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Summary

With the rapid development of microelectronic industry of data processing, data
storage/reading, data transmission and various optoelectronic devices, the demand for
small-sized optical components and optical systems is increasing. Diffractive optics
has a potential to improve optical systems by increasing their reliability, robustness,
and functional integration, while reducing their effective size. The present work
investigates diffractive optical elements with subwavelength features for near-field
focusing and laser cavity. Fresnel zone plates (FZPs) in the visible wavelengths are
considered for near-field focusing. Further, for laser cavity reflectors, 2-dimensional
grating based on high-index-contrast materials is investigated.

Near-field focusing properties of Fresnel zone plates (FZP) are investigated in
the visible regime by a 3-dimensional finite-difference time-domain (FDTD) method.
It is shown that FZPs with different opaque coatings can achieve subwavelength
focusing in the visible wavelength. All the FZPs exhibit elongated focal length and
depth of focus when compared with classical calculations. The subwavelength
focusing characteristic is attributed to the interference of diffracted evanescent waves
from a large numerical aperture. It is found that the near-field focusing of FZPs
suppresses higher order foci such that the corresponding diffraction efficiency is
improved. The use of phase zone plate structured on a glass without opaque coating is
proposed to improve the diffraction efficiency of subwavelength focusing.

A vector nature of illumination is an important parameter in focusing by high
numerical aperture element. A simple analytical model is developed to study the

subwavelength focusing characteristics of a binary phase FZP. The model shows that

XX



high numerical aperture phase FZP under the illumination of a linear polarized light
produces rotationally asymmetric focal spot with beamwidth varying from 0.364 to
0.79 A, where A is the wavelength. On the other hand, rotationally symmetric focal
spot with a minimum beamwidth of 0.394 can be obtained from the illumination of a
radial polarized light.

Amplitude and phase FZPs are fabricated on Ag-coated glass substrate and bare
glass substrate respectively with the use of focused ion beam (FIB) technology. Tilt of
sidewall in FIB milled zones of the FZP is characterized with atomic force microscopy
(AFM) and FIB sectioning. With FDTD calculations, influence of tilt in sidewalls on
focusing characteristics is investigated in order to set acceptable limits on tilt angle.
Focusing behavior of phase FZPs is characterized by near-field scanning optical
microscope (NSOM). Focusing characteristics are found to be in qualitative agreement
with simulation results.

The use of a two-dimensional high-index-contrast grating (HCG) with a square
periodic lattice is proposed to realize surface-emitting lasers. This is possible because
the use of 2D HCG, in which multiple resonant leaky modes are excited by two
orthogonal directions of the grating, causes the high reflective zone to be split into two
regions. Hence, a dip of the reflectivity is formed to support the excitation of a
resonant cavity-mode inside the 2D HCG. With a suitable design on the dimensions of
the 2D HCGs, Q factor as high as 1032 can be achieved.

This thesis shows capability of FZP in achieving compact focusing element in
the near-field focusing with tighter focal spots, both theoretically and experimentally.
It also demonstrates the suitability of 2D subwavelength HCG grating with application

to compact surface emitting laser.
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Chapter 1

Introduction

One day, Leo Szilard informed his friend that he is going to write a

diary. "I am not going to publish it but just to inform God about some
facts"." Do you think that God doesn't know facts?" asked his friend. "I

am sure, God doesn't know this version of facts," answered Leo.

1.1 Background and Motivation

With the rapid development of microelectronic industry of data processing, data
storage/reading, data transmission and various optoelectronic devices, the demand for
small-sized optical components and optical systems is increasing. For instance, smaller
features may allow for faster and more compact, economical integrated circuits (IC).
Moore's law [1] describes a trend by which the number of transistors that can be
placed inexpensively on an integrated circuit will double approximately every two
years. Since 1975, the microelectronics industry has actually managed to outperform
this trend, with a 30% reduction of the structure size every 1.5 years. This has posed
challenges to semiconductor manufacturing and microscopy. The trends can be
highlighted as follows [2, 3]:

o Need of high density optical storage and readout technology, typically a

storage density of 1 Th/in” and a data transmission rate of 1 Gbps.

o The progress of DRAM technology requires the drastic improvement of photo-

lithography so as to fabricate pattern with feature size well below 50 nm.
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o Much more sophisticated photonic integration technologies are needed in order
to cater the growth of optical fiber transmission. For instance, by 2015,
photonic matrix switching device should be of subwavelength size in order to
achieve integration of 1000 x 1000 elements for 10 Thps switching capability.

o Microlens arrays are popular in sensor-type devices like digital camera for
improving the light collection efficiency in charge coupled devices (CCDs).
Growing demand for higher resolution digital cameras will lead to a need for
much tiny microlenses having ultra-short focal lengths and larger numerical
aperture with aberration free smaller spot size.

The performance of optical system is limited by the wavelength of light. The
resolution of an optical microscope is ultimately limited by diffraction. This limit is
imposed by a diffraction phenomenon and is usually termed as diffraction limit. The
best resolution for visible wavelengths is around 200 nm, according to the limit
derived by Ernst Abbe [4]. After Abbe’s theory, Rayleigh pointed out that two point
light sources can be resolved (separately imaged) when the center of the Airy disk
(diffraction maximum) generated by one of the sources overlaps with the first
diffraction minimum in the diffraction pattern of the second Airy disk, a condition

known as the Rayleigh criterion [5], described as Equation (1.1)

Ax=0.61-"- (1.1)
NA

where Ax is the smallest distance distinguishable between two objects, A is the

wavelength of light applied and NA is the numerical aperture of the lens.
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In case of lithography, the optical resolution based on Rayleigh formula:

AX = Klﬁ (1.2)

where xj is optical system specific process factor.

It is clear that, with the choice of a shorter operating wavelength in the range
extreme ultraviolet (EUV) to deep ultraviolet (DUV), desired nanometric features can
be achieved. Intel has recently reported reaching a resolution of 15 nm using
quadruple patterning at 193 nm wavelength. However, the choice of the illumination
wavelength in shorter wavelengths regime means more complicated optics. The
reliability of the source at such short wavelengths from the point of the spectral purity,
power and stability is a matter of concern. The costs associated with the extra
processing steps are considerable and thus constraining cost-effectiveness of the
approach.

Increasing NA of the system improves resolution. Thus, the resolution of
conventional lens can be enhanced by immersion technique wherein high refractive
index liquids are used thereby increasing effective NA of the system [6, 7]. However,
such approach is limited by choice of high index liquids.

Near-field scanning optical microscopy (NSOM) or electron beam (e-beam)
microscopy/lithography approaches are not limited by conventional diffraction limit.
However, complexity of the system, for example, NSOM has a practically nanometer
scale working distance and an extremely small depth of field, and high cost associated
with e-beam source often restricts the application. Further, for high resolution images
or large specimen areas scan times are extremely large due to point-by-point scanning.

This poses limit on using for mass production measurements.
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It is evident that sub-wavelength focal spots cannot be formed through
conventional focusing using a lens system or microscope objective. There is need of
novel, compact, cost-effective optical focusing elements, which can be easily
integrated into the optoelectronic systems. The thesis aims at exploring compact
optical elements in order to assist laser beam generation and shaping so as to cater

growing demand for compact devices needed for miniaturized systems.

1.2 Case for Subwavelength Diffractive Optics

The uses of diffractive elements for near-field imaging of visible light have been
demonstrated by Marks et al [8]. They proposed reconstruction of images by
diffractive elements like Fresnel lens with the aim to improve signal-to-noise ratio of
the near-field imaging as well as to enable parallel measurement. Hence, it is believed
that the realization of subwavelength focusing well below the diffraction limit with
diffractive elements can contribute to the miniaturization of photonic devices and
systems.

With their unique properties, diffractive optics can improve optical systems by
increasing their reliability, robustness, and functional integration, while reducing their
effective size (see Figure 1.1). Rather than being refracted at continuous surface
profiles, in diffractive optical elements (DOE) light is diffracted at the periodic
microstructure of the element. Thus, optical fields are changed by means of diffraction
through zones of microscale features formed on a surface. Periodicity and spatial
structure determines the optical performance of the diffractive elements.

As the most popular optical components, lenses are widely used in applications
that range from imaging to focusing. Conventional dielectric lenses perform beam

shaping via refraction of light at curved surfaces with index contrast. In the convention
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of wave optics, lens provides necessary phase retardation to the optical fields
originating from infinitesimal dipole elements assumed to be continuously distributed
on the exit surface of a lens. Such lenses i.e. refractive optical elements (ROE) are
advantageous for broadband devices as they have lower wavelength sensitivity
compared to diffractive optics. In addition, it is comparatively easier to realize large

numerical apertures, and, in general, a high light efficiency.

(@) ==

C___ X <

Figure 1.1 Advantage of diffractive optics over refractive optics in achieving

compact devices (a) a prism (b) a lens [9].

However, the capability of conventional dielectric lenses deteriorates in scaling
down to a wavelength or subwavelength range and the behavior deviates from the
prediction by diffraction theories [10, 11]. This is a cause of concern with applications
demanding very short focal lengths especially in the subwavelength regime. Although,
recently Lee et al [12] proposed self-assembled nanoscale spherical lenses for near-
field focusing, the proposed approach is challenging from the fabrication and system
integration point of view. Fabrication of refractive microlenses is generally based on
some (analog) physical process, such as mass transport due to surface tension and
diffusion. Due to the analog nature of most fabrication techniques used for ROEs,

their fabrication is often more difficult compared to the fabrication of diffractive
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optics, since the process parameters need to be precisely controlled in order to achieve
good reproducibility and uniformity. Furthermore, process and geometrical parameters
are usually confined to certain ranges, thus leading to restrictions in design and
geometry.

On the other hand, diffractive elements can be fabricated by planar techniques
that are reliable and low cost. Diffractive elements can be designed to operate at any
wavelength while refractive elements are constrained at short wavelengths by material
transmission properties.

One interesting class of diffractive optics has critical dimensions smaller than
the wavelength of the light with which they are designed to interact. Advances in
micro-lithography, laser-beam writing, inductively coupled plasma writing, reactive
ion etching, and e-beam writing have made it possible to produce diffractive elements
with smaller features. One of the most significant results has been the high diffraction
efficiencies produced by binary diffractive elements that have subwavelength features.
For example, in contrast to the scalar theory prediction of 40% diffraction efficiency
for binary elements, binary subwavelength elements with efficiencies over 80% were
predicted [13] and demonstrated [14] in 1990s.

Recently, diffractive elements based on Fresnel zone plate (FZP) structures are
receiving wider attention over a wide range of electromagnetic spectrum. FZP is an
old topic in optics. Historically, FZP was proposed by Rayleigh in an unpublished
work. However, first published work on FZP has been traced to Soret. Thus, FZP is
also termed as Soret lens. It has not enjoyed much popularity in the optical systems at

visible and infrared regime earlier because of following disadvantages [15]:

e Their light-collection efficiency is poor (only 1/n* of the power incident on the

zone plate participates in forming the primary image).
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e They suffer from high background losses (1/4 of the light incident is
undiffracted and creates a continuous background in the image plane).
However, FZP structure parameters are easy to modulate in order to provide focal
lengths as per requirements. Further, while using FZP, material absorption is not a
significant problem, since they can be fabricated in very thin plates, or even
membranes. This fact, as well as their diffractive nature, enables zone plates to operate
at any wavelength. Even neutral atoms have shown to be focused using FZP structures

[16].
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Figure 1.2 Fresnel zone plate applications in (a) high resolution soft X-ray
microscopy [17] and (b) high resolution mask-less lithography (Zone-plate-array
lithography, ZPAL) [18].
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FZP structure has been used in obtaining spatial resolution down to 15 nm with
soft X-ray microscopy [17]. High NA FZPs have been reported to be most feasible
optical element in mask-less lithography with deep UV radiation [18, 19] (see Figure
1.2). In the quest of super-resolution, surface plasmon based FZP structures are used in
in-plane [20] as well as out-of-plane [21] near-field focusing under optical
wavelengths. With optical wavelengths, for near-field focusing, FZP features reach
subwavelength dimensions and thus bring up novel focusing characteristics. In this
thesis, emphasis has been put on subwavelength FZP for near-field focusing under

optical wavelengths.

1.3 Thesis Objectives and Scope

The thesis aims at achieving following objectives:

e Design and analysis of planar subwavelength diffractive optical elements for
near-field focusing and laser cavity.

e Fabrication, optical characterization and study of related issues of the optical
elements.

In order to attain the objective, the scope of the work is as described below:

e A critical study of a prior art on devices proposed for near-field focusing. This
will mainly include structures based on surface plasmon polaritons (SPP).

e Investigation of near-field behavior of FZP structure with high numerical
aperture and exploring the possibility of subwavelength focusing with FZP
structures.

e Study of polarization effects on focal spot profile with the use of high
numerical aperture FZP and development of simplified model to predict the

behavior.
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e Experimental demonstration of optical performance of proposed FZP
structures. Focused ion beam (FIB) will be used for fabrication and near-field
optical microscope (NSOM) to ascertain focusing behavior.

e Design and analysis of subwavelength grating as reflectors in realizing laser

cavity.

1.4 Research Approach and Thesis Outline

Chapter 2 presents a brief review of the literature on plasmonic subwavelength
optical elements for focusing, Fresnel zone plates and its modeling. The research
begins with the investigation of amplitude Fresnel zone plates for focusing in the near-
field i.e. with focal lengths comparable to incident illumination and possibility of
using phase zone plates for obtaining improved diffraction efficiency (Chapter 3).
Vector nature of light i.e. incident polarization plays a crucial role in defining focal
spot profile for zone plates with very high numerical aperture. Chapter 4 presents a
simplified modeling of phase zone plates to account for vector nature of light and
optimizes zone plate design to improve rotational asymmetry under linearly polarized
illumination. For attaining perfect rotational symmetry of a focal spot, use of radial
polarization is demonstrated. Experiments are then carried out to verify the focusing
characteristic of Fresnel zone plates. In Chapter 5, fabrication and characterization
issues of zone plates are discussed. Focused ion beam (FIB) technology is employed to
carry out fabrication of zone plate structures. Optical characterization is carried out
with the use of near-field scanning microscope (NSOM). In addition to beam focusing,
high-index-contrast grating (HCG) are studied with application to reflectors in laser
cavities. Polarization insensitive 2D grating is designed and shown to be integrated
with surface-emitting laser in Chapter 6. Conclusions are drawn in Chapter 7 and

further research directions are given.



Chapter 2

Literature Review

"But I don't want to go among mad people," said Alice.

"Oh, you can't help that," said the cat. "We're all mad here."

This chapter presents a review of the some of the relevant work on use of
subwavelength structures, particularly structures exploiting surface plasmon polaritons
(SPP), for focusing beyond diffraction limit, use of Fresnel zone plates for focusing

and its modeling.

2.1 Overcoming the Diffraction Barrier

The resolving power of an optical system depends on the bandwidth of spatial
frequencies (4k;) that are collected by the optical system. If two point sources are

separated by a distance Ar in the object plane [22]:

AkAr >1 (2.1)

The upper bound for 4k, depends on the wavenumber k = (24/A)n, where n is
refractive index of the object medium, as spatial frequencies associated with the

evanescent waves are decayed in the far-field.

10
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Thus, a resolution can not be better than

Min[Ar”]:ﬁ (2.2)

However, Abbe’s or Rayleigh’s formulations are less optimistic (see Equation
(1.1)). It must be noted that Rayleigh’s formulation is based on a grating spectrometer,
and not on an optical microscope. It is clear from Equation (2.1) that there is no limit
to optical resolution provided the bandwidth Ak is arbitrarily large. Thus, in order to
break the diffraction barrier, high spatial frequency evanescent field components must
be considered.

By placing an intimate-contact pre-patterned photomask, the optical near-field
with high resolution details may be recorded [23]. In this case, high resolution is
achieved at the expense of an inflexible and costly photomask and the high probability
of contamination of the contacted surfaces. Furthermore, work by Pendry [24]
introduced a concept of negative refractive index slab materials (artificial left-handed
materials or meta-materials) to act as a perfect lens by focusing both the near- and far-
field components emanating from a source in the microwave regime. However, in the
optical regime, fabrication of artificial left-handed materials is still a challenge [25].

Surface plasmons (SPs) effect, discussed in the pioneering work of Ritchie [26]
several decades ago, exhibits unique optical properties as the result of the resonant
interaction between the surface charges oscillation and the incident electromagnetic
wave. Surface plasmon resonance (SPR) is a quantum optical-electrical phenomenon
arising from the interaction of light with a metal surface. Under certain conditions the
energy carried by photons of light is transferred to packets of electrons, called

plasmons, on a metal’s surface. Energy transfer occurs only at a specific resonance

11
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wavelength of light. Surface plasmons (SPs) provide the opportunity to confine light to
very small dimensions.

With the assistance of SPR extraordinary far-field transmission of light via
periodic arrays [27-29] of subwavelength apertures or single hole perforated in
metallic films has been demonstrated. Light emerging from a subwavelength aperture
is normally fully diffracted in all directions. It has been shown [30, 31] that this
radiation pattern could be compressed into a narrow beam by patterning the surface
immediately surrounding the exit plane of the aperture. In the directions perpendicular
to the interface, the SPP intensity decays exponentially within less than 100 nm,
whereas the SPP can propagate along the interface over distances approaching 1 mm
[32]. Further study concentrates on beam shaping using the nanostructures to make a
device for nano-focusing. However, to realize a true super-resolution
imaging/focusing, one of the challenges is to devise a special coupling mechanism to
convert a large band of the enhanced evanescent waves or SPP wave to propagation

waves in the free space.

2.1.1 Subwavelength Structures for Focusing Based on

Surface/Evanescent Waves

It is possible to confine surface plasmons along the surface with the use of
subwavelength structures. Surface plasmons can be focused along the surface through
reflection by surface defects via Bragg scattering or with the introduction of nano-slits
to excite SPP along specific direction. In this section, a prior art on such
subwavelength structures for SPP focusing is reviewed.

Liu et al [33, 34] used circular and elliptical structures to directionally excite

the SPs toward the focus points. Nomura et al [35] proposed an optical far-/near-field

12
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conversion device that can both excite SPs and focus it into a nanodot coupler. With
an arc shaped hole array (see Figure 2.1) fabricated with FIB machining into Ag film,
Yin et al [36] showed that SPP can be focused into an intense spot with subwavelength
width. In this case, nanoholes (diameter 200 nm) act as a point like source for SPP,
whose constructive interference gives rise to focusing. Longitudinal and transverse

intensity profiles shows FWHM of 1400 and 380 nm.

(b)

FWHM = 380 nm

Figure 2.1 (a) SEM image of the 50 nm Ag film containing 200 nm diameter holes
arranged on a quarter circle with a 5 um radius (b) NSOM image taken at 532 nm

incident wavelength and horizontal polarization (Yin et al [36]).

Excitation of surface plasmon porlariton (SPP) with subwavelength metallic
structures and subsequent decoupling into radiation modes has been proposed by Sun
et al [37]. With a suitable structure, radiated beam can be collimated or focused. In this
section, some of the approaches to achieve beam focusing out of plane of focusing
element with the assistance of SPP are reviewed.

Since the propagation constant of the SPP depends on the width of the slit,
SPPs passing through different width sub-wavelength slits experience different
retardations. When this property is used appropriately, the phase of the light
transmitted through the slit can be modulated with specifically designed widths and

light from slits converges in free space, as shown in Figure 2.2. The phase profile

13
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() at position x to focus emitted light at a focal length f can be obtained according to

the equal optical length principle as:

2 2
<D(x):2n7r+272f _ 2z f/l X 2.3)

Min et al [38] extended the nano-slit configuration by embedding a Kerr
nonlinear material in metallic slit array to actively control the output beam. Nonlinear
materials exhibit permittivity as a function of illumination intensity. By varying the
illumination intensity, phase retardation through individual slits is shown to be
manipulated and thus giving rise to different positions of focus. In other words, the

focal length can be simply controlled by the intensity or beam waists of incident light.
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Figure 2.2 (a) A nano-slit lens comprising of a nano-slit array with different width
formed on thin metallic film (b) FDTD simulated Poynting vector distribution after

focusing with nano-slit lens. (Shi et al [39])

Phase modulation across the grooves can be accomplished by modifying the
groove depth profile, similar to a nano-slit array with different widths. The relative
phase of the light at the center of the groove exit also increases with increasing groove

depth, and it varies periodically when the groove depth becomes deeper. As a result,
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desired phase profile can be reached so as to yield constructive inference at the focal
point.

Fu et al [40-42] introduced depth-tuned surface corrugations for the purpose of
beam shaping. Figure 2.3 shows a symmetrical nanostructure having 7 slits for
enhanced SPP. This nanostructure was used in a reflection mode. Transmission was
reported to be as high as 8.1% with beam spot size of ~ 600 nm. However, the depth

tuning did not reveal any significant change in the spot size.
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Figure 2.3 (a) Symmetrical nanostructure for enhanced SPR (b) Cross section of the

beam profile for the corrugation with tuned depth and 60-nm constant groove depth at

a distance of z =1 um, respectively. Beam spot size ¢ at FWHM is ~ 600 nm (Fu et al

[40]).

Shi et al [43] have further shown focal length of groove based structure can be
modulated by tuning of groove depths. The standing SPP waves in the subwavelength
groove modulate relative phase distribution in the output surface depending on the
groove depth distribution profile as shown in Figure 2.4(a). Consequently, focal length
and spot size can be modulated (Figure 2.4(b-d)).

A subwavelength slit surrounded by dielectric grating with varying periods can
be designed to form a beam spot at the desired focal point from the metal substrate, as
shown by Kim et al [44]. The direction of the radiation fields generated by SPPs is

changed by adjusting the distances and widths of adjacent surface gratings, resulting in
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the chirped surface gratings as shown in Figure 2.5. This approach is different from
the nano-slit configuration (Figure 2.2) or Fresnel zone plate configuration as it
manipulates the side coupling fields or radiation fields into the free space, while the

Fresnel zone plate controls the transmitted fields through its constituting components.

focus (microns)

o ©
g g
WHM of

=3

o

@
E

>
o
-

fed=0nm

Figure 2.4 (a) A nanostructure comprising of a single subwavelength slit in Ag
surrounded by grooves with traced depth profile. (b) Focal length and spot size
dependence on depth profile. FDTD simulated |Hy|2 distribution for (c) structure I and
(d) structure I1. (Shi et al [43]).
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Figure 2.5 (a) Subwavelength slit surrounded by chirped dielectric surface gratings
(b) The focusing intensity distribution (Kim et al [44]).
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Almost all plasmonic nanostructures proposed are investigated as 2D element
i.e. dimensions along third dimension are assumed to infinite. In other words, focusing
characteristics along third dimension are not taken into account and focusing is
essentially on a line rather than at a point. Recent work by Wang et al [45, 46]
addresses this issue wherein a concept of depth-tuned 2D structures is extended to
third dimension resulting in central slit surrounded by annular grooves with modulated

depths. Such annular lens can focus at a point.

2.1.2 Subwavelength Structures for Beam Focusing
without Evanescent Waves

Recovery of evanescent field may not be necessary in order to achieve subwavelength
resolution in the far-field. It has been predicted theoretically by Berry and Popescu
[47] that diffraction on a grating structure could create subwavelength localization of
the light that propagate further into the far-field than evanescent waves. This was
attributed to a phenomenon called super-oscillations wherein band-limited functions
are able to oscillate arbitrarily faster than the highest Fourier components they contain.

Huang et al [48] have come with a quasi-periodic array of nanoholes in a metal
screen that can concentrate optical energy into hot spots and form subwavelength spots
at distances of a few tens of wavelengths (far-field) away from the array, under plane
wave illumination. The subwavelength spots can be directly imaged by a conventional
optical microscope and mapped into the far-field with high amplification. As shown in
Figure 2.6(c), better resolution beyond the diffraction limit is attained, however, with

the decrease in intensity of a focal spot.
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Figure 2.6  Quasi-periodic array of nanoholes acts as (a) a light concentrator
producing hot-spot foci (b) a lens imaging two closely spaced optical point-sources.
(c) Dependence of resolution and focusing intensity on a height (h) above the nanohole
array. (Huang et al [49, 50]).

Utilizing super-oscillation theory, Wang et al [51] organized micro/nano fibers
(MNFs) in a circle array to produce original super-oscillations and obtain a
subwavelength focusing spot in the far-field as shown in Figure 2.7. The optimized

MNF array was shown to obtain a subwavelength focusing spot with FWHM of 0.431

at a distance of 94 from the endfaces of MNFs.
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Figure 2.7 (a) Micro-nano fiber array (MNF) (b) Focusing by MNF array in the far-
field (c) Subwavelength focusing characteristics of focal spot (XX) (Wang et al [51]).

2.2 Fresnel Zone Plates

The Fresnel zone plate can be treated as a hologram formed by two point
sources as shown in Figure 2.8. The wavefront from P may be thought of to be made
up of a set of half-wavelength zones by spherical wavefronts with origin at P’ and
differing in radii by 1/2 (i.e. by phase 7z). Thus, each alternate zone acts as a source of
wavelets according to Huygen’s principle, which add up constructively to produce a
focal point. Now, a diffractive focusing structure can be easily created by constructing
concentric circles with radii defined. As shown in Figure 2.8, when alternate zones are
made opaque, it is called a Fresnel or an amplitude zone plate. A positive zone plate is
one with a transparent center as opposed to a negative zone plate whose center is

opaque.
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Figure 2.8 (a) Construction of Fresnel zones. Amplitude or Fresnel zone plates: (b)

positive zone plate (c) negative zone plate.

2.3 Modeling of Fresnel Zone Plates

2.3.1 Scalar Approach
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Figure 2.9 Geometry of diffraction aperture consisting of FZP and observation

plane. (p, §) are polar co-ordinates of a point in FZP plane.
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Based on the basic diffraction formulations derived in Appendix A for an
arbitrary aperture, focusing characteristics for FZPs are derived. For this purpose, the
zone plate can be considered to be contained in the circular aperture as shown in
Figure 2.9. The diffraction patterns of the zone plates are calculated by summation of
the diffracted fields of the individual rings. Each ring is considered as the difference
between two circular apertures. If F represents an integrand of the appropriate
diffraction theory applied, we can write for amplitude zone plates with N Fresnel

Zones:

N—1Pmu 27

U(P)=> [ [Fdpdo (2.4)

m=l 5. 0

Similarly, we can write for phase zone plates:

N-1 Pms 27

U(P)=>(-)™" [ [Fdpdo (2.5)

m=1 Pn 0
where m’ = 0, if the first zone has a z phase shift or else m’=1.
For the FZPs reported in the literature, paraxial approximations, Fresnel or
Fraunhofer approximations are invoked in order to simplify the analysis. Diffraction

pattern in the plane of observation depends on the distance of the observation plane

from the aperture as shown in Figure 2.10.
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Figure 2.10  lllustration of validity regions for different scalar diffraction theories

Stigliani et al [52] used Kirchhoff’s diffraction theory with Fraunhofer
approximation to calculate the diffracted field from a zone plate. Subsequently,
Waldman et al [53] emphasized against using Fraunhofer approximation and
demonstrated that such an approximation would lead to the loss of all focusing
properties of the zone plate. Further, Sun et al [54] have calculated the diffraction
pattern due to FZP using a Fresnel approximation as the focal point of a FZP always
falls in the Fresnel region. They have shown that the focusing properties of FZPs
predicted using Fraunhofer approximations are incorrect except for the resolution
defined by the Rayleigh criterion.

Rayleigh-Sommerfeld formulation (Equation (A.6)) is valid over the entire
space behind the aperture. Exact solution to this integral for circular aperture was
reported by Dubra et al [55]. The other work referred to the exact solution is in the
paper by Osterberg et al [56]. Marathay et al [57] used this complete expression and
reported on-axis irradiance at the principal focus has a sinc? distribution along the z-
axis, a distribution usually associated with the rectangular diffracting geometries. In

the region close to FZP, the secondary maxima display rectangular Fresnel diffraction
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type distributions. Zhang et al [58] have claimed to derive an improved Rayleigh-
Sommerfeld formula and applied to FZP analysis. However, the reported formula is
not a new derivation but the exact integral form of Rayleigh-Sommerfeld formula
(Equation (A.6)).

All the analyses of FZP are based on the diffraction integrals, which are the
integral-form solution of the scalar Helmholtz wave equation. Here, the light wave is
considered as a scalar phenomenon. The purely linear polarized field with only one
electric (or magnetic) field component cannot exist owing to the Maxwell identity A E
= 0. There must be an associated longitudinal field component along the propagation
direction. However, the longitudinal field component can be ignored, provided the
focal spot size is larger than the order of the wavelength. Usually, this condition is
well satisfied for the FZPs working in the spectral regions of soft X-rays and EUV

radiation.

2.3.2 Rigorous Approach

In the X-ray spectral band, zone plates are inevitably thick compared with the
wavelength, so a full-wave theory is required to describe diffraction phenomenon
inside the zone plate volume that determines its optical characteristics. In zone plate,
diffraction analysis is based on a geometrical optical approach, which is valid under
the assumption of optically thin zone structures i.e. it neglects the expansion of zone
structures along the optical axis.

Rigorous solutions have been developed to address a class of high resolution
and efficient zone plates, which necessarily must be optically thick, and having a high
aspect ratio (thickness over the zone width). More accurate dynamical calculations of

the diffraction of zone plates with high aspect-ratios were presented by using a
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parabolic wave equation (PWE) [59, 60] and coupled-wave theory [61, 62]. Analytical
approach based on parabolic wave equation, is more suited for illumination under X-
ray regime. This is because the permittivity ¢ of all materials in X-ray range only
slightly differs from its free-space value: (¢ - 1) < 1. Physically, this causes all
diffraction processes to be unidirectional and almost paraxial in character.
Mathematically [63], this means that each component of the electromagnetic field
Eexp(iat) can be represented as a modulated plane wave E(x, y, z) = u(x, y, z)exp(ikz)
with the slowly varying complex amplitude u(x, y, z).

For the application of coupled-wave analysis, the modulated region needs to be
periodic. The zone plate pattern is subdivided into local regions, which are then
approximated by infinite gratings as shown in Figure 2.11. Such an approximation is
acceptable if zone plate has sufficiently large number of zones. This is because zone
plate has an increasing line density, the local zone period (4 = 2dry) changes slowly
with the zone number m if m is large.

local area:
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Figure 2.11  Zone plate structures approximated by an infinite grating under plane

wave illumination for coupled-wave analysis (Schneider et al [61]).

There have been attempts to model diffractive or Fresnel lens in the visible

regime of illumination [64-67] with a local grating theory. With this approach, a local
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structure of an optical element is assumed as an infinitely extending diffraction
grating. Noponen et al [65] first explicitly noted that the diffractive lens may be
viewed locally as a grating. Their purpose for this approach was to improve the
diffraction efficiency of diffractive lenses. Sheng et al [66] expanded the method for
optimizing two-dimensional circular diffractive lenses. Recently, Ichikawa et al [68]
used a simplified version of local grating theory for the modeling of one-dimensional
micro-Fresnel lenses. It must be noted that the accuracy of the local grating
approximations increases with the number of Fresnel zones of the lens, which is
proportional to the aperture size for a given numerical aperture. However, the local

grating theory becomes questionable for microlenses with only a few zones.
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Figure 2.12  Approximate local linear grating model for diffractive lens (Sheng et al
[66]).
In summary, above approach suffers from following limitations:

e Actual graded-period zone plates are approximated with a periodic diffraction

grating model.

e Actual non-rectangular zone profiles are difficult to incorporate in the method.
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e Unaccounted phase relations give too-optimistic estimate of the overall zone plate
diffraction efficiency.

For finite size and aperiodic diffractive optical elements, Prather et al [69]
developed a vector-based analysis of finite aperiodic diffractive optical elements by
using a boundary integral method (BIM). The treatment has been general and both,
perfectly conducting and homogeneous dielectric, diffractive optical elements are
analyzed. However, the boundary integral equations are based on a suitable integral
equation. This needs an exact Green’s function to be derived, which can be realized
for a homogeneous or discretely inhomogeneous media. Mait et al [70, 71] further
demonstrated a design of binary subwavelength diffractive lens with due consideration
to fabrication limitations like feature size and etch depths. Their approach was based
on the combination of two approximate theories of diffraction, scalar diffraction
theory and effective medium theory, and relies on the area modulation of
subwavelength features. Effective medium theory allows one to predict the refractive
index of a subwavelength structure while with scalar diffraction the phase
transformation of a wave field is predicted. It must be noted that in these works, an
analysis of one-dimensional elements is presented.

3D analysis of finite aperiodic subwavelength 2D diffractive optical elements
using finite-difference time-domain (FDTD) was presented by Mirotznik et al [72].
FDTD offers several advantages over other frequency-domain techniques such as
finite-element method (FEM) and boundary integral methods (BIM):

e FDTD is a direct solution of Maxwell’s equations in time-domain. Consequently, it
is a complete full-wave solution that contains no approximations, apart from
discretization of the computational domain with Yee cells, which would prevent a
correct solution from being reached. FEM and BIM can be plagued by spurious

nonphysical solutions.
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e FDTD is the most general in analyzing structures with variety of materials and
geometries. Structures that contain inhomogeneous, lossy, or even anisotropic
material properties can be easily handled.

e The memory requirements of the FDTD are significantly less than required by
other rigorous methods.

Recently, using FDTD method, Fu et al [21] proposed the use of Ag based FZP for

superfocusing in the visible wavelengths. However, structure design simply follows

conventional design principles of FZP with no consideration to plasmonic coupling to

output radiation.

2.4 Structures Based on FZP

In order to improve FZP performance i.e. to improve diffraction efficiency, resolution,
minimize the presence of side-lobes and achieve ease of fabrication, various designs,
based on FZP, are proposed by several authors. This section takes an overview of
diffractive structures based on FZP addressing specific limitations of FZP.
1. Photon sieves

Kipp et al [73] proposed an element called photon sieve based on FZP
structure. Photon sieves exhibit higher resolution and improved image contrast
compared with traditional diffractive optics such as FZP. A photon sieve is composed
of pinholes arranged in the radial direction such that their center locations correspond
to the open zones of a traditional FZP. Along azimuthal direction, the centers of the
pinholes are randomly located. As shown in Figure 2.13(a), this arrangement makes
the portion of the light diffracted from the pinholes interferes constructively at a focal
point. The focal spot produced by a FZP is due to almost equal contribution by its

zones. However, such contribution drops abruptly to zero beyond the outermost ring
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which leads to strong intensity oscillations in the diffraction pattern leading to
appearance of side-lobes along with central maximum in the focal plane. With a
photon sieve, the number of pinholes per zone can be readily adjusted to yield a
smooth transition which minimizes side-lobes (see Figure 2.13(b)). Further by
introducing randomness in the arrangement of the pinholes on each zone, higher order
foci can be reduced (see Figure 2.13(c)). Other advantage offered by photon sieve is
that, for a given resolution, minimum feature size (hole diameter) may be greater than
the required for FZP with the same resolution. In addition, a photo sieve can be easily

fabricated on standalone films as the holes of the sieve do not have connected regions.
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Figure 2.13  (a) Imaging scheme using photon sieve. (b) Focal spot intensity pattern
by photon sieve and FZP. Note reduced side-lobes and improved spot-size. (c)
Intensity distribution along propagation axis showing suppressed higher-order foci

with the use of photon sieve. (Kipp et al [73]).

Cao and Jahns [74, 75] provided an individual far-field model for photon sieve.
In this model, the far field of a circular pinhole is analytically described by the airy-
pattern distribution. Menon et al [76] has demonstrated the first lithography results that
use high numerical-aperture photon sieves as focusing elements in a scanning-optical-
beam-lithography system. Here, photon sieve with minimum pinhole diameter of 500

nm was used under illumination of 400 nm wavelength. The photon sieve design is
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based on a scalar diffraction theory. All the photon sieves reported so far work in the
far-field region and their minimum hole diameter is larger than the incident
wavelength.

Fu et al [77] proposed a nanopinhole based plasmonic structure (NPPS) for
achieving a super-lens effect by using sub-wavelength pinholes on Au film coated on
the glass substrate. However, no comparison was made with the corresponding FZP
design. Interestingly, apart from the main focal point additional foci are reported along
the propagation direction. This is in contrast with the photon sieves used in the far-
field focusing wherein higher order foci are suppressed.

2. Modified Fresnel zone plates

The focal spot size by FZPs is limited by the smallest achievable outermost
zone width with available fabrication techniques. In order to overcome the fabrication
constraints, Simpson et al [78] suggested the use of a centrally obstructed zone plate,
which mainly reduces the effect of a zero-order radiation and improves resolution.
However, the system is more suited for a point object than extended objects and the
central obstruction leads to a loss in the transmitted energy. In the same paper, they
proposed a concept of composite zone plate which is made up of a small zone plate
and the outer part of a large zone plate with equal outermost zone widths (see Figure
2.14(a)) and resolution obtained was about twice as good when the maximum number
of outer zones is used. The main drawbacks are the long focal length making

instrument long and the presence of side-lobes blurring the image
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:

Figure 2.14  (a) Composite FZP proposed by Simpson et al [78] (b) Fractal zone

(@)

plate structure proposed by Saavendra et al [79].

Motivated by the concept of photon sieves, Cao et al [80, 81] proposed to
modulate zones of the FZP in order to produce a Gaussian focal spot because a
focused Gaussian beam has the advantages of no side-lobes, circular symmetry, long
focal depth, and good beam quality. With a minimum zone width of 30 nm, they have
shown that a Gaussian focal spot with a beam width of 7 nm can be produced for 2.4
nm illumination. It must be noted that the modified FZP design is based on Rayleigh-
Sommerfeld formulation (Equation A.7). The design is more suitable than the photon
sieve owing to its circular symmetry, long focal depth and good beam quality.

Increase in the depth of field and reduction in the chromatic aberration can be
achieved by replacing the periodic function used in the generation of a FZP by a
fractal structure [79]. Fractal zone plates resemble conventional zone plates with some
missing clear zones as shown in Figure 2.14(b). Such fractal zone plates show unique
behavior of multiple foci with internal fractal properties along the optical axis [82].
Thus, the fractal zone plates offer the flexibility to design process to modify the

pattern of multiple foci and their relative amplitudes.
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3. Volume zone plates

Diffracted light from many FZPs can be effectively coupled together to
enhance the intensity at the focal spot. Using this concept, in order to improve
diffraction efficiency of FZPs, Srisungsitthisunti et al [83, 84] proposed volume zone
plates. A volume Fresnel zone plate is essentially a collection of a number of zone
plates or modified zone plates in a volume of a suitable material, such as fused silica
(see Figure 2.15). Each of this zone plate should be carefully designed according to its
position along the optical axis. This is because a volume zone plate should satisfy
focal point matching and phase matching so that all the zone plates focus light exactly

at the same focal point.
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Figure 2.15 A volume zone plate in fused silica [83].

2.5 Polarization Issues in Diffractive Optical Elements

Polarization of an illumination source is an important factor while analyzing the
performance of subwavelength diffractive optical elements. From polarization point of
view, for diffractive lenses, rigorous design approaches were concentrated on TE and

TM state of polarization.
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Noponen et al [64, 65] developed a design procedure for cylindrical diffractive
lenses using a rigorous local grating model and optimized the diffraction efficiencies.
Hirayama et al used boundary element method (BEM) to analyze diffractive
cylindrical lenses of continuous profile and with discrete levels. The response of these
lenses was calculated for TE and TM polarization and higher diffraction efficiencies
were noted with continuous profile lens. The emphasis of the work was on developing
a BEM method and no optimization of the design was carried out. Finlan et al [85]
and Sheng et al [66] proposed a design model for circular diffractive lenses with high
numerical apertures. They used the local grating model to optimize the profiles of
various grating periods simultaneously for both TE and TM polarization. Schmitiz et
al [86, 87] presented a design concept which yields the performance of the lens
independent of incident polarization (TE or TM). In a nutshell, the emphasis of all the
work done was to optimize the design in order to improve diffraction efficiency
regardless of incident polarization. As lens designs were for far-field focusing, no
consideration was given to analyze focal characteristics like depth of focal, focal spot
Size etc.

In contrast to the research focused on achieving polarization independent
diffractive element, work by Hasman et al [88] demonstrated a polarization dependent
diffractive lens. Required geometrical phase is achieved by discrete orientation of the
local subwavelength grating as shown in Figure 2.16. The focusing structure is a
converging lens for incident right-hand circularly polarized beam state, and a
diverging lens for incident left-hand circularly polarized beam. The implementation of
a subwavelength gratings in the visible domain is difficult, however, at longer

wavelengths (1 = 10.6 um) such concept has been successfully implemented [89].
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Figure 2.16 Polarization dependent diffractive lens formed by unique orientation
pattern of subwavelength gratings. Illumination wavelength, 2 =10.6 um. [88]

Feng et al [90] analyzed finite, subwavelength diffractive lenses by using a 2-
dimensional FDTD method. The investigation was carried out for 10 um illumination
wavelength and for TE and TM polarization states. The design approach was based on
the work by Farn et al [13] wherein subwavelength structures were considered as
materials of an equivalent index. As shown in Figure 2.17, binary subwavelength
lenses were found to be more sensitive to the polarization than the continuous profile
lenses owing to vector diffraction nature, multiple scattering and presence of
evanescent waves. Further, diffractive lens design is shown to be tailored in order to

attain an extended depth of focus which is suitable for high precision optical alignment

systems [91].
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Figure 2.17  Focusing characteristics of a continuous profile diffractive lens (a) and
(b); and of a binary subwavelength diffractive lens for TE and TM polarization states.

Illumination wavelength, 2 =10 um [90].

2.6 Summary

From the survey of the literature, following are issues need to be addressed:

1. Plasmonic structures as well as structures based on artificial left-handed
materials (meta-materials) show promise in achieving subwavelength
resolution at optical wavelengths. However, such structures are often difficult
to modulate so as to get focusing out of the surface. Further, fabrication of
meta-materials and plasmonic structures is challenging.

2. Fresnel zone plate structure has been studied extensively over the wide range
of electromagnetic spectrum. However, little consideration has been given on
focusing to achieve ultra-short focal lengths. Focusing performance of zone

plates with focal lengths in the near-field needs to be investigated. Such zone
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plates may open up myriad of interesting properties due to presence of
subwavelength features and high numerical aperture.

3. Most of the models developed to ascertain the focusing characteristics are
based on scalar diffraction theories which are developed under Kirchhoff’s
boundary conditions. Rigorous theories are proposed for design of diffractive
lenses with subwavelength features. However, they are limited to 1D analysis
in the far-field. In the optical wavelengths, behavior of the Fresnel zone plate
with subwavelength features needs to be explored and a complete vectorial
analysis like FDTD seems to be suitable choice for such analysis.

4. There is a very little consideration given to the vector nature of the illumination
i.e. polarization while studying Fresnel zone plates. For a high NA Fresnel
zone plate structure with short focal lengths, polarization may play a critical
role in defining focusing profile.

5. In addition to theoretical analysis, issues with the fabrication of both type of
zone plates i.e. amplitude and phase zone plate need to be investigated. This is
important as high NA zone plates operating in the near-field will have
subwavelength features.

The thesis attempts to address above issues as discussed in the following chapters.
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Chapter 3
Near Field Focusing Behavior of

Fresnel Zone Plates (FZP)

In this chapter, the focusing characteristics of FZPs in the optical wavelength with
different metal coatings are studied in the near-field regime by using a finite-
difference time-domain (FDTD) method. Further, the use of phase zone plates in glass
to achieve a high focusing intensity is investigated. For analysis in this chapter, the

illumination source is assumed to be linearly polarized.

3.1 Influence of Metallic Coating on the Diffraction

Characteristics of FZPs

In this section, we examined the subwavelength focusing characteristics of metal-
coated FZPs. Figure 3.1 shows the schematic of a negative-type FZP (i.e. with central
opaque zone — metallic coating) considered in the analysis. Incident illumination is
linearly polarized with electric field vector directed along the x-axis. FZP is located in

the xy plane and z-axis is the optical axis.
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Figure 3.1 Construction of amplitude Fresnel zone plate (adapted from [92]).

The dimensions of the metallic-coated FZPs are obtained from the classical

equation used in designing conventional FZPs [92] , written as:

212
r = Jmaf + 04 (3.1)
" 4

where m (=1, 2, .....) is an integer, Iy is the radius of the m™ zone, f is the first order

focus of the zone plate and A is the operating wavelength. It must be noted that
Equation (3.1) is based on classical far-field optics wherein focusing phenomenon is
adequately explained based on the interference of diffracted traveling waves. For FZPs
with focal lengths comparable to the incident wavelength and with the presence of
subwavelength features, classical FZP analysis is not applicable in this regime. Under
such conditions, focusing is influenced by presence of the near field. Hence, Equation
(3.1) cannot be assumed to be exact design rule for such FZPs. However, in this work,
as a reference, Equation (3.1) was used to design FZP and focusing behavior of such

classical structures in the near field regime was investigated using a finite-difference
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time-domain (FDTD) method. FDTD method is suitable as it provides rigorous
vectorial solution for a wide range of materials and for arbitrary geometries of
subwavelength dimensions.

The Equation (3.1) is usually simplified when f >> mpaxA as:
r.=ymaif (3.2)
Differentiating Equation 3.2 by m, zone width can be obtained as:

Af
2r (3:3)

Equation (3.2) is a very popular approximation in designing FZPs. However,
validity of such approximation must be assessed in the present analysis. For this
purpose, we calculate deviation between ideal phase profile (by Equation (3.1)) and
approximated (paraxial) phase profile (by Equation (3.2)). The corresponding phase

functions, with a wave-vector k = 27/ 4, can be written as:
D =k (T =\[T7+17)

r2
q)approx =k (Z_fJ

(3.4)
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Figure 3.2 Illustration of Rayleigh criterion showing tolerable wavefront deviation

for the ideal imaging system.

According to the Rayleigh criterion the lens can be considered as ideal if the

maximum path length deviation is smaller than A/4 [9] as shown in Figure 3.2.

A

) O I<k= 3.5
| . (3.5)

approx  * ideal

Using Equations (3.4) and (3.5), a limiting condition on acceptable
combination of diameter of the FZP and corresponding focal lengths can be obtained

as:

2

e LI (36)

Figure 3.3 shows acceptable focal length and maximum FZP diameter
combination with the use Equation (3.6) for illumination wavelength of 633 nm. It can

be deduced that for focal lengths of 0.5 um and 5 um, FZP diameter must not be larger
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than 1.49 um and 7.53 um respectively to use Equation (3.2) for the radii calculations.
However, it can be easily seen for 0.5 um focal length it is impossible to have any
zone within 1.49 um diameter. Hence, in our analysis, we use exact Equation (3.1) for

the design of FZP instead of using approximation.
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Figure 3.3 Plot of maximum FZP diameter and corresponding number of Fresnel
zones as a function of the focal length under paraxial approximation. Illumination

wavelength is 633 nm.

The focusing characteristics of the metal-coated FZPs are then analyzed by a 3-
dimensional finite-difference time-domain (FDTD) method. All FDTD simulations
were carried out using a commercial FDTD solver (Lumerical Inc., Canada). In the
calculations, the mesh size along each axis was set to at least 10 points per smallest
structure size. This ensures that at least 20 points per wavelength can be obtained.
Plane wave source was used for illumination and perfectly matching layer was applied
as the boundary condition. Dielectric properties of materials are defined based on

parameter values in [93].
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The role of SPP in the sub-wavelength focusing characteristics of metal coated
FZPs is studied by using different type of metal coatings. Figure 3.4 plots the electric
field intensities of metal-coated (i.e., Ag, Au, Al, and W) FZPs with focal length, f,
number of zones, m, and illumination wavelength, A, set to 0.5 um, 8, and 633 nm
respectively. The thickness of all the metallic coatings is assumed to be equal to 300
nm. It is observed that the magnitude and profiles of electric field intensity emitted
from FZPs with different metallic coatings are similar. However, the electric field
intensity is slightly lower for the case with W than that with Ag. This may be due to the
relatively large surface absorption of W film at the visible wavelength. As W will not
support SPP in the visible wavelength [94] and all the metal-coated FZPs exhibit
similar diffractive efficiency, this implies that the mechanism of near-field focusing is
independent of the choice of metals. Hence, the above calculations showed that the
superfocusing phenomenon observed in metal-coated FZPs cannot be caused by SPP.

As shown in Figure 3.4, FDTD analysis predicted focal lengths longer than the
designed value used in Equation (3.1) for all the metal-coated FZPs. It is noted that the
depth of focus (DoF) obtained from FDTD method was found to be much larger than
that of its designed value (i.e., DOF = +A4r?/1 where Ar is the outermost zone width of
the FZPs). In the work of Fu et al [21] , the shift of focal length and DoF in FZPs from
their designed values is attributed to the coupling of SPP wave through the cavity

mode.
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Figure 3.4 (a) Plots of intensity distribution of the transmitted electric fields in xz
plane(y = 0): (i)-(iv); yz plane (x = 0): (v)-(viii); and xy (z = f¢): (ix)-(xii). Plots of focal
spot intensities along (b) x (y =0,z=f) (c)y(x=0,z="f)and (d) z(x =y =0)
directions. f; is the focal length obtained from the FDTD simulation. The white boxes

drew in (a) are the cross section of the metal coatings.
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However, it is observed that the underestimation of focal lengths and DoF
occurred for all the materials including W (i.e., W do not support SPP). Hence, it can
be concluded that surface plasmon wave has no role in the shift of focal length and

DoF [95].

3.2 Focusing Characteristics of FZPs

From the above calculations, it is observed that the use of FZPs to achieve near-field
focusing exhibits characteristics that are different to those of conventional zone plates
[95]: There are 1) deviations in the estimation of focal length, f, and depth of focus,
DoF, from classical theory, i.e., Equation (3.1), and 2) suppression of higher order
foci. These focusing characteristics of near-field FZPs are discussed further in the

following sub-sections.

3.2.1 The Influence of Zone Numbers on the Focal Length of

FZPs

Figure 3.5 plots the shift of focal length (i.e., difference between the FDTD calculation
and designed focal length) as a function of the designed focal lengths for the Ag coated
FZPs with different N (= 4, 8 and 12). It is observed that the shift increases with the
decrease of the designed focal length. In addition, the shift reduces with the increase of
N especially for the case with short designed focal length. Figure 3.5 also plots the
shift of focal length for W-coated FZP with N values of 8 and 12. It is noted that the
corresponding shift of focal length decreases with the increase of N so that both Ag
and W coated FZPs have similar diffraction characteristics. However, it is found that

the DoF is less dependent on the zone number.
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Focal length of FZP is governed by phase-shifts through successive zones. As
per design the rule given by Equation 3.1, phase shift of 7 is necessary to achieve
focusing at the designed focal length. However, under illumination of subwavlength
zones, evanescent field are generated and these fields couples with emerging waves
from the zones. Thus, phase of waves at the exit surface is not equal to the phase of
waves assumed while deriving the Equation 3.1. Hence, the constructive interference
would not occur exactly at the designed focal length. However, under high NA
focusing conditions, it is difficult to meet the constructive interference at distances less
than the focal length. Hence, focusing occurs at distances higher than the designed

value of the focal length.
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Figure 3.5 Shift of focal length (from its designed values) versus designed focal
lengths (i.e., 0.5 pm, lpm, 2 pm and 5 pum). It is assumed that the wavelength of

incident plane wave is 633 nm and thickness of all metal films is 300 nm.

It is noted that the increase of zone number (i.e., increase of obliquity to the

diffracted field at focus) reduces the shift of focal length even though there is an
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increase of NA. This is because the increase of obliquity reduces the influence of
evanescent fields so that more number of zones may average out the effects of
evanescent fields. In addition, the presence of absorbing metal film greatly reduces the
influence of evanescent fields. Hence, the increase of zone number leads to the
reduction of focal length shifts. For FZPs with focal length of 0.5 um, the shift in focal
length is reduced from 45% to 15% when the zone number is increased from 4 to 12.
Therefore, the shift in focal length from its designed value is due to the omission of
interference effects between the diffracted evanescent and incident waves in the
derivation of Equation (3.1) [96].

As the focal length is increased (i.e. as focal point approaches the far-field) the
focal shift error is reduced. But, the focusing is observed at a distance shorter than the
designed focal length (i.e. negative focal shift error). The phenomenon can be treated
analogous to the focal shifts noted with circular apertures which were numerically
investigated in far-field domain first by Osterberg et al [56]. The amount of focal shits
in these cases is mainly governed by diffracting aperture, focal length and wavelength.
As noted by Li et al [97], the focal shift is a consequence of the combined effects of
interference of Huygens wavelets from all points on the incident wavefront and the
inversed square law of radiation that cause the irradiance maximum to increase and

shift toward the aperture.

3.2.2 The Influence of Metallic Coating Thickness on the

Focal Length and DoF of FZPs

The analysis of conventional zone plates is typically based on the assumption that the
opaque zones have a zero thickness. However, the metallic coating of FZPs used for

subwavelength focusing has a finite thickness which is comparable to the focal length.
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Hence, there is a need to analyze the influence of coating thickness on the focusing
behavior of FZPs. In our study of Ag-coated FZPs, FDTD simulations were carried out
using Ag film thickness varying from 100 to 400 nm. The zone plate is designed to
have 0.5 um focal length and 8 zones. Figure 3.6 depicts the transmitted electric field
intensity from the FZPs with various thickness of Ag along z and x (y direction is at the
focal plane) directions. The inset of Figure 3.6(a) plots the focal length and DoF as a
function of the thickness of Ag. It is observed that the deviation of focal length (from
the designed value) reduces with increasing Ag thickness. The deviation may be due to
the presence of strong coupling of evanescent fields in the thin Ag-coating. On the
other hand, DoF increases with the thickness of Ag-coating. This is because the
increase of Ag-coating thickness is equivalent to the increase of thin metal layers (i.e.,
as the number of thin layers stacked together to form the metallic coating). Hence,
each thin metal layer contributes differently to the diffraction of evanescent waves
along the z-direction. As the focusing planes of each thin layer do not coincide, the
resultant focal spots will be smeared along the z-direction so that the DoF is increased.
The inset of Figure 3.6(b) shows the intensity and full-width half-maximum (FWHM)
of the focal spot versus the thickness of Ag. It is observed that the intensity (FWHM)
of the focal spot increases (decreases) with the decrease of film thickness. This is
because when film thickness reduces, coupling between evanescent fields on both
sides of the films is enhanced such that the focusing intensity is improved.
Consequently FZPs with thin metallic coating have the advantages of better
spatial resolution and larger diffraction efficiency; however, the actual focal length of

FZPs deviates more from the designed focal length.
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Figure 3.6 (a) Profile of electric field intensity (in a.u.) along the z (x =y = 0)

direction. The inset shows focal length and DoF versus Ag thickness. (b) Profile of

electric field intensity (in a.u.) along x (z = f;) direction. Inset plots the peak intensity
and FWHM of the focal spot versus film thickness. The FZPs have focal length of 0.5

pum under the illumination of 633 nm plane wave.
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3.2.3 Suppression of Higher Order Foci

Conventional zone plates (i.e., f >> 1) are known to show additional foci due to the
influence of higher diffraction orders. However, the analysis performed in Section
3.2.2 did not reveal any higher order foci — only one focus point is observed during
near-field focusing. The suppression of higher order foci may be due to the obliquity
factor in large NA zone plates. This is because zone plates with large NA minimize the
light from the outer zones diffracted to the regions near to the center of the zone plates.
Hence, higher order foci cannot be supported. Similar observations have been reported
with large NA zone plates [98, 99]. A simple phase analysis would reveal the
suppression of higher order foci from the metal-coated FZPs. Phase difference, An,

from the m™ zone boundary at any point on the z-axis can be written as

A = \/rj+22;\/rnf_l+zz (37)

g

The total phase difference, A, at a point on the z-axis can then be calculated by
summing An for all the zones. The value of 4 should be an integer in order to obtain
constructive interference at the focus point. Any deviation from an integer would mean
no focusing at that point on the z-axis. Figure 3.7 shows the deviations of phase
difference (from a nearest integer) versus the normalized propagation distance, z/f.
Zero deviation implies a position of constructive interference or a focal point. In the
calculation, the FZPs with various f are assumed to have 8 zones and under the
illumination of 633 nm plane wave. It is observed that only one point on the z-axis
supported constructive interference (i.e., one focus point) for the FZPs with foci equal

to or less than 0.5 mm (NA varies from 0.8 to 1 for the focal length changes from 5
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pum to 0.5 pum respectively). However, higher order foci started to emerge from the

zone plate with focal length equal to or larger than 5 mm (NA = 0.05). This shows that

FZP with large NA used for near-field focusing suppress higher order foci.
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Figure 3.7 Plots of deviations of phase difference (from constructive interference

from all 8 transparent zones) versus z-direction normalized by f.

3.3 Can FZP Structure Support SPP?

It has been demonstrated that the SPP can be used to enhance the transmission of light
through a subwavelength hole surrounded by metallic circular corrugations on Ag film
[30]. Hence, the transmission characteristics through a small hole surrounded by FZP
structure are investigated in order to explore the possibilities of supporting SPP in
metal-coated FZPs. Figure 3.8 compares the FDTD calculated transmission spectra of
subwavelength hole (300 nm in diameter) surrounded with FZP structure (8 zones) and

periodic annular corrugations (with period of 500 and 600 nm, and 8 and 12 rings) on
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both sides of the Ag film. A very weak transmission is observed through the hole with
FZP structure compared to the transmission through the hole with periodic annular
structures, while enhanced transmission peaks are obtained with periodic annular
structures. This is because the annular corrugations serve as a periodical perturbation
to ensure the coupling of incident light with the SPP at the two interfaces of the
symmetrical configuration. This interaction is only possible through the presence of
grating momentum, which obeys the conservation of momentum [100, 101]. For

annular corrugated structure, the coupling condition can be written as:

Rsp =Rr ilar (38)

where Izsp is the surface plasmon wave vector, k, is the component of the incident

wave vector that lies in the plane of the sample. G,(=2xz/A) is a reciprocal wave-
vector where A is the period of the circular corrugation. Equation (3.8) predicts that for
normal incident of plane wave to the annular corrugated structures with A equals to
500 and 600 nm, the corresponding resonant wavelength are 515 and 617 nm,
respectively. This is in close agreement with the observed resonant wavelength (i.e.,
the transmission peaks at 575 and 650 nm) as shown in Figure 3.8. For FZP structure,
periodicity is absent (radius of zones changes as distance from center increases as
shown in Figure 3.1) and there exists a broad spectrum of G . Vvectors corresponding to
each zone (A1, Az, As, ....). With FZP structures, coupling of SPP with propagating
field becomes inefficient when compared with the periodic corrugation having a
unique Gr vector satisfying Equation (3.8). The presence of 3 low intensity peaks

from the FZP transmission pattern shown in Figure 3.8 indicates the influence of broad

spectrum of Gr. Therefore, FZP structure does not have any feature supporting
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surface plasmon resonance. It is confirmed that the SPP is not the mechanism to

achieve subwavelength focusing in FZPs [95].
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Figure 3.8 Plots of transmission spectra versus illumination wavelength through a
hole (of 300 nm in diameter) from a 300 nm thick Ag film surrounded by annular
corrugations (with periodic and FZP structures) with an etch depth of 60 nm on both

sides of the films.

3.4 Improving Diffraction Efficiency with Phase Zone

Plate

Conventional zone plates are known to show poor diffraction efficiency partly due to
the existence of higher order foci. Ideally, 1/z° (~10 %) of the power incident on the
zone plate participates in the formation of principal image [102]. In section 3.3, it is
found that the use of zone plates in the near-field regime gives higher diffraction
efficiencies as a result of the suppression of higher order foci. The diffraction

efficiency of metal-coated FZPs with 0.5 pum focal length can be as high as 40%.
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However, the diffraction efficiency of metal-coated FZPs is still limited by the
presence of opaque zones [103]. Therefore, the opaque zones are replaced with phase-
shifting regions to improve the light collection efficiency [95]. This is possible as the
phase zone plates required no metallic coating to form the opaque zones for the
diffraction of evanesce waves [104]. In this case, it is assumed that the FZP structure is
etched on glass substrate with no opaque zone. The thickness difference arising from
the etch depth provides the required phase difference to achieve constructive
interference for the evanescent fields among the zones. Figure 3.9 plots the electric
field intensity profile at the focal plane (i.e., y = 0 and z = f. where f; is the focal
length obtained from the FDTD simulation) of the FZPs with different focal length and
the corresponding etch depth is assumed to be 300 nm. Focusing at sub-wavelength
scale is observed at an incident wavelength of 633 nm. It is noted that the focusing
patterns are similar to that given in Figure 3.4. However, the maximum transmission
intensity is about 6 times larger than that of the metal-coated FZPs. This is because the
proposed phase zone plates have no opaque zones and the reflection and absorption of
light are significantly reduced. The diffraction efficiency is improved from 40% to
47% for phase zone plates with 0.5 um focal length when compared with that of the
metal-coated FZPs.

Phase difference, A, from a phase zone plate due to the thickness difference, t,

between zone regions can be expressed as
A=—"(ng, -t 3.9
/1 ( sub ) ( )

where ngy, is the refractive index of the substrate material. For phase zone plate with N

zones, intensity at a focus plate is shown to be [103]:
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Figure 3.9 Electric field intensity distribution verses x (y = 0 and z = f;) direction
for phase zone plates with f = 0.5 to 5.0 um etched on glass all with etch depth of 300

nm.

Maximum intensity is achieved with A = z. For glass phase zone plate, the
optimized value of t is approximately 692 nm for an incident wavelength of 633 nm.
Figure 3.10 shows the peak intensity as a function of etch depth for 4 designed focal
lengths. It is observed that the maximum intensity occurs at an etch depth of ~ 690 nm
for the focal length of 5 um. However, the reduction of focal length reduces the
required value of etch depth to achieve maximum intensity. The deviation from
Equation (3.10) for the phase zone plate with small focal length can be understood

from its electric field intensity distribution Figure 3.10.

53



Chapter 3 Near-field Focusing Behavior ...

WV —F——————T——F——T7—————7—
v
~_ Focal length Ty ]

3 gs0] —mos, —

2 250 5 pum |
& —o— 1.0 pm / ]
= 2.0 pm
:5'; 200 - —v— 50 um v ]
=
‘8 150 hd -
= IS
[
w4
= 1004 . _
- o

V/
~
g: 504 ° — g . ® -
/./ —
]
0

T T T T T T T T T T T T I T I
100 200 300 400 500 600 700 800
Etch depth (nm)

Figure 3.10  Peak electric field intensity (in a.u.) versus etch depths at focal plane
for focal length equal to 0.5 um, 1 pm, 2 um and 5 pm. Fresnel zone structure (8
zones) was etched on glass substrate for 100 — 800 nm depths. Wavelength of incident

plane wave is 633 nm.

Figure 3.11 shows the electric field intensity distribution along the x and z-
directions of the phase zone plates with a focal length of 0.5 um. The change in the
field distribution along the z-direction with increasing etch depth is observed to follow
an irregular trend. The electric field intensity at the focal point increases when the etch
depth is increased from 100 nm, which reaches a maximum value when the etch depth
is 300 nm. By contrast, Equation (3.10) predicts a maximum focusing intensity at an
etch depth of 692 nm. This can be explained by the phenomenon of diffracted

evanescent fields operating in the near-field regime.
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Figure 3.11  Electric field intensity distribution (in a.u.) along the x (y =0 and z = f;)

direction. The inset shows peak electric field intensity and focal spot size (FWHM) at
various etch depths (b) Electric field intensity distribution (a.u.) along the z-direction
(x =y = 0). Inset shows actual focal length and DoF versus etch depths. Fresnel zone

structure was etched on glass substrate for 100 — 692 nm depths. Wavelength of

incident plane wave is 633 nm. 8 zones are designed for focusing at 0.5 pum.
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For higher etch depths, evanescent fields undergo multiple scattering and coupling
with radiating fields becomes inefficient. This effect leads to the observed anomaly
beyond 300 nm etch depth.

Figure 3.12 shows the electric field intensity distribution along the x and z-
directions direction of the phase zone plates with a focal length of 5 um. The focusing
intensity is found to be maximized when the etch depth approaches its ideal value of
692 nm. The focal spot is found to move towards the zone plate as the etch depth is
increased and the corresponding FWHM, as shown in the inset of Figure 3.12(a),
remains constant for etch depths greater than 380 nm. The focusing characteristics are
degraded with deviation of etch depth from its ideal value. This is due to the

deviations in the induce phase errors and all zero-order radiation cannot be cancelled.
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Figure 3.12  (a) Electric field intensity distribution (in a.u.) along the x (y = 0 and z
= f.) direction. The inset shows peak electric field intensity and focal spot size
(FWHM) at various etch depths (b) Electric field intensity distribution (a.u.) along the
z-direction (x =y = 0). Inset shows actual focal length and DoF versus etch depths.
Fresnel zone structure was etched on glass substrate for 100 — 692 nm depths.
Wavelength of incident plane wave is 633 nm. 8 zones are designed for focusing at 5

pm.
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3.5 Summary

The focusing behavior of FZPs with a classical design is investigated for their near-
field focusing. The focusing characteristics are affected by the presence of near fields
which is in contrast with zone plates in the far field wherein focusing is mainly due to
the interference of diffracted component of the field. It is found that the use of FZPs
for near-field focusing exhibits unique characteristics of 1) focal shift, 2) elongated
DoF and 3) the suppression of higher order foci [95]. The shift of focal length and
elongation of DoF can be optimized by controlling the number of zones and the choice
of film thickness of the FZPs. In general, the use of Ag-coated FZPs with 12 zones and
Ag thickness of more than 400 nm minimize the influence of focal shift. However, a
larger metal thickness leads to reduction of focusing intensity and an elongation of
DoF. On the other hand, it is observed that the use of FZPs for near-field focusing
shows no higher order foci so that the corresponding diffraction efficiency can be
improved to ~40%. However, it is necessary for the focal length of the FZPs to be less
than ~10 times the operating wavelength. This work shows that the unique
characteristics of FZPs are not due to the influence of SPP. This is because the FZPs
do not have any feature supporting surface plasmon resonance. Instead, the unique
characteristics are more appropriately explained by the diffraction of evanescent fields
inside the subwavelength feature of the transparent zones in FZPs.

The use of phase zone plates to achieve subwavelength focusing with high
transmission efficiency is also investigated [95]. The phase zone plates can be
obtained by realizing the required zones through etching on the glass substrate so that
no opaque coating is required. It is found that the phase zone plates can support high-
intensity focal spot with subwavelength size. The peak transmission power is found to

be 5 times higher than those from Ag-coated FZPs.
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Chapter 4
Subwavelength Focusing Behavior of High
Numerical-Aperture Phase Fresnel Zone

Plates under various Polarization States

This chapter concentrates on polarization effects due to large numerical aperture (NA)
on the focusing characteristics of a binary phase Fresnel zone plate (FZP). An
analytical model of vector formalism, which is based on Richards and Wolf’s
electromagnetic diffraction theory, is developed to understand the focusing mechanism
of phase FZPs. The analytical model is verified by comparing with the exact results

obtained from the finite-different time-domain (FDTD) simulation.

4.1 Theoretical Formulation

Owing to the vector nature of light, focal spot of high NA focusing systems suffer
from a rotational asymmetry under the illumination of linear polarized (LP) light [105,
106]. Hence, the use of radially polarized light has been proposed to attain rotationally
symmetric focusing [107-109]. It is expected that phase FZPs under the illumination of
radially polarized light could produce a rotationally symmetric focusing spot with
better diffraction efficiency than that obtained from the linearly polarized light. On the
other hand, in order to ascertain and understand the physics behind the focusing

behavior of high NA phase FZPs, an analytical model is required to be developed.
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Such an analytical model will also be useful to analyze and design phase FZPs for
better focusing characteristics. Rigorous diffraction theories are well established in
modeling grating structures [66, 110]. However, analytical model based on rigorous
diffraction theory to study focusing characteristics of phase FZP with a high NA and
small number of zones will be too complex to formulate.

The theory developed by Richards and Wolf [105] can be extended to study the
focusing characteristics of binary phase FZPs [111]. This can be done by selecting the
successive zones of the phase FZPs to transform input wave into spherical wavefront
[92]. Figure 4.1 shows the cross-section schematic of a phase FZP and its focusing
parameters. The analytical expressions of the focal spot obtained from the phase FZP
can be deduced by using Kirchhoff’s boundary conditions. The influence of
inhomogeneous waves (i.e., evanescent waves) is also ignored in the derivation. This
assumption is reasonable as the diffraction waves are the dominant fields of the focal
spot. Hence, the components of electric field vector near the focal region can be

written as [105]:

m

X won cos @ +sin® g(1—cos &)
E=|E, :%AJ.J.BCGXD(ik(gor)) (cos@—1)singcos¢g |[sinddadg (4.1)
o e —sin@cos ¢

m

z

where A = kflo/2, |y denotes the relative amplitude of the field, k (= 24/4) is a wave
vector and f is a focal length. B is a factor accounting for the energy conservation in
the transmission of field through the focusing system and C is a phase transfer
function. Angle ¢ is the azimuth angle as defined in Figure 4.1. ¢ = O represents the
polarization direction of the incident light. Vector s is the propagation direction of a

light ray and vector r is the position vector on the focal plane at z = 0.
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Figure 4.1 Schematic cross section of a binary phase FZP.

Integrations over ¢ are achieved using following identity:

Jjﬂ cos ngexp(ikr cos(¢— y))d¢ =27i"J (r)cosny (4.2)

Jn(p) is the Bessel function of the first kind and n is the order of the Bessel function.

If the phase FZP is illuminated by a linearly polarized light, normalized
cylindrical co-ordinates u = kzsin“a and v = krsina can be used to simplify Equation

(4.1) as shown below:
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E, =—1A(l, + 1, cos 2¢)

E, =—iAl,sin 2 (4.3)

E, =-2Al cos¢

where lo , |1 and I, are integrals defined as:

Iy :jBCsin 49(1+C059)J0(V?"ng)exp(lu_cgse]de
0 sina sin“ a

I, =

O 3]

BCsinzeJl(vsmejexp('ucosejde (4.4)

sina sin «

I, =

O =3 R

BCsing(1-cosd)Jd, [vgn ejexp(lu_cng)dQ
sina sin“a

The coefficient B (= cos >?@) takes into account of the diffractive lensing for a
diffractive zone plate [112]. To calculate the phase transfer function, C, the phase front
due to the phase FZP can be treated as a combination of phase modulation introduced
by two zone plates. Hence, A can be approximated by A ~ k(n —1)t where n is the
refractive index of the FZP and t is the etch depth [103]. If the FZP has N full zones
and 6 (wherej = 0, 1,..., 2N) is the angle subtended by Fresnel zone boundaries (as

indicated in Figure 4.1), it can be shown that

exp(i(A—o))expliz) for6,,,<0<6,,,
c- (4.5)
exp(—id)exp(ir) for 0, , <0 <6,,

where N is an integer and & = kf/cos(6) — kf [113].
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4.2 Rotationally Asymmetry of a Focal Spot under High

NA Phase FZP

In the following investigation, it is assumed that the phase FZP is formed by etching 8
zones on a SiO; substrate (i.e., N=1, 2, ..., 8) with 4= zand f = 0.5 um (i.e., NA =
0.996). Figure 4.2(a) plots the intensity profiles of all the electric field components
observed at the focal plane of the phase FZP calculated from Equation (4.3) under the
illumination of a linearly polarized (polarized along the x-axis) plane wave with A4 =
633 nm. It is noted that the total intensity profile, |E[*(= |[Ex + |Ey* + |E,%), is mainly
determined by E, and E,. The profile of |E|? at the focal plane resembled the shape of a
bone along the x-axis. The beamwidth is found to be 555 nm (0.87A) and 250 nm
(0.392) along the x- and y- axis respectively. This is because although all the parallel
electric field vectors can add up arithmetically like scalars in the plane perpendicular
to the polarization plane (i.e., ¢ = x/2) as shown in the Figure 4.2(b-c), the field
vectors in the other planes (0 < ¢ < z/2) are partially canceled. As a result, the focal
spot bears no longer rotational symmetry. In addition, the incident rays are severely
bended after focused by the high NA system so that the field intensity along the z-axis
is increased. This indicated that the linearly polarized (Ex) incident field gets
‘depolarized’ (i.e. electric field at the focus has significant Ex and E, components)

after focusing [111].

63



Chapter 4 Subwavelength Focusing Behavior...
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Figure 4.2 (a) Near-field focusing characteristics of a phase FZP with 8 zones (NA
= 0.996) under linearly polarized illumination obtained from the analytical model.
Electric field intensity distribution shown at the focal plane of the phase FZP with A4 =
7. (b) Polarization vector distribution of a linearly polarized source. Cross-section
shown is a xy-plane and polarization direction is along x-axis. (c) Polarization vectors

after focusing of a linearly polarized beam by FZP.
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The extent of depolarization depends upon the NA of the system. Figure 4.3
shows the intensity distribution of |E[?, along the x-axis of the focal plane for different
NA values. It is observed that the increase of NA broadens the beamwidth of the focal
spot along the x-axis. This indicated that the degree of depolarization increases with
the increase of NA of the phase FZPs. To characterize the extent of a focal spot

distortion due to depolarization, a “depolarization ratio” is defined as |Ex|*/|E|*.
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Figure 4.3 Plot of |E|? along the x-axis versus different NA.

Figure 4.4 shows the influence of phase difference, 4, on the depolarization
ratio. For a small value of A (i.e., low etch depths), the transformed wavefront
approaches a profile as if it was focused by a low NA system (i.e., less bending of
focused waves along the z-axis). Hence, better symmetric profile of focal spot can be
obtained when compared to that with large value of A (i.e., high etch depth) [111].

However, the value of |E,|* becomes more dominant with the increase of A.
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Figure 4.4 Depolarization ratio against phase difference, A, of the phase FZP for
NA = 0.996.

4.3 Comparison with Exact Calculation with FDTD

Figure 4.2 is re-plotted in Figure 4.5 by using a finite-difference time-domain (FDTD)
method. In the simulation, mesh size is set to 15x15x15 nm® and perfectly matched
layer is used as the boundary conditions. Input source is a 633 nm wavelength linearly
polarized plane wave and the phase FZP is assumed to have an etch depth of 692.5 nm
(i.e., equivalent to A = 7). Figure 4.5 plots the intensity profiles of all the electric field
components observed at the focal plane of the phase FZP. It is noted that the field
distribution calculated from the FDTD method is close to that predicted from the
analytical model. This implies that the analytical model, which does not account for
the inhomogeneous waves, can match well with the FDTD calculation. The ignorance
of inhomogeneous waves in the derivation of the analytical model is shown to be

reasonable.
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1.3

£ ()

Figure 4.5 Near-field focusing characteristics of a phase FZP with 8 zones (NA =
0.996) under linearly polarized illumination obtained from FDTD simulation. Electric
field intensity distribution observed at the focal plane of the phase FZP with etch depth
of 692.5 nm.

Figure 4.6 shows the intensity distribution of |E|%, |Ey and |E,% along the x-
axis of the focal plane for the phase FZP with etch depth of 200 nm and 692.5 nm.
Etch depth of 200 nm (692.5 nm) is equivalent to A4 = 0.29% (1.0%) at wavelength of
633 nm. A strong E, component (i.e., |E*/|Ex* = 0.80) can be seen for the etch depth
equal to 692.5 nm. For the etch depth equal to 200 nm, E, component is weakened
(i.e., |EJ*/|E4* = 0.23). The focal spot, whose beamwidth along the x-axis is reduced to

0.794, is appeared to be more symmetric.
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Plots of |E|?, |Ex|* and |E,|? along the x-axis for the phase FZP with etch

Figure 4.7 plot gives detailed electric field intensity components distribution in

focal plane for a phase zone plane with etch depth t = 200 nm. Total field intensity

profile has a better symmetry when compared with corresponding profile with etch

depth t = 692.5 nm (see Figure 4.5). It must be noted that, E; component can still be

seen with etch depth of 200 nm due to the high NA of the phase FZP. E, field

component is increased but its overall contribution towards the total intensity is still

small and can be neglected. Thus, cross-section of a focal spot is elliptical with larger

spot size along the polarization direction i.e. along x-axis.
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Figure 4.7 Near-field focusing characteristics of a phase FZP with 8 zones (NA =
0.996) under linearly polarized illumination obtained from FDTD simulation. Electric
field intensity distributions observed at the focal plane of the phase FZP with etch
depth of 200 nm.

Figure 4.8 plots the dependence of depolarization ratio on the etch depth of the
phase FZP. It is observed that the depolarization ratio reduces with the decrease of
etch depth. For an etch depth equal to 7 phase-shift, the influence of evanescent waves
is minimized due to the constructive interference of diffraction waves so that the
predicted results are close to that obtained from the FDTD method. For other etch
depths, the proposed model shows deviation from the exact calculation. However, the

overall trend is in agreement with the exact calculation.
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Figure 4.8 Depolarization ratio against etch depth of the phase FZP for NA =
0.996.

High numerical aperture effects can further be reduced by using focused beam
following Gaussian distribution. Gaussian distribution has a Gaussian intensity profile

given as:

2

| =1,exp(-2) (4.6)
W

where w is the half width of the beam to the 1/e® intensity point at some distance from
the waist along the propagation axis, and r is the radial distance from the center of the
beam.

It is evident from Equation (4.6), that most of the energy is concentrated
around center and reduces along radial direction. To investigate further, Gaussian
beams with a FWHM of 4 um and 7 um are considered. Figure 4.9 shows focal spot

size (FWHM) of total field intensity along polarization direction (x-axis) is reduced
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with the reduction in waist diameter of source beam. This is because Gaussian nature
of the source makes lesser amount of energy available for diffraction from outer zones
than from inner zones. Contribution of severely diffracted beams by outer zones is
reduced and thus minimizing the depolarization effect due to presence of |E,J% In the
direction perpendicular to the polarization (y-axis), spot size found to be increasing
with reducing source size. Along y-axis contribution of |E,|* is zero as shown in Figure
4.7. It is interesting to note here that spot size of |E> component of field intensity
found to be increasing with reduction in source size. This suggests that outer zones of
the FZP are important in reducing the focal spot size. However, increasing number of
zones may reduce the spot size of |E,|> component but at the same time, increased NA

leads to increase in |E,|* component and deteriorates the resolution.
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Figure 4.9 Effect of focused Gaussian source size (FWHM) on FWHM of focal

spot. PW: Plane wave.
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A flat-top Gaussian distribution is also investigated. In FDTD calculations, a
flat-top distribution is implemented through the following equation for a super-

Gaussian beam [114]:

=1, exp{—z (L)m} (4.7)
w

For values above m = 50, a flat-top profile is realized. When m = 2, the equation
reduces to Equation 4.6 and Gaussian distribution can be achieved.

Figure 4.10 shows a normalized intensity profiles for beam width (FWHM) of
4 um. Under Gaussian illumination, side lobes are distributed over a wider region due
to interference effect by weakly diffracted field from outer zones. In contrast, with the
flat-hat source, no field is present at zones lying outside the beam width of the source.
Thus, side lobes are observed over a region limited by the beam width of a flat-hat

illumination.

X () | X (1)

Figure 4.10 Comparison of flat-top and Gaussian illumination for phase FZPs.
Detailed |E|* profile in the focal plane under illumination beam width (FWHM) of 4

um for (a) a Gaussian source (b) a flat-top source.
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Figure 4.11  Comparison of flat-top and Gaussian illumination for phase FZPs.
Detailed |E|* profile in the focal plane under illumination beam width (FWHM) of 4

um for (a) a Gaussian source (b) a flat-top source.

Figure 4.11 plots field intensity profile along x-axis for beam width of (a) 4 um
and (b) 7 um. Focal spot sizes remain the same under both Gaussian and flat-top

Gaussian illuminations. This is because, in both cases, major contribution is from the

fields diffracting from central zones. Intensity of side-lobes is found to be more with a
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flat-top source than the side-lobe intensity observed for the Gaussian source. However,
an effective numerical aperture of the FZP is reduced and hence the contribution of E,

component of the field is also reduced while using a flat-top source.

4.4 Amplitude FZP under Linearly Polarized Illumination

In order to investigate the focusing properties of amplitude FZP, a FZP having Au
coating of 200 nm thickness is considered for FDTD simulations. Figure 4.12 shows
detailed field distributions in the focal plane. Illumination source is linearly polarized
along x-axis. As observed with the phase FZP, a total intensity distribution resembles a
bone like shape in case of amplitude FZP. Distribution of intensity component along
the incident polarization direction (Ex) shows an elliptical profile of focal spot.
Amplitude FZP exhibits a dominating longitudinal field component (E;) suggesting a
strong presence of evanescent waves coupling with diffracted radiation. In fact,
contribution of E; component to the total field intensity is greater than the contribution
of Ex component of the field. In case of phase FZP, as shown in Figure 4.6, by
controlling etch depth of zones, it is observed that the output phase can be controlled
such that the maximum intensity can be attained at the center of the focal spot (see
Figure 4.7). However, with the amplitude FZPs, since focusing is attained with
alternate transparent and opaque zones, phase manipulation is not as obvious as with
phase FZPs. Thus, the focusing performance of amplitude FZPs is inferior because of
poor diffraction efficiency and distorted focal profile when compared with phase

FZPs.
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Figure 4.12  Detailed intensity distribution in the focal plane obtained by FDTD
simulations for amplitude FZP (Au coating of 200 nm thickness) under linearly

polarized illumination along x-axis.

4.5 Rotationally Symmetric Focusing using Circularly

Polarized Illumination

As discussed in the section 4.2, linearly polarized illumination gives rise to asymmetry
in the focal spot profile under high NA focusing elements. With the use of circular
polarization, a symmetric profile of the focal spot may be achieved. To investigate it
further, a circular polarization is implemented in FDTD calculation via superposition
of two linearly polarized sources orthogonal to each other and having a phase shift of
7t/2 between them.

Figure 4.13 shows a field profile under circularly polarized illumination for a
phase FZP. Total field intensity reveals a rotationally symmetric focal spot with a

maximum intensity observed along the z-axis. The field components Ex and Ey have an
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elliptical profile due to high numerical aperture effects as observed in the case with a
linearly polarized illumination. It is interesting note that the field profile of E,
component which is of an annular ring. This is a result of homogeneous distribution of

the incident field along in the xy-plane as the illumination is circularly polarized.

[a—

(A

[a—

(A

x(A) . . x(A)

Figure 4.13  Detailed intensity distribution in the focal plane obtained by FDTD
simulations for a phase FZP under circularly polarized illumination. Etch depth of 200

nm was used in a glass.

A comparison has been made with amplitude FZPs. As discussed in the section
4.4, with amplitude zone plates, E, component of the field is dominating and hence
under circularly polarized illumination the dominant E, makes the maximum total field
intensity point to shift away from the axis. As seen from

Figure 4.14(a), a dip in the intensity along the propagation axis (z-axis) is

observed. However, the contribution of E, towards the total intensity is reduced
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because illumination energy is distributed along x- and y-axis. The net effect is a

rotationally symmetric focal spot with a dip along z-axis as shown in Figure 4.14(b).
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Figure 4.14  Comparison of phase and amplitude FZPs under circularly polarized
illumination. (a) Plots of |E|* and |E,|* along the x-axis for phase FZP (glass with etch
depth of 200 nm) and amplitude FZP (Au coating of 200 nm thickness) in the focal
plane. (b) Intensity distribution in the focal plane for amplitude FZP.
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4.6 Rotationally Symmetric Focusing with Radially
Polarized Illumination

Linear and circular polarized beams have state of polarization independent of the
spatial co-ordinates in the cross-section of the beam. They are referred as
homogeneous polarization states [115]. Radial polarization belongs to the category of
beams having inhomogeneous state of polarization wherein state of polarization is
dependent of spatial co-ordinates in the cross-section of the beam. Moreover, radial
polarized beams obey radial symmetry in both amplitude and polarization, i.e.
direction of field vector varies locally and points along radial direction away from the
optical axis. Such beams are also termed as doughnut mode as field along the axis
reduces to zero owing to the symmetry.

Radial polarization is gaining interest due to promising results in applications
like material processing [116], optical data storage [117], microscopy [118], optical
trapping [119] and plasmonic focusing [109, 120, 121]. The laser machining with a
radially polarized beam can be about 2 times more efficient than with a linear
polarized beam due to the polarization dependence of absorption of metal materials
[122]. It has also been shown that, due to inherent symmetry, a radially polarized light
beam can be focused to a much sharper spot than a linearly polarized light.[107, 108,
121, 123].

The axial symmetrically polarized mode can be viewed as the superposition of
the two linearly polarized Hermite—-Gauss HGo; and HG1o modes, if their planes of

polarization are perpendicular to each other and the phase shift equals zero [124].

(4.8)
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where E, and E,4 denote radial and azimuthal polarization, respectively. Figure 4.15(a)

shows polarization vector spatial distribution of radial and azimuthal polarized beams.

"3

(b)
Figure 4.15 (a) Radial and azimuthal porlarization as a linear superposition of

orthogonally polarized Hermit-Gaussian modes. (b) Polarization vectors after focusing

of a radially polarized beam by FZP.

For azimuthally polarized field, a paraxial wave equation has been developed
by Jordon and Hall [115]. The solution consists of a plane-wave propagation factor
multiplied by a Bessel function of the first kind of order one, and a Gaussian factor,
which describes the transverse characteristics of the beam. Further, Youngworth and
Brown [125] have formulated a procedure to obtain the electric field in the paraxial

region for radial and azimuthal polarization.
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If the phase FZP is illuminated by a radially polarized light, Equation (4.1) can

be rewritten as [125]:

E, o cos @ cos ¢
E=|E, |- 22 [ BCexp(ik(er)| cosdsing [sinodadg (4.9)
E T o0 sind

z

In the image plane, azimuthal and radial components can be derived from

cartesian components of the fields as:

E,=E, cosg—E,sing

(4.10)
E, =E,cosg+E, sing
Further, using Bessel-Gauss beam approximation [125, 126],
- 2 .
, =exp(— O{S_'Lﬂ JJl(ZﬁO ﬂj (4.12)
sina sina

where /5 is the ratio between the pupil radius and the beam waist.
For a radial polarization, azimuthal component (E4) will be zero in image

space. Hence, Equation (4.9) can be simplified to [111]:

“ . vsiné iucosé@
E = A|BCl sin(26)J ex do
' ! »5in(20) 1[sinaj p( sinzaj

(4.12)

E, = 2iA[ BCI, sin’ 63, (VS'” ejexp(lu Cos‘gjde
0

sina sin® a
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It is interesting to investigate the focusing characteristics of a phase FZP under
the illumination of a radially polarized light. This is because the radially polarized
illumination bearing an azimuthal symmetry can produce a rotationally symmetric
focal spot with a narrow focused beamwidth [108, 127]. For the case of radially
polarized beam, the electric field vectors are oriented as shown in Figure 4.15(b).
After focusing field vectors add in the focus to an axial component (E;) and this is the
case for all planes containing the optical axis. This is in contrast with the focusing
under linear polarization as discussed (Figure 4.2(a)). Figure 4.16 compares |[EJ* (=|E|*
+ |E/%) and |E/J?* of the focal spot obtained by Equation (4.12) and FDTD method for
the SiO, phase FZP with NA = 0.996 and 4 = 7z It is noted that 1) our analytical
model matched well with the FDTD method and 2) the beamwidth of the focal spot
along the x-axis is significantly reduced from 555 to 250 nm when compared with the
case under the illumination of linearly polarized light. Furthermore, it is found that the
side lobe intensity is reduced from 20% to 15% of the axial intensity. The decrease in
side lobe intensity may be attributed to the large intensity of |E,|* at the centre of the
focal plane. This suggested that the multiple apertures of phase FZP can focus the
radially polarized light more effectively.

Figure 4.17 gives detailed break up of electric field intensity into Cartesian
components. Contribution of the transverse components of the field (Ex and E,) is
reduced and incident energy is focused along axial direction. Hence a strong
longitudinal component of the electric field (E;) is observed. Total intensity profile is

dominated by |E,|* and the focal spot is rotationally symmetric [111].
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Plots of |E]* and |E,|* along the x-axis for the phase FZP with 8 zones

(NA = 0.996) and A4 = 7 under illumination of radially polarized light. Solid and

dashed lines represent the calculation obtained from the analytical model and FDTD

simulation respectively.

Figure 4.17

Detailed intensity distribution obtained by FDTD simulations for phase

FZP under radially polarization illumination.
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From the above analysis, it is evident that the use of radial polarization
essentially achieves conversion of polarization from incident transverse polarization to
focused longitudinal polarization. Moreover, such conversion is achieved with a
tighter focal spot breaking the conventional resolution limits [111]. Such stronger
longitudinal component may be useful with NSOM tips as strong field enhancement is
demonstrated theoretically [128] when illuminated with longitudinally polarized light
than transversely polarized light. Thus, much smaller spot size can be attained

resulting in improved resolution for microscopic applications.

4.7 Summary

In summary, we have extended Richard and Wolf’s vector formalism to predict the
focusing behavior of high NA binary phase FZPs for linearly polarized and radially
polarized light [111]. From the model, it is found that the high NA phase FZP under
the illumination of linearly polarized light can produce rotationally asymmetric focal
spot. This is because the value of |E,|* is comparable with that of |E,J* for the linearly
polarized light after focusing by the phase FZPs. Furthermore, the value of |E,J* can be
reduced with the reduction of A (i.e. the etch depth). The results deduced from the
proposed model shows qualitative agreement with that obtained from the FDTD
method. Thus, the proposed formulation is useful in simplifying the analysis compared
to rigorous diffraction calculations. The illumination of a radially polarized light can
produce a rotationally symmetric focal spot. This is because the intensity of total
electric field, |E|* (= |EJ? + |E/?) is dominated by |E,|°>. As a result, a focal spot with a

beamwidth of 250 nm (0.394) can be obtained.
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Near-Field Focusing of Fresnel Zone Plates
(FZP) Under Linearly Polarized Illumination:

Fabrication and Characterization Issues

In this chapter, application of focused ion beam (FIB) technology to fabricate the
Fresnel zone plates (FZP) on a metal-coated glass (amplitude FZP) and on a bare glass
substrate (phase FZP) is discussed. Near-field focusing of a linearly polarized light by
a large NA phase FZP is demonstrated experimentally. The focusing characteristics of

phase FZP are measured by a near-field scanning optical microscope (NSOM).

5.1 Fabrication of FZP using FIB

In the present work, the FZP structure was realized by using a FIB technology (FEI
quanta 200 3D dual-beam system). The instrument has a dual-beam capability
combining a scanning electron microscope (SEM) and a FIB with the two beams
focused at the same spot. The FIB system provides ion beam current in the range 1 pA

to 20 nA with accelerating energies upto 30 keV.

5.1.1 Amplitude Zone Plates

In order to realize an amplitude zone paltes with an opaque coating on a glass

substrate, complete milling of an opaque film exposing the glass beneath is required.
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Overmilling i.e. milling a substantial portion of the glass can ensure a complete
removal of the opaque film from the glass. But, overmilling in turn modifies the
surface profile of the glass and may cause line broadening effect leading to the
broadening of zone plate features. To know whether the glass surface has rearched or
not during milling, an end point monitor (EPM) graphs can be recorded. Real-time
EPM shows a sample absorbed current as a function of the sputtering time during FIB
milling process. Sample absorbed current roughly follows a linear relationship with
the ion beam current for the same material. Sample absorbed current signal includes

the information from all the charged particles generated during the milling [129]:

Isample = IIb + Ise— - Isi+ (51)

where lsampie 1S the sample absorbed current, 1, the incident ion beam current, Ise- the
current formed by ion-induced secondary electrons and Is;+ the current formed by ion-
induced secondary ions.

Figure 5.1(a) shows the zone plate design used for FIB fabrication. The zone
plate dimensions are based on the approximate formulation of Fresnel zone plates as
given by Equation 3.3. Figure 5.1(b) shows SEM image of the zone plate structure
milled on Ag coated glass. The EPM graph in shown in Figure 5.1(c), showing the
sample absorbed current in the unit of pA against the sputtering time. Little variation
of ion beam current or inhomogeneous composition of film material account for the
noise in the curve. Drop in a specimen current is observed as milling reduces the
thickess of Ag layer and glass i.e non-conductive surface is approached. Milling was
terminated as decreasing current just starts to saturate at a lower value. This is an
indication of a complete removal of exposed Ag film and a glass surface is open.

Thus, the optimum milling time was identified and further used to create array of zone
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plates. Similar procedure was adopted to optimize the milling time for other zone plate

designs and are listed in Table 5.1.
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Figure 5.1 (a) Zone plate design used for fabrication (b) FIB milled zone plate on
Ag coated glass (focal length 4 um, A = 488 nm) as per design shown in (a). (c) End

point monitor graph for milling at beam current 30 pA, milling time 269 s.

Table 5.1 Optimized FIB milling time for different zone plate designs.

lon beam current = 30 pA, dwell time =1 ps.

Focal length  Wavelength  Diameter  Milling time

(km) (nm) (km) (s)
1.0 488 9.60 165
2.0 488 11.11 230
4.0 488 13.62 269
1.0 527 10.34 135
0.5 633 11.08 209
1.0 633 11.96 137
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Figure 5.2 depicts SEM images of 4x4 arrays fabricated with the milling
parameters listed in Table 5.1. Quality of the milled surface is mainly governed by the
uniformity of Ag film. Careful observation of the patterns reveals that traces of Ag are
not milled. To remove such traces prolonged milling is required. But, prolonged
milling may damage the glass substrate and line broadening effect may broaden the

fine features of the zone plate.
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Figure 5.2 SEM images of zone plate arrays on Ag coated glass with focal length
(@ 4 pm (A =488 nm) and (b) 1 um (4 =633 nm).

5.1.2 Phase FZP

To fabricate phase type FZPs, a glass substrate is used. However, poor conductivity of
a bare glass may cause built up of charges under ion/electron beam exposure. In order
to minimize the charging effects during fabrication, a conductive layer of ITO (~
50 Q/sqg. inch) was coated on the glass substrate. Two different scanning modes are
possible to pattern using FIB, i.e. serial and parallel milling. In case of serial milling
all patterns defined on the screen are milled sequentially i.e. milling is not started on
the next pattern unless completion of milling of one pattern. When selecting the

parallel milling, all patterns are defined on the screen are milled simultaneously. Using
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this approach, a temporal accumulation of surface charges, which may lead to shift of

successive zones locations (see Figure 5.3), is avoided and a milled material

redeposition is minimized.

Figure 5.3 Pattern shift due to charge accumulation under serial milling with ion

beam current of 30 pA.

Figure 5.4 (a) and (b) show FIB milled phase FZPs with focal lengths of 5 um
and 2 pm respectively on ITO coated glass. Lower beam current values ensures higher
patterning resolution however the number of pixel to be milled (pattern size) put
constraints on lowest current that can be used. Considering this fact, ion beam current
was set at 50 pA with an accelerating voltage of 30 keV to mill a target depth of 200
nm. Resulting patterns were scanned with atomic force microscope (Dimension-3000
AFM from Digital Instruments) used in tapping mode for geometrical characterization.
Figure 5.4(c) shows depth profile of FZP zones. The sidewalls are not vertical; instead,
they are tilted by an angle in the range 50-60°. Non-vertical sidewalls are result of a
Gaussian profile of the ion beam and redeposition of milled material onto the roots of
sidewalls [130-132]. Such FIB milled trenches having a shape is similar to “V” often

influences performance of the device [41, 133] and hence it is important to control the
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tilt of the sidewalls. It is possible to control tilt in sidewalls by reducing beam current
and dwell time as well as with the gas assisted etch (GAE). However, as described in
Section 5.2.2, GAE results in change material characteristics due to implantation of
gas molecules in addition to Ga™ ions. We must note here tilt angles are overestimated,
as AFM probes may not follow the exact groove profile. Such AFM measurement

limitations arisen mainly due to the large cone angle (~ 34°) of the pyramid shaped

probe [42].
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Figure 5.4 FIB fabricated phase FZPs in glass with focal lengths (a) f =5 um and
(b) f =2 um (4 = 633 nm). Inset shows corresponding AFM scan image. (c) Zone
profile by AFM measurements showing tilted sidewalls for a phase FZP shown in (a).

For FIB milling, beam current was set to 50 pA with a dwell time of 1 ps.
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For the case of a phase FZP with 500 nm focal length, we have studied the
influence of non-vertical sidewalls on focusing characteristics with FDTD simulations.
In order to represent tilted sidewalls, a refined mesh of 8 x 8 x 8 nm® is used in the
FZP region and 15 x 15 x 15 nm® elsewhere. In order to minimize memory
requirements, a 200 nm etch depth is used for simulations. Tilt of side walls is
considered in two configurations: the designed zone width is maintained at 1) center
and at 2) base of the zone depth as shown in Figure 5.5. The design is found to be
more tolerant to the sidewall tilts if the designed zone width is maintained at the center
because phase errors introduced are compensated due to the complementary nature of
tilts above and below the centerline [134]. The focusing intensity is reduced by 20%
when the tilt angle is 45°. However, with the other configuration, the intensity reduces
by 75%. This may be attributed to increased diffractive scattering losses as the zone

width is broadened across the zone height.
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Figure 5.5 Influence of zone wall tilt on focusing intensity (|E[) of phase FZP
calculated by FDTD simulations. The designed zone width is at (a) center and (b)
bottom of groove. Intensities are normalized by electric field intensity calculated with

vertical sidewalls (i.e. tilt angle = 0). Phase FZP has a focal length of 0.5 um (1 = 633

nm).
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Figure 5.6 (a) FZP design for 500 nm focal length at A = 633 nm and zone profile
used for fabrication. (b) SEM image of phase FZP used for NSOM measurements. (c)
SEM image of FIB sectioned phase FZP with focal length 0.5 um. For fabrication,
beam current was set to 30 pA and dwell time to 500 ns with a total milling time of 45

min. Design zone widths are observed at the center of zone depths.

Figure 5.6(a) shows the FZP design (500 nm focal length at A = 633 nm). The
variation in the zone width across different zones is small, so the zones might appear
visually to have equal dimensions, but the zone plate designed is in fact of Fresnel
type. For the fabrication of phase FZP with 500 nm focal length, we have used 30 pA
beam current and 500 ns dwell time. A target 300 nm etch depth is considered to ease
the fabrication. Lugstein et al [135] showed that for aspect ratios beyond one,

redeposition becomes the dominant effect limiting aspect ratio. With these parameters,
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FIB milling was carried out for approximately 45 min. Figure 5.6(c) shows a SEM
sectional view of the FZP structure. Platinum was deposited at a beam current of 0.1
nA over the region to be sectioned in order to protect the structure during sectioning
and to improve the contrast during imaging. Sidewall tilts are found to be less than 20°
and the designed zone width is maintained at the center. For optical characterization,
structure shown in Figure 5.6(b) is used. Near-field scanning optical microscope

(NSOM) is used for this purpose and details are as described in following sections.

5.2 Optical Characterization using Near-field Scanning

Optical Microscope (NSOM)

The first concept of the optical near-field microscope, which is to use a small aperture
to image a surface with a resolution smaller than the wavelength of light, was
proposed by Synge in 1928 [136]. In 1972, Ash and Nichols [137] first demonstrated a
near-field resolution using microwaves. Twelve years later the first implementation of
NSOM was reported by Pohl et al [138] and by Lewis et al [139]. Their experiments
involved a subwavelength size aperture which they fabricated by coating the apex of a
sharply tapered transparent glass tip with metal. In addition, they employed a feedback
loop mechanism that maintained a constant distance of only a few nanometres. In 1991
Betzig et al [140] introduced the use of a single-mode optical fibers as near-field
optical probes; this is still one of the most popular set ups.

In general, NSOM measurements are possible in configurations as shown in
Figure 5.7. Transmission mode is suited for transparent samples while opaque samples
can be analyzed with reflection mode. Further adaptations are possible depending
upon application requirements. There are two types of NSOM probes: the aperture

type and the apertureless type. An apertureless probe is essentially a sharp object,
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which scatters the evanescent field into the far-field when placed closed to the surface.
Scattered field is then collected by photo-diode. However, apertureless probes can
scatter directly transmitted field i.e. far-field radiation, such probes are more suitable
for scanning fields containing evanescent component only. An aperture type probe has
dielectric transparent core coated with a reflective (usually metallic) coating. Such
coating prevents the leaking of fields through the sides of the probe. The most
common example is a tapered optical fiber coated with metal like aluminum. Aperture
probes are available in the two popular configurations as shown in Figure 5.8. First
type is micro-fabricated cantilever probes, which is structurally similar to the AFM
cantilever probes except hollow subwavelength aperture in the pyramid shaped apex.
Such cantilever probes can be produced with excellent reproducibility. The other type
of probe is made from tapered optical fibers with thin metallic reflective coatings.

(@)

Laser

Probe (b) Laser

Sample

- \
Sample

Figure 5.7 Various NSOM configurations: (a) Transmission mode and (b)

Detector

Reflection mode.

The distance between the NSOM probe and the sample surface is controlled

through a feedback mechanism that is independent of NSOM signal. Currently, most
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instruments use one of the following two types of feedback: normal force or shear
force. The normal force feedback mechanism is standard feedback mode used in AFM.
However, this feedback mechanism is only possible with cantilevered NSOM probes
with holes. In the shear force feedback [141, 142], or tuning fork feedback, the probe
is mounted/glued to a tuning fork, which acts as a crystal resonator. With the aid of
piezoelectric vibrator, the fork is set into oscillations parallel to the sample surface at a
frequency close to the resonance frequency of the probe and quartz resonator system.
Mechanical oscillations of the quartz induce a voltage response, which is used as an
information signal about amplitude of the probe oscillation. Measurement of tip-
surface interaction force is then made by recording the changes of amplitude and phase
shift with respect to the driving voltage applied to the piezo-electrodes. As the probe
approaches the sample surface, greater shear force is exerted on the fork and thus
dampening the amplitude of the vibrations. As a result corresponding voltage response
of fork is reduced. By monitoring voltage response, electronic control system then
maintains a constant sample-probe distance during measurements. The effect of shear
force is usually observed below 50 nm working distance depending upon quality factor

of the tuning fork [142].

Figure 5.8 Commonly used NSOM probes (a) Cantilever probe [143] (b) Optical
fiber probe attached to a tuning fork [144].

94



Chapter 5 Near-field Focusing of ...

In the present work, optical measurements were carried out by a NSOM
(NTEGRA NT-MDT) operating in a collection mode. Figure 5.9 shows the
configuration of the measurement [134]. A linearly polarized helium-neon (@ 632.8
nm) laser, whose polarization angle can be adjusted by a half-wave plate, was used as
the illumination source. The laser beam was weakly focused onto the substrate of the
phase FZP by means of a microscope objective lens (Olympus UPLFLN/4X). An Al-
coated probe, which was glued to a quartz tuning fork, was employed to collect a light
emission from the surface of the phase FZP. The probe has an average aperture
diameter of 100 nm in order to ensure a subwavelength resolution of the system. Light
collected from the probe will then be coupled to a photomultiplier through an optical
fiber. Electric field intensity was mapped to the phase FZP by scanning the probe over
its entire surface. Using the tuning force sensing shear feedback mechanism of the
NSOM system, the probe was kept in a constant distance above the surface of the
phase FZP during the scanning process. For every pass of a scan at a certain height,
the first pass was carried out at about 10 nm distance. With a reference to the first pass
using a shear force feedback mechanism, the probe was moved to a required height
above the surface. A topographical signal and optical signals were collected

simultaneously for all measurements.
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Figure 5.9 Near-field measurement set-up.

Figure 5.10(a) and (b) shows topographical profile obtained from NSOM
measurements of the phase FZP, and SEM micrograph respectively. The etch depth of

FZP is found to be about 300 nm.

Figure 5.10  Topography of FIB fabricated FZP (a) NSOM topograph and (b)

corresponding SEM micrograph for comparison.
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5.3 Results

Figure 5.11 shows the intensity patterns of the illumination light after passing through
the phase FZP. The intensity patterns on the x-y plane (i.e., parallel to the surface of
the phase FZP) are measured from some distance, z, above the surface of the phase
FZP. Figure 5.11(a) records the intensity pattern at z ~ 10 nm above the surface of the
phase FZP. It is noted that the intensity pattern is dominated by the interference of
diffracted evanescent waves. No focusing is observed at this value of z. Figure 5.11(b)
to (d) show the focusing characteristics of the illumination light at a distance z varying
between 525 and 750 nm from the surface of the phase FZP. It is observed that all the
focal spots have a rotationally asymmetric profile. Focal spots are broadened along the
x-axis (i.e. polarization direction) when compared to that along the y-axis. This is
because the phase FZP bears a high numerical aperture (NA = 0.99). When a high NA
focusing system is illuminated by a linearly polarized light, the vectorial nature of the
light makes resolutions substantially different in the plane of polarization [105, 106].
Hence, the diffracted waves do not add up perfectly at the focus along the polarization
direction. As a result, the focal spot appears to be broadened along the polarization
direction. On the other hand, the high intensity is observed from the region outside the
FZP structure is due to the direct transmission of illumination light through the glass

substrate.
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(@) z~10nm (b) z=525nm

(——> Polarization direction

Figure 5.11  Profiles of electric field intensity after transmitted through the phase
FZP at planes located at (a) z ~ 10 nm, (b) z =525 nm, (c) z =600 nm and (d) z = 750
nm from the surface of phase FZP. Incident polarization is shown with solid white

arrow.

Focusing behavior of the phase FZP is also analyzed by using a complete
vectorial FDTD simulation. In simulations, the etch depth of FZP was set at 300 nm.
Figure 5.12(a) and (b) give the calculated total intensity profile of the focusing beam
in the x-z (at y = 0 nm) and x-y (at z = 630 nm) planes respectively. It is observed that
the focused beam has an asymmetric profile and is broadened along the polarization
direction similar to that observed from the experiment results [134]. Figure 5.12(c)
compares the electric field intensity obtained from FDTD simulation and NSOM
measurements along the propagation direction (i.e., z-axis) at the locationx =0and y =
0. Experimental results have shown that the focal length of the phase FZP is about 700

nm and this value is close to that obtained from the FDTD calculation (i.e., 630 nm).
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Figure 5.12  Plot of normalized total electric field intensity, |E[?, after transmitted
through the phase FZP along (a) x-z plane and (b) the focal (x-y) plane located at z =
630 nm obtained from the FDTD simulation. The incident polarization is shown with a
solid white arrow. (c) Comparison of total intensity obtained by FDTD results and
NSOM measurements along propagation direction (z-axis). Error bar depicts forth-
order polynomial fit to NSOM data standard deviations (upper error bars) and
measurement error (lower error bars).

However, the designed focal length of FZP based on Equation (4.1) is 500 nm,

which is much shorter than the measured focal length. This is because Equation (4.1)
fails to take into account the coupling between diffracted and evanescent waves under
high NA focusing condition in the design of FZPs. On the other hand, highly intense
focusing is seen over a distance of 250 nm (i.e., from z = 500 to 750 nm) along the z-
direction. Such an elongated depth of focus is also in agreement with FDTD

calculations shown in Figure 5.12(a).
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Figure 5.13(a) and (b) show measured focal field profiles at a distance z equal
to 600 and 750 nm respectively from the surface of the phase FZP. The FDTD
calculation of the focal field profile is also plotted in the figures for comparison. The
measured focal field profiles along the x- and y-axes are agreed qualitatively with that
of the FDTD results. The spot size (FWHM) is measured to be about 600 and 400 nm
along the x- and y-axis respectively in the plane of maximum intensity (i.e. z = 750
nm), see Figure 5.13(b). As the illumination light has a wavelength of 632.8 nm, it is
verified that the phase FZP can achieve subwavelength focusing of the light beam. It is
also observed from the figures that the focal spots along y-axis are accompanied by
high intensity side lobes. As focal spot along the y-axis is tighter than that along the x-
axis, the intensities of the side lobes must increase due to the principle of energy
conservation. Such high-intensity side lobes have been predicted during tighter
focusing with the aid of aperture plates [145, 146] and often deteriorate the resolution.
However, the intensity of side lobes obtained from the measurement is found to be
higher than that obtained from the FDTD calculation. This may be due to the poor
diffraction efficiency of the incident waves by the zones of the phase FZP.
Nevertheless, the consistency between experimental results and computer simulations
has verified that the use of phase FZPs to achieve high efficiency near-field focusing is

practicable [134].
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Figure 5.13  Plot of normalized total field intensity, |E|?, after passing through the
phase FZP in the x-y plane obtained from the NSOM measurement (solid lines) and
FDTD simulation (dashed lines). (a) z =600 and (b) z = 750 nm.

The excitation of side lobes can be attributed to the poor diffraction efficiency
of the zones of the phase FZP. This is mainly due to the FIB fabrication process
induced structural damage to the phase FZP. lon-solid interaction in FIB is inherently
destructive as it involves ion implantation into the target surface (i.e., glass substrate),
redeposition or selectively removal of target atoms [147, 148]. Optical properties of
the target material such as refractive index may be altered by the ion-beam
bombardment [149]. In this case, Ga” is used to bombard the target so that the change
of refractive index of the substrate glass is inevitable. Moreover, such an index change
is not uniform across all the zones of the phase FZP. This is because each zone is
exposed to different ion dose due to different zone width during FIB etching process.

In addition, ion induced damage extent in the scanned surface is different along the
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beam direction and orthogonal to it [150]. As a result, index variations over the phase
FZP can change the phase retardation of the individual zone of the FZP leading to an
inefficient diffraction. Another issue arising from the use of FIB is that the milled
trenches deviates from the designed vertical sidewalls as discussed in Section 5.3.2,
Hence phase retardation introduced by etch depth is not in congruence with the design
value and thus causing deviation from the predicted focusing performance.

Another source of errors may be associated with the NSOM measurement. The
coupling of the electric field through the probe may change the value of the true field
and thus introduce errors in the measurement. In the previous studies, it was reported
that the coupling of in-plane (|Ex°) field components to the NSOM probe is more
efficient than that of the out-of-plane components (|E,?) [151, 152]. Thus, NSOM
probes may not exhibit equal sensitivity to all field components, the total intensity

measured may deviate from the actual intensity value.

5.4 Summary

A binary phase FZP has been designed and fabricated on a glass substrate by using
FIB for the first time to achieve a near-field focusing in the visible spectrum [134].
From the NSOM measurement, it is found that near-field focusing of a linearly
polarized light to an asymmetric spot with subwavelength beamwidth can be achieved
by the phase FZP. The rotational asymmetry of a focal spot is due to the high NA of
the phase FZP. In addition, the phase FZP has demonstrated an elongated depth of
focus (~ 250 nm) which may be used to realize auto-focusing feature in the optical
systems. Although there are some deviations between the measurement and calculation
values of the side lobes, the experimental results are in qualitative agreement with that

obtained from the FDTD simulation.
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Chapter 6
Design and Analysis of Two-Dimensional
High-Index-Contrast Grating (HCG) Surface-

Emitting Lasers

This chapter focuses on a novel subwavelength grating with high-index-contrast used
as high reflective mirrors. A polarization independent 2-dimensional grating is
designed and analyzed. Further, feasibility of such gratings in realization of surface

emitting laser cavity is demonstrated theoretically.

6.1 High-Index-Contrast Grating (HCG)

6.1.1 Distributed Bragg Reflectors (DBR)

To get a coherent, monochromatic light of a laser beam requires a pair of mirrors at
opposite ends of a photon-generating active medium. Photons of a specific frequency
undergo multiple reflections between the mirrors, piling up energy with each pass as
shown in Figure 6.1(a). At saturation level, the light energy is transferred into a laser
beam. Early versions semiconductor lasers used easy-to-fabricate cleaved crystal
facets as the reflective mirrors at either end of the cavity. However, such cleaved
crystal yields reflectivity about 30%. For example, GaN has the refractive index of
about 2.5 at A = 400 nm, which leads to a reflectivity of only 18% even for a perfectly

smooth facet. Such a low reflectivity is inefficient for low-power consumption
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applications. To compensate for low mirror efficiency, a larger internal gain is

required and the cavity is less frequency-selective.

Mirror 1 Mirror 2 DBR 1 DBR 2

Y/

Cavity Cavity

——
 —

(@) v ()

Figure 6.1 (@) Concept of laser cavity with mirrors at opposite ends. (b)
Distributed Bragg reflector (DBR) pairs as a replacement of conventional crystal facet

mirrors.

High reflectivity can be attained with the use of distributed Bragg reflectors
(DBR). The DBR utilizes a diffraction grating built into the structure in the vicinity of
the active region to provide strong wavelength selectivity [153]. For surface emitting
lasers, DBR is formed via growth of alternating dielectric layers to take advantage of
standing wave patterns formed in such structures (see Figure 6.1(b)). The refractive
index contrast allows a small amount of light to be reflected from each pair of
alternating layers. A strongly reflected coherent beam results from gradual built up of
the light from multiple pairs.

However, DBRs are limited by their low refractive index contrast due to
epitaxial growth constraints. Thus, to attain high reflectivity, large numbers of DBR
pairs with alternating refractive indices are needed. For example, a 11.5 pairs

ZnO/Al,O3 (index contrast of ~ 0.33 at A = 385 nm) (see Figure 6.2(a-b)) and 60 pairs

of Aly2GapsN/GaN DBR (index contrast of ~ 0.08 at 4 = 378 nm) are required to
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attain a peak reflectivity above 99% [154]. Thus, reflectors based on DBR may have
dimensions in many micrometers and hence are difficult to integrate with modern
compact optical devices. The fabrication of highly reflective DBRs is difficult due to
the epitaxial growth constraints of semiconductor dielectric layers with low-index-
contrast. Other disadvantage of DBR is due to their narrow bandwidth of reflection,
usually of order of tens of nanometers. In an alternative approach, an air-gap DBR
structure consisting of alternating layers of air and semiconductor material is proposed
in horizontal [155] and vertical configurations [156]. Out of these configurations,
vertical configuration is more challenging from the fabrication point of view. Due to
higher refractive index contrast, higher reflectivity is reported even with 3
air/semiconductor pairs (see Figure 6.2(c-d)). Higher etch depth requirements often
results in non-vertical side walls due fabrication process constraints. The reflectivity is
strongly affected by the tilt of the sidewall. It can be seen from Figure 6.2(d) even 5°
tilt is side-wall results in a reduction of reflective to 50-60%. Such structures may
serve following advantages over epitaxial DBR structure [156]: Higher reflectivity per
period due to the high index of refraction difference between air and semiconductor, a
wider stop band and a lower effective cavity length enabling a lower threshold current
and a single mode operation. However, air/semiconductor DBR configuration is more

suited for edge emitting lasers due to horizontal nature of the structure.
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Figure 6.2 (a) Multilayer DBR configuration with Al,O3/ZnO thin films and (b)
reflection spectra with 11.5 pairs of Al,O3/ZnO [155]. (c) Air/semiconductor DBR

configuration with InGaN and (d) theoretical reflection spectra with 3 pairs of
air/InGaN [157, 158].

6.1.2 HCG Mirrors

6.1.2.1 HCG Concept and Properties

Recently, extensive studies have been concentrated on the use of one-dimensional
(1D) high-index-contrast subwavelength gratings (HCGs) as the broadband reflectors
[159, 160]. HCG construction is simple as shown in Figure 6.3(a) which consists of a
single-layer 1D-grating (i.e., periodic stripes with high-index-contrast) sandwiched in-
between two low-index cladding layers. The HCGs can provide a high reflectivity

(i.e., > 99%) over a broadband region (i.e., > 15% of the operating wavelength).
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Matues et al [159, 160] have demonstrated high reflection (> 99%) over a broadband
region more than 30% with the use of HCG made in poly-silicon (high index material,

3.48) on silica (low index material, 1.47) (see Figure 6.3(b)).
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Figure 6.3 (a) Concept of a high-index-contrast (HCG) grating (b) reflectivity by
HCG showing broadband reflection (44/4 ~ 30%) [159].

High reflectivity of 1D-HCGs can be explained by the mechanism of guided-
mode resonance (GMR). The periodic modulation of refractive index generates
counter-propagating leaky modes inside the grating structure. Under phase matching
conditions, these counter-propagating leaky modes establish standing waves and give
rise to GMR. [161-163]. As a result, the leaky modes re-radiate reflectively through
the resonant interaction with the grating. It is noted that the high reflective zone of the
1D HCGs is arisen from the blend of the adjacent leaky modes [164]. Hence, if the
number and spectral location of the leaky modes is controlled, it is possible to
introduce a dip to the high reflective zone (i.e., a cavity mode of the HCGSs).

HCG parameters can be tuned in order to act as a narrow-band mirror. Such
property is useful in attaining a high-Q resonator. For example, for HCG with
AlosGag sAs with n = 3.0789 at A = 1.55 um, as shown in Figure 6.4, the reflectivity

spectrum has a sharp asymmetric line shape under TE-polarized illumination at normal
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incidence angle [165]. The reflectivity pattern is similar to the typical Fano resonance.

The Q-factor of the HCG reflector is calculated as high as > 500 000.
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Figure 6.4 (@) HCG structure under TE polarized illumination. (b) Simulated
reflectivity spectrum of HCG grating and corresponding fitted Fano resonance line
shape. Q factor is ~500,000 [165].

6.1.2.2 HCG Applications

The use of HCG was proposed to replace the top DBR mirror of vertical-cavity
surface-emitting lasers (VCSELS) [166-168]. The design and fabrication of VCSELSs
can be further simplified if the use of DBRs can be completely avoided. As shown in
Figure 6.5(a), top DBR of VCSEL has been replaced by HCG and air-gap is
electrostatically tuned to shift the output wavelength of the device. Air-gap can be
replaced with thick oxide gap (see Figure 6.5(b)) as proposed by Chung et al [169].
This would simplify the fabrication process, as sacrificial etching needed to create an
air-gap is complex than oxidation process. In addition, the device will have a better

mechanical stability.
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Figure 6.5 Application of 1-dimensional high-index-contrast grating (HCG) in
VCSEL (a) suspended HCG as a top mirror with tunable air-gap [168] (b) HCG with
thick (h = 4/4) oxide gap [169].

High-contrast Gratings with
different lateral Dimensions
but identical Layer Thickness

Figure 6.6 Schematic of multi-wavelength HCG-VCSEL array design [170].

Monolithically-integrated, low cost, high-speed, multi-wavelength (MW)
sources are important in various high bandwidth applications. MW VCSEL may be
cost effective due to their surface normal emission characteristic and compatibility
with wafer scale manufacturing and testing. DBR/VCSEL based MW source arrays
are fabricated utilizing layer thickness variations involves complicated processes and
not readily scalable to large arrays. Karagodsky et al [170] proposed a MW-VCSEL

by using HCG as top mirror. As shown in Figure 6.6, each source has a top HCG
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mirror with different lateral dimensions. Lasing wavelength can be tuned over a large
wavelength range by moderate changes in lateral HCG parameters (grating period and
duty cycle). Wavelength tuning via lateral dimensions of HCG, which solely depends
on lithography process, makes the device easy to fabricate as vertical dimensions
(layer thickness) are kept constant.

HCG grating is reported to exhibit a large fabrication tolerance. Zhou et al
[171] has demonstrated about +30% fabrication tolerance while maintaining high
(>99.5%) reflectivity. For VCSEL application, the HCG structure was shown to
tolerate grating spacing variation from 80 to 120 nm (~ £30%) and 40 nm change (~
+10%) in grating period. As shown in Figure 6.7, white dots represents grating spacing
and periods of different fabricated HCG-VCSEL devices successfully lased. Such a
high tolerance to design parameters makes it possible to opt for low-cost and high-

throughput fabrication process for HCG based devices on large volume basis.
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Figure 6.7 HCG grating reflectivity when used as a top mirror of VCSEL (4 = 840

nm). The white dots represents fabricated HCG-VCSEL parameters that led to lasing
[171].
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All applications discussed so far uses HCG under normal illumination mode.
High reflectivity of HCG under glancing incidence angle has been exploited by Zhou
et al [172] in order to realize hollow-core waveguides. Hollow-core waveguides
exhibit ultra-low loss, nonlinearity and dispersion due to the absence of the core
material. A hollow-core photonic crystal optical fiber is reported to have loss of ~
0.001 dB/m [173] however loss in chip-based DBR hollow-core waveguide is still
high (loss ~ 10 dB/m) [174]. Figure 6.8(a) shows schematic of HCG based waveguide
wherein two high reflective HCGs are used with periods along propagation direction.
It was reported that such waveguides show loss of 0.01 db/m with reasonable tolerance
to the variations in HCG dimensions (Figure 6.8 (b)). As seen from Figure 6.8(c), the

electric field outside the waveguide is negligible compared to the field at the hollow
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Figure 6.8 (@) Hollow-core slab waveguide with high reflective 1D HCG (b)
Waveguide loss as function of grating period and semiconductor width (c) Electric

field intensity profile of hollow-core HCG waveguide [172].
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6.2 Design and Analysis

The case of a two-dimensional (2D) HCG is investigated, in which a single-layer
grating is constructed by a 2D high-index-contrast of square periodic lattice [175].
Figure 6.9 shows the schematic of a proposed 2D HCG considered in our studies. It is
assumed that the square periodic lattice is constructed by a layer of high-index
periodic lattice with refractive index of ny. The square periodic lattice is supported by
a layer of low-index buffer layer, which has refractive index and thickness of n_ and
tpur respectively, laid on a substrate. The top surface of the square periodic lattice is
surrounded by air. In order to understand how laser cavity can be formed within the
2D HCGs, the corresponding reflection and transmission characteristics are analyzed
and compared with that of the 1D HCGs. It is assumed that the structure of 1D HCGs
is identical to that of the 2D HCGs except that the 2D grating (i.e., square periodic

lattice) is replaced by infinite long periodic stripes with the same period.

Figure 6.9 Schematic of a 2D HCG. Thickness of grating layer, t;, was set to 460
nm. The refractive indices of grating layer, buffer layers and substrate were set to ny =

3.48, n_ = 1.45 and ngyp = 3.48 respectively.
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Figure 6.10 shows the reflection and transmission spectra of the 1D and 2D
HCGs. The period, A, and height, ty, of the 1D- and 2D-gratings were set to 700 and
460 nm respectively and the corresponding thickness of buffer layer, t,, was set to
infinite in the calculation. In addition, Poly-silicon (ny = 3.48) and SiO; (n. = 1.45)
were assumed to be high-index layer and buffer layer respectively with negligible
absorption loss. A 3-D finite-difference time-domain (FDTD) method was used to
investigate the reflection and transmission characteristics of the HCGs. Mesh was set
at 7x7x7 nm’. In addition, periodic boundary condition was used in the FDTD

calculation to approximate the periodicity of the 1D- and 2D- gratings.

High reflective zones
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Figure 6.10  Plot of (a) reflection and (b) transmission spectra of 1D and 2D HCGs.
The HCGs have same period (A = 700 nm) and thickness of gratings (t; = 460 nm) and

were supported by an infinite thick buffer layer (i.e., tpys = o).

1D HCG with fill factor of 75% shows broadband reflection for the

illumination of TM polarized light. Two closely spaced leaky modes (at 1.49 and 1.63
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um) can be seen from the transmission spectrum. These modes interact with the
waveguide grating leading to efficient reflection [176]. Each mode corresponds to a
high reflective mode (i.e., transmittance approaching zero) due to GMR. For the
illumination of TE polarized light, the reflection spectrum is a narrow band. This is
evident from the corresponding transmission spectrum, which shows wide spacing of
the weak leaky modes. For 1D HCG with a fill factor of 65%, one extra isolated leaky
mode appears at a shorter wavelength (1.229 pum). As a result, the wide spectral
spacing of the leaky modes contributes to a shallow and wide dip in the reflection
spectrum. On the other hand, for the case of 2D HCG with a fill factor of 65%, four
leaky modes appeared in the transmission spectrum. It is noted that the leaky modes #1
(1.239 pum), #2 (1.306 pum) and #3 (1.48 um), #4 (1.612 um) contribute to the high
reflective regions centered at ~1.3 and ~1.6 um respectively. Mode #2 is an extra
leaky mode appearing in the transmission spectra of the 2D HCG when compared to
that of the 1D HCG with the same fill factor. Furthermore, the presence of a mode #2
leads to a significant drop of the reflectivity at ~1.343 um (i.e., the reflection dip). In
other words, the presence of multiple modes, which cause the separation of GMR
location, is due to 2D nature of the grating. As a result, a dip in the reflection spectrum
is obtained. This dip of the reflectivity represents the formation of a resonant cavity

mode of the 2D HCG [175].
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Figure 6.11  Reflection spectra of 2D HCGs with varying thickness of buffer layer
(i.e., tour varies between 775 and 925 nm).

In order to verify that the formation of cavity mode is due to the 2D nature of
the grating instead of Fabry-Perot resonance, the value of ty, is allowed to vary
between 775 and 925 nm (see Figure 6.11). It is observed that when t,,; increases from
775 to 925 nm, the reflectivity at the dip wavelength of ~1.343 um increases from 7%
to ~ 25%. However, the minimum value of the reflection dip (~3%) occurs only when
tpur = co. This suggests that the dip in the reflection spectrum is due to the 2D nature of
the grating and the cavity mode is not formed inside the buffer layer. However, the
buffer layer has influence on the fineness of the reflection dip.

It can be shown that there is a proportional relationship between the
wavelength of the reflection dip and the dimensions of the grating. For a 1D HCG, the
resonant conditions of resonant leaky modes can be determined by eigen-equations

[177]:
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tan(xt,) = m (TE mode)

(6.1)

N2k (n’y, + 6,
tan(xt ):M (TM mode)
179 2.2 4

NC& —Ny%:9;

where i is an integral denoting the diffraction order of grating, fi (= k[ngsiné—
i1/A]) is effective propagation constant of the waveguide grating, k (= 24/4) is the
wavevector in free space, € is the incidence angle to the normal of the grating, A is the

resonant wavelength, and nq is the effective reflective index of the grating layer. The

parameters «, (=\/n’k? - %), 7,(=+/p7 —k?), and &,(=/p? —n’k?) are defined as the
wave vectors within the grating layer, air and buffer layer respectively. If the resonant
wavelength A increases to Y A by a factor of Y, it can also be shown that the values of
G, &, % and & can be reduced to G/Y, /Y, vi/Y and di/Y respectively if =0 and 4
increases by a factor of Y. In order to satisfy Equation (6.1) for this new resonant
wavelength, ty has to be increased to Ytg. Hence, there is a proportional relationship
between resonant wavelength and the dimensions of the grating. For our 2D HCGs
with the dimensions of grating identical in both x and y directions (see Figure 6.9), the
corresponding eigen-equations and phase matching conditions are similar to that of the
1D grating. Therefore, the proportional relationship should also be held for the 2D
HCGs. In order to demonstrate this scalable property of the 2D HCGs numerically, a
design with a reflection dip located at a wavelength of 1.343 um was used for the
calculation. The corresponding values of, A, fill factor, ty and ty.s, Were set to 700 nm,
65%, 460 nm and 825 nm respectively. Reflection dip at wavelength of 1.55 and 2 um
can be achieved by scaling up A, ty and tyyr, altogether by a factor 1.157 and 1.489
respectively as shown in Figure 6.12. It can be seen that the wavelength of reflection

dips and reflection patterns are similar for all the three cases under investigation.
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Figure 6.12 Plot of the reflection spectra of the HCGs versus normalized
wavelength (i.e., normalized to the wavelength of the reflection dip). For the reflection
dip at 1.343 um, the dimensions of 2D HCG were set to A = 700 nm, fill factor = 65%,
ty = 460 nm and tpys = 825 nm. For a reflection dip at 1.55 and 2 um, the corresponding

dimensions of 2D HCG were scaled by a factor of 1.157 and 1.489 respectively

6.3 Influence of Design Parameters on the Performance of

2D HCG

Figure 6.13 plots the reflection spectra of the 2D-HCGs with A, as the variable. It is
observed that two high reflective zones are only emerging at A ~700 nm with a dip
located at wavelength of ~1.342 um. The dependence of reflection spectra on the fill
factor of the 2D-HCGs is also shown in Figure 6.13(b). It is noted that two broad
reflective zones can be obtained with fill factor ~65% and the corresponding location
of the dip is at wavelength of ~1.342 um. However, other values of fill factor will not
allow the formation of a narrow dip in between the two broad reflection zones. Figure
6.13(c) shows the variation of reflection spectra with ty. It is observed that the two
broad reflection zones can be obtained for a wider range of tgy (i.e., between 450 and

460 nm) with the wavelength of the dip located at ~1.342 um. From the above
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calculation, it is shown that the formation of resonant cavity mode is strongly
dependent on the values of A and fill factor. This may be the reason why resonant
characteristics of the 2D HCGs have not been discovered. From the above calculation,
it is noted that a narrow dip at ~1.342 um can be obtained from the 2D-HCG with A
~700 nm and fill factor ~65%. In addition, the reflectivity of the surrounding reflective
zones can be larger than 99%. Figure 6.13(d) plots the reflectivity of the 2D HCGs
with optimized values of A (= 700 nm), fill factor (= 65%) and ty (=450 nm) versus the
polarization angle of the normal incident wave. It is observed that the symmetric
configuration of the 2D-HCG causes its reflectivity insensitive to the angle of incident
polarization. This indicated that the formation of resonant cavity mode is mainly due

to the 2D nature of the symmetric grating.
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Figure 6.13  Influence of (a) period of grating (A) (b) fill factor (c) grating thickness
(ty) and (d) polarization angle on the reflectivity of 2D HCG.
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Figure 6.14  Influence of sidewall tilt angle on reflection characteristics: (a) the
bottom width of the grating remains constant (b) the middle width of the grating
remains constant. 0 deg implies vertical side walls. HCG parameters are: A =700 nm,
fill factor = 65%, ty = 460 nm.

Figure 6.14 shows the influence of a sidewall tilt angle on the reflection
characteristics of the grating. From fabrication point of view, producing exact vertical
wall is difficult hence; the device performance with non-vertical sidewalls is a crucial
concern. We consider two modes by which tilted sidewalls may occur: First, the
bottom width of the grating remains constant (same as designed width) and
corresponding reflectivity is shown in Figure 6.14(a), and second, the middle width of
the grating remains constant (same as designed width) and corresponding reflectivity
is as shown in Figure 6.14(b). It is observed that keeping middle width constant makes
the device more tolerant to tilt angles when compared with the other configuration.
With increase in tilt angle, dip wavelength is shifted towards longer wavelength.
However, the shift is more with loss in reflectivity in case of constant bottom width
configuration. This is because an effective index of the grating remains almost same if
middle width does not allowed to be altered. However, in the other case, device will

get an extra air space and the effective index will be reduced. The effect will be similar
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to that of increasing fill factor (see Figure 6.13(b)). Reflectivity loss is observed with

increase in the air space due to diffractive spreading loss [178].

6.4 Surface Emitting Laser with 2D HCG

Conventional 1D 2™ order grating structure using low-index contrast has been used to
fabricate surface emitting lasers [179]. The proposed 2D grating can also be applied to
realize surface-emitting lasers by inserting a thin active layer between the grating and
buffer layers. However, the 2D grating structure, which need not to be a 2™ order
grating, is necessary to have high-index-contrast. This is because high-index-contrast
between the grating and buffer layers is essential to achieve high reflective zones and a
sharp reflection dip. Reduced index contrast below 2 (i.e., ny/n. < 2) may lead to loss
in reflectivity and poor Q factor of the device. Hence, refractive index and peak gain
wavelength of the active layer should be close to the buffer layer and wavelength of
the reflection dip respectively. If the buffer layer was assumed to be made by SiOs,
which has a refractive index of 1.45 at a wavelength of 1.343 um, Nd:YAG can be
used as an active layer. Hence, the refractive index, n,c, and the peak gain wavelength
of the active layer can be set to be 1.82 and 1.343 um respectively [180] in the
calculation. In addition, the thickness of the active layer, ta, was assumed to be 100
nm. In our analysis, a Lorentz model [181] was used to implement the gain material
into FDTD algorithm. In this case, the corresponding permittivity, &, can be expressed

as

ELor @
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where & = 3.3124, @, = 1.4x10° THz (~1.343 um), and &.or = 31.4 THz (~ 50
nm). The emission spectra observed from the surface of the 2D HCGs can be
calculated by a Fourier transform of the electric fields.

Two configurations of the 2D-HCG laser, i.e., with 1) tyys = 725 nm and 2) tys
= oo, are considered in the studies. Figure 6.15 plots the emission spectra of the 2D-
HCG laser at threshold. Sharp resonance is observed at ~1.34 um for the case thys =
. However, the resonance wavelength shifted to ~1.342 pum for the case tp,s = 725
nm. This is because the effective refractive index of the buffer layer is slightly
increased due to the influence of substrate (which is assumed to have refractive index
larger than the buffer layer) so that the resonant frequency of the standing wave inside
the 2D grating is slightly shifted. For the case of ty,s = o0, Q factor is found to be ~925.
This large value of Q is expected from the reflection spectrum of the 2D HCG with ty
= oo as the corresponding reflectivity is the lowest at the dip wavelength (see Figure
6.11). On the other hand, although the presence of buffer layer will increase the
reflectivity of the reflection dip, the reduction of 10% linewidth of the reflection dip
(see Figure 6.11) can compensate for the increase of reflectivity so that the value of Q
factor can be improved. The inset of Figure 6.15 shows the Q factor of the 2D HCGs
with different values of ty,. The corresponding reflectivity and 10% linewidth of the
reflection dip are also plotted in the figure. It is observed that the magnitude of
reflection increases with ty,s but the linewidth of the reflection dip reaches a minimum
for tyur between 725 and 775 nm. As a result, a maximum value of Q factor equal to
1032 can be obtained at t,,s = 725 nm. However, the Q factor does not improve for the

value of tyys other than 725 nm.
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Figure 6.15  Surface emission spectra of 2D HCG lasers with t,,s of 725 nm and
infinite thick. The inset shows the reflectivity and 10% linewidth (defined as the width
of the dip spectrum at a level 10% above the reflection dip, see Figure 6.9) of the

reflection dip, as well as the Q factor of the 2D HCGs versus tpy.

6.5 Summary

In summary, the reflection characteristics of 2D HCGs were investigated. In contrast
to 1D HCGs, symmetric nature of 2D HCG makes it insensitive to the incident
polarization. With suitable selection of A, fill factor and t,.; of the 2D HCGs, cavity
resonant (i.e., a dip of the reflectivity) can be observed from the corresponding
reflection spectrum [175]. The excitation of cavity mode (i.e., the dip) in 2D HCGs
can be explained by the excitation of extra resonant leaky mode (#2 mode in Figure
6.10(b)) causing the formation of two high reflective zones in the reflection spectrum.
It is noted that there is a very narrow range of A, fill factor and ty to generate the cavity
mode. By inserting a thin active layer between the grating and buffer layers, a 2D
HCG surface-emitting laser with Q factor as high as 1032 can be realized and the

value of Q factor is dependent on thickness of the buffer layer [175].
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Conclusions and Future Work

"I almost wish I hadn't gone down the rabbit-hole - and yet - it's rather

curtous, you know, this sort of life!" said Alice.

This chapter summarizes the conclusions of this thesis and suggests related areas for

further research.

7.1 Conclusions

1) We have carried out a study of amplitude and phase type Fresnel zone plates (FZP)
with ultra-short focal lengths (~4) under visible wavelength (1 = 633 nm). The
FZP design was based on classical optical theory and implications of using such
design in the near-field focusing were studied. Following are main conclusions
[95]:

e FZPs for near-field focusing exhibits unique characteristics of focal shift,
elongated depth of field (DoF) and the suppression of higher order foci. The
shift of focal length and elongation of DoF can be optimized by controlling the
number of zones and the choice of film thickness of the FZPs. Suppression of
higher order foci improves diffraction efficiency, as diffracted energy is
concentrated in the first order focus only. However, it is necessary for the focal

length of the FZPs to be less than ~10 times the operating wavelength.
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This work shows a unique behavior, which is more appropriately explained by
the diffraction of evanescent, fields inside the subwavelength feature of the
transparent zones in FZPs.

Phase FZP can be obtained by realizing the required zones through etching on
the glass substrate so that no opaque coating is required. It is found that the
phase zone plates can support high-intensity focal spot with subwavelength
size. The peak transmission intensity is found to be 5 times higher than those

from Ag-coated FZPs.

2) With high numerical-aperture (NA) focusing elements, vector nature of

illumination i.e. polarization plays a critical role in defining the focal spot profile

[111].

A simple analytical model for high NA phase FZP is presented based on
Richard and Wolf’s vector diffraction theory. The formalism shows agreement
with the exact solution obtained by FDTD method. The deviations from exact
solution are due to influence of evanescent waves present in the near-field and
are not accounted in the model.

High NA phase FZP under the illumination of linearly polarized light produces
rotationally asymmetric focal spot. Furthermore, the value of transverse
components can be reduced to certain extent by introducing phase modulation
with the reduction of the etch depth.

The illumination of a radially polarized light can produce a rotationally
symmetric focal spot. As a result, a focal spot with beamwidth of 250 nm

(0.392) is shown to be possible with phase FZP.

3) Both amplitude and phase FZPs have been fabricated by using FIB technology.

NSOM measurements are carried out to study the focusing behavior [134].

124



Chapter 7 Conclusions and Future Work

With sample current monitoring through the end point monitor (EPM) feature
of FIB, amplitude type FZP fabrication is demonstrated on metal-coated glass
substrate.

Phase FZPs are fabricated on glass substrate with ITO coating. Tilt in sidewalls
is observed due to Gaussian distribution of ion beam and redeposition of milled
material. Impact of tilt of sidewalls on the focusing performance is evaluated
and it is found that sidewall tilt angle upto 30° can change the focusing
intensity by just 10% provided the designed zone widths are maintained at the
center of the zone depth. Further, the tilt angle is reduced by using lower beam
current and dwell time values.

From the NSOM measurement, with a phase FZP of 500 nm focal length (1 =
633 nm) it is shown that near-field focusing of a linearly polarized light to an
asymmetric spot with a subwavelength beam-width is possible. The focusing
characteristics are in agreement with the FDTD results. Deviations are
attributed to FIB induced damage in the material and NSOM probe coupling

issues.

4) The properties of 2D subwavelength high-index-contrast grating (HCG) are

investigated and their application in realizing surface-emitting laser is

demonstrated [175].

2D HCG reflection spectrum consists of a transmission dip surrounded by high
reflective zones. The reason behind the dip is decoupling of guided mode
resonance with the introduction of 2" dimension.

There exists a very narrow range of grating period, fill factor and grating

thickness to generate cavity modes.

125



Chapter 7 Conclusions and Future Work

e By inserting a thin active layer between the grating and buffer layers, a 2D
HCG surface-emitting laser with Q factor as high as 1032 can be realized. The
value of Q factor is dependent on thickness of the buffer layer.

e In contrast to 1D HCGs, symmetric nature of 2D HCG makes it insensitive to
the incident polarization. Such property may also be well suited for

applications in amplifiers and optical filters.

7.2 Future Work

Related areas for further research can include the following:

1)

2)

3)

4)

A rigorous diffraction theory for subwavelength FZPs for near-field focusing may
be developed in order to predict accurate focusing behavior.

Under linear polarization, rotationally asymmetric focusing is observed from high
NA FZP. A further optimization of FZP design may be carried out with an
objective to improve rotational symmetry of focusing. This is because, although
radial polarization yields a perfect rotational symmetric focusing, the linear
polarization is still popular due to easy optics.

FIB fabrication induced damage to FZP structure and its impact on focusing
characteristics can be studied in detail by identifying the extent of damage to
geometry and optical properties of the material. Comparative evaluation with other
fabrication processes may be followed.

NSOM probe is known to be sensitive to certain field components. In addition, the
material of the probe may cause change in near-field parameters. A further
theoretical and experimental study can be carried out with different probes in order
to throw more light on coupling phenomenon and related issues with NSOM

measurements.
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5) In this work, focusing by FZP in free air space is investigated. However, in
application like optical data storage/lithography, interfaces among various media

with different optical properties are encountered. The effect on such interfaces can

be studied theoretically and experimentally.
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Appendix A

Scalar Diffraction Integrals

The scalar diffraction theories are based on Kirchoff’s boundary conditions stated as
[1]:
1. The linear dimensions of the diffracting aperture are large compared with the

wavelength.

2. The point of observation is sufficiently away (>> A) to the plane of the aperture.

Figure A.1  Diffraction by an arbitrary aperture

Consider a plane opaque screen with an aperture 2. as shown in Figure A.l.
Kirchoff’s diffraction integral, which is obtained as a rigorous solution of the

Helmholtz equation, can be written as:
A=l on T T on

U(P) =iﬂz[au G-U aG}dS (A1)
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In Kirchoff’s formulation, the free-space Green’s function is used [1]:

exp (ikl
GKirchoff = pl( ) (AZ)

Using the above Green function, the famous integral theorem of Helmholtz and

Kirchoff is obtained as:

1 ou (. 1 _ -
U(P):EJ’I{a—n_(IijU cos(n,l )}ds (A.3)
Now applying Kirchoff’s boundary conditions:

U(P) = % L eik;l:) [cos(ﬁ, f) —cos(, §)}ds (A4)

Equation (A.4) is Fresnel-Kirchhoff diffraction formula.

Kirchhoff’s theory is based on imposing boundary conditions on both the field
(U) and its normal derivative (0U/On). Further, Kirchhoff’s theory has internal
mathematical inconsistencies, as Kirchhoff’s diffraction formula can not reproduce the
boundary conditions used as the observation point approaches the aperture. A more
consistent formulation is obtained by Rayleigh and Sommerfeld with the use of a

Green’s function given by [1]:

_ exp(ikl)_exp(ikl )

R-S I I 1

(A.5)
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Here I' is the mirror image of | on the opposite side of the screen. Using Equations

(A.5) and (A.1) we obtain:

u(P) zz‘—iﬂzu M(ik—%)cos(ﬁ,f)ds (A6)

This is a Rayleigh-Sommerfeld diffraction formula. This formulation is further

simplified under the assumption of z >> A4 as:

U(P) :%ﬂzu Mcos(ﬁ,f)ds (A7)
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The Finite-Difference Time-Domain (FDTD) Method

The finite-difference time-domain (FDTD) method has recently become the start-of-
the-art method for solving Maxwell's equations in complex geometries. Being a direct
time and space solution, it offers the user a unique insight into all types of problems in
electromagnetics and photonics. In addition, FDTD can also obtain the frequency
solution as well by exploiting Fourier transforms, thus a full range of useful quantities
can be calculated, such as the complex Poynting vector and the transmission/reflection
of light. In the present work all FDTD calculations are performed by using a

commercial FDTD solver FDTD Solutions by Lumerical Inc., Canada [1].

B.1 Maxwell's Equations and FDTD

Originally proposed by K.S. Yee [2], the FDTD method has emerged as a foremost
numerical tool for the solution of the time-dependent Maxwell’s equations in either
differential or integral form. The FDTD method utilizes the central difference
approximation to discretize the Maxwell’s equations in both time and spatial domain,
and then solves the resulting equations numerically to derive the electric and magnetic
field distributions at each time step using an explicit leapfrog scheme.

Consider the general Maxwell’s equations in time domain
a
— =VxH
a (B.1)

D(w)=¢,-¢, -E(w) (B.2)
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where,
E - Electric field intensity
H - Magpnetic field intensity
D - Electric flux density

These equations can be normalized using

oD 1

N N

E)(w) =¢ -E(w)

= VxH

Appendix B

(B.3)

(B.4)

(B.5)

(B.6)

(B.7)

(B.8)

Equations (B.6) to (B.8) give six scalar equations for D and H. For example, equation

for D, is as:
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(B.9)

oD 1 [aHY _6ij
ot Ey My \ OX 0Oy
The next step is to take finite difference approximations. To implement the
scheme, Yee algorithm (see Figure B.1) is used. Yee has positioned the components of
E and H about a unit cell of a lattice (Yee cell) as shown in a figure. It is observed that
each E field component is surrounded by four H field components; similarly each H
field component is surrounded by four E field components (If the field components on
adjacent cubes are taken into account). The resulting equation for D, is given by

Equation (B.10).

DMY2(i, j,k +1/2) =

D,k +1/2)+ At (Hy(|+1/2,J,k+1/2)—Hy(|—1/2,j,k+1/2)J

AX-\J&g - tig \=H (i, j+1/2,k+1/2)+ H (i, j -1/ 2,k +1/2)

(B.10)

By the same token, the update equations for the other field components can be
derived. Since these equations compute the new field components from the field
components at previous time-steps, they are frequently called update equations. In the
equations the temporal location of the E and H field components differs by half time-
step (4#/2). In a typical simulation flow, one would determine the new H field
components at n+1/2 from the previous field components. Then the new E field
components at n+1 will be calculated. The process is then repeated as many times as

required until the last time-step is reached [3].
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o Initialize all E and H field
components to 0
* Initialize all sources to 0
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Figure B.1  Positions of the field components about a unit cell of the Yee lattice and

FDTD algorithm [2].

B.2 Boundary conditions in FDTD

Boundary conditions are used to truncate the computational domain when modeling an
open region problem. Mur [4] proposed absorbing boundary conditions in 1980. Its
accuracy was further improved by Mei and Fang [5] with the introduction of super
absorption technique. Chew [6] proposed Liao’s boundary condition. Mei’s and
Chew’s boundary conditions perform better than Mur’s condition especially at oblique
incident waves. But they suffer from either an instability problem or inaccurate
solutions. Berenger’s perfect matching layer (PML) absorbing boundary conditions is
reported to be most robust and effective [7-8]. PML conditions allow radiation to
propagate out of the computational area without interfering with the fields inside. In
this thesis, PML boundary used as an absorbing media to truncate the simulation
region. We must note here, in the strict sense, PML is not a boundary condition but a

perfectly absorbing layers placed adjacent to the boundaries of the simulation region.
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Table B.1 PML parameters used in FDTD simulations.

PML parameter Value

Kappa
(The normalized imaginary electric and magnetic conductivity)

Sigma 005
(The maximum normalized electric and magnetic conductivity)
Layers 12
Polynomial power
(How rapidly the electric and magnetic conductivity increases as 3

radiation propagates at normal incidence into the PML)
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Focused lon Beam (FIB) Nanofabrication

C.1 Focused lon Beam (FIB) for Device Fabrication

FIB etching has been widely used as a versatile maskless lithography technique in
numerous fields. FIB systems generally use an ion beam of Ga*, focused to a spot size
as small as 7 nm in diameter and accelerated up to 50 keV energies. Nanopatterning
using FIB etching is generally employed for device modification, transmission
electron microscopy (TEM) sample preparations etc. Because FIB patterning saves
process steps and time by reducing of hassles and defects inherent in mask transferring
in other lithographic techniques, it can be exploited to develop prototypes of

microsystem as well as optoelectronic devices.

C.2 Review of Micromachining by Focused lon Beam (FIB)

C.2.1 Simple Milling

Simple milling in FIB refers to the sputtering phenomenon due to energetic
impingement of focused ion beam on the target material. It is possible to process
several tens on nanometer level area without using a mask. This is the reason it is also
termed as “maskless etching”. In addition, provision to observation of processing

condition under microscope makes very accurate and high precise results possible.

c.2.1.1 Beam Current

lon beam current and beam diameter play important roles in FIB milling. Young et al

[1] reported effect of a beam current on milling yield and resolution of pattern. Beam
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diameter is a function of ion beam current. When ion beam current decreases, the
numbers of ion decreases. The beam diameter is dependent on the ability to focus the
ions. A smaller beam diameter results in better pattern definition. Nevertheless, a

smaller beam current takes a long time to mill a pattern.

C.2.1.2 Angle of Incidence

The relationship between incident angles and sputtering yield was investigated by Xu
et al [2]. They found that the sputtering yield increases as the incident angle increases,
but sputtering yield decreases for angles around 75° - 80° for Ga™ ions due to more
incident ions being scattered from the target surface.

Tseng et al [3] carried out TRIM simulation to see the dependence of the sputtering
yield on the incident angle with two types of ions, As and Ga, in sputtering of Au and
Si substrates. The simulated results were compared with experimental data by
Santamore et al [4] and Leher et al [5] (See Figure C.1(a)).

lon incidence angle effect on lateral dimensions and depth of diffractive
structure was investigated by Fu et al [6]. The period of the structure increases and the
depth degrades as the ion incidence angle increases (Figure C.1 (b)).

In all reports, the maximum is reported around 80° incidence angle. Sputtering
yield is governed by the surface collision cascade. As incidence angle increases from
normal incidence, the probability of the target atoms escaping from the surface during
cascade increases. At glancing angles, surface channeling plays an important role that
causes the sputter yield to decrease, which is another reason for the smaller depths at

large incidence angles.
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AsfAn — .
= GalAl —
S ad AsSI . e
& Ga’Si ___ o Santamore, stal. (1997)
£ + Lehrer, et al. (2001)
= a0
=
T
-—
= 20
£ ==
T
£
2 109 s0kev -
[F5) ______‘___L.-- _.;_..- -
gyrar a=-=—a=—:*:‘-¢ ==&~ ="orrelation: cos
0 T T T T T |
(a) 0 15 a0 45 &0 75 o)
Incident Angle [Deg]
240
2100
i L 200
1800
E _ 160
€ 15004 | S
3 | =3
= R
$ 1200 -120 3
900 - - 80
600 - L 40
T % T X T X T d T
(b) 0 20 40 60 80

lon incidence angle (°)

Figure C.1  (a) lon incidence angles versus lateral dimension [3] and (b)

dimensions of the diffractive structures on Si (111) [6].

C.2.1.3 lon Energy

Tseng et al [7] investigated the effect of ion energy on two types of target substrates
(Au and Si) using three types of ion sources (As, Ga and Ar) at normal incidence as a
function of the ion energy. TRIM simulation was employed and results were compared
with the experimental data. The sputtering yield of the Au substrate is much higher
than that of the Si substrate. As, Ga and Ar shows decreasing yield according to their

decreasing atomic weights as shown in Figure C.2 (a).
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Figure C.2  Effect of ion energy on (a) sputtering yield [7] (b) depth and period of

diffractive structure [6].

C.2.1.4 Dwell Time (or lon Dose)

While milling a pattern, FIB system digitizes it into an array of pixels. lon beam is
then moved pixel by pixel. At each pixel, the ion beam is kept for a certain period
termed as a dwell time. If all other operating parameters are constant, the ion dose is
proportional to the dwell time, i.e. the longer the dwell time, the higher the ion dose.
Hausmann et al [8-11] investigated extensively the dwell time effect on FIB
ion implantation in cobalt disilicide. However, ion implantation is quite different from
milling process. Fu et al [12] investigated the influence of dwell time on FIB

micromachining process by means of a single pixel-writing mode sputtering of Si.

152



Appendix C

Long dwell time leads to deep sputtering depth due to the reduction of the scanning

pixel numbers.
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Figure C.3  (a) AFM measurement and feature definition of a typical channel cross

section in Si substrate. (b) Channel profile measurement for various dwell times [7].

Tseng et al [7] used different dwell times to obtain different submicron

channels on gold-coated Si substrates. They observed that the channel is milled deeper

(Figure C.3) as the dwell time is increased and the rate of increase of the channel depth

is gradually reduced with increasing dwell time.
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Xiong et al [13] observed that the milling depth increases linearly with the dose
density for depths less than 7 nm in milling (NigoFezo) permalloy nanochannels. On the
other hand, Li et al [14] studied the nanochannel profiles at several dwell times (0.1, 1,
10 and 100 ps) and beam currents (1, 4, 11 and 70 pA) and found that the channel

depth increases almost linearly with the ion dose but not with the dwell time.

C.2.1.5 Number of Passes

Yamaguchi et al [15] studied the effects of using single and repetitive passes on
milling a Si substrate. It can be seen from Figure C.4, with a single pass, a cavity with
an inclined bottom was observed and the depth of the cavity at the end of the milling is
far deeper than the depth from where the milling is commenced. Tapered bottom may

be attributed to the redeposition effect. Repetitive passes yields more uniform milling.

Figure C.4  SEM photographs of Si pattern (a) slow single pass at 2 s per line with
300 scan lines; (b) fast (200) repetitive passes at 10 ms per line with 300 scan lines
[15].

Fu et al [12] milled an annular cavity by a single pass and four repetitive passes
as shown in Figure C.5. Changing from a single pass scheme to a repetitive approach

enlarges the diameter of the tip or increases the slope of the cone. Using repetitive
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passes, the redeposition will be proportionally reduced in each pass and a portion of

the redeposition from the earlier passes can be removed by the subsequent passes.

Figure C.5  Tip structures milled: (a) using a single pass (b) using four repetitive
passes [12].

C.2.2 Milling with Enhanced Etch

Low throughput of FIB sputtering limits its applications to prototype or nanostructure
formation. Introduction of reactive gases like Cl,, XeF; etc. results in improved etch
rate compared to sputtering rate of many materials like Si, Al. The process is termed as
gas assisted etching (GAE) or chemical assisted focused ion beam machining (CE-
FIBM).

Chemical enhancements of material removal rates result from chemical
reactions that are initiated by impinging Ga" ions. These reactions involve a chemical
injected into the vacuum, which then adsorbs to the sample surface and the surface
constituents of the material being micromachined. Ideally, these reactions increase the
material removal rate and result in a volatile reaction product, thus reducing
redeposition of micromachined material.

Various gas species have been investigated for different work materials. A

mixture of Cl, and NH3 was successfully demonstrated by Edinger [16] to enhance Cu
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removal rate. However, a redeposition or the formation of corrosion products was
clearly observed in the approach. Gonzalez et al [17, 18] have demonstrated that the
use of organochlorides and oxygen containing precursors increases the FIB machining
selectivity of copper with respect to SiO, by a factor of 4. Problems like differential
sputtering due to different crystolligrahpic grain oreientation (see Figure C.6) are

shown to be overcome by GAE [19].

NCSU 18KV X119,

P2 a4 varwes kop Aot

irMm
NCSU 18KU 11,908 14mm

Figure C.6  Free edge micromachining of Permalloy (a) without chemical

enhancement and (b) using C,Cl4 [19].

Figure C.7  Array of pillars etched in GaAs (a) without protective layer (b) with a
protective layer present (0.3 um PMMA) [20].

Young et al [20, 21] exploited etch selectivity with some material

combinations (Figure C.7). The etch selectivity between two materials is the ratio of
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the relevant etch rates under the same etch parameters. For instance, over etching of Al
layer on SiO, with a little etching of SiO, is possible because of high selectivity of
order of 15-20 between the two materials. In addition, the undesirable effects of ion
beam profile (approximated as Gaussian distribution with long tails) like rounded
edges to etched features and implantation to the area surrounded by the recess can be
minimized by using a sacrificial layer on the top of the substrate. It can be seen from
Figure where an array of pillars was milled using GAE with and without protective
layer of 0.3 um PMMA.

GAE when combined with geometrical micromachining can further enhance
micromachining capability. Geometrical micromachining enhancement takes
advantage of the greater sputtering rates available at very high impact angle, i.e., close
to parallel to the surface to be micromachined. This combination has been exploited
for micromachining permalloy using C,Cl, [22, 23], for sharpening of diamond cutting
tools with H,O [24], and for measurement of photoresist line widths without sample

cleaving with H,O [25].

Table C.1 Etch rate enhancement for various gas-target combinations.
(edited from [17, 19, 26, 27]).

Gas Target Etch rate Enhancement
(uLm*/nC) factor

Cl, Silicon 2.6 11.8
Aluminum 0.6 3
GaAs 6.9 10
Silver 1.1-2.8 <2

H.0 Diamond 1 7
PMMA 7.5 15
Polyamide 8.5 17

XeF; Silicon 7-12
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Gas Target Etch rate Enhancement
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