) - absolute transmission and transmitted ratio TM/TE by means
of pinhole scanning technique b) - homogeneity of transmitted radially polarized light) of the WGP (Laser -
Omicron Laser LDM 405.55.150; BE - 2-8x Linos beam expander for A = 405 nm; GLP - Glan-Laser polarizer;
Al2 - half waveplate for A = 405 nm; WGP - wire grid polarizer; Ph - pinhole of diameter d = 30 ym; D -
Newport1835C Multi-Function Optical Meter; BP -Newport Beam Profiler).

We also introduce a pinhole of diameter d = 30 ym assembled with a micrometer
XYZ stage, which enables to check the ratio of radially and azimuthally polarized compo-
nents in transmission TM/TE. Manual scanning procedure with the smallest scanning
step of Ax = Ay = 10 um of the "bow-tie" patterns was used to find I;;4x(A = 405 nm),
Ipin(A =405 nm) maximum and minimum intensity values.

The measurements of the ratio of the mask by means of a pinhole method give values
of R = Lax(A =405 nm)/ I, (A = 405 nm) = 2000. The discrepancy between the mea-
sured and theoretical transmitted ratio (R = TM/TE = 5.2 x 103 from Sec. 3.”) can be
attributed to several factors: collecting data at the edge of the dynamic range of the de-
tectors, averaging of intensity values by the pinhole of diameter d = 30 ym; difference
between refractive index value for bulk aluminum, used for simulations, and the actual
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value of aluminum films.

3.4.3. HOMOGENEITY OF RADIALLY POLARIZED LIGHT

Fig. 3.11 shows the performance of wire grid polarizer when the A/2 wave plate is being
rotated from ¢, = 0 to Pppax = 37” rad with a step of d¢p= /4 rad by means of the set-up
in Fig. 3.10b.

Figure 3.11: Power distribution homogeneity of radial polarization shaped by WGP when polarization axis of
the GLP (Fig.5) is oriented at a) 0°, b) 45°, ¢) 90°, d) 135° in respect to the vertical axis.

The polarization axis of the light coincides with the maximum intensity line perpen-
dicular (radial) to the direction of the WGP grooves showing the expected "bow-tie pat-
tern". This is a clear indication of radially polarized light transmission. Homogeneity of
radially polarized light shaped by aluminum sample, i.e., transmitted through the WGP
light intensity as a function of a polar angle 1(¢) can be observed as well.

3.4.4. MEASUREMENT OF THE QUALITY OF THE FOCUSED SPO'1

In general, linear polarization is not the most appropriate polarization to be used in
combination with the WGP when this is to be used in tight focus applications. The rea-
son is clear if one looks at the "bow-tie" pattern of the previous section. In order to
achieve circularly symmetric intensity distribution after the WGP, the linear polarization
should be converted to circular polarization, which can be easily obtained by using a
quarter waveplate A/4. Finally, in order to correct the phase front of the circularly polar-
ized beam, a 27 spiral phase plate (SPP) is added after the WGP[2]. In summary, using
this sequence of elements (Fig. 3.12), a radially polarized beam with a flat phase front
and circularly symmetric amplitude distribution has been realized.

When linearly polarized light is incident on the quarter wave plate, its transmission
function in Cartesian coordinates with subsequent transformation to polar coordinates
can be written as [’]:
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Figure 3.12: Set-up to get tightly focused radially polarized light (GLP - Glan-Laser polarizer, A/4- quarter wave
plate, WGP - wire grid polarizer, SPP - spiral phase plate, BS - beam splitter).

Ecirc = é_\- + iéy

= (cos(¢)é, —sin(p)ép) + i(sin(¢p)é, + cos(¢p)ép) (3.3)

where &y, éy and é&,, 64, are Cartesian and polar coordinates unit vectors, correspond-
ingly.

Then, since the WGP selects radially polarized component, Eq. 3.3, transmission func-
tion of the WGP can be written as:

E'circ+ WGP = ei('bér- (3.4)

Finally, taking into account transmission function of the SPP bring us from Eq. 3.4 by
compensating phase factor e~/ to

Ecirc+wGp+Spp = ér. (3.5)

Eq. 3.5 represents a transmission function of the quarter wave plate, WGP and SPP com-
bination in polar coordinates, which is radially polarized light with all points in phase.

To demonstrate the focusing performance of this beam, we have focused it using a
high numerical aperture objective (NA = 0.9) and re-imaged with a magnification of the
focused spot of about 200 times. The focused spot is then analyzed by a CCD camera
and the resulting spot is shown in Fig. 3.13.
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a) b) c) d)

Figure 3.13: Intensity distribution of the through focus planes (a,b,d) around the best focus (c) with the step of

Az=0.2 ym, where the depth of focus is ﬁ =450 nm.

The detection of the spatial distribution of the longitudinal field in focus is not sim-
ple. In the literature one can find, for example, a detector using a quantum well het-
erostructures that has been demonstrated in Ref. 40 and also using fluorescence of single
molecules (see Ref. 41). But given the unavailability of such detection systems, we have
chosen to focus the light with a high numerical aperture and re-image it using a low
numerical aperture lens so that the light distribution at the focal area can be directly im-
aged with a CCD camera. By doing so, practically only the transversal field is detected.
But for the purpose of this paper, this is enough since once one achieves a doughnut
like distribution in focus, one can assure that the phase, intensity and polarization is
well shaped in the pupil. If that would not be the case, one would not have cylindrical
symmetry and/or the center of the spot would be not zero. The expected doughnut-like
distribution (transversal field component of the focused spot) shows that the amplitude
and phase of the beam are correct. The spot-like distribution of the longitudinal com-
ponent cannot be imaged at the CCD camera since this is only large at the focus plane of
the high numerical aperture. Nevertheless, judging from the symmetry of the transversal
component on and around the focal plane, one can conclude that the obtained focused
spot is of high quality.

3.4.5. IMPLEMENTATION OF THE VARYING GEOMETRY WGP
In order to achieve variable transmission of the WGP along the radial direction, we have
designed a mask containing 4 radial regions, each with a different geometry such that
the total transmission of the mask varies radially starting from zero at the center and
increasing monotonically towards its edge. For this we used the concepts explained in
Sec. 3.2,

Rings Gi, Gz, G3, G4 (see Fig. 3.11b) with outer radii R; = 720 ym, R, = 1080 um,
R3 =1140 pm, R4 = 2048 um inherit the geometries of the 1st, 2nd, 3rd and 4th columns
of the Table 3.2, correspondingly. The central partis blocked. The design of the structure
is such that the amplitude of the transmitted light mimics optimum amplitude function
of the radially polarized light(see Chapter 4 Commercial Resist for details), which, when
focused, has the largest longitudinal component [37]. The geometries are chosen so that
the TM component is transmitted (the transmission function follows optimum ampli-
tude function) and the TE component is suppressed. Elementary fabrication steps fol-
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low the flow described in Sec. 3.3 for the chosen design. However, at first, before fabrica-
tion trials of the varying geometry WGP sample, optimization of fabrication parameters
was performed, based on fabrication of 1D gratings of G1, G2, G3, G4 geometries. The
pictures of SEM and AFM images of varying WGP sample made after development and
etching steps (see Fig. 3.7) for rings Gy, G, Gs, G4 can be found in Appendix B.
Experimental and theoretical intensity patterns are presented in Fig. 3.14
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Figure 3.14: (a) Normalized intensity of the optimum function, (b) transmitted power through the amplitude
modulated mask with 4 rings (G1 to G4), (c) intensity profile of the optimum function (solid curve) and profile
of the transmitted power through the amplitude modulated mask (dashed curve).

The "square-like" structure of the transmitted power pattern is due to the EBPG ex-
posures. From Fig. 3.14c one can see that experimental transmission intensity curve
qualitively follows the normalized optimum intensity function profile.

This indicates the proof of the principle for the concept of the simultaneous polar-
ization and amplitude shaping in one optical element. Further conversion of the trans-
mission intensity pattern to the optimum intensity function can be reached by means of
optimization of the fabrication process. Also by increasing the number of the varying ge-
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ometry areas, the transmission intensity function will approach even more the optimum
function. However, this will make fabrication process more challenging.
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3.5. CONCLUSIONS

We have demonstrated a wire grid polarizer to obtain high quality radially polarized light
in the near UV-VIS wavelength range for application such as tight focusing. The realized
design consists of subwavelength aluminum concentric cylinders of period p =200 nm,

P, 5 and height h4; = 100 nm. The WGP has been tested at the wavelength

ratio

Wai
of A = 4[85 nm. The measured performance characteristics ratio TM/TE and absolute
transmission are equal to (TM/ TE) = 2000, T,ps =~ 1/8. We have shown that the obtained
radially polarized beam is of good quality and can be used in focusing applications with
high numerical aperture. Based on simulations, we also show how the design can be
modified by varying periods p, widths of aluminum w,; and air spacing wg;, along the
radius of the WGP to obtain polarization and amplitude beam shaping in one device. We
demonstrate the concept by fabricating a mask with 4 different concentric rings. This
amplitude and polarization shaping WGP can be used to tighten even more the focused
spot of the longitudinal polarization component of the field.
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APPENDIX C

3.5.1. SOME DETAILS ABOUT FABRICATION STEPS OF THE FINAL RECIPE
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Figure 3.15: SEM images of the WGP after development.

3.5.2. VARYING GEOMETRY WGP FABRICATION DETAILS

SEM images after development step are shown in Fig 3.15. The 2D SEM and 3D AFM
images with 1D AFM profiles of the varying geometry WGP are presented in Tables 3.3,
3.4, respectively. The period, the width of the air and aluminium spacings for the dif-
ferent rings were retrieved from Table 3.4 and correspond to the aimed values according
to the values from Chapter 3 Wire Grid Polarizer with an error up to 10 nm. The height
measurement of the structure directly after the development might be not reliable, since
the aspect ratio of the rings appeared to be too high for the AFM tip to reach the sub-
strate surface. However, the height of the etched sample is in good agreement with the
intended value.
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Table 3.3: SEM images of the central areas of the rings Gy, G2, G3, G4 after development and etching steps

Ring

After development

G1

Gy

Gs

Gy

After etching
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Table 3.4: AFM images of the central areas of the rings G, Gz, G3, G4 and its profiles after development and

etching steps
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The contents of this chapter is based on the paper "Demonstration of spot size reduction
by focussing amplitude modulated radially polarized light on a photoresist", that has
been published in Journal of Optics 17(12), 125615 (2015) [1].

4.1. INTRODUCTION

A N increasing interest on the minimization of the focussed spot size while maintain-
/A ing the circular symmetry in high numerical aperture optical systems has been ob-
served in the last decades [?-5]. In the pioneering work of S. Quabis et al, it has been
shown that if one uses radial polarization, a very sharp spot is obtained for the longitu-
dinal component of the focussed light field [6]. This sharp focussed longitudinal compo-
nent has been used in several applications such as optical trapping [/, 8], plasmonics [')],
laser machining [10, | 1], accelerators [! 2], single molecule detection[!3]. One problem
that limits the application of focussed radially polarized light is the fact that although
the longitidunal component is the strongest component of the field (in the case of a very
high numerical aperture) and has a spot-like distribution, there exists also a transversal
component in focus with a doughnut-like distribution. As a consequence, in applica-
tions where the total intensity distribution of the field is relevant, the resulting spot of ra-
dially polarized light is cylindrically symmetric and narrower than the Airy spot[6]. Also,
if there is an interface between the lens and the focussed field region from low to high in-
dex of refraction, as the commonly found air/medium interfaces in many focussing ap-
plications, the ratio of energy distribution between the longitudinal/transversal compo-
nent gets worse, since the geometrical numerical aperture inside the medium is smaller
than in the air [14]. One way to modify the relative intensity distribution of the longitu-
dinal and transversal components in focus is to apply amplitude and phase modulation
in the pupil of the focussing lens. In [15-19], the authors have successfully shown that
considerable reduction of the transverse component can be achieved using beam shap-
ing. Our motivation to the present research is to print spots in focus on a photoresist that
can be 20—30% smaller in size than the conventional spots that are obtained with linear
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polarisation. This opens directly a large field of possible applications such as confocal
microscopy(20, 21], maskless lithography, direct laser writing [2?—24], optical tweezers
[25-27].

Experimental realization, followed from the theoretical predictions, shows that ob-

taining high quality radially polarized beams, before focussing, plays a crucial role in
getting minimized focussed spot. This bursted the development of the variety of meth-
ods of radially or azimuthally polarized light formation for example such as interfero-
metrically [28], by spatial light modulator (SLM) [29, 30], liquid crystal devices [31, 32],
optical fibres [33, 34], spatially variant subwavelength grating [35], wire grid polarisers
with cylindrical symmetry [36]. In this work, we have chosen to use the latter method,
which implementation in our setup is described in details in Chapter 3 Wire Grid Polar-
izer. With this method, good quality radially polarized beams can be achieved, and it
can be extended to the UV spectral range, which is relevant in photoresist applications.
One can obtain a good extinction of the azimuthal polarization (1/2000) with the wire
grid polarizer, and there are no defects/diffraction effects. Our wavelength is 405 nm,
which is the edge wavelength of the liquid crystal devices, such as a device mentioned
in [37]. Also, for future applications with resists, lower wavelength should be used, and
liquid crystals are not an option any more.
In the Sec. 4.2 of the chapter we briefly present the basic theory that has been stud-
ied in [38] showing the optimized pupil distribution to achieve the sharpest focussed
field of the longitudinal component while minimizing the contribution of the transver-
sal component when the light is focussed through an interface. The Sec. 4.3 describes
experimental methods, set-up and instrumentation used to implement amplitude and
polarisation shaping to the beam and to use it to focus the light with high numerical
aperture objective on a photoresist. In the Sec. 4.4, comparative analysis of the experi-
mental and theoretical data is performed as well as the evaluation of the different ways
to obtain minimized focussed spot. Finally, we conclude the chapter by highlighting im-
portant points.

4.2, THEORY
Radially polarized beams are a special case of cylindrical vector beams that are sym-
metric in their polarisation around the axis of propagation [39]. In cylindrical coordi-

nates (r,¢,z), the vectorial electric field E(r) of a propagating, monochromatic beam
with wavenumber k = 27/ A can be written as

E() = A(r) &, (4.1)

where @, is a unit vector and A(r) represents an arbitrary amplitude function, which
vanishes for r = 0. In this chapter we can approximate the amplitude of our beam with
a top-hat function. When such a beam is tightly focussed using a high-NA objective,
particularly the off-axis rays are strongly bent. When focussing in air, this results in an
electric field in the focal region in which the longitudinal component is dominant [6, 14,
10]. Interestingly, the longitudinal electric field in the focal plane is much more confined
than the transverse electric field [41].
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In this chapter we use optical lithography to print spots by means of monochromatic

light with a wavelength of 405 nm with a high numerical aperture 0.9 NA objective for use
as experimental reference. In this context, radially polarized beams are tightly focused
through an air-photoresist interface. This has a significant impact on the vectorial elec-
tric field in focus through an angle dependent transmission and reflection coefficients
that each ray encounters.
Thus, in order to make better prediction on the spot size inside the resist, one should
take these effects into account. The Shipley 1805 photoresist with a 300 nm thickness
and of the refractive index s = 1.68 +i-0.020 at the A= 405 nm wavelength is used. We
assume that the focal plane is placed at a 130 nm depth inside the photoresist. Due to the
interface, the longitudinal field inside the photoresist is weakened. In order to compen-
sate, we will modulate the incoming beam to increase the off-axis intensity in the object
plane. The most basic form of amplitude modulation to achieve this is to block the beam
center with a binary amplitude mask which transmits only rays with a deflection angle
larger than

min = arcsin(NA./n) (4.2)

where NA. defines a cut-off numerical aperture. By using a threshold of NA; = 0.8, the
longitudinal field in focus becomes as large as the tranversal field as observed in Fig. 4.1
as computed with the Richards and Wolf diffraction integral [12—14].

Focused intensity distributions for NA, = 0.80

o ° o
S (] @

Intensities of E. ,;

o
[N}

Figure 4.1: Vectorial electric field in focal plane inside photoresist in a.u [1-]]. E; denotes the longitudinal field,
E, the transverse field and E; the total field and R the distance from the optical axis in wavelength units.

The squared modulus is plotted for each component as this is proportional to their in-
tensity contribution. Experimentally, the total intensity distribution will be recorded,
butincreasing the relative contribution of the longitudinal field makes the total spot size
smaller.
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It is also interesting to observe how the spot size changes with aperture blocking for ra-
dial polarization, as well as linear polarization. The spot size in Fig. 1. is defined as the
Full Width at Half Maximum (FWHM) of the total intensity.

FWHM diameter for linear an
1.8

T T T

Diameter [}

Figure 4.2: FWHM diameter of the total intensity distribution in the focal plane inside photoresist for linear
and radial polarization. [15]

For apodization beyond NA; = 0.70, the FWHM spot size with radial polarization be-
comes smaller than that of linear polarization. This is the regime that we will focus on
with experiments.

Lastly, one can expect that the focal depth of the focussed field inside the photoresist will
be longer than for the case of focussing in the air since the convergence angle of all rays,
as seen from the focal point inside the medium is reduced in comparison with the case
of focussing in the air.

A binary amplitude mask turns out not to be the optimum pupil function to generate the
largest longitudinal field in focus, although it still reduces the FWHM of the Airy disk in
focus. Along the same lines as reference [38], the optimum pupil function was derived
by writing the electric field in focus as an arbitrary plane wave expansion and maximiz-
ing the longitudinal field component under a constant power constraint. As the light is
focussed through an interface, each plane wave of the electric field expansion under-
goes an additional refraction taken into account through its angle dependent Fresnel
transmission coefficient. The power constraint was imposed by means of a Lagrange
multiplier, resulting in an analytic expression for the plane wave expansion that maxi-
mizes the longitudinal field in focus. The optimum pupil field A(8) can be derived from
the plane wave amplitudes by using the vector diffraction theory for alens in [46] where
also the mathematical details on this calculation in the case of focusing in the air can
be found. Through the transformation of the radial pupil coordinate r = fsind where f
denotes the focal length of the lens and 0 the refraction angle, the optimum pupil field,
obtained when the absorption in the second medium is neglected, is represented here
in its angle dependent form:
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A©) = - COS(Q tan(H)tlg(G n1 =1, 1y = Re{nres)) 0, 4.3)
A /lfnreS €0

where 75 is the photoresist refractive index and #5 denotes the Fresnel transmission
coefﬁments for p-polarization. In our research, n; = 1is chosen to representan air/resist
interface. @ is a unit vector of positively oriented orthonormal basis (k, 8, ¢) in recipro-
cal k-space. The scalar parameter A can be tuned to modify the total power flow passing
through the lens:
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where Py is the power flow through a transversal plane and the integral in Eq. /.4 is nu-
merically evaluated for the case NA = 0.90. The optimized pupil field is also radially po-
larized, however its amplitude is a continuous, monotonically increasing function with
distance from the optical axis. In later sections, (.3) will be referred to as the optimum
aperture function.

A reader is addressed to the Appendiv D and references therein, in particular, [17/] for a
detailed derivation of the optimum aperture function in the case of focusing inside the
commercial photoresist.

Fig. 1.3 summarizes our motivation for shaping the aperture amplitude. A uniform
intensity distribution in the lens pupil leads to an intensity distribution in the focal
plane with a FWHM diameter of 1.40 A. By blocking the beam center with a thresh-
old NA; = 0.70, the FWHM diameter reduces to 1.02 A. The optimum aperture function
has a FWHM total intensity of 0.72 A, almost a factor 2 reduction as compared to the
unmodulated beam.

4.3. EXPERIMENT

4.3.1. RESIST SAMPLES PREPARATION, EXPOSURES AND DEVELOPMEN'

For the experiments, we use resist with a positive tone, Shipley 1805 deposited on glass.
In our case, it is desirable to create a resist layer with a thickness of less than 300 nm
to assure that the focussed spot is within the depth of focus of the optical system and
avoid standing wave effects (since the reflection between resist and glass can be ne-
glected). For this purpose, the resist was diluted with its original solvent, Propylene
Glycol Monomethyl Ether Acetate (PGMEA) in a 1:1 ratio and the layer was deposited
with a spinning velocity of 2,000 rpm. The photoresist thickness was verified using a
profiler. In order to stabilize the layer and ensure a good development process, the resist
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Intensity distributions in focal plane for various apertures
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Figure 4.3: Normalized intensities of the electric fields in focus for the optimum aperture (black), full aperture
(red) and blocked aperture with NA¢ = 0.70 (blue). E; denotes the longitudinal field, E, the transversal field,
E; is the total field. The focal plane is located 130 nm into the photoresist.

was prebaked (before exposure) at an optimized temperature of 110 °C for 2 minutes.
The development of the sample is done in solution of Microposit Concentrate: deminer-
alised water = 1:2 for 30 s and stopping in demineralised water for 30 s.

4.3.2. SET-UP
The set-up to demonstrate the effect of the amplitude modulation of the focussed radi-
ally polarized light is presented in Figure .4.

The diode laser of wavelength of 405 nm has a flat top intensity distribution with a
diameter of d = 3.8 mm and can be shaped in amplitude by the combination of two po-
larisers Pol1 and Pol2 and the spatial light modulator (Holoeye LC-R2500). After Pol2, the
beam passes through a quarter lambda plate, a wire grid polarizer (WGP) and a vortex
phase plate (SPP) to convert the beam from linear to radial polarization with all polar-
isation vectors in phase [39, 16]. The WGP, consisting of concentric hollow aluminium
cylinders on a glass substrate, was specially designed and fabricated to form near UV-VIS
high quality radially polarized light convertor, in particular, at the wavelength of 405 nm.
The radially polarized beam is focussed by an objective with a numerical aperture NA =
0.90 on the glass sample with the photoresist. The sample is mounted on a NanoCube
XYZ closed loop piezo-driven stage.

As it was discussed in Sec. 4.2 the marginal rays of a radially polarized beam make the
largest contribution to the longitudinal field E in focus. Adjusting the aperture trans-
mission in a way that it selects only these rays allows us to strengthen the longitudinal
field in focus. With the Spatial Light Modulator (SLM) adjusted for amplitude modula-
tion, it is possible to introduce a customized amplitude aperture function. Exposures
with the presence of full aperture (unmodulated radially polarized beam), reduced aper-
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High NA
BSI Pol2 M4 WGP SPP BS2  Microobjective lens
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Figure 4.4: Scheme of the set-up to print focussed radially polarized light spots arrays: Laser - 405 nm diode
laser; Collimation lens — built-in lens made especially for A = 405 nm; Mirrorl- mirror for A = 405 nm; Poll-
Pol2 - Glan Laser polarizers ; BS1, BS2 — beam splitters; A/4 — quarter wave plate; WGP — wire grid polarizer;
SPP - spiral phase plate for A = 407 nm; Camera; High NA Objective lens with NA =0.90

O

(a) (b) (c)

Figure 4.5: Pixelated for the SLM optimum amplitude function (a), reduced aperture 0.80 < NA < 0.90 (b)
and 0.75 < NA < 0.90 (c) modulated function. White and black colors are associated with the maximum and
minimum amplitude of light (in reflection), correspondingly

tures obtained by blocking the beam centre up to NA = 0.75, 0.80 and optimum ampli-
tude function (according to Sec. .2 given by Eq(4.3) were made (see Fig. 1.5). The SLM
is an amplitude only device that operates in reflection mode and no pixel dependent
additional phase change is induced by it.

The SLM is an amplitude only device that operates in reflection mode and no pixel-
dependent additional phase change is induced by it. In the experiment, we use an au-
tomatic procedure of 2D array writing, which is implemented by means of a Lab View
program that simultaneously controls the laser via pulse generator (Tabor 8600) and the
piezo stage position. Each spot in the printed 2D array is associated with certain expo-
sure time (by adjusting the length of the laser pulse) and through focus position which
are varied from spot to spot by the XYZ piezo. Increases of exposure time with a step of
At=1ms and through focus Az = 100 nm were performed. The through focus position is
varied by moving the piezo in z-direction. The XYZ piezo was tested for linearity before
the usage. After every movement of the piezo, there was a waiting time of 2 s applied to
ensure a complete stabilization of the piezo before the actual exposure with a laser pulse.
Recorded arrays are the evidence of the piezo stability in XYZ directions, since there are
no shifts/printing failure of rows/columns and there are clear through focus movements.
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Table 4.1: Parameters of the exposure experiment. (% - optimum pupil field distribution according to the
optimum plane wave amplitudes given by Eq. 1.} of Sec. .”)

NA 0<NA<090 | 0.75<NA<0.90 | 0.80<NA<0.90 | EP(O)*
Power, yW 6.76 6.3 551 207
to, Ms 1 40 75 45
Dose, nJ 6.76 252 413 97.65
g
g
z
g
R

exposure time At

Figure 4.6: Optical microscope image of the example of an array printed with unmodulated beam intensity
profile

The parameters of exposures are summarized in Table 4.1. Printed spots of equal
depth are further compared. The dose varies for different cases of the amplitude modu-
lation, since there is a different spatial distribution of energy for each of them.

4.3.3. INSPECTION OF THE SAMPLES
After development of the samples with exposed resist the best focus spot arrays are in-
spected first with an optical microscope, as shown in Fig. 4.6 to quickly select the sam-

ples with arrays that are printed at a certain depth by the combination of the exposure
time above threshold and through focus positions. The size of the best focus spots can
not be analyzed with an optical microscope because of the resolution limit. Therefore,
to analyse them, an atomic force microscope (AFM) has been used. Also with the AFM,
the depth of the removed resist within the spots of array (parameter under interest) can
be extracted.

The topography data scans of the written arrays were made by means of Bruker AFM.
Fast scan head was used to speed up data acquisition with a maximum scan size of 36
x 36 um?. The choice of the best focus spots is made according to the largest depth
parameter values via comparison of the depth values for each column of the equal focus
position spots. The depth of the spots in the best focus spots varies for arrays of different
intensity amplitude modulation. This is due to the redistribution of energy within the
beam cross-section, linear resist reaction response for intensities in the region before
saturation (complete over-exposure of the resist when the spot reaches the substrate)
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Table 4.2: FWHM, nm/contrast.

Depthd,nm | 0<NA<0.90 | 0.75<NA<0.90 | 0.80 <NA<0.90 E”(0)
67 - 173/0.38 = =
71 323/0.25 = - 151/0.45
140 419/0.35 & 223/0.67 =

and non-linear jump edge for the border of the resist reaction to the exposure dose.
In Fig. 4.7 the best focussed spots are framed for the four cases of amplitude modulation.

4.4. RESULTS AND DISCUSSION

Fig. 4.8 presents the raw profiles of a printed spot obtained from the AFM data for the
various amplitude modulation schemes: no amplitude modulation, central blocking
with NA < 0.75, central blocking with NA < 0.80 and optimum aperture function. FFT
(Fast Fourier Transformation) and Gaussian fitting are applied to extract parameters of
FWHM, depth and contrast. After analysis of the data extracted from Fig. 4.8 for the vari-
ous cases of amplitude distribution in the pupil, the comparison of these different cases
of beam modulation is made. More details can be found in Appendix C.

In Fig. 4.8, the profiles of the spots with approximately the same depth for the un-
modulated intensity beam profile (0 < NA < 0.90), modulated intensity beam profile of
reduced apertures (0.75 < NA < 0.90, 0.80 < NA < 0.90) and optimum function are rep-
resented by black, yellow, red and magenta curves, respectively. Full aperture and re-
duced aperture of 0.80 < NA < 0.90 best focus spots of the higher depth were printed
and therefore they can be compared directly. The FWHM of the best focussed spot cor-
responding to the reduced aperture of 0.80 < NA < 0.90 is 47% smaller than the one full
NA 0 < NA < 0.90 for depths of spots of d ~ 140 nm (see Figure 4.6b). At a smaller depth,
it was possible to compare spots obtained with all amplitude modulation functions (see
Fig. 4.¢a). In this case the spot size with FWHM = 151 nm of the optimum amplitude
modulation function 53% smaller than the spot corresponding to the full aperture.

The values of depths of printed spots under comparison are smaller than the pho-
toresist thickness, by purpose. When it is not the case, there cannot be a valid com-
parison between the spots, since the overexposure may lead to not fully recorded spot
profile. As it was mentioned in Sec. 4.2, due to the presence of the air/photoresist inter-
face, the longitudinal component is smaller than in the case of focusing in the air. This is
also a reason for the choice of the smaller depths of the recorded spots, since in this case
the longitudinal component can be isolated using the resist reaction threshold. It should
be noted that the size of the recorded spots (both depth and FWHM) depends on the ex-
posure time. Also, the absolute spot size of the focal spot (FWHM) can be even smaller
(it was detected during experiments) if the smaller exposure time is applied. However,
relative comparison rather than absolute measurement of the focal spot sizes (FWHM)
for different amplitude modulation cases is a goal of the present analysis. Equal depth of
the focal spots (for different amplitude modulation cases) is chosen as a criterion for the
comparison of the FWHM of the focal spots. Equal depth of the focal spot size is a sig-
nature of equal exposure dose delivered to the photoresist and to which the photoresist
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(d)

Figure 4.7: Raw AFM scans of recorded arrays with unmodulated beam intensity profile(a), reduced aperture
modulated intensity amplitude 0.75 < NA < 0.90 (b), 0.80 < NA < 0.90 (c), optimum amplitude function (d).
The marked row corresponds to the best focus and each spot in these rows corresponds to different exposure
times.



72

Raw profiles of focused spots

Height, (nm)

)

@ optimised

amplitude function

® 0<NA<0.90
0.75<NA<0.90

0 400 800 1200 1600

Position, (nm)

(a)

Raw profiles of focused spots

0

-404
E
&

< -804
=
5
)

T -120-

® 0<NA<090
AR ® 0.80<NA<0.90

0 400 800 1200 1600

Position, (nm)

(b)

4, COMMERCIAL RESIST

Figure 4.8: Profiles of raw experimental AFM data for the cases of full 0 < NA < 0.90 (black), reduced
0.75 < NA < 0.90 (yellow) and optimised function (magenta) apertures (a); full 0 < NA < 0.90 (black) and
reduced 0.80 < NA < 0.90 (red) apertures (b) are illustrated with markers (Fast Fourier fit) and approximated
with Gaussian fit solid curves
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reacted.
For the cases when a range of depths of the best focus spot do not overlap, the con-
trast parameter = depth/FWHM was calculated and compared in Table 4.2. Thus, in

Table 4.2, the first column gives depths of the spot. The second, third, fourth and fifth
columns contain FWHM/contrast parameters for the cases of nonmodulated, reduced
modulated 0.75 < NA < 0.90,0.80 < NA < 0.90 apertures and optimum aperture modu-
lation function, correspondingly. As discussed in the Sec. /.2, the simulations shown in
Fig. 4.2, 4.3 indicate suppression of transverse component of the field in focus occurs
when the centre of the beam has a zero amplitude. In this way, the total intensity of the
field shows a spot with the reduced FWHM, as observed in the experiment. From a com-
parative analysis of the FWHM parameters obtained experimentally one can see that the
case of modulation of the amplitude indeed results in reduction of the spot size, as com-
pared to the case of unmodulated amplitude. Discrepancy in the values of FWHM for
experiment and simulations is explainable because the resist has a nonlinear response
with the incident light power distribution.

4.5. CONCLUSIONS

Demonstration of the spot size reduction by means of focussing radially polarized and
amplitude modulated light of the wavelength of A = 405 nm is shown experimentally and
confirmed theoretically. The crucial optical elements of the set-up are spatial light mod-
ulator (SLM) to shape required amplitude distributions of two cases of reduced apertures
(0.75 < NA < 0.90, 0.80 < NA < 0.90) and optimized function implementation and radial
polarization of high quality, shaped by specially designed wire grid polarizer. After devel-
opment of the samples, further inspection with optical microscope selects samples for
the AFM measurement. Analysis of the FWHM, contrast parameters, extracted from the
experimental data is compared for different amplitude modulation cases. The FWHM
of the best focussed spots, corresponding to the reduced aperture of 0.80 < NA < 0.90
and optimum function amplitude modulation aperture are 47% and 53% smaller than
the one of the full aperture 0 < NA < 0.90. Also simulations based on the Richards-Wolf
integral are performed to confirm experimental results.
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B |

As it was discussed in Sec. 4.2 of Chapter 4 Commercial Resist, we show here the general
lines of the derivation of the optimum aperture function such that the longitudinal elec-
tric field component in focus inside the photoresist is maximum for a fixed power. The
interface between the air and the photoresist, considered as a nonabsorbing medium
[1-4], is located at z = 0 with real refractive indeci n; = ngj, =1 at 2 <0, nz = Re(1yes)
at z > 0. We use an expression of the focused in the air electromagnetic field as an an-
gular spectrum of plane waves (A!(ky, ky)) with respect to the Carthesian coordinates

system r = (x; y; z), which was introduced in the Chapter | Introduction and described
in Appendix A;
1
E'(r) = —ff Al(ky, k) exp (ik! -r)dk.dk,,
12 ) g™ (e R R K ) dkdhy it

1 1

€0 1 1 Al
Hl(r):——,/—ff K x A (ky, ky) exp (ik" - r)dk,dk,, (4.6)
472 ko \| 1o k2 +ki<koNA e sl

with k! = (ky; ky; Ic;) being the wave vector in the air and ko = 27/ A¢ as the wave number
in vacuum, NA = ny sin(@,,4x), where 0,4 is the maximum angle between the positive
z direction and the wave vectors in the air. Superscripts 1 and 2 denote that the physical
quantities are calculated in the air and in the photoresist, respectively.

We will define the unit vectors of a positively oriented basis in reciprocal k-space as

k = sin(#) cos(¢)k + sin(0) sin(¢)y + cos(0)z,
0 = cos(0) cos(Pp)x + cos(8) sin(P)§ — sin(0)z, 4.7)

¢ = —sin(Pp)k + cos(p)y.

The divergence-free electric field can be constructed from plane waves with only 8 and
¢ components:

A'6,0) = Ag(0,0)0 + AL O, ) (4.8)
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From Eq. 4.0 it becomes clear that A;j (0,¢) does not contribute to the longitudinal field

in the focal spot, since ¢ is perpendicular to z-axis. Hence the optimum field consists
only of the @ component, i.e. possesses radial polarization. For a focal spot in the do-
main z > 0, each plane wave undergoes an additional refraction at the interface of the air
and the photoresist that we shall account for by multiplying the incoming plane waves
with an angle 6; dependent Fresnel transmission coefficient for the 6 component:

A5(02,¢) = t12(01) Ay (01, 9), (4.9)
where

2ny cos(67)

2 (4.10)
ny cos(61) + nay [ 1— %5— sin?(6,)
2

Using Snell’s law to relate 0; and 0, and Eq. 1.9, the axial longitudinal field component
in the photoresist can be rewritten as:

t12(61) =

]12 n 2 rOmax
E2(0,0,z =——1—f f f12(01) AL (61,
| ) Bl Jo 12(01) Ay (01, ¢)
(4.11)

n?
X exp (iko nazy|1— —; sin2(01)) sin®(0:) cos(6;)dA; dep,
g
The Poynting vector %Re{E(r) x H(r)*}-z and Plancherel’s theorem are employed to com-
pute the total time-averaged power flow in the positive z direction through any z = con-
stant plane between the lens and the interface:

}1.3 U 21 Omax (4 12)
pAle,))z—l,/—Of f AL (61, ) cos®(61) sin(61)d6, dep. :
(Ag(61,¢ 22Vl ko |Ag(61,$)|° cos®(61) sin(01)dO1dp

The presence of the interface affects the power flow only due to reflection, since the pho-
toresist is considered to be nonabsorbing. We will consider E2(0;0; z) as a functional of
A},(Gl,(,b) at a point in time that is real. Finally, an optimum aperture function is ex-
pressed as plane wave amplitudes A}; (61, ¢) which maximize the axial longitudinal field
in focus under the constraint that the mean power flow through the exit pupil be con-
stant:

AL(6:,¢) = AL (01, 9)0. (4.13)
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This can be done with the Lagrange multiplier rule which yields a system of linear equa-
tions that presents the plane wave amplitudes as:

1 n?
Ay(01,¢) = ~5) / 5—2 t12(61) tan(6y) x eXp(ikonzz L= é sinz(b'h)), (4.14)

where the Lagrange multiplier A is obtained by substituting Eq. 4. 14 in Eq. .12 for z < 0:

3/2 /4, . 1/2
n i 4.15)
AZI—L(&) (f |f12(91)|281n3(91)d91) - :
12 AovVP(z=0)\€o 0
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POLARIZATIO]I

The contents of this chapter is based on the paper "Enhanced lithographic resolution
using longitudinal polarization state of light" has been published in Journal of Micro/
Nanolithography, MEMS, and MOEMS 14(4), 043509 (2015) [1].

5.1. INTRODUCTION

ASER direct-writing refers to a technique which enables patterning in a surface or
| volume through spot-by-spot illumination by either moving the laser with a fixed
sample stage or vice versa [2]. This type of lithography enables formation of complex
two- and three-dimensional structures [3-13]. As with any type of lithography, in laser
direct-writing there is also a drive to increase the resolution. There have been different
approaches to produce subdiffraction-limited spots such as two-photon illumination
[3, 14] and two-color single-photon illumination [10, | |]. Here, an additional resolution
enhancement method is proposed where a radially polarized laser beam is focused into a
polarization-selective photoresist. As discussed in previous chapters, radial polarization
is generated here using a wire grid polarizer [15]. Focused radially polarized light ex-
hibits a spot-like longitudinal polarization component combined with a doughnut-like
transversal polarization component. The latter can be dominant component inside the
current resist and will broaden the full width at half maximum (FWHM) of the printed
spot. Additionally, it is known that the longitudinal component has an intensity distri-
bution which is narrower compared to the Airy spot of a focused linearly polarized plane
wave [16-20]. Thus, by solely recording the longitudinal polarization component in a
polarization-selective photoresist, one can obtain further enhancement of the resolu-
tion of laser direct-write lithography. Recently, a polarization-selective photoresist was
developed by co-aligning a dichroic photoinitiator, which is the polarization-selective
component, in a reactive liquid crystalline (LC) monomer host [21]. Uniaxial alignment
of the mixture enabled the selectivity of the photoresist towards a single polarization
state of light that is parallel to the alignment. Upon illumination of this resist an insol-

']
|

81



82 5. POLARIZATION-SELECTIVE RESIST

uble polymer network forms, i.e. it is a negative photoresist. In this Chapter a proof-of-
concept for achieving higher resolution is shown by illuminating the liquid crystalline
photoresist with focused radially polarized light.

5.2. EXPERIMENTAI

5.2.1. FOCUSED RADIALLY POLARIZED LASER SET-U]
The set-up to experimentally verify the size of the radially polarized focused spot in the
photoresist is presented in Fig. ©.1.

Pol3

%, —— X

Linearly polarized arm ‘ ’

(EM on) High NA

BS2 objective lens

BSI | Pol2 M4 WGP SPP
\ o [
. s .l VIR ¢
Poll L Radially polanzed arm \i )‘ Resist sample
} (FM off) | Z of
Laser L
7 A ,
Collimation ceD

lens

N, and
vacuum pumps,

Figure 5.1: Scheme of the set-up to print focused radially/linearly polarized light arrays on isotropic and
polarization-selective resist: 405 nm diode laser; collimation lens — to create a top hat beam profile; M1-M4 —
mirrors ; FM - flipping mirror to switch between linearly and radially polarized arms; Pol1-Pol3 — Glan Laser
polarizers; BS1, BS2 — beam splitters; A/4 — quarter wave plate; WGP — wire grid polarizer; SPP - spiral phase
plate; CCD - camera; high NA objective lens — NA = 0.9.

The 35 mW collimated diode laser beam of 405 nm and diameter of d = 3.8 mm is
guided through the first Glan-Laser prism polarizer (Poll). The beam splitter (BS1) splits
the initial beam into two paths: radially and linearly polarized arms. We use a 1/4 plate,
wire grid polarizer (WGP) to shape circularly and subsequently radially polarized light
and a 27 vortex phase plate (SPP) to get all polarization vectors in phase[”?”]. Details of
the WGP are discussed in Chapter 3 Wire Grid Polarizer. Radially or linearly polarized
arm can be switched with a flip mirror (FP). The radially/linearly polarized beam is fo-
cused by a NA = 0.9 objective onto the photoresist sample. The beamsplitter BS2 and the
CCD camera are used to check that the laser is focused on the resist plane by observing
the image of the focussed spot on the camera. BS2 is removed during exposures. The
sample with the photoresist is mounted on a closed loop piezo driven stage. In the ex-
periment we use an automated procedure of 2D array writing, which is implemented by
means of a Lab View program simultaneously controlling the laser via pulse generator
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Tabor 8600 and the piezo stage position. Each spot in the printed 2D array is associated
with a certain exposure dose and through focus position which are varied from spot to
spot by moving XYZ piezo stage. Through focus shift was performed by moving the piezo
stage in the z-direction. The focusing lens and piezo stage assembly are placed in a box
that is flushed with nitrogen to create a low oxygen environment. This is because a large
concentration of oxygen prevents the occurrence of the photopolymerization process in
the photoresist upon illumination and, therefore, is undesired.

5.2.2. PHOTORESIST
The components of the photoresist have been described elsewhere [?1] and are also
shown in Fig. 5.2.

Liquid crystal host

O (0] (0]
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Figure 5.2: The components of the polarization-selective photoresist. Cr = Crystalline, SmB = Smectic B, SmA
= Smectic A, N = Nematic and I = Isotropic. The temperatures refer to the transition temperatures between the
various liquid crystalline phases [ 1].

The LC host consists of a mixture of the LC host and crosslinker in a 5/1 weight ratio.
The polarization-selective dichroic photoinitiator (1 wt%) was supplied by Merck and
the inhibitor 4-methoxyphenol (0.5 wt%) was supplied by Sigma-Aldrich. The inhibitor
is added to increase the polarization-selectivity of the photoresist [ 1]. The photoresist
was coated on a glass substrate which must be free of organic and inorganic contamina-
tions. To achieve this, the glass slides were handled in cleanroom conditions at the VLL
cleanroom in Delft. The glass slides were placed in a 1/3 volume based H, 0,/ H, SO, so-
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lution and heated for 10 minutes in a water bath of 70 °C. Subsequently the slides were
rinsed with demineralized water and kept in water before being rinsed in acetone and
isopropanol. Finally, the glass slides were dried in a spin coater at 2,000 rpm for approxi-
mately 1 minute. A 12.5 wt% solution of the liquid crystalline photoresist in 0-xylene was
prepared to coat the glass substrates. To ensure a homogeneous solution it was mixed for
10 minutes at 70 °C and subsequently cooled to room temperature before spin coating
at 1,000 rpm for 90 s at an acceleration of 500 rpm +s~! to form layers of approximately
120 nm. After spin coating the resist was placed on a hotplate at 60 °C for 30 s to ensure
complete evaporation of o-xylene. The samples were kept at least 1 hour in nitrogen at-
mosphere before illuminating with focused radially polarized light. After illumination, a
post-exposure bake in nitrogen atmosphere was performed for 60 s at 80 °C to improve
the mechanical stability of the polymer network. After cooling the photoresist down to
room temperature, the photoresist was developed in cyclopentanone for 10 s to remove
the unexposed areas; and subsequently dried with a nitrogen blow gun. The fabricated
arrays after development were inspected with atomic force microscopy. To verify the di-
mensions of the spots, the analyses of the same arrays were performed independently
on two different AFMs, namely a NT-MDT Solver Next and a Bruker.

5.3. RESULTS AND DISCUSSION

5.3.1. DECOMPOSITION OF RADIALLY AND LINEARLY POLARIZED LIGHT INTO
LONGITUDINAL AND TRANSVERSE COMPONENTS INSIDE THE PHO-
TORESIST

Simulations of radially and linearly polarized light propagation focused by a high NA =

0.9 lens inside the photoresist are carried out by means of homemade rigorous electro-

magnetic solver based on the Richards Wolf integrals [23]. Intensity profiles of the ra-

dially and linearly polarized focused electric fields strengths and its decomposition into

longitudinal and transverse components are shown in Fig. 5.5.
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Figure 5.3: Profiles of the intensity distributions of the electric field components focussed by a lens with an
interface (photoresist) between lens and focal plane. The longitudinal and transversal polarization component
and the total sum of both components are shown in (a) for radial and (b) for linear polarization incident on the
lens. The numerical aperture is NA = 0.9 and the photoresist refractive indexn = 1.6.

Fig. 5.3 shows a significant longitudinal component in case of radially polarized light
(Fig. 5.3a), which is 1/3 of the total component while it is ~ 1/10 times smaller than
the total component in the case of focused linearly polarized light (Fig. 5.3b). Here, it
can be clearly observed that the largest resolution enhancement can be achieved when
the resist solely records the longitudinal component since the FWHM of the sum of the
transveral and longitudinal component in case of radially polarized light is actually two
times larger FWHM, .4 = 544 nm than in case of linearly polarized light FWHM;;,, =
250 nm (compare black curves in Fig. 5.3a and b). Ideally, the smallest possible FWHM
of the spot is = 206 nm (see FWHM of longitudinal component in Fig. 5.3a). This is 62
% smaller FWHM in comparison with the FWHM of the total component. This happens
in the case of polarization selective resist, when radially polarized light has a sufficient
exposure dose to print longitudinal component, and the transverse component has not
been recorded at all. Analoque figures of the profiles of the intensity distributions of
the longitudinal, transversal and total components in the case of focused radially and
linearly polarized light in the air (see Fig. 1.7 Introduction) show that FW HM!2!, =315

nm, FWHM!°! =227 nm and FW HM!°" = 206 nm.

lin
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5.3.2. HOWDOES ANISOTROPY OF POLARIZATION-SELECTIVE PHOTORESIST
INFLUENCE ON FOCUSED SPOT
Polarization-selective resist can be modeled optically as an uniaxial crystal. There exist
two polarization eigenmodes (associated with ordinary and extraordinary waves), the
polarization states of which remain unchanged during propagation through the crys-
tal. The birefringence can cause focus deformation, focus shift and focus splitting phe-
nomena [?4/-26]. However, these effects become considerable when the thickness of the
photoresist, the interface position are = A. For example, [?6] shows shift of the focus of
= 4.7) in the case of the interface position of z; = 304. The plane z; = 0 corresponds
to the air/photoresist interface. In our case, the thickness of the photoresist is = 1/4.
However, to be complete, following the lines from Ref. [25, 2(], we present a derivation
of the electric field of the focused inside the anisotropic medium light for the case of the

polarization selective resist in Appendix B,

5.3.3. POLARIZATION-SELECTIVITY OF THE PHOTORESIST

The polarization which is parallel to the alignment of the LC photoresist is mainly ab-
sorbed by the resist. Previous work showed the polarization-selectivity of this type of
LC photoresist towards linearly polarized light where the long axis of the rod-like LC
molecules was parallel to the surface of the substrate, i.e. a planar alignment (Fig. 5.4a).

Longitudinal

Figure 5.4: The photoresist consisting of a smectic B LC host (gray) and dichroic photoinitiator (white). (a)
A planar alignment promotes the absorption of one of the transversal polarization states. (b) A homeotropic
alignment promotes absorption of the longitudinal polarization component of light. In the latter case, both
the polarization and propagation direction are along the grey arrow.

To promote absorption of the longitudinal polarization component the photoresist
requires a homeotropic alignment where the long axis is orthogonal to the substrate’s
surface (Fig. 5.4b).

To confirm the required homeotropic alignment of the LC photoresist, it was exposed
with both focused radially and linearly polarized light. The homeotropic alignment is
confirmed if the resist shows higher sensitivity towards focused radially polarized light.
A measure for the sensitivity of the resist can be expressed by plotting the remaining
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height after development as a function of the dose (Fig. 5.5).
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Figure 5.5: The height of the polymerized spot after development as a function of dose for (a) the polarization-
selective and (b) the isotropic photoresist.

In Fig. 5.5a, the height is plotted for a polarization-selective photoresist illuminated
with focused radially and linearly polarized light. Both curves show a threshold after
which a polymer film remains after development. The threshold is caused by the pres-
ence of the inhibitor which delays the polymerization process[”1]. The threshold is ap-
proximately 100 nJ and 250 nJ for radially and linearly polarized light, respectively which
means the LC photoresist shows higher sensitivity towards the longitudinal component
which confirms the homeotropic alignment of the resist. At equal dose the height ob-
tained with focused radial polarization is higher compared to the linear polarization
which further confirms the preferential absorption of the longitudinal component. An
important conclusion is to be made here: the range where only the longitudinal compo-
nent is recorded by the resist is between 100 and 250 nJ, corresponding to layers up to 20
nm thick. Above this range, the photoresist records both the longitudinal and transversal
component which widens the spot size which is undesired. As a reference experiment,
an additional LC photoresist was developed which is not polarization-selective which
will be referred to as the isotropic photoresist. In this resist a commercially available
photoinitiator which is not polarization-selective (Irgacure 819, Ciba specialty chemi-
cals) substitutes the dichroic photoinitiator. The rest of the LC resist formulation re-
mains unaltered. The height as a function of dose for this isotropic resist does not show a
difference between the different polarizations which means it is not polarization-selective

(Fig. 5.5b).

5.3.4. RESOLUTION

Fig. 5.6a shows an example of an AFM topography image of a developed array in the
polarization-selective photoresist. Each column and row corresponds to a specific time
of exposure and focus plane, respectively. In this array the time of exposure was varied
with 10 ms increments for each column and the focus plane was changed with 100 nm
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Figure 5.6: (a) An example of a AFM topography image of a developed array in the polarization-selective pho-
toresist where each row corresponds to a change of focus plane with 100 nm increments and between each
column the time of exposure is changed with 10 ms increments. A profile view of the (b) red-marked column
and (c) green-marked row.

increments for each row. Fig. 5.6b shows a profile of a column corresponding to a sin-
gle time of exposure and a changing focal plane for each spot. As the through focus is
performed the laser beam is focused into the negative LC photoresist to an increasingly
smaller laser spot with a high intensity density which will result in a spot with larger
height as can be seen in Fig. 5.6b. As the focus plane is changed further, moving out
of focus the laser spot becomes broader with a smaller intensity density which leads to
a smaller height. Therefore, the optimum focus is where the spot intensity is the high-
est. The dimensions of the spots are determined for that optimum focus corresponding
to the green-marked row (Fig. 5.6a and c). This process was repeated for all analysed
arrays.

After development of the arrays, the spot dimensions were measured.

Fig. 5.7a shows the full-width-at-half-maximum (FWHM) as a function of the height for
focused radially polarized light in the polarization-selective and the isotropic resist. It
should be noted that the spread of the FWHM is large for spots which are less than 20 nm
thick. In this range the roughness of the glass becomes significant (Fig. 5.7b). The data in
Fig. 5.7a provides the combined results of two independent AFM analyses and it shows
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Figure 5.7: (a) Comparison of the full-width-at-half-maximum (FWHM) of the polymerized spots in the
polarization-selective and isotropic photoresist illuminated with focused radially polarized light. (b) An ex-
ample of spots that were exposed with low doses corresponding to spots with small heights

that the spread does not explain the difference in FWHM between the polarization-
selective and isotropic resist. The FWHM of the spots in the isotropic photoresist re-
main considerably constant at roughly 800 nm for each height. This result is expected
since this resist does not differentiate between the longitudinal and transversal polar-
ization component, i.e. it records both components simultaneously. The polarization-
selective photoresist shows an increase in FWHM with increasing height. At small spot
heights, which correspond to a low dose, the resist only records the longitudinal com-
ponent which results in a small FWHM. As the applied dose increases, the transversal
polarization component is also recorded which results in an increase of the FWHM. In
the initial stage the FWHM is 350 nm which is a reduction 56% compared to the FWHM
in the isotropic photoresist. This result matches with the simulations based reduction
value of 62% in the case of recording only longitudinal component in comparison with
printing total component.

5.4. CONCLUSIONS

In this Chapter a proof-of-concept is shown where the FWHM can be reduced through

the recording of the longitudinal polarization component of focused radially polarized

light in a polarization-selective photoresist. This resist consists of a homeotropically

aligned liquid crystalline mixture with a polarization-selective photoinitiator. The FWHM
of spots formed in this polarization-selective resist is up to 56% smaller compared to the

isotropic resist, which nicely matches with simulations based result of 62%. Consistency

with the simulations is checked on the example of radially and linearly polarized light in

the isotropic resist.
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Based on the results from [I], we present the derivation of electric field upon focusing
through the interface of two media (Fig. ».0}). We also estimate birefringence parameters
of the polarization selective resist. A medium one is isotropic with refractive index n;
and a medium two is uniaxially birefringent with extraordinary and ordinary indeci of
refraction n, and n,.

Ne, No

A
~ 6
N A " .
A 7 optical axis
P11 TR A

-Zp -Zi 0 Z
exit pupil interface focal plane

Figure 5.8: Ray tracing from the exit pupil at z = -z, through the interface at z = —z; between isotropic and
anisotropic media with optical axis parallel to z axis towards the focus in the uniaxially birefringent medium.

Let an optical system focus incident light in medium two with an optical axis along
z direction. An exit pupil is positioned in medium one. Following the notations, intro-
duced in the Appendix A, we represent electric field in focus as an angular wave spec-
trum:

E() = A(ky, ky, z) exp (ik-r)dkcdky. (5.1)

| e
4m? k2+ki<koNA

s - & Ali2 ~1,2
The unit wave vector and polarization vectors k"2, 8 "“ and ¢ ** and the z components
of the wave vector k}, k?,, k2, can be expressed as:

k2 =sin(6},2) cos(¢py,2) & + sin(61,2) sin(¢y 2) J + cos(61,2) 2
™ cos(61,2) cos(¢p1,2)X + cos(fy,2) sin(py,2)J — sin(61,2) 2 (5.2)

¢"? = —sin(1,2)3 + cos(r,2)
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and
k= (n%k2 —k2- kf,)”z,
/
k2, = (n2k? - k2 - k2)'"?, (5.3)

n .

g . TR 053 2 2\1/2

‘ kze——n (nek —Ic_\.—ky) :
e

where wave number is k =27/, 01,2 and ¢ 2 are polar and azimuthal angles in medium

: 5 A 12 al, T
one, two, respectively. Unit vectors k2, 0" and ([)l ? form an orthogonal basis, i.e. 8" x
212 » . ! .
= k"2, Superscripts one and two refer to the physical quantities that are calculated

| ¢

in the medium one and two, respectively.
The electric field in the medium one and two can be presented as:

A by boyi2) = (Ag?)l +A(’;,<Apl) xexp(ik;(z—zl))

ol s .
+(A,0 +A(7)(,b1 )xexp(—tk;(z—zﬂ),
(5.4)
A%(ky, ky,2) = (Aé@z +0k?) x exp (ikﬁe(z— zz))

+A:b<[;2 X exp (ikZOZ(Z—ZZ)),

where -z, < 2 < -z, zi < 22, Ag’r, A(’;" are 6 and ¢ amplitudes of the wave incident/reflected
on the interface between media one and two and Aé, A<[l> are the extraordinary, ordinary
amplitudes of the transmitted through the interface wave and o and y are defined as:

_ (n3—n2)sin(@2)cos(0) (5.5)

o= ; )
n?sin?(03) + n2 cos?(6)

2

e
= . (5.6)
L4 n3sin?(0) + n3 cos?(0)

n

To illustrate the effect of the birefringence in the case of our polarisation sensitive re-
sist (11, = 1.65 and n, = 1.52 at the wavelength A = 405 nm), we calculate o and y (Fig.
».9) as the functions of sin(f,). ¢ = 0 and y = 1 are the values of the birefringence pa-
rameters in the case of isotropic medium (12, = 15). G pax = 0(sin(@2)n4x)) = 1.046 and
Ymax = Y(8in(@2n4x)) = 0.051 for polarization selective resist. As one can see in Fig. 5.9



APPEN 95

the birefringence parameters monotonically increase as a function of the effective nu-
merical aperture (NA,rr = N Az =sin(6)) in the anisotropic medium.

s o
[=)) [==}

e
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sin((-)z)
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Figure 5.9: Birefringence parameters o and y of the polarization selective resist as the functions of NAy =
sin(f2) (NA; =0.9).

Transmission and reflection coefficients can be defined from the continuity conditions
at the interface:

_— 2n; cos(6;)
%~ Y2n, cos(6,) +ynycos(6;)’

B 2n;1cos(07)
"~ nycos(0y) + nycos(@y)’

lp
(5.7)
- ny cos(62) —yn, cos(6r)
0= i cos(0,) +ynycos(@y)’

. 1y cos(61) — n, cos(By)
® = 1 cos@y) + npcos@,)’

where 1 + o tan(6;) = y?. In z = z, electric field can be calculated as
Alky, ky, 20) = tg AL (8° + 012)
x exp (i(kge(zg+d)—k;(zl +d)) (5.8)

+iy Ay x exp (i (22 +d) — Ky (21 + ).
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Let consider focused transmitted into the anisotropic medium electric field as a sum

of ordinary and extraordinary components, as it is done in [?] (Fig. 5.10):
elnm.r
Al(p,¢,2) :f (A{, +A£,)\/cos(91)
elmin (59)

x sin(6) exp(ik; 2y cos(6;)) exp(ik,cos(@,)(z — zp))dO1,

where

6, = arcsin(n; sin(61)/n,),

N Resin(@7) )

noy\/ (n — n? sin®(6))
11 Ny sin(fy) ) (5.10)

Ney/ (n3 —n#sin?(6,))

NoTe

2= ’
\/(n(z, sin? (@1 + 1% cos2(@er)))

Ocr = arctan(

0z = arctan(

1

ki, ko, k, are the wave vector in the medium one and the wave vectors of the ordinary
and extraordinary waves in an uniaxial crystal. S, and S, are the Poynting vectors of the
ordinary and extraordinary waves. fgAg, tpAp are the amplitudes of the extraordinary
and ordinary waves. 0, 6,, 0, are the incident angle and the refracted angles of the
ordinary and extraordinary waves, respectively. 0, is the angle of S.. An interface is
located at z = z;. z =0 is the position of a Gaussian focus.

In the case of radially polarized light:

A;, = tg)1(k1psin(01) cos(Bes))P + itg Jo (k1 psin(61) cos(Bs))Z,

(5.11)
Al =0,
where fyp can be rewritten in terms of 6,5 and 0. as:
2n cos(0
gy 1cos(61) (5.12)
11 cos(Bes) + 1o cos(81) cos(Bes — Oek)
Continuing the discussion from Chapter 5 Polarization-selective Resist, we show the

shifts of the focus in the case of focusing the radially polarized light in our polarization
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Figure 5.10: Focusing of the light into the uniaxial crystal.

sensitive resist for z; = —1/4A4 and z; = —30A. As one can see in Fig. 5.11 a)-b), there
are shifts of the focus of z = 0A and zf = 3.5, respectively. The shift of the focus is
calculated in respect to the focus position in the isotropic medium of refractive index
ni = ny(@.x) = 1.6146. Note, that n, > n, in the polarization sensitive resist, which re-
sults in 8, > 6,;. We observe a comparable shift of the focus for z; = =301 with the one
from [2] (zy =4.7A, ne = 1.6555, n, = 1.4851. The other parameters are the same.)
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refractive index c) - n; = 1.5971 and d) - n; = 1.6146. z; = —0.251 in a) and z; = —30A4 in b)-d)

REFERENCES
(1] S. Stallinga, Axial birefringence in high-numerical-aperture optical systems and the

light distribution close to focus, |. Opt. Soc. Am. A 18, 2846 (2001).

[2] S.Wang, X. Xie, M. Gu, and J. Zhou, Optical sharper focusing in an anisotropic crystal,

J. Opt. Soc. Am. A 32, 1026 (2015).



This thesis aimed to study the influence of radially polarized beam shaping on tight fo-
cusing applications. A primary goal was to obtain an experimental proof of the principle
for the optical lithography resolution enhancement, in particular, for commercial and
newly synthesized polarization-selective resists. The motivation for this research orig-
inated, firstly, from results presented by S. Quabis et. al., and then elaborated by H.P.
Urbach and S.E Pereira on tighting the field in focus using polarization, phase and ampli-
tude beam shaping. The part of research to investigate a newly synthesized anisotropic
resist was done in collaboration with the Functional Organic Materials & Devices group
TU/e. The experimental realization of unconventional polarization states of light com-
bined with amplitude and phase beam shaping in novel anisotropic resists is of particu-
lar interest for the scientific optical community. It also builds a foundation for an alter-
native approach to resolution enhancement not only in optical lithography, but also in
beam writing and other applications of tight focussing of light.

A considerable part of the work described in this thesis was dedicated to the prepara-

tion of the experiment regarding the optics, chemistry and electronics, before the main
goal became possible.
An experimental set-up to shape and focus a laser beam at the wavelength of A = 405 nm
by high numerical aperture lens on glass samples coated with photoresists was designed,
built and tested. The commercial and polarization-selective resists samples were placed
on the closed loop piezo-driven stage. The working principle of the optical elements to
shape amplitude modulated radially polarized light and experimental procedures were
studied and implemented. Characterization of the light source, spatial light modulator
(liquid crystal based device to modulate amplitude of the beam), WGP (specially de-
signed and fabricated for the wavelength of 405 nm radially polarized light shaping opti-
cal component) and SPP (phase retardation optical element to obtain flat phase profile
of the beam) was made. Special attention was given to focusing procedure and exposure
methodics, governed by LabView programs.
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A wire grid polarizer with a cylindrical symmetry was employed to get radially po-
larized light in the near-UV wavelength range. A complete study including its design,
theoretical modelling, fabrication and experimental verification is presented. It resulted
in generation of high quality radially polarized light in the near-UV wavelength range. A
good extinction ratio of the azimuthal polarization R =1/2000 at the A = 405 nm wave-
length is demonstrated with no deffects/diffraction effects. The fabricated device can
also be used at lower wavelengths down to A = 280 nm, where, for example, liquid crys-
tal devices are not an option anymore. At this wavelength the predicted theoretical ex-
tinction ratio of the azimuthal polarization is R =1/200. This ratio can be improved by
realizing the WGP following the theoretical approach shown in Chapter 3 Wire Grid Po

larizer.

The demonstration of the spot size reduction by means of focusing radially polarized
and amplitude modulated light of the wavelength of A= 405 nm was shown experimen-
tally and confirmed theoretically. This was realized by focusing laser beam with high nu-
merical aperture lens into a commercial photoresist and varying the numerical aperture
range at the center of the lens pupil. Arrays of through focus spots at various exposure
times have been printed on the resist. The FWHM of the best focused spots, correspond-
ing to the reduced aperture of 0.8 < NA < 0.9 and optimum aperture function amplitude
modulation were 47% and 53% smaller, respectively, than the one of the full aperture
0 < NA < 0.9. The simulations based on the Richards-Wolf integral were performed to
confirm these experimental results.

A second proof-of-concept resolution enhancement mechanism by a utilization of

the polarization-selective resist was shown. It was demonstrated that the FWHM of the
printed spot can be reduced through the recording of the longitudinal polarization com-
ponent of focused radially polarized light in a polarization-selective photoresist. This re-
sist consisted of a homeotropically aligned liquid crystalline mixture with a polarization-
selective photoinitiator. The FWHM of spots formed in this polarization-selective resist
was up to 56% smaller compared to the isotropic resist, which roughly matched with
simulations results of 62%.
For the future research, it will be challenging to show that the FWHM of the radially po-
larized light in the polarization selective resist is smaller in comparison with the FWHM
of linearly polarized light into the isotropic resist. For this, further developments of the
resist will be necessary.

Thus, in conclusion, in this thesis two new proof-of-principle methods to achieve
tight focus spots are shown. These methods can be generalized and applied in other ad-
vanced optics research purposes, such as application of radially polarized beam shaping
in scattering of light by particles, polarization sensitive fluorescence, laser writing and
material processing.
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