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CONTROL AND LOCALISATION OF LIGHT WITH ENGINEERED
NANO-STRUCTURES

by Tapashree Roy

In this thesis I present my research on nano-scale light control using several novel
approaches.

I have demonstrated a planar metal nano-structure with cylindrical symmetry that is
designed to create a super-oscillation of electromagnetic waves to focus light down to
sizes smaller than the Abbe diffraction limit. For the first time this super-oscillatory
lens was experimentally used for imaging of nano-structures. A pair of 0.3\ diameter
nano-holes with 0.16\ edge-to-edge separation were resolved.

I have demonstrated a novel type of super-oscillatory lens which produces a continu-
ous distribution of sub-wavelength light localisations extending over several wavelengths
along the optical axis. This ‘optical needle’ is also characterised by a large field of view.
I have experimentally demonstrated a optical-needle-lens with 7 um depth of focus and
16% narrower than a diffraction-limited focal spot.

I have characterised the point spread function of the above-mentioned super-oscillatory
lenses, i.e., their ability to accurately image a point source. The images of the point
source generated by these super-oscillatory lenses are at least 24% smaller than that
produced by an ideal glass lens restrained by the Abbe diffraction limit. I have experi-
mentally verified the imaging characteristics of the optical-needle-lens and demonstrated
its ability to detect the off-axis placement of a point-like source.

I have developed the nano-fabrication processes for manufacturing the super-oscillatory
lenses on thin films of metals (Au, Al, Ti) using gallium focused-ion-beam milling tech-
nology. The focusing characteristics of the fabricated structures showed very good agree-
ment with computational predictions.

I have computationally shown that objects placed within the field of viewfocfocus of
the optical-needle-lens can be imaged with super-resolution quality. This is a significant
improvement over the sub-wavelength-step scanning imaging technique reported in this
thesis for the other kind of super-oscillatory lens. For example, a super-oscillatory lens
can resolve a ‘random’ cluster of 0.15\ diameter nano-holes with the smallest edge-to-
edge separation of 0.28\.

I have experimentally demonstrated the first prototype of a solid-immersion super-
oscillatory lens that promises to achieve a 50 nm hotspot with 405 nm illumination for
applications in heat-assisted magnetic recording technology.

I have demonstrated for the first time a planar diffraction grating for wisible light
designed by arranging meta-molecules to produce a periodic phase ramp. I have also
demonstrated the first ever metamaterial-based planar lens-array that produced a 2D
array of sub-wavelength foci.

Finally, I have provided the first experimental evidence that photoluminescence of gold
can be substantially enhanced by patterning the film with designed 2D nano-structured
array (or, metamaterials). When resonant two-photon excitation is used the metamater-
ial enhances the photoluminescence by more than 76 times. I have also observed that the
photoluminescence emission peaks are linked to the frequencies of absorption resonances
in the metamaterials.
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Introduction

1.1 Motivation

Controlling light at the nano-scale is the indispensable mantra for the fast-evolving

photonics industry.

We collect a significant amount of information about the objects around us by look-
ing at them and the simplest devices used for the purpose are the lenses. The earliest
known lenses date back to the 14" century AD and ever since we have tried to better
their performance to improve imaging. Since the days of Antonie van Leeuwenhoek
and Robert Hooke, microscopes have come a long way. In fact, in the last century
alone, four Nobel Prizes have been awarded for the development of imaging technolo-
gies [1]. Improved imaging technologies have driven discoveries and advancement across
all branches of science and engineering and for majority of these applications, optical
microscopes are the elegant choice of instrument. But even a modern day high reso-
lution optical microscope is limited by the diffraction limit and cannot image features
smaller than the scale of a wavelength of light. There are several existing techniques for
super-resolution imaging and each of them have their own pros and cons [2-4]. Lenses
designed on the basis of super-oscillation phenomena promises focal spots arbitrarily
smaller than the diffraction limit at distances beyond the near-field of the lens.

A little over half a century ago Richard Feynman, in his celebrated lecture [5],
invited scientists to embark on a new journey of nanotechnology. Feynman envisioned

some interesting ramifications of manipulating matter at the atomic scale. Today,



2 1. Introduction

exploiting the capabilities of modern nano-fabrication technologies it is possible to
shape and size matter within the scale of a few atoms. This opens up the opportunity
for studying the light-matter interaction at the nanoscale. Enthusiasm in this field
of research was boosted with the advent of metamaterials just over a decade ago.
Metamaterials are a special class of man-made media patterned on a sub-wavelength
scale allowing precise control of electromagnetic waves to provide all sorts of exotic and
useful functionalities [6]. Using photonic metamaterials active research is being carried

on to achieve nano-scale control and localisation of light.

The following sections introduce some of the concepts and definitions that will be
used in this thesis. The current state-of-the-art research based on those concepts is

also briefly discussed.

1.2 Diffraction limit and optical microscopy

Diffraction is the phenomena where light spreads past an obstacle or through an aper-
ture, instead of casting a sharp-edged shadow of the object. As well as for electro-
magnetic waves, diffraction happens for all kinds of waves including sound, and water
waves. It is this phenomenon that causes the focal spot, even from an ideal glass lens,
to appear bigger than a geometrical point.

In 1874 Ernst Abbe proposed a formula which would estimate the smallest spot
size that can be produced by an ideal lens in a given medium. The focal spot size
d is related to the wavelength A and numerical aperture NA of the lens by the for-
mula d = 0.61\/NA! [7]. This fundamental limit is called the diffraction limit, and
it limits the resolution of images from optical systems like microscopes, cameras or
telescopes. Due to the presence of the diffraction limit, no image is as detailed as the
object. A conventional lens successfully transmits the propagating components of the
electromagnetic field to the image plane; however, the evanescent wave which carries
the information about the finest features of the object exponentially decays from its

plane of origin. The sub-wavelength details about the object are lost before forming

The NA defines the maximum range of angle over which a lens can accept light (Fig. 1.1a) and is
given by NA = nsinfmax; n is the refractive index of the medium, Omax is the half angle of the maximum
cone of light that can enter or exit the lens. For an ideal lens operating in air (n = 1), the NA is less
than 1.
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Figure 1.1: Image formation by a convex lens and resolution.(a) Numerical
aperture NA = nsinf of a lens. The refractive index of the medium in which the lens
works is n, Omax is the largest half-angle within which all diverging light rays from a point
source are collected by the lens. (b) Airy pattern produced by light diffracted through
a circular aperture and captured by a lens. (c) Rayleigh resolution criteria: Airy disk
representing well-focused intensity profiles from two point sources. Three different cases,
well resolved, just resolved, and unresolved are shown.

the image, making it look blurred compared to the object.

Figure 1.1b shows the image of an circular aperture as captured by an ordinary lens.
Due to diffraction, the image is not just a circular disk, but formed from a bright central
spot called the Airy disk and surrounded by less bright annular rings forming the Airy
pattern. There are several resolution criteria defined for any imaging system to give
an estimate of how close two point sources can be placed until they can be no more
imaged as two separate sources. The most commonly used is the Rayleigh criterion [8]
of resolution. According to the Rayleigh criterion two incoherent point sources of equal
intensity are regarded as just resolved when the intensity peak of the Airy disk of one

source, coincides with the first minimum of the second source. This distance is given
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by a measure in terms of the wavelength and numerical aperture by d = 0.61\/NA,
which is also the size of the focal spot as given by Abbe. At Rayleigh resolution limit
the sum of intensities from two closely spaced apertures has two peaks with a central
dip or saddle point which is 8/72 times the peak intensity, i.e. 81% of the individual
peak values (Fig. 1.1) [8]. There are other resolution criteria; the Sparrow criterion is
the next best known, and gives a limit which allows two points to be placed closer than
that given by Rayleigh, yet still call them resolved. At Sparrow resolution limit the
saddle region vanishes and becomes a flat line joining the two peaks. In other words,
at the Sparrow resolution limit the derivative of the intensity is zero between the two
peak positions [8]. Sparrow’s criterion is considered to be a more practical estimate
of resolution, since human eyes are known to be sensitive to lesser intensity difference
than that given by the Rayleigh’s criterion. Sparrow’s criterion has proved to be more
useful while studying realistic situations, for example, resolving two distant stars [8].
There has been considerable research on improving the image quality to achieve
higher and higher resolution. Besides improving the quality of the lenses, one of the
simplest methods is to increase the refractive index of the surrounding medium. Since
the NA and hence the focal spot size depends on the refractive index of the medium,
using a high-index immersion medium will lead to increase in resolution. Features that
are smaller than the diffraction limit in free space can be measured using an immersion
lens. This technique is however limited by the availability of high refractive index

materials.

Super-resolution imaging techniques

The resolution of the conventional wide-field microscope is limited to about 200 nm
due to diffraction of light. However, present day science and technology demands the
study, characterisation, and fabrication of structures as small as a few nanometres. In
the following sections several microscopy techniques that provide resolution surpassing

the fundamental limit of diffraction will be briefly discussed.

1.2.1 Scanning near-field optical microscope (SNOM)

The scanning near field optical microscope (SNOM/NSOM) is a microscopy technique

that captures the finest information from the object field by scanning a sub-wavelength
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Figure 1.2: Different super-resolution techniques. (a) SNOM. A scanning tip
collects both propagating and evanescent components from the object plane. The res-
olution is determined by the size of the aperture on the tip. (b) STED. A fluorescent
imaging technique where the fluorescence from the peripheral region is depleted using a
doughnut-shaped beam, resulting in a smaller than diffraction-limit point spread function.
(c) A negative index superlens. The lens amplifies the exponentially decaying evanescent
component so that at the image plane both propagating and evanescent components are
detected. (d) A super-oscillatory lens. The focal spot is smaller than the diffraction limit,
but is often surrounded by high intensity halo.

aperture in close proximity (< \) to the sample (Fig. 1.2a). Resolution is limited by
the diameter of the aperture. A major limitation is that the throughput of light is
reduced for very narrow SNOM tip apertures.

In 1928 Synge [9] described an experimental set-up where a thin section from a
biological sample was illuminated with a point source obtained by making an aperture
~ 100 nm on a metal screen. He proposed that the aperture must be placed from
the sample surface at a distance no greater than its diameter. The transmitted light
was to be detected point by point with a sensitive photo-detector. Synge’s scheme
was never practically realised due to unavailability of proper technology to scan the
aperture within a wavelength distance of the sample surface. In 1984 Synge’s forgotten
scheme was re-invented by Pohl and demonstrated with Denk and Duerig at the IBM
Ruschlikon Research Laboratory [10-12]. Independently, a similar scheme was proposed

and developed by Lewis et al.. at Cornell University [13-15]. The breakthrough was
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fabricating a sharply pointed transparent tip with metal coating on the outside walls
and a sub-wavelength aperture at the tip. The constant scanning height of only a few
nanometres from the object was also ensured by using a feedback signal as will be

discussed in the following text.

a Laiin ‘ C d To detector e
z KA \'f/ v
R )
B I “

* *

To detector Laserin

Figure 1.3: Modes of SNOM operation. (a) Illumination by the tip, collection by an
external detector. (b) Illumination through the tip and collection of the scattered signal
by the tip. (c¢) Illumination and collection of the reflected signal through the tip. (d)
Ilumination from an external source and collection by the tip. (e) Illumination from an
external source and collection by an aperture-less SNOM.

SNOM works primarily under three modes of operation: (i) illumination mode,
where a sub-wavelength point source produced by the SNOM tip illuminates the sample
surface and the transmitted (Fig. 1.3a) or the scattered (Fig. 1.3b) signal is collected
by an external detector like a microscope objective, or the reflected (Figs. 1.3¢c) signal is
collected by the SNOM tip itself, (ii) collection mode, where the reflected (Figs. 1.3¢c) or
the transmitted (Figs. 1.3d) signal is collected by the SNOM tip and (iii) aperture-less
mode, where the sharp contour of an aperture-less metal tip is used as a small scatterer
for the light transmitted or reflected from the sample (Figs. 1.3e). The scattered signal
is then collected by a large external detector. The illumination and collection modes
of SNOM operation use a sub-wavelength aperture, typically 20 nm to 100 nm, at the
tip of a metal-coated tapered optical fibre.

A feedback signal unrelated to the SNOM signal is used to maintain a constant
distance of a few nanometres between the sample and the probe [16]. There are two
feedback mechanisms mostly used: (i) Shear force feedback where the tips are mounted

on a tuning fork or a bimorph which oscillates with a resonant frequency, and its



1.2. Diffraction limit and optical microscopy 7

amplitude is related to the distance from the sample. (ii) Constant force feedback
where a constant force is maintained between the tip and the sample using static tip
deflection as the feedback signal. This feedback mechanism is similar to the one used
for atomic force microscopy (AFM).

The SNOM probe is raster scanned across the sample to collect information from all
over the surface. The resolution is decided by the aperture size and not the wavelength
of illumination. Resolution of A/20 was reported by Pohl in 1984 [17]. Subsequently,
a resolution of 12 nm (A/43) was reported in 1991 [18]. Using aperture-less SNOM
resolution less than 10 nm has also been reported in more recent papers [19-21].

Today SNOM represents a powerful tool for optically studying the surface properties
and finds application across branches of physics, chemistry, and biology. However,

SNOM suffers from some drawbacks as listed here.

e It is time-consuming due to the scanning process.
e The sample, specially soft ones often gets damaged due to proximity to the probe.
e The SNOM tips are very prone to mechanical damage.

e The wide-field image of the sample is not obtained like with an ordinary glass

lens.

e The technique fails where information beyond the surface of the sample is re-

quired.

1.2.2 Fluorescence super-resolution techniques

Imaging techniques providing super-resolution with the aid of fluorescence signal from
the sample are popular choices for imaging biological samples. Three commonly known
fluorescence microscopy techniques, stimulated emission depletion microscopy (STED),
stochastic optical reconstruction microscopy (STORM), and structured illumination
microscopy (SIM) will be discussed here.

Stimulated emission depletion microscopy [2] (STED) uses fluorescent dyes to mark
biological samples with fine features. Unlike SNOM, the fluorescent dye embedded
into the sample can give information beyond the surface. A laser beam focused to a
small spot is used to excite a specific fluorescent dye. Depending on the spot size of

the laser, the dye around that region fluoresces. Next, a second laser beam at the
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Figure 1.4: Stochastic optical reconstruction microscopy, STORM (a) Energy
level diagram showing switchable fluorescence. (b) and (c) Stochasically excited fluorescent
tags. The circles show the point spread function with centre of gravity shown as dots. (c)
An example of overlapping point spread functions that are eliminated in data-processing.
Figure after [7].

emission wavelength and with a doughnut-shaped wavefront is incident. By stimulated
emission the atoms in the doughnut region are de-excited, leaving the atoms in the
central position to be detected by their fluorescence only (Fig. 1.2b). With an increase
in the intensity, the doughnut width increases resulting in a smaller central portion.
By adjusting the intensity of the doughnut-beam the central portion, within which
the fluorescent molecules emit spontaneously, can be made smaller than the diffraction
limit. The limitation to the size of the central portion is imposed by damage threshold
of the sample under investigation.

Another microscopy technique is stochastic optical reconstruction microscopy [7,22]
(STORM). Using photo-switchable fluorescent probes this imaging technique tempo-
rally separate the otherwise spatially overlapping images of individual molecules allow-
ing the precise localization of individual fluorescent labels on the sample. This idea can
be used for imaging a dense objects, using several batches of sparse sampling points
separated by distances greater than a few wavelengths. For imaging a wide region,
weak pump is incident on the florescent sample which switches on a series of sparse
random fluorescent tags to a metastable state (Fig. 1.4a). The fluorescence from each
of these tags is then observed using P excitation pulses and the same number of (P)
fluorescent images are recorded (Fig. 1.4b). This process is repeated for a new set of
sparse random tags (Fig. 1.4c). Each series of P images is processed to determine the
position of the individual tags with accuracy (d = 0.5A/NAV/N). It makes use of the

fact that for N number of photons emitted from a point source, the position of the
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image can be determined with an accuracy VN times better than diffraction limit.
The resolution is decided by the value of N but is limited by the size of the fluores-
cent tag itself. Any discrepancy where two fluorescent tags are overlapping (Fig. 1.4c)
are eliminated. STORM consists of many cycles of imaging processes during which
fluorophores are activated, imaged, and deactivated. Hence, it is not a very fast imag-
ing technique. Other similar imaging techniques which come under the broad class
of stochastical super resolution are direct stochastic optical reconstruction microscopy
d-STORM, photo-activated localization microscopy PALM, spectral precision distance
microscopy SPDM.

Structured illumination microscopy (SIM) is a wide-field super-resolution imaging
technique where a grid pattern is generated through interference of of sinusoidally pat-
terned illumination and superimposed on the sample while capturing images. This
technique was first proposed by Lukosz in 1966 but only recently demonstrated by
Gustafsson [23]. The image of the sample that is recorded is multiplied by a sinusoid of
the form 1/2[14cos(kpx)]. This incoherent image is recorded and the Fourier transform
is calculated. This is equal to the transform of the required image convoluted with the
transform of the illumination, i.e., three delta functions at 0, and +kj,. The convolu-
tion superimposes the transform of the image on repeats of itself shifted by k. This
moves the high spatial frequencies, otherwise not detectable, to lower ones. According
to Abbe theory the image consist of Fourier components with spatial frequencies up to
+2NAkg = k. In SIM, due to the convolution, the image will now include frequen-
cies in the range £(kp + km), thus promising higher resolution. In 2005, the resolution
from SIM has been reported to increase three-fold by using non-linear fluorescent re-
sponse [24]. Using very bright illumination, the sinusoidal function becomes closer to
a square wave, which includes delta functions at +3kj,, +5k,, etc., when a resolution
of A\/12NA was obtained. It must be noted, though SIM does not rely on scanning and
is a wide-field illumination technique; it is not fast due to considerable computational
post-processing methods.

All the above imaging techniques rely on fluorescent emission from the object under
study. It must be remembered that though a large number of biological microscopy
methods use fluorescent imaging techniques, nevertheless it is always preferred not to

alter the sample properties by the use of dye or other chemical substances.
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1.2.3 Imaging with engineered media or metamaterials

Metamaterials are artificial man-made media structured on a scale smaller than the
incident wavelength, and offers exotic properties. Such structures will be discussed in
details separately (section 1.3). Making use of the ability of metamaterials to design
any desired material parameter profile, a new class of lenses providing resolution beyond
the diffraction limit were proposed a decade ago (Fig. 1.2c). Below several such imaging

schemes are briefly discussed.
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Figure 1.5: Different schemes for imaging with metamaterials(a) A superlens
made of silver slab placed halfway between object and image planes [25]. (b) Optical
superlensing experiment. The embedded objects are inscribed onto the 50 nm-thick chrome
(Cr); at left is an array of 60 nm wide slots of 120 nm pitch, separated from the 35 nm
thick silver film by a 40 nm PMMA spacer layer. The image of the object is recorded by
the photoresist on the other side of the silver superlens [26]. (c¢) Schematic of hyperlens
and numerical simulation of imaging of sub-diffraction-limited objects [27].

In the year 2000, Pendry [25] proposed that a metamaterial with negative index of
refraction can be used to realise a perfect lens. The negative index metamaterials would
help to amplify the otherwise exponentially decaying evanescent waves (Fig. 1.2c).
A slab of silver with negative value of only permittivity (and not permeability) was
proposed as a poorman’s lens. Simulation results demonstrated that for wavelength
of 356 nm, two lines of the order of a few nanometres thick can be perfectly imaged
using a 40 nm thick silver slab (Fig. 1.5a). The main challenge is that the losses in the
metamaterial deteriorate the theoretically proposed ideal performance and in practice
it is difficult to realize a slab of lossless metamaterial. The first poorman’s lens was
demonstrated experimentally by Fang et al. [26]. A thin film of silver was placed with

a dielectric material with equal and opposite permittivity (Fig. 1.5b). The surface
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plasmon oscillations match the evanescent field frequencies leading to an enhancement
of the evanescent waves. A resolution equal to A\/6 was reported. But it must be noted
that in this case both the object and the image were at the near field of the lens.

In 2007, Jacob et al. [27] proposed the hyperlens which demonstrated high resolu-
tion imaging in the far field. The hyperlens transforms the scattered evanescent waves
into propagating waves using an anisotropic metamaterial. Once the magnified feature
is larger than the diffraction limit, it can be imaged to the far field with a conventional
lens (Fig. 1.5¢). A curved periodic stack of silver (35 nm) and AloO3 (35 nm) deposited
on a half-cylindrical cavity fabricated on a quartz substrate constituted the anisotropic
metamaterial. The medium was designed so that the radial and tangential permittiv-
ities have different signs. Object with sub-wavelength feature size was placed in close
proximity of the lens. A pair of 35 nm wide lines spaced 150 nm apart was magnified as
an image with 350 nm spacing. This can be clearly resolved with an optical microscope
of numerical aperture 1.4. The disadvantage that remains is that the object has to be

placed very near to the hyperlens.

1.2.4 Super-oscillation and super-oscillatory lenses

Super-oscillation allows the design of lenses that can focus light to arbitrarily small
spots at distances beyond the evanescent zone. Such lenses provide super-resolution
imaging even when the object is not is close proximity to the lens. Major concerns of
this rapidly developing technology have been the high intensity sidebands surrounding
the sub-wavelength hotspot, and low energy throughput (Fig. 1.2d). Nevertheless this
far-field super-resolution imaging technique opens up some exciting possibilities and is
worth studying further.

Optical super-oscillation and its possible application to increase resolution of optical
instruments beyond the diffraction limit was first proposed in 1952 [28] by Toraldo di
Francia. This is similar to the then known concept of super-directive antennas which
consist of a finite array of antennas that can direct radiation into arbitrarily narrow
beams by tailoring the interference of waves emitted by different elements [29-31].
Super-oscillation is a complementary concept where a source of super-oscillatory fields,
often obtained by designing a mask, interferes at a distance from the mask to produce

an arbitrarily small hotspot. In both cases, the energy content in the super-directive
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beam or the super-oscillatory hotspot is only a fraction of the total incident energy.
In super-directivity the trade-off is the unwanted evanescent component close to the
antenna array arising from the input feed. In super-oscillation the trade-off is the high

intensity halo surrounding the super-oscillatory hotspot.
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Figure 1.6: The principle of super-oscillation The highest Fourier frequency and the
super-oscillatory region in the time domain. The band-limited function in the frequency
domain.

The phenomenon of super-oscillation [32,33] is related to the fact that band-limited
functions may oscillate arbitrarily fast within a local region, much faster than the
highest Fourier component. As depicted in Fig. 1.6 the Fourier transform F(w) of a
time-varying function f(t) is zero above a certain angular frequency wiay; f(t) is thus
band-limited in the frequency domain. It is commonly known that in the temporal
domain f(t) could oscillate only as fast as the highest Fourier component wy,,;. But if
a super-oscillatory function, f(t) has a small time window where it oscillates arbitrarily
fast, even faster than wy,q;. This is depicted in Fig. 1.6 where the red curve in time
domain corresponds to the highest frequency component in the band-limited frequency
domain. There exists a small region in time (encircled with dotted line) where f(t) is
oscillating much faster than the red curve.

However, it must be noted that in a finite energy band-limited signal, super-
oscillations appear over a small spatial or temporal window but at the expense of
loss of energy into neighbouring sidebands. Only a minute fraction of the total energy
can exist in the super-oscillatory region. Ferreira and Kempf [34] showed that the en-
ergy dispersed into the sidebands, or regions surrounding the super-oscillating window,
increases exponentially with the number of super-oscillations and polynomially with

the inverse of the signal bandwidth. In optics this implies that for a super-oscillatory
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hotspot surrounded by a high energy halo, the energy dispersed in to the halo increases
exponentially with increase in the field of view (FOV), where FOV is defined as the
area in which the sub-wavelength focal spot lies and outside which the high intensity
sidebands occur (Fig. 1.8a). However, the energy dispersed into the halo increases only
polynomially with decrease in the hotspot size. So from practical design consideration
it is desirable to minimise the spot size rather than the field of view to get more and
more of the total incident energy into the focal spot.

A simple example of one-dimensional super-oscillatory function consisting of only 6

spatial Fourier components was presented by Rogers and Zheludev [6,35]:
f(x) = Aei® — ZZE? a,ei2mne

where, a,, are the Fourier coefficients (ag = 19.0123, a; = —2.7348, ay = —15.7629,
ag = —17.9047, ay = —1.0000, a5 = 18.4910). Figure 1.7a shows the intensity | f(z)|? of
the above function along with the fastest Fourier component cos(kpae®) With kper =
107r. The function appears to oscillate slower than the fastest component. However the
plot of the zoomed-in central portion reveals that in the low-intensity region there exist
a very narrow peak, almost 10 times narrower than the fastest Fourier component. The
peak demonstrates two characteristics of super-oscillation: super-oscillatory features
are associated with low intensities and the phase values changes rapidly in the super-
oscillatory region (shown by red-dotted line). In fact, rapidly oscillating phase has
been considered as a signature of super-oscillation [36, 37]; a function is said to be
super-oscillatory if the local gradient of phase ¢, i.e., kjpcqi = d¢/dx is greater than the
fastest Fourier component, i.e., kjpcai > kmae- This region is shown by grey rectangles
in Fig. 1.7a.

Super-oscillation can also manifest itself in random systems. It was demonstrated
that statistically one-third of the area of a two-dimensional speckle pattern may be
super-oscillatory [37] which was later studied for higher dimensions [36]. Figure 1.7b
shows the phase and intensity of a random two-dimensional functional obtained by
super-position of 100 plane waves with the same wave number k. The bright areas in
the phase diagram show rapidly changing phase; the white contour traces kjpcqi = k.
The bright areas form 1/3rd of the total area which is super-oscillatory. On the intensity

plot, these regions are characterised by low intensity values. Super-oscillation, though
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Figure 1.7: Examples of super-oscillatory functions (a) One-dimensional super-
oscillation. Upper: a super-oscillatory function (solid blue line) and its fastest Fourier
component (dashed green line). Lower: zoom of the function near the origin showing a
narrow peak with rapidly oscillating phase (red dotted line) in the nulls on either side. The
super-oscillatory region is shaded in grey. Figure reproduced from [35], ©IOP publishing.
(b) Two dimensional super-oscillatory speckle pattern. Upper: Phase pattern. Lower:
intensity pattern. The sub-oscillatory region is shaded with a dark filter and white outline.
The intensity contour enclosing the lowest intensity pattern is shown by dashed cyan curve.
This is close to the white super-oscillation contour. Figure reproduced from [37]. (©2008

OSA.
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present in random speckle patterns, may not necessarily produce small features.

All optical systems are globally band-limited in the post-evanescent region by the
free-space wavenumber kg. Thus the principle of super-oscillation can be applied in
optics to realize arbitrarily small focal spot beyond the evanescent zone. As mentioned
in [33] a structure as simple as a diffraction grating when suitably designed, can produce
super-oscillations which consist of non-evanescent features propagating considerably
beyond the near field. Some prior research in this direction will be briefly discussed
in the following section. In chapter 2 it will be demonstrated how a grating-like mask
with circular symmetry can be designed to produce a sub-wavelength focal spots in the

post-evanescent region.

(a) Field of view (D/2, -D/2) (b) (c) Field of view (D/2, -D/2)
H H feedback

Hotspot

o

AN
LV AR B A .
.=®°+o M k'i(;"".,.'_' i -.\;\.:-_‘-.'\:
Super-  trial spots a_s AR " o .
oscillating i { 1 1
Coherent incident wave, A spot Coherent incident wave , A

Figure 1.8: Different schemes for realising optical super-oscillation(a) continuous
mask, (b) adaptive optics technique, (¢) binary mask.

Optical super-oscillation has been experimentally demonstrated to localise light
within an arbitrarily small confinement resulting in sub-wavelength sized focal spots
that beat the diffraction limit [35,38-41]. This is achieved by engineered interference
of propagating beams only. Hence the focal distance of the sub-wavelength spot can
be beyond the evanescent zone of the super-oscillatory lenses. One of the techniques
for designing a super-oscillatory field with the aim of achieving sub-wavelength focus-
ing [42] considers manipulation of both the amplitude and phase of the transmitted
field (Fig. 1.8a). To arrive at the design of the mask that would result in a super-
oscillatory function, the transmitted field is expressed as a series of band-limited (in
spatial frequency domain) prolate spheroidal wave functions, within a limited field of
view. The hotspot lies within this field of view with high intensity sidebands appearing
outside the region. The series of prolate spheroidal functions is further decomposed

into a series of plane waves. The complex transmission function of the mask is then



16 1. Introduction

derived using scalar angular spectrum description of light propagation [43]. Once the
transmission function is known the mask may be designed to produce the required
amplitude and phase modulation. As a practical possibility for these kinds of masks a
dielectric grating structure was suggested which would control the phase, and will be
covered with varying thickness of metal films to manipulate the transmitted amplitude.
But as was rightly pointed out in the same paper, in the microwave and THz regime
though these amplitude-phase continuous masks are relatively easy to manufacture and
robust to manufacturing defects (~0.1)), however, in the infrared and visible regime
the fabrication becomes increasingly challenging.

This whole problem of manufacturing a mask for realizing super-oscillation may be
circumvented by an adaptive optics approach [39,40,44,45]. In such method, super-
oscillatory hotspots are realized by using a spatial light modulator and a conventional
optical microscope. Optical eigenmodes are used to determine the required amplitude
and/or phase modulation to produce the smallest possible focal spot after the objective
lens. The optical eigenmode method has been experimentally demonstrated to produce
a super-oscillatory spot measuring 0.35XA [39]. Following which, super-resolution imag-
ing was experimentally demonstrated in a low NA imaging system providing 1.3 times
improvement over the diffraction-limited imaging system [40]. It must be mentioned
that the spatial light modulator can also be used in the collection path of a conven-
tional microscope for super-oscillatory filtering of the captured images, thus increasing
the resolution of the imaging system [46,47].

Super-oscillation may also be looked upon as constructive interference of forward
propagating light where over a small spatial region a certain condition is satisfied i.e.
local wavenumber exceeds the maximum global wavenumber. Hence, a properly de-
signed mask which modulates only the transmission amplitude in a binary manner (i.e,
either transmits or blocks light) may also result in a super-oscillating field (Fig. 1.9).
In fact it has been demonstrated [38,42,48] that a quasi-periodic nanohole array shows
super-oscillating hotspots at post-evanescent distances from the mask. In 2007 Huang
and Zheludev [38] reported that 5 um away from the nanohole array the smallest spot
achieved was 0.54\ by 0.30\, when illuminated with a laser of A = 660 nm. This was
measured by scanning a SNOM tip across the sample. SNOM or scanning near-field

optical microscope tips have sub-wavelength apertures for collecting light and are de-
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signed specifically to measure the near field of the sample. But in the above case the
SNOM tip was used to measure the field beyond the near-field.

Shortly afterwards, it was reported by the same group [48] that sub-wavelength
features are visible at different heights away from a quasi-periodic nanohole array sim-
ply through a high numerical aperture (NA) microscope objective. This shows that the
sub-wavelength spot is a result of super-oscillation, since no significant evanescent com-
ponent can be observed through a microscope objective. The sub-wavelength hotspot
is constructed from interference of the propagating components only. Hence it can be
observed with conventional microscope, even though it is smaller than the diffraction

limit.

Figure 1.9: Examples of binary amplitude super-oscillatory masks (a) radially
symmetric quasi periodic hole array, (b) random spiral hole array, (c) ring binary nanolens.

It must be noted that the nanohole arrays produce several sub-wavelength hotspots
over a large field of view, distributed along with bigger focal spots. This result in an
interesting pattern called photonic carpet [34]. This is of little interest if imaging were
to be considered as a practical application of sub-wavelength hotspots. Arrangement
of the nanoholes in a radially symmetric pattern (Fig. 1.9a) helps in isolating a hotspot
at the centre of the field of view [49]. The so called radially symmetric quasi-periodic
hole arrays though promising from the point of view of isolation of the hotspot, require
intensive analytical modelling to arrive at the mask design. In another such design
random spiral hole arrays (Fig. 1.9b) the holes are arranged with S-fold symmetry
where S is the number of holes on each concentric circular path. This design is re-
ported to result in better minimization of the hotspot dimension. These are relatively

easier to model analytically and also show that quasi-periodicity is not essential for
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achieving super-oscillation. Intuitively if the holes of the above masks are joined to
form concentric circles, the throughput of the mask is increased by almost 50%. With
ring-binary nanolens (Fig. 1.9¢), a sub-wavelength hotspot is observed at the centre,
though accompanied by annular sidebands. Such ring-type nanolenses will form the
basis of Chapter 2, where the design, fabrication, and characteristics of the lenses will

be presented.

1.3 Metamaterials

Metamaterials are man-made structures designed by arranging units, often periodi-
cally, on a scale smaller than a wavelength of the interacting wave. Besides electromag-
netic waves [25,50,51] the field of metamaterial research has been active for acoustic
waves [52-54] as well. In this thesis electromagnetic metamaterials, specially metama-
terials for optical waves, will be considered.

In the naturally available materials the constituent atoms and molecules and their
inter-spacing are much smaller than the interacting electromagnetic wavelength, thus
rendering the medium homogeneous. Similarly for a metamaterial the size of the engi-
neered building blocks — ‘metamolecules’ or ‘metatoms’ — and the spacing between
them are made to be smaller than a wavelength of the incident wave. This ensures
that the metamaterial as a whole is effectively homogeneous to the interacting waves,
i.e., the effective medium theory can be applied to the artificially engineered structure.
Hence, the engineered material with macroscopic atoms and molecules behaves like
naturally available materials with defined material parameters, like permittivity and
permeability.

The Greek word meta literally means ‘beyond’. Metamaterials are known to ex-
hibit properties beyond that available from ordinary or natural materials. One of the
exotic properties offered by the metamaterials is negative index of refraction when the
effective permittivity and permeability of the engineered medium are designed to be
simultaneously negative [50,55]. In this context it is interesting to note that negative
refraction was predicted as early as 1904 by Schuster [56]. Other extraordinary out-
comes achieved with metamaterials include optical chirality [57], electromagnetically

induced transparency [58], cloaking [59,60] and super-resolution imaging [25,61,62].
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Figure 1.10: Earliest known metamaterials: works of J. C. Bose (a)One of the
twisted-jute polarizers used by Bose [63]. (b) One of Bose’s polarizers was a cut-off metal
plate grating, consisting of a book (Bradshaw’s Railway Timetable) with sheets of tinfoil
interleaved in the pages [64]. Figures reproduced from [65] ©IEEE, 1997.

Interesting to note, the earliest known metamaterial may be traced back to the end
of 19" century when Jagadish Chandra Bose, used twisted jute bundles (Fig. 1.10a)
to rotate the plane of polarisation [63]. Bose used the bundles to built a macroscopic
model of polarisation rotating medium like sugar solution. This was the first know
macroscopic man-made chiral molecule. Bose also demonstrated that the an ordinary
book can act as a polariser to electromagnetic waves; each page is like a dielectric layer
separated by thin air. He was able to enhance the function of the polariser by using
tin foils in between pages (Fig. 1.10b).

Metamaterials, as they are known today, are mostly metal resonant units arranged
periodically and supported by some dielectric substrate. However, all-dielectric meta-
materials are an active field of research due to the inherent low loss of dielectric me-
dia [66-68]. One of the earlier forms of modern day metamaterials consisted of metal
split rings to realise artificial permeability and thin metal rods to achieve artificial per-
mittivity - first demonstrated by Smith et al. in 2000 [51]. Such structures are relatively
easy to manufacture for microwave frequencies, and may be scaled down in dimension
to operate in the terahertz and near-infrared regime. But due to increasing metal loss
they cannot be simply scaled down for optical frequencies. An alternative low-loss de-
sign for shorter wavelengths was demonstrated in 2008 by Valentine et al. [60]. This

was a fishnet type metamaterial consisting of 21 alternating layers of silver (30 nm) and
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Figure 1.11: Examples of metamaterials (a) Photograph of a microwave 2D cloaking
structure [59] ©AAAS. (b) SEM image of the fabricated fishnet metamaterial with the
inset showing the 21 layers [60] ©NPG. (c) Photograph of part of a bi-layered metamaterial
sheet. The twisted rosettes of the second layer can be seen as a shaded area due to partial
transparency of the substrate [69] ©APS.

magnesium fluoride (50 nm) exhibiting negative refractive index in the optical regime
(Fig. 1.11b).

To ease the fabrication difficulties of three dimensional metamaterials and deal with
the unavoidable material loss a new genre of planar metamaterials emerged. These are
single sheets of metals consisting of metamolecules with sub-wavelength periodicity,
supported on a transparent substrate. Such planar metamaterials have been used
to demonstrate some of the above mentioned properties like negative refraction due
to chirality (Fig. 1.11c) and a metamaterial analogue of electromagnetically induced

transparency [55,57,58].

1.3.1 Surface plasmon polaritons

Surface plasmon polaritons play a significant role in explaining the response of metal-
dielectric metamaterials at optical frequencies [70]. It is important to study the surface
plasmon excitation at metal-dielectric interfaces to understand the behaviour of plas-
monic metamaterials. A brief background of surface plasmon polaritons is presented
here.

At optical frequencies the free electron gas of metals can sustain surface and vol-
ume charge density oscillations called plasmons that have a distinct resonance fre-
quency [7,71]. The quanta of surface charge density oscillations are called surface

plasmons. These surface plasmons can be coupled to photons of an external electromag-
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netic wave, resulting in electromagnetic waves propagating along the metal-dielectric
interface called surface plasmon polaritons (SPPs) [71]. The SPPs are strongly localised
along the interface, decaying exponentially into both the media away from the interface
(Fig. 1.12a). For example, for gold-air interface the decay length of SPPs transverse to

the interface is 23 nm in gold and 421 nm in air, for 633 nm wavelength.
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Figure 1.12: Surface plasmon polaritons. (a) The surface plasmon polaritons prop-
agate along the interface of a metal and dielectric, with the electric field decaying expo-
nentially away from the interface on both sides. (b) Dispersion diagram of surface plasmon
polaritons (black solid curve) with free-space light line (blue dotted line) and the tilted
light line in a high refractive index (n > 1) medium (red dash-dot line).

The SPPs propagate along the interface and are damped due to ohmic losses of
the electrons participating in the SPP oscillations. The propagation length of SPPs is
defined as the length over which the intensity of the SPPs decays to 1/e of its initial
value. The propagation length is related to the imaginary part of the complex wave
number (k jmaqq) parallel to the metal-dielectric interface and is given by 1/(2k; imag)-
As an example, the propagation length of the SPPs for gold-air interface at a wavelength
of 633 nm is 10 pm [71].

The real part of the complex wave number determines the SPP wavelength and is
given by Aspp = 27k, yeq - Using the same example as above, the SPP wavelength
is 605 nm, when the wavelength of the excitation light is 633 nm. In other words, the
wave number of SPPs is larger than that of light in free space. The dispersion relation
for the surface plasmon polaritons, i.e. the relation between the complex wave number

parallel to the metal-dielectric interface and the angular frequency is given by
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k _w €m<w)€d
SPP =7 em(w) + €g

(1.1)

where €,,(w) is the permittivity of the metal, which for the case of the Drude model
is given by €, (w) =1 — (wg(uﬂ +7?)), €q is the permittivity of the adjacent dielectric,
w is the angular frequency and c is the velocity of light in free space. The dispersion
diagram is plotted in Fig. 1.12b using w, = 1.38x10"rads™! as the plasma frequency
and v = 1.075x10's~! as the estimate for loss given by [71] for gold, and considering
eq = 1 for the neighbouring dielectric (air). The dispersion relation of an SPP is plotted
(black solid line) along with the free-space light line (blue dotted line) and the tilted
light line in a high refractive index (n > 1) medium (red dash-dot line). A feature of the
SPPs, as can be observed in Fig. 1.12b, is that for a given energy (hw), the momentum
(hk) of the SPPs is always greater than the momentum of light travelling through free
space. The momentum of SPPs is increased because of the strong coupling between
photons and oscillating surface charge densities. Due to this momentum mismatch
SPPs cannot be excited by light propagating in free space. However when light travels
through a high index medium (red dash-dot line in Fig. 1.12b), its momentum is greater
than the free space value. In this situation, there exists a point on the dispersion
diagram where the light line in the high index medium crosses the SPP dispersion curve.
At this point the momentum of the electromagnetic wave and the surface plasmons are
matched and SPPs can be excited. Below, some of the popular methods to achieve

momentum enhancement of incident photons for exciting SPPs are discussed.

prism prism

metal
metal —» grating —* SPP

air —»
metal —

Figure 1.13: Surface plasmon - photon coupling at metal-dielectric interface
(a) Otto configuration (b) Kretschmann configuration and (c) grating coupler.

Figure 1.13 shows a schematic representation of some possible arrangements. The

Otto configuration (Fig. 1.13a) uses a thin metal film placed in the evanescent zone
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of a high index glass prism. For light that undergoes total internal reflection in the
prism, evanescent waves are created in the air gap. If this electromagnetic field with
increased momentum matches the momentum of the SPPs at the metal interface, it
couples photons to the surface plasmons. This technique uses attenuated total internal
reflection, and was proposed by Otto in 1968. For optimum coupling of photons to
surface plasmons, the air gap must be of the order of the incident wavelength. For
visible wavelengths this is difficult to achieve experimentally. In the same year 1968,
Kretschmann demonstrated an alternative method for excitation of SPPs (Fig. 1.13b).
A metal film is deposited on the surface of the glass prism thin enough to transmit light
without significant attenuation of the SPP oscillations. The SPPs are excited on the far
surface where the metal is in contact with the air. A third method uses grating coupler
to excite SPPs (Fig. 1.13c). For some diffraction orders, light may diffract beyond
90° as measured from the normal to the grating surface. In such cases, light will not
propagate but become evanescent. The enhanced momentum of these evanescent fields
may couple radiation to the surface plasmons thus exciting SPPs. The parallel wave
number is increased by an integer multiple of 27 /D, where D is the grating period.

Localised surface plasmons are associated with nano-particles and nano-grooves of
metals where size-scale of the structures are smaller than the incident wavelength. If the
frequency of the incident electromagnetic field matches the coherent oscillations of the
surface plasmons in the metal nano-structures this is manifested by a strong absorption
peak [73]. For nobel metals (gold, silver, copper) this resonance lies within visible part
of the spectrum. The Lycurgus cup on exhibit in the British Museum, London is one of
the earliest known examples of localised surface plasmon resonance effect dating back
as early as the 4" century AD (Fig. 1.14a). The cup, now known to contain gold
and silver colloids, looks pale green in reflection, and glows red in transmission when
light is shone through it. Localized surface plasmon resonances can lead to significant
local field enhancement. This is now being widely used to study applications like light
concentration and manipulation [74], sensing [75-77], solar energy absorption [78-80],
and ultrafast signal processing [81-84].

Localised surface plasmons are useful in describing the optical response of photonic
metamaterials. A numerical [72] study of plasmonic modes of U-shaped metamaterials

were presented [72], and later experimentally verified [85]. The study concluded that
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Figure 1.14: Localised surface plasmons (a) The Lycurgus cup (4" centuryAD)
made of silver and gold nano-particles appears green in reflection and red in transmission.
Photo courtesy the British Museum website. (b) Spectral reflection response split-ring
resonators for incident polarisation parallel to the gap. Colour maps show corresponding
near-field distribution of magnitude of electric field for the first two resonance peaks.
Figure reproduced from [72]. ©OSA, 2006.

the resonances of such plasmonic metamaterials can be explained by different higher
orders of localised plasmon resonances in the nano-structure. The fundamental mode
of resonance could be explained by LC-circuit model aside from which there existed

other higher order modes (Fig. 1.14b).

1.3.2 Talbot effect

In 1836 Henry Fox Talbot reported [87] that alternate red and green bands were ob-
served very near and parallel to the plane of an illuminated grating. As Talbot moved

away the magnifying lens with which he observed the red-green bands, the bands
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Figure 1.15: Talbot carpet Example of a Talbot carpet showing fractional Talbot
images over one Talbot distance. zp is the Talbot distance. Figure reproduced from [86].
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changed to alternating blue and yellow. Further away from the grating surface the
bands became red and green again. This phenomenon is now known as the Talbot
effect, where a grating illuminated with plane wave images itself repeatedly at a fixed
distance. The repeat distance of the grating’s self-images are given by Lord Rayleigh’s
calculations done in 1881 [88]. For a monochromatic wave, the Talbot distance is given

by:
zr = (2a%) /A

where, a is the period of the grating, and A is the wavelength of illumination. The Talbot
effect is a natural consequence of Fresnel diffraction [87]. Revivals of the grating self-
images occur at integer multiples of the Talbot distance. Later it was observed [89] and
explained [90] that fractional revivals [91] occur at all rational multiples of z7, given
by z = (p/q)zr where, p and ¢ are co-prime integer pairs. The fractional revivals of
the grating image along with the full revivals result in a distribution called the “Talbot
carpet” (Fig. 1.15) due to its appearance when viewed on a plane normal to the grating
surface [86,92].

The Talbot images are result of constructive interference of light from all the slits
of a grating. But only under paraxial approximation when A/a — 0 the Talbot images
are sharp. As explained [91] and observed [92], in the post-paraxial regime when \ ~ a
the Talbot images are blurred, and often result in inexact replication of the illuminated
grating. Even within the paraxial-limit, the sharpness of the Talbot images requires a
grating with infinite number of slits. As explained [91], for a large but finite number
of N slits, the sharp edges of Talbot images are blurred by fringes with lateral scale
(az/(Nzr)) and the repetition of Talbot images may not be periodic [93].

Recently, Talbot effect has been studied for surface plasmons [94] which was sub-
sequently experimentally demonstrated [93,95,96]. Coherently illuminated nano-holes
and nano-grooves on gold films were used to launch surface-plasmons. Due to finite size
of the structures, Talbot effect was studied in the non-paraxial limit for several ratios
of a and A [93]. Figure. 1.16 demonstrates Talbot carpet due to coherent illumination
of gold nano-hole array in the non-paraxial limit. When a/A < 1 no periodic pattern
was observed. When 1 < a/)\ < V2 (Figs. 1.16a and b) periodic self-images of the

grating was formed along the propagation direction. When a/\ > v/2 (Figs. 1.16¢ and
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Figure 1.16: Non-paraxial Talbot effect Light patterns from Au hole array with
a/A = 1.23 (a = 600 nm, A = 488 nanom) for (a) and (b),and a/A = 1.9 (a = 1.2 pm,
A = 633 nm) for (c) and (d). For larger a/\ the Talbot image repetition is not periodic
in z, as observed clearly from the FDTD simulation in(d). Figure reproduced from [93].

©2012 OSA.

d) the self-images are no more periodic along the propagation direction.

1.4 Thesis overview

This thesis presents three major bodies of work: (1) Super-oscillatory lens devices and
their applications, (2) Planar optical devices designed with spatially varying meta-
molecules and (3) Enhanced photoluminescence due to nano-structuring of ultra-thin
gold film. Each of these major sections are presented as one or more chapters. The
following sections give a brief overview of the individual chapters in this thesis.

The principle of super-oscillation offers us an excellent opportunity to design op-
tical imaging devices that can break the diffraction limit. In this thesis planar super-
oscillatory lenses and their possible applications are studied.

Chapter 2 presents a study on super-oscillatory lenses that are designed to modulate
the amplitude of the incident light. Such planar lenses focus light into sub-diffraction
limited sizes beyond the near-field of the lenses. This is demonstrated experimentally in
this chapter for two different designs. The first kind of super-oscillatory lens comprises
of several concentric rings and produces multiple sub-wavelength foci along the optical
axis. These sub-diffraction focal spots are characterised by low intensity and accompa-
nied by an intense annular sideband. It is shown that when such a focal spot is scanned

6" of a wavelength can

over an object in sub-wavelength steps, features as small as 1/
be imaged bypassing the negative effect of the high intensity sideband. The second kind

of super-oscillatory lens has the same design as the previous one, but with an opaque
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disk blocking some of the rings in the central portion. This results in a continuous
distribution of sub-wavelength foci along the optical axis giving the impression of an
optical needle perpendicular to the lens surface. Additionally, the latter design has the
advantage of pushing the high intensity sidebands away from the central region. This
provides a larger field of view which may be used, as will be presented in chapter 3, for
super-resolution imaging without the need of scanning the spot.

Chapter 3 provides a more detailed understanding about the imaging characteristics
of the super-oscillatory lenses. The point spread functions of the lenses presented in
chapter 2 are studied theoretically and experimentally in this chapter. This provides a
measure of how accurately the super-oscillatory lenses can image a point source, com-
pared to a conventional optical lens. A theoretical study on scan-less, direct imaging of
multiple points within the extended field of view of the optical needle super-oscillatory
lens is also included.

The sub-diffraction focal spot produced by the super-oscillatory lenses can be ap-
plied for focusing as well as imaging applications. Imaging has been discussed in chap-
ters 2 & 3. Chapter 4 presents a proof-of-principle demonstration of solid-immersion
super-oscillatory lens that might be integrated within a commercial hard disk drive for
increasing the data storage density. Theoretical calculations presented in this chapter
indicate that using a high refractive index medium like gallium phosphide, a ~ 50 nm
focal spot is achievable. A focal spot this small is a pre-requisite for the cutting-edge
data storage technology of heat-assisted magnetic recording. For experimental demon-
stration a simpler-to-fabricate solid-immersion medium with refractive index lower than
gallium phosphide is chosen, and a focal spot measuring ~ 130 nm is demonstrated.

Planar metamaterials provide the opportunity to manipulate the phase and ampli-
tude of light with sub-wavelength spatial resolution across a two-dimensional interface.
Chapter 5 makes use of this concept to design a planar optical diffraction grating and
a lens-array. The planar diffraction grating is formed by sub-wavelength elements with
periodically variable parameters. At normal incidence the grating exhibits asymmetric
diffraction for visible wavelengths. It is also demonstrated that a planar plasmonic
metamaterial with spatially variable parameters can focus transmitted light into sub-
wavelength hot-spots. Since the sub-diffraction foci measuring a fifth of an wavelength

occur beyond the near-field of the metamaterial, this is attributed to the phenomenon
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of super-oscillation.

Finally, metamaterials can be used to alter the electronic properties of the con-
stituent material. In chapter 6 is it demonstrated how nano-structured gold films can
alter and enhance the photoluminescence of an unstructured gold film. The shift in the
emission peak and the substantial intensity enhancement due to the presence of the
metamaterials can be related to the engineered plasmonic resonances.

Chapter 7 summaries the results presented in this thesis and provides an outlook
for future research possibilities. This is followed by two appendices: appendix A gives
a brief overview of the nano-fabrication technique of focused ion beam milling that has
been extensively used to fabricate all the samples for this thesis, and appendix B briefly
describes the finite element simulation technique used to calculate the transmission and

reflection characteristics of the planar metamaterials.
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Super-oscillatory focusing devices

The past few decades have seen extensive research on various super-resolution imaging
techniques in an effort to beat the fundamental diffraction limit. The Pendry-Veselago
superlens [25] invokes negative refractive index of artificial media, but faces the chal-
lenges of engineering a perfectly lossless medium and fabrication finesse. Other super-
resolution techniques either require the object to be in close proximity of the imaging
device [97-101] or work for a limited class of objects such as intensely luminescence
samples [2,102] or very sparse objects [103].

In this chapter a new kind of super-resolution imaging device with sub-diffraction
focusing capabilities and little restriction on the placement of object from the lens
will be presented. This technique makes use of the principle of super-oscillation (sec-
tion 1.2.4), which was recently predicted [32,33] and observed [48,104-106]. Such a
super-oscillatory lens is a nano-structured binary amplitude mask. The careful de-
sign of the super-oscillatory lens ensures that upon illuminating with coherent light,
the interference pattern forms sub-diffraction-limited hot-spots at distances beyond the
evanescent region of the lens. In the following sections two kinds of super-oscillatory
lenses are presented: one that produces several isolated and laterally sub-wavelength fo-
cal spots along the optical axis with intense side-bands closely neighbouring the central
hotspot, and the second kind which produces an “optical needle” shaped continuous
distribution of sub-wavelength hotspots along the optical axis with an extended field

of view.
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2.1 Binary super-oscillatory lens: SOL

2.1.1 Introduction

In this section a super-oscillatory amplitude mask will be described in detail and exper-
imental characterisations of such a lens will be presented. After optimising the design of
the super-oscillatory lens (SOL), it is fabricated by milling a thin aluminium film with
sub-wavelength features. The SOL is illuminated with monochromatic coherent light
and the distribution of foci along the propagation direction is experimentally studied.
At the end of this section, the appropriateness of the SOL as an useful super-resolution
imaging device will be justified by performing an imaging experiment.

The design of the SOL is provided by Dr. Jari Lindberg, the fabrication, experi-
mental characterisation and data analysis are done by the author Tapashree Roy and
the experiment using SOL for imaging (section 2.1.4) is carried out by Dr. Edward

Rogers.

2.1.2 Design and fabrication of SOL

The super-oscillatory binary mask is designed by using a nature-inspired optimisation
algorithm called binary particle swarm optimisation (BPSO) algorithm [107]. The
algorithm is described in Fig. 2.1. A swarm of N random particles scattered in an n-
dimensional space are chosen. Value of each particle depends on their position in this
space. For this starting position each of the N particles are evaluated and the global
best value is noted. All the particles then move to a new position in the n-space with
some defined velocity. The new individual values are noted and these are compared to
their own previous values. The new global best value is updated. For each successive
steps the particles move in a way such that each of them gets closer to the position
which would give the individual best value as well allow them to provide the global
best value. This is continued for a fixed number of iterations after which the particle
with the global best solution is chosen.

This algorithm is applied in designing the super-oscillatory mask. The basic design
of the SOL is chosen as n = 100 concentric annuli of equal width each of which can
have transmittance value either 1 or 0. The overall diameter of the 100 annuli is

fixed to be 40 pum. N=60 different kinds of SOL, i.e. with different combination of
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Figure 2.1: Binary particle swarm optimisation algorithm Schematic flow diagram
of the particle swarm optimization algorithm used for designing a super-oscillatory lens. N
particles swarm around the search space, guided by the best existing positions, converging
to an optimum mask design. Figure after [35].

transmittance value for the annuli are chosen at the start. So, now there are 60 different
SOLs with different focusing performances. The figure of merit for the optimising the
design is chosen as the minimum achievable focal spot size at a fixed distance (10 pm)
from the SOL. Further constraints imposed are the minimum value of field of view
(1.2X) and the intensity ratio between the central peak and the maximum side-band (>
0.05). Performance for each of the 60 SOL designs are evaluated and compared against
the figure of merits. After each iteration, the combination of transmittance value
through the 100 annuli is changed so that the SOL approaches towards the optimum
performance. After 10,000 iterations a single optimised design of SOL, as shown in
Fig. 2.2a, is obtained. The final design consists of 25 transparent regions of varying
sizes and a overall radius of 20 um. Note that, in contrast with other algorithms
assuming a fixed number of transparent region [108,109] in this case the number can

vary during the optimization process.
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The SOL is fabricated by focused ion beam milling of a 100 nm thin aluminium
film deposited by electron-beam assisted evaporation on a round shaped silica sub-
strate(Fig. 2.3a). Figs. 2.2b and 2.2c shows the fabrication finesse attained with nar-
rowest feature measuring 200 nm. The ion beam current required to mill the SOL
pattern on the aluminium film is chosen after several trials to be 93 pA. This is opti-
mised for the given metal thickness and minimum feature size on the design. It must
be mentioned that the choice of metal and its thickness required for SOL fabrication
is guided by the requirement for an opaque yet thin film. As will be presented later in
this chapter, SOLs are also made with gold instead of aluminium. However, the metal
thickness is kept the same (100 nm); any thinner than that have shown to degrade the
performance of the lens due leakage of incident light through the metal film.

It must be mentioned that the fabrication finesse of the planar metal structures has
an effect on the quality of hotspots produced by the super-oscillatory lenses. It has
been observed that the super-oscillatory hotspots are robust to a standard deviation of
a few nanometres from the designed widths of the rings. It is intuitive that if the lens
is elliptical due to fabrication imperfection, the hotspots formed are also elliptical, and

not round as predicted by the simulations.

2.1.3 Experimental characterisation of a SOL

To experimentally characterise the SOL it is mounted on a customised holder with
a hollow centre (Fig. 2.3b). Such an assembly can easily replace any conventional
objective in a standard microscope set up (Fig. 2.3c). Linearly polarised light with
660 nm wavelength from a diode laser is incident on the backside of the lens through
the hollow centre of the SOL holder. The diffraction patterns produced up to 30 um
from the SOL along its optical axis are collected through a high NA (0.95, 150X) Nikon
objective and recorded by a charge-coupled device (CCD) camera (Fig. 2.3d). Since
the focal spots are formed by interference of only the propagating components of the
waves, they can be accurately recorded by this arrangement even though they measure
smaller than the diffraction limit.

Figure 2.4 shows the diffraction patterns recorded at two different focal distances
from the SOL. The smallest central spot with full width at half maximum (FWHM)

measuring only 0.29)\ is shown in Fig. 2.4a. However this spot formed at a distance
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Figure 2.2: Design and structure of a SOL Scanning electron microscope images of
the fabricated SOL (a) the entire mask with 40 pm diameter, (b) zoomed-in image of the
central portion of the mask when the sample platform is tilted at 52°, (c) further zoomed
in view showing the finest line width 200 nm.

4 um (~ 6A) from the SOL, is accompanied by high intensity side-bands (Fig. 2.4c).
Figure 2.4b shows a larger but just sub-diffraction-limited (FWHM = 0.47)\) spot. This
spot is more intense with much lower intensity side-bands (Fig. 2.4d) and appears at
12.2 pm (~ 18.5)\) from the SOL. As is observed from the entire experimental data set
(presented later in Fig. 2.5), the smallest spots are accompanied with high intensity
side-bands, which is a common characteristic of optical super-oscillation [33].

The effective NA given by a lens may be expressed as NAg = A/(2FWHM). Using
this formula the effective NA of the SOL at the above focal distances are calculated as
NAgg = 1.72 at 4 um and NA.g = 1.06 at 12.2 um. It must be noted that in air, the
medium used here, the maximum NA possible is 1. For comparison, the physical NA of
the SOL is 0.98 at z = 4 pm and 0.85 at z = 12.2 pm where, NA ;s = nsin(tan=!(r/z),
with n = 1 the refractive index of air, r = 20 um the radius of the SOL, and z the
respective focal distances. Though the physical NA of the SOL is no better than that
of the conventional lenses, the SOL provides better focusing performance when the

hotspot sizes are considered.
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Figure 2.3: Experimental set up for SOL characterisation (a) aluminium coated
round glass substrate hosting the nanofabricated SOL, (b) SOL on customised holder, (c)
SOL replacing the conventional objective of an inverted microscope in a customised dual
microscope set-up, (d) schematic presentation of the experimental set-up.

Figure 2.5 shows how the focal spots change along the propagation direction of the
SOL. The intensity distribution across a propagation plane of the SOL is plotted. As
noted by comparing Figs. 2.5a and 2.5b, there is good agreement between the exper-
imental intensity distribution and the theoretical values obtained using scalar angular
spectrum method. As seen in Fig. 2.5¢ smaller the the spots are, the lower their inten-
sity. As described in section 1.2 this is a characteristic of super-oscillation. Figs. 2.5d
shows the axial intensity distribution around the focal spots at 4 pum and 12.2 um, the
same spots as presented in Fig. 2.4. The smallest spot at 4 um has very low inten-
sity with high intensity regions along both the transverse and propagation direction.
However, the spot at 12.2 um is much more intense and looks like one produced by a
conventional lens, except that it is not well localized along the propagation axis. In the
later case an estimate for the focal depth is obtained to be ~1.2 um. In comparison,

known focal depths for conventional high NA objectives are 0.4 pm for NA=0.85 and



2.1. Binary super-oscillatory lens: SOL 37

z2=12.2 um [uEN

(ne) Ayisuaiuj

N
o

|

FWHM =0.29 A -d FWHM =0.47 A 1200

ISUd

41100 2

Intensity (au)
(=Y
o

o
(ne

o

c Iy I e N~ r i L
-10 -5 0 5 10 -10 -5 0 5 10
Transverse distance (um) Transverse distance (um)

Figure 2.4: Intensity distribution produced by SOL (a) 4 um, (b) 12.2 um away
along the optical axis. (c¢) and (d) shows lineout through (a) and (b) respectively providing
an estimate of the central spot size, sideband intensity level, and isolation of the central
spot from any high intensity sidebands.

0.19 um for NA=0.95 [110].

2.1.4 SOL as super-resolution imaging device

Optical super-oscillation was known for some time as a means to focus light into spots
smaller than the diffraction limit [28,33,38,108,109]. However, this was not seen as a
practical means for achieving super-resolution imaging mainly due to the reason that
the sub-wavelength hotspot is formed in a low intensity region with a neighbouring
halo of much higher intensity. This was thought to have limited the field of view
required for imaging. Also the energy contained in the super-oscillatory hotspot is
only a small fraction of the total beam energy. Further, the type of optical super-
oscillatory masks as proposed by Huang et al [38] demanded high precision nano-
fabrication technologies which would produce a super-oscillatory mask with accurate,
continuous, co-ordinate dependent phase retardation and transmission. The nano-
fabrication challenge has been addressed, as presented in the sections 2.1.2 & 2.1.3,
by experimentally demonstrating that a binary mask capable of modulating only the

amplitude is sufficient for producing optical super-oscillation. In this section it will
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be demonstrated that such super-oscillatory binary masks producing sub-wavelength
hotspots, even though accompanied by high intensity halos, can be useful for imagining
with resolution exceeding conventional diffraction limited lenses. In fact it will be
shown that the resolution achieved with the post-evanescent region super-oscillatory
lens promises to exceed those demonstrated by other contemporary near-field super-
resolution techniques [97,99].

The imaging is performed by scanning the SOL generated hotspot across the object
of choice. For image reconstruction the signal from the central part of the CCD detector
is collected where the SOL hotspot would have been in the absence of the object. This
method of scanning illumination and pinhole detection is similar to that used in confocal
microscopy. This way the unwanted scattering from the annular halo around the spot
is avoided.

In case of a conventional lens if the aperture is closed gradually while imaging a
point-like source, the image spot size and the lens resolution will decrease. However
for a SOL closing even a small part of its aperture may completely destroy the super-
oscillatory intensity distribution which is formed by delicate interference of a large
number of beams. It is this fragile nature of super-oscillatory hotspots that allow
imaging features that cannot be otherwise resolved by diffraction-limited lenses. Even
the tiniest object, smaller than the spot itself, may disturb the super-oscillatory field
and hence the signal used for image reconstruction.

The SOL design used here is the same as that described above in section 2.1.2.
The SOL is illuminated with 640 nm linearly polarised light, and the spots are formed
in immersion oil. A spot at 10.3 um measuring A\/3.45 in FWHM (Fig. 2.6) is se-
lected to illuminate the objects to be imaged. The conceptual experimental set-up is
schematically depicted in Fig. 2.7. In a customised dual microscope set-up, where an
inverted and an upright microscope face each other along the optical axis, the SOL
replaces the objective of the inverted microscope and illuminates the objects placed
10.3 pum away on a scanning sample stage. The transmitted signal from the object
is detected by CCD camera through a Nikon immersion microscope objective (model
VC100xH). The detector is a fast frame rate 16-bit resolution 5 megapixel Andor Neo
sCMOS camera. The objects are placed on a X-Y nano-positioning piezo stage and

are scanned across the SOL hotspot in 20 nm steps (Fig. 2.8b and Fig. 2.8d) or in
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Figure 2.6: SOL hotspot for imaging (a) Theoretically predicted focal spot formed at
10.3 pum from the SOL (b) experimentally achieved focal spot. Spots formed in immersion
oil (n = 1.4) with incident A = 640 nm. Figure adapted from [104].

50 nm steps (Fig. 2.8g). For image reconstruction the detection region is chosen to be
a factor of three smaller than the size of the hotspot on the CCD. The images (Fig. 2.8)
are formed by simple point to point scanning operation without any deconvolution or
post-processing, thus not requiring any prior information about the objects.

To test imaging capabilities of the super-oscillatory microscope a single slit 112 nm
wide (Fig. 2.8a) and a pair of slits with 137 nm edge-to-edge separation (Fig. 2.8¢c) are
fabricated on a 100 nm thick titanium film. The objects are scanned with 20 nm steps
across the SOL hotspot. The reconstructed images are shown in Figs. 2.8b and 2.8d
respectively. In the image the single slit is slightly widened to 121 nm while the gap
between the pair of slits is still recognisable, measured as 125 nm. It is interesting to
note that the same pair of slits are not resolved when imaged with a conventional liquid
immersion lens with NA=1.4 (Fig. 2.8¢). The measurements demonstrate that SOL
is capable of recognising features smaller than 140 nm or A\/4.5 (with centre-to-centre
distance A/2.6) which is similar to the near-field plasmonic lens (A/3 [97]) and 3D
hyperlens (A/2.6 [99]). But SOL has the clear advantage of placing the object beyond
the near-field of the lens.

To demonstrate the ability of the SOL to image complex objects, a cluster of eight
nano-holes with diameter ~200 nm (A/3.2) is fabricated on a 100 nm thick gold film

with widely varying edge to edge separations (Fig. 2.8f). The hole cluster is scanned
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Figure 2.7: Schematic of imaging set-up with SOL Experimental set-up for imaging
with SOL. Linearly polarised monochromatic light (640 nm illuminates the SOL from the
backside. The sub-wavelength focal spot created by the SOL at 10.3 um on the sample
plane. The sample sits on a scanning stage with nano-scale precision, which moves the
sample across the focal spot in sub-wavelength steps.

with 50 nm steps. When imaged with a SOL all major features are detected; holes
separated by 105 nm (A/6, or centre-centre distance A/2.1) are clearly distinct. The
two holes spaced 41 nm (A/15, i.e. centre-to-centre A/2.7 ) are also nearly resolved.
These images indicate that scattering from the neighbouring halo into the detection
area is not a major hindrance in imaging with SOL and results in hardly visible halos
around the nano-holes. It may be noted that there is slight discrepancy between the
SEM image of the nano-holes and the SOL image position. This is due to mechanical
drift during the image acquisition process which takes 600 seconds for 2.75 um by

2.75 pum sample area.
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Intensity (normalised)

Figure 2.8: Super-resolution imaging with SOL (a) SEM image of a 112 nm slit,
(b) its SOL image, (c) SEM image of a pair of slits, (d) resolved when imaged by SOL,
and (e) unresolved when imaged by a conventional objective NA=1.4. (f) SEM image of
a cluster of nano-holes, total field of view 2.75 pm by 2.75 pm, (g) mostly resolved when
imaged by SOL, and (h) unresolved when imaged by a conventional lens NA=1.4. The
dashed circles show the actual position of the holes. Figure adapted from [104]

2.1.5 Summary: SOL

To summarise, in this section a binary amplitude mask designed as a super-oscillatory
lens is introduced. The SOL measures 40 um in diameter and is fabricated on a 100 nm
thin Al film. The SOL is characterised using monochromatic (A =660 nm) plane wave
illumination. Focal spots measuring smaller than the diffraction limit by up to 58%
are recorded along the optical axis at several distances from the SOL. As examples,
a very small spot at 4 pum and a not so small, but well isolated and brighter spot at
12.2 pm from SOL are presented. The SOL is then used as a imaging lens to study
binary amplitude objects like nano-slits and cluster of nano-holes. The SOL can easily
identify small features like nano-holes with edge-to-edge separation of A\/6, and can
nearly resolve nano holes with A\/15 edge-to-edge separation; neither of these objects

can be resolved by a conventional high NA immersion oil objective.
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2.2 Optical needle super-oscillatory lens: ONSOL

2.2.1 Introduction

In this section another version of the super-oscillatory lens is introduced which, in
contrast to the SOL, creates sub-diffraction-limited focal spots with high-intensity side-
bands pushed farther away from the optical axis. Unlike the SOL, which produces one
or more localised super-oscillatory hotspots along the optical axis, these new lenses are
characterised by continuous distribution of sub-wavelength foci in the axial direction
giving the impression of an ‘optical needle’. Hence they are named optical needle
SOLs (ONSOLs). In this section the ONSOL will be described in detail, as well as
experimentally characterised in comparison with the SOL.

The concept and design of the ONSOL is provided by Dr. Salvatore Savo and Dr.
Edward Rogers, the fabrication, experimental characterisation and data analysis are

done by Tapashree Roy.
2.2.2 Design concept of ONSOL

2

Coherent 2\ Coherent

illumination 3 - 4 - v illumination

Many hotspots

Figure 2.9: Comparison of SOL and ONSOL (a) The SOL produces a complex
pattern of spots and side-bands at different distances from the lens. (b) The ONSOL
produces a much simpler pattern with a sub-wavelength needle on the optical axis and
side-bands far from the axis. Figure reproduced from [106], ©2013 AIP.

The design of an ONSOL is the same as that of a SOL, only difference being
that the central region of an ONSOL is blocked by an opaque disk (Fig. 2.9b). The
sub-wavelength spots are formed in the shadow of this central blocking region. This
phenomena of forming the focal spot in the shadow of an obstacle is similar to a 200 year
old concept, the Arago spot [7,111]. In the year 1818, physicist Augustin-Jean Fresnel

wrote an essay where he argued that if a point source illuminate a perfectly round
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Figure 2.10: Comparison of design and structure (a) SOL, (b) ONSOL, and (c) a
disk control sample with surrounding transparent region, all fabricated by milling 100 nm
thick layer of gold. Figure adapted from [106]

object, there must occur a bright spot at the centre of the shadow cast by the object.
This happens because the waves at the periphery must be in phase and hence the wave
in the centre of the shadow must also be in phase resulting in the bright spot. After
much controversy, experiments done by Fresnel and Franois Arago verified the claim.
The result was also considered as a triumph of wave-theory over the then prevalent
corpuscular theory of Newton. The working principle of ONSOL demonstrates that an
age-old concept can be used to make a state-of-the-art imaging device.

Figure 2.10 shows the scanning electron microscope images of a SOL, an ONSOL,
and a circular disk, all fabricated by milling a 100 nm thick gold film deposited on
silica by thermal evaporation method. The ONSOL has 40 um outer diameter, same
as that of the SOL. The disk blocking the centre of the ONSOL measures 20 pum.
A disk with 20 um diameter within a 60 um transparent region is also fabricated for
control experiments. The design of the two super-oscillatory lenses are identical except
the centre of the ONSOL is blocked by the opaque disk. The blocking region helps
ONSOL push high intensity side-bands away from the central spot, while the remaining
peripheral rings ensure that the high k£ vectors required for producing sub-diffraction-
limited focal spots are preserved [106]. The increased field of view and the extended
axial focal depth makes ONSOL a more practical choice over SOL for applications like
photo-lithography and imaging of planar objects. However it may be noted that it is
this needle like focal depth that may make imaging of 3D objects difficult for ONSOL.
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2.2.3 Experimental characterisation of an ONSOL

The ONSOL is experimentally characterised and compared to the SOL and the Arago
spot produced by a 20 um diameter gold disk. All the three structures are illuminated
with linearly polarised plane wave from a 640 nm wavelength laser. Diffraction patterns
produced along the optical axis by each of the structures are individually recorded by
a CCD camera through a high NA (0.95, 150X) Nikon objective. Figure 2.11 shows

the intensity distribution across a plane in the propagation direction.
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Figure 2.11: Intensity distribution along propagation direction Scanning electron
micrographs of (a) SOL, (b) ONSOL, (c) control sample. (d)-(f) experimental and (g)-(i)
simulated interference patterns due to SOL (d and g), ONSOL (e and h), and control
sample (f and i). Note the different colour scales in (f) and (i) adjusted to improve the
visibility of the very low intensity spots.
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The experimental data (Figs. 2.11a - 2.11c) show good agreement with the simu-
lated results (Figs. 2.11d - 2.11f) which are obtained using the scalar angular spectrum
method (as in section 2.1). In case of the SOL (Figs. 2.11a and 2.11d) the sub-
diffraction-limited focal spots appear localised at different distances along the propa-
gation direction. But in case of the ONSOL (Figs. 2.11b and 2.11e) the focal spots
remain continuously smaller than the diffraction limit for an extended distance result-
ing in an “optical needle”. The needle starts at 4 um from the lens, and persists for the
next ~7 pum. The control sample, as expected, forms a series of spots (Figs. 2.11c¢ and
2.11f) but with almost 5 times lower intensity than that in the case of either SOL or
ONSOL. This is an experimental manifestation of the well-known Arago spots formed

in the shadow of the disc.
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Figure 2.12: FWHM and intensity distribution along propagation direction (a)
SOL, (b) ONSOL; each figure on the right hand side shows the corresponding zoomed-in
view from 0 to 10 pm. The simulated FWHM of the Arago spot is shown in (b) as the
dashed line.

Figure 2.12 shows the full width at half maximum and the intensity content in the
focal spots as measured experimentally for both the SOL and the ONSOL. For the
SOL, no sub-wavelength spots are formed beyond 15 pm. The smallest spot formed by
a SOL is shown in Fig. 2.13a measuring 0.35\ at 5.7 um from the lens.
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Figure 2.13: Comparing focusing of SOL and ONSOL Focal spots at (a) z =5.7 um
for the SOL and at (b) z =5.9 pm for the ONSOL. (c) and (d) show intensity profiles
through the lines in (a) and (b), respectively.

The needle like formation of ONSOL intensity pattern with focal spot size smaller
than the diffraction limit (~ \/2) is clearly demonstrated in Fig. 2.12b. The FWHM
distribution of the ONSOL maintains a constant sub-wavelength width from about
4 um to 11 pm. The intensity of this needle monotonically increases and varies by less
than a factor of 2 between 5 um and 9 pm. The smallest spot generated by ONSOL
is found at 5.9 pm (Fig. 2.13b). This spot measures 0.42\ which is slightly larger
than that in the case of the SOL, but has the advantage of being isolated from any
significantly intense side-bands.

Interestingly, beyond 40 um the FWHM distribution looks very similar for both
the SOL and the ONSOL. The dashed line in Fig. 2.12b shows the simulated FWHM
distribution for Arago spots formed by the 20 pm gold disk. The sub-wavelength spots
close to the gold disc, as seen in the simulation, are of such low intensity that they

cannot be measured experimentally.
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Effect of central-block-size on ONSOL performance

Figure 2.14 shows simulated results on the effect of a change of blocking region diameter
on the optical needle without varying the rest of the ONSOL. As might be expected
from a consideration of simple diffraction effects, the main effect of increasing the size
of the blocking region is to move the needle away from the ONSOL and to increase the
size of the field of view around the needle. The intensity of the needle also reduces,
primarily as a result of the lower overall transmission of the masks with larger blocking
regions. For the diameter of 20 pum used in the experiments presented here, a reasonable
compromise was achieved in terms of needle intensity and length while forming the

needle far enough from the mask to be technologically useful.
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Figure 2.14: Effect of central block size on ONSOL Simulated optical needles
formed by the ONSOL for various central block diameters. Figure reproduced from [106],
(©2013 AIP.
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2.2.4 Summary: ONSOL

To summarise, in this section an optical needle SOL is presented. The ONSOL is de-
signed as a dark-field configuration of the standard SOL by blocking 25% of it’s central
area with an opaque disk. The ONSOL is studied both theoretically and experimentally
in comparison to the SOL. When illuminated with monochromatic (A =640 nm) plane
wave, the ONSOL generates a continuous needle like intensity distribution along the
optical axis with lateral FWHM smaller than the diffraction limit. The needle appears
at a distance 4 um from the ONSOL and remains up to 11 pum. However for SOL no
such needle like distribution is observed; sub-wavelength hotspots appear at isolated
positions along the optical axis. An important feature of ONSOL is that it is capable
of pushing the high intense side-bands away from the optical axis, thus increasing the
field of view for imaging applications. The absence of high intense side-bands and the
appearance of optical needle make ONSOL a more suitable candidate than SOL for
applications like photo-lithography and imaging of planar objects. However the down-
side of the long depth of focus is that the ONSOL is not so suitable for imaging of 3D

objects.
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2.3 ONSOL performance for blue light

2.3.1 Introduction

In this section it will be demonstrated that optical needle super-oscillatory lenses pro-
duces sub-wavelength focal spots even when illuminated with light of shorter wave-
length, i.e. in the blue part of the visible spectrum. For this demonstration two designs
of ONSOL will be considered: (i) the already presented design, ONSOL-A (section 2.2)
which is originally designed to work with 660 nm light, or red light, and (ii) a newly
optimised design, ONSOL-B! that is designed for the purpose, to operate under blue
illumination of wavelength 405 nm. Figure 2.15 shows the structures of the two ON-
SOLs. Both the ONSOLs are fabricated on 100 nm thick aluminium deposited by
thermal evaporation on ~ 170 um thick silica substrate. Ion beam current measuring

93 pA was chosen for fabrication of both the designs.

Figure 2.15: ONSOL designs for red and blue lights Scanning electron micrographs
for ONSOL samples optimised for (a) 660 nm, design A and (b) 405 nm, design B. Both
the samples are fabricated on 100 nm thin Al deposited on SiO3. (c¢) Zoomed-in section
of ONSOL B showing fabrication finesse.

In the following sections it will be experimentally demonstrated that a given ONSOL
will form sub-wavelength focal spots for any illuminating wavelength, even though it
is not optimised for that particular wavelength. Optimisation of an ONSOL for a
particular wavelength ensures that the optical needle is formed at a prescribed location
along the optical axis, with determined sub-wavelength size. However, for any other
wavelength of illumination, the optical needle is likely to exist elsewhere along the

optical axis.

!The author acknowledges contribution of Dr Yuan Guanghui for providing the design of ONSOL-B.
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2.3.2 Characterisation of ONSOL-A

This section presents experimental characterisation of ONSOL-A when illuminated with
405 nm light. This particular design of ONSOL has been demonstrated (section 2.2)
to form a sub-wavelength optical needle under 640 nm illumination. Here the incident

illumination is changed to a shorter wavelength. The results are summarised below in

Fig. 2.16.
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Figure 2.16: Performance of ONSOL-A with blue light (a)Experimental distri-
bution of FWHM and intensity of the central spot along propagation direction. The solid
black line shows the diffraction limit. (b) Intensity distribution along a plane through the
optical axis of the ONSOL. (c¢) Intensity map at three representative focal planes where
the spot measures smaller than the diffraction limit.

The ONSOL is illuminated with plane wave A = 405 nm, and the transmitted
intensity is recorded by a CCD camera through a high NA (150X NA 0.95) microscope-

objective. The focal spots along the propagation direction is recorded up to 30 pum



52 2. Super-oscillatory focusing devices

while moving the ONSOL away from the objective in 100 nm steps. Figure 2.16 shows
that even though not optimised for 405 nm, ONSOL-A produces optical needles with
FWHM smaller than diffraction limit. The intensity (shown by red-crosses in Fig. 2.16a)
is extremely low for the first 8 um and hence no FWHM measurement can be obtained
from the data. When Figs. 2.16a and 2.16b are studied together, sub-wavelength needles
are observed around (i) around 10 pm extending for 1 um along the optical axis with
spots measuring 0.4\, (ii) around 15.5 pm extending for 2 pm with spots measuring
as small as 0.34)\, and (iii) around 20.5 pm extending for 4 pm with spots measuring
as small as 0.42\ and with the highest intensity content compared to the former two
needles. As representative images, three focal spots with their surrounding intensity
distribution along a plane normal to the optical axis are shown in Fig. 2.16c. The
one at 15 um looks like the most useful, with good intensity content and the smallest

FWHM amongst the three.

2.3.3 Characterisation of ONSOL-B

In this section an ONSOL will be experimentally characterised whose performance has
been optimised for A = 405 nm illumination. The ONSOL is designed using binary
particle swarm optimisation, same way as described in the beginning of this chapter
(section 2.1). The structure of the ONSOL is shown in Fig. 2.15b.

The ONSOL-B is experimentally characterised with linearly polarised blue light
illumination in the same way as described above for ONSOL-A. The results are sum-
marised in Fig. 2.17. By studying Figs. 2.17a and 2.17b together it is evident that
there exist a long optical needle from 1 um to 9 pm measuring as small as 0.35\ at
2.5 pm. The theoretically calculated FWHM is shown as green line in Fig. 2.17a which
suggests a long continuous needle up to 10 pm from the surface of the ONSOL. The
overall trend of the theoretical FWHM along the propagation direction matches well
with the experimentally obtained data. Fig. 2.17c shows intensity distribution for three

representative focal spots chosen from within the optical needle.

2.3.4 Summary: blue ONSOL

This section demonstrates that super-oscillatory optical needle lenses are likely to pro-

duce sub-wavelength spots somewhere along the optical axis irrespective of the wave-
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Figure 2.17: Performance of ONSOL B with blue light (a)Experimental distribu-
tion of FWHM and intensity of the central spot along propagation direction. The black
line shows the diffraction limit. The green line gives the theoretically calculated value
of FWHM. (b) Intensity distribution along a plane through the optical axis of the ON-
SOL. (c) Intensity distribution along three representative focal planes where the spot size
measure smaller than the diffraction limit.
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length of illumination. Even though not conclusive from a single case study, the fol-
lowing observation is made for ONSOL-A: when illuminated with 640 nm light (the
wavelength at which it is designed), the ONSOL produces a ~ 7 um long optical nee-
dle. But when it is illuminated with a shorter wavelength, its optical needle gets broken
into smaller pieces and moves further away from the lens surface along the optical axis.
The ONSOL-B is optimised for 405 nm light and produces an optical needle ~ 8 pum

long; it agrees well with the simulated results.
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2.4 Summary

In this chapter performances of super-oscillatory optical lenses (SOLs) are studied ex-
perimentally. SOLs are designed to make the propagating components of the incident
wave interfere in a way such that the produced focal spots measure smaller than the
diffraction limit. The SOLs are designed for a specified wavelength and field of view
using an optimisation algorithm. The SOLs are fabricated as a binary pattern on thin
(100 nm) metal (Al or Au) films which are then optically characterised with incident
monochromatic, linearly polarised, coherent illumination. A SOL produces several
sub-wavelength spots along the propagation direction, and the smallest focal spots are
accompanied by a high intensity sideband. A suitable focal spot generated by a SOL
is selected for demonstrating super-resolution imaging of binary objects. The sub-
wavelength spot illuminates the object which is scanned in very small steps. Image is
reconstructed from each frame as recorded by a CCD camera. The SOL can easily iden-
tify small features like nano-holes with edge to edge separation of A\/6, and can nearly
tell nano holes \/15 apart; neither of these features are resolved by a conventional high
NA immersion oil objective.

A particular kind of SOL (ONSOL) demonstrates a typical behaviour forming con-
tinuous distribution of sub-wavelength hotspots along the optical axis, resulting in an
optical needle. Structure-wise ONSOLs are similar to SOLs, except their centres are
blocked by an opaque disk. The sub-wavelength needle forms in the shadow of this
disk, which is similar to Arago spot where a diffraction-limited focal spot is formed in
the shadow of an opaque disc when illuminated from behind. ONSOLs presented here
has shown sub-wavelength optical needles extended for 10 pm along the optical axis.
Compared to the SOLs, the ONSOLs are characterised by large field of view, i.e. the
high intensity sidebands around the focal spots are pushed much farther away from the
central hotspot. Hence the ONSOLs are preferable for super-resolution applications
like imaging, photo-lithography and/or data storage.

Finally it is demonstrated that ONSOLSs tend to produce sub-wavelength focal spots
even when illuminated with wavelength for which the design was not optimised. An
ONSOL if illuminated with shorter wavelength than that for which it was optimised,

the optical needle breaks into several pieces and moves farther along the optical axis.
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Super-oscillatory point-spread functions

3.1 Introduction

Diffraction causes the image of a point object to appear as a hotspot of finite radius
accompanied by annular bands of weaker intensities, even when observed through an
ideal lens. The intensity distribution of the image of the point object is commonly
known as the point spread function (PSF) [112]. The specific form of this PSF for an
ideal lens is known as the Airy pattern after the 19** century astronomer Sir George
Biddell Airy who was the first to describe such spreading of light [113]. The minimum
radius of the hotspot of an Airy pattern is limited by diffraction, with full width at
half maximum (FWHM) measuring A/2NA (where \ is the wavelength and NA is the
numerical aperture of the microscope objective). For normal incoherent imaging, the
image of an extended object is the convolution of the object with the PSF of the system
and, hence, the size of the PSF determines the resolution of the microscope. Methods
of reducing the size of the PSF of an optical system by using modified pupil functions
were first described in 1952 by Toraldo di Francia [28] and they have since been studied
extensively (a recent review article [114]) and their use in practical imaging systems
has also been demonstrated [46,47,108,115-118].

Recently a class of optical lenses based on the principle of super-oscillation [32,
33] has been proven to focus light smaller than the diffraction limit [35,38-41]. One
particular class of super-oscillatory lenses is an amplitude mask designed to diffract
an incident plane wave into arbitrarily small hotspots at post-evanescent distances

from the lens (chapter 2). These super-oscillatory lenses have been used in a scanning

o7
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imaging system [104] to demonstrate resolution surpassing that of diffraction limited
systems 2.1.4. This particular type of super-oscillatory lens (SOL) is designed to focus
a plane wave into several isolated sub-wavelength focal spots at different distances
along the optical axis. A variation of the SOL [106] focuses light into a sub-wavelength
needle and is termed the optical needle super-oscillatory lens (ONSOL) (section 2.2). In
this chapter the imaging performance of a super-oscillatory microscope will be studied
both numerically and experimentally. In a super-oscillatory microscope, the objective
is replaced by either a SOL or an ONSOL. The performance of such microscope is
measured by studying how accurately a point object can be imaged, or in other words
by the measure of the PSF. It will be demonstrated here that a super-oscillatory lens
reduces the size of the point spread function below the conventional diffraction limit.
In the following sections a numerical study comparing the PSF formed by a super-
oscillatory lens and an optical-needle-super-oscillatory lens will be presented. It will
be demonstrated that for a given object and image distance, the PSF formed by an
ONSOL is more robust to any object displacement in the direction perpendicular to
optical axis. After establishing that ONSOL is a better choice over SOL for practical
imaging and lithography applications, an experimental study of the ONSOL imaging
performance will be demonstrated. Finally, scan-less, single-capture imaging of two or
more points placed within the field of view of an optical needle lens will be numerically
studied, establishing that ONSOLs provide better resolution than that dictated by

diffraction limit.
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3.2 Imaging a point source with super-oscillatory lenses

3.2.1 Numerical study of super-oscillatory PSF's

The characteristics of super-oscillatory PSFs formed by the lenses described in chapter 2
are studied numerically in this section. A luminous point object is placed at a pre-
determined distance from each of the super-oscillatory lenses (SOL and ONSOL). Light
propagates from the point object through free space and illuminates either of the lenses.
The lens modifies the intensity which then propagates on to the image plane and gets
imaged at some distance from the lens. The image formed, as with conventional lenses,
is not a point but a hotspot surrounded by annular rings. However, in this case, the
size of the hotspot in the PSF is smaller than the limit set by diffraction limit. The
propagation of light from the point object to the lenses and on to the image plane is
simulated using scalar angular spectrum method [43], which has previously been shown
to be suitable for these types of propagation problems [106].

It has been shown (chapter 2) that both types of super-oscillatory lenses (SOL and
ONSOL), when illuminated with plane wave, produce sub-wavelength focal spots only
at certain distances from the lens. While imaging a point object with such super-
oscillatory lenses, it is intuitive that the image of the object will be sub-wavelength
only under certain conditions, or at pre-determined object-image distance pair. To find
a suitable object-image distance pair, for which both SOL and ONSOL would produce
sub-wavelength PSFs, the following numerical experiment is performed. Monochro-
matic light with wavelength 640 nm from a point source (~100 nm diameter) propa-
gates through free space and illuminates each lens (placed at distance Dgpject from the
source). The PSF formed is imaged on the other side of the lens (at a distance Dimage
from the lens). To systematise the study, a parameter p is introduced which is given
by the ratio of Dimage t0 Dopject- For example, when p = 0.5, the image plane is half
the distance of the object plane from the lens. For a given object-image distance pair
the full width at half maximum (FWHM) of the hotspot of the PSF is measured. For
different values of p Figs. 3.1b & ¢ show how FWHM of the PSF changes as the point
source is moved away from the lens.

Figure 3.1b shows for the SOL how the FWHM of the PSF changes with object
distance for p = 0.36,0.5,1,1.5. For any value of p the FWHM goes below the diffrac-
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Figure 3.1: Finding object-image distance pair for imaging with SOL and
ONSOL (a) Schematic representation of imaging with a super-oscillatory lens. Parameter
p is introduced as the ratio of image distance to object distance. (b) Size of the image
hotspot formed by a SOL for increasing object distance. (c) Size of the image hotspot
formed by an ONSOL for increasing object distance. Different symbols in (b) and(c)
represent different values of p = 0.36,0.5,1,1.5.
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tion limit only at isolated object distances. This is expected from the previous study
of focusing characteristics of SOL (chapter 2). For increasing values of p the number of
sub-wavelength PSF's formed at various object distances become fewer. In comparison,
Fig. 3.1c shows for ONSOL the FWHM distribution with increasing object distance for
the same values of p. For a given p, the FWHM remains continuously sub-wavelength
until a certain object distance. The value of Dgpjeet until which FWHM remain sub-
wavelength decreases with increasing p. From this study an object-image distance pair
for which FWHM remain sub-wavelength for both the SOL and the ONSOL is chosen;
this is shown by the vertical dotted red lines in Figs. 3.1b & ¢ when, Dgpject = 25 pm
and p = 0.36, i.e. Dimage = 9 um.

FWHM =220 nm

5 pumx5um

FWHM = 245 nm

5 um X 5.um.,

Figure 3.2: Comparison of simulated super-oscillatory PSFs formed by a SOL
and an ONSOL. Mask designs of (a) SOL, and (d) ONSOL. PSF generated 9 pm away
from the (b) SOL and (e¢) ONSOL when a 100 nm circular aperture is placed 25 pm away.
Central intensity distribution of PSF generated by (¢) SOL and (f) ONSOL, A =640 nm.

Figure 3.2 presents a comparison of PSF's formed by the ordinary super-oscillatory
lens and the optical-needle super-oscillatory lens for the chosen object-image distance
pair (Dgbject = 25 um, Dgpject = 9 pm). The designs of the SOL and the ONSOL are
shown in Figs. 3.2a and 3.2d respectively, which are the same as previously studied

in sections 2.1 and 2.2. The two designs are identical expect that the centre of the
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ONSOL is blocked by a 20 um diameter disc. This blocking region helps the ONSOL
push high intensity sidebands away from the central spot, while the remaining periph-
eral rings ensure that the high & vectors required for producing sub-diffraction-limited
focal spots are preserved [106]. Figures 3.2b and 3.2c show the PSF generated by the
SOL, with a hotspot measuring 0.35\ and accompanied by an intense ring around the
spot. The ONSOL generates a PSF with a hotspot measuring 0.38\, still beating the
diffraction limit but with much lower intensity annular rings (Figs. 3.2e and 3.2f). For
comparison, a high NA (0.95) microscope objective would form a PSF with hotspot
FWHM measuring ~ 0.53A. For a conventional lens, the FWHM of the PSF is given
by A/2NA. Therefore, an effective NA is defined for these super-oscillatory lenses as
NA.g = A/2FWHMpgr. This formula gives NAg sor, = 1.43 and NAg onsor, = 1.31;
note that the maximum possible NA for any conventional lens in air is 1.

From the study so far, let us draw comparison between a conventional lens and the
two kinds of super-oscillatory lenses (SOL and ONSOL) presented here. A conventional
convex lens images a point object into a hotspot of finite size (limited by diffraction)
surrounded by much fainter annular rings. A super-oscillatory lens images a point
object into a hotspot measuring smaller than the diffraction limit, but with higher
intensity annular sidebands. An optical-needle super-oscillatory lens still images the
point object into a sub-diffraction size hotspot with an added advantage, that the high
intensity sidebands are pushed far from the centre. For a fixed object distance, a
conventional lens produces the best image at a fixed distance only. However, for the
same situation a super-oscillatory lens may produce multiple images along the optical
axis (Fig. 3.3a). This implies super-oscillatory lenses are characterised by multiple foci,
unlike ordinary lenses (demonstrated in chapter 2). For this reason the conventional
thin lens formula [112] 1/f = 1/u+1/v, (f is the focal length, u is the object distance,
v is the image distance) may not be readily used for super-oscillatory lenses. The
applicability of this formula for super-oscillatory lenses is tested here, as summarised
in Fig. 3.3.

Figure 3.3b shows the object distance versus the image distance plot for an ordinary
lens, and the two kinds of super-oscillatory lenses. In the above numerical experiment
when the object is © = 25 um from the super-oscillatory lens, an image is formed at

v = 9 um on the other side of the lens. The thin-lens formula suggests that the lens
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should have an effective focal length of 6.6 um. Figure 3.3b shows a plot of this formula
for the calculated focal length. The SOL and the ONSOL matches this curve at the
chosen object and image distance. It is now checked if the super-oscillatory lenses
follow the ordinary lens curve away from this point. To derive the uw vs. v curve for
the super-oscillatory lenses a set of numerical experiments are done. For a fixed object
distance (u) the size of the PSF is calculated for a number of image distances (v), as
shown in Fig. 3.3a. This is repeated for a number of object distances (v = 10 pm to
32 um). For each u, the super-oscillatory lenses form sub-diffraction images at multiple
distances along the optical axis. In each case, the image distance closest to the thin-
lens curve is chosen and plotted in Fig. 3.3b . As observed from Fig. 3.3b, for both
the SOL and the ONSOL the image distance decreases with increasing object distance.
At first glance this may seem to follow the thin-lens formula (solid black line) for
slightly different f. But a much better fit is obtained using a slightly modified formula,
1/u+1/v =1/a(1l —b/uv), which matches the thin lens formula when b = 0 and a = f.
So, the super-oscillatory lenses do not readily follow the ordinary thin lens formula.
The may be explained by higher than ordinary effective-NA of super-oscillatory lenses
and multiple focal lengths for a given lens design and wavelength.

Next, another lens-like behaviour of the super-oscillatory lenses is investigated. For
a conventional lens if the object is displaced perpendicular to the optical axis and the
corresponding image moves in the opposite direction. This characteristic will be tested
for super-oscillatory lenses. For this numerical experiment the object-image distances
are kept the same as above (u = 25 pm, v = 9 um.) for both the SOL and the ONSOL.
Figures 3.4a - 3.4g show the image displacement for SOL when the point source is
displaced by 3 wm on either side of the optical axis. When the point source is perfectly
aligned with the optical axis (Fig. 3.4d), the PSF appears same as in Fig. 3.2b; note
the difference in appearance is only due to different colour scales for intensities. As
the point source is displaced from the optical axis (Figs. 3.4d - 3.4g), the image moves
opposite to the direction of object movement and the central spot in the PSF moves by
500 nm for every 1 um object movement. At the same time, the central spot distorts
and decreases sharply in intensity while the sidebands increase in intensity and become
more and more asymmetric. When the object is displaced by 3 um, the central spot

becomes difficult to recognize (compare Fig. 3.4d with Figs. 3.4g). The trend is the
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Figure 3.3: Image formation by super-oscillatory lenses (a) Size of image hotspot
with increasing image distance, as imaged by a SOL and an ONSOL when a point object
is placed at 25 um . (b) Image distance vs. object distance for a conventional lens with
focal length 6.6 um compared to that for a SOL and an ONSOL.
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Figure 3.4: Effect of object displacement super-oscillatory PSFs A point object
is displaced laterally by 3 wm on either side of the optical axis of the lenses. Corresponding
displacement of the PSF formed by SOL (a-g) and ONSOL (h-k).

same as the point source moves to the other side of the optical axis (Figs. 3.4a - 3.4d).
For the ONSOL, the direction of relative movement of the point source and the PSF
is the same as in the case of SOL. Interestingly, the ONSOL PSF is more robust to
object displacement than that of the SOL. For this particular object-image distance
pair, the intensity content in the central spot of the ONSOL increases with displacement
of the point source (Figs. 3.4k - 3.4n). The central spot is still recognizable when the
object is displaced 3 um off the axis, though the spot becomes slightly elliptical. In
this case also, the sidebands become more and more asymmetric with increasing off-
axis object placement, though most of the energy remains in the central spot. This
distortion is because the super-oscillatory PSFs are formed by delicate interference of
a large number of beams, and any misalignment of the point source is transferred to
the image plane as distortion of the sidebands and the central spot. Note that for
ONSOL the central spot in the PSF moves by 700 nm for every 1 um object movement
(Figs. 3.4j and 3.4k). This is different to that of the SOL, even though the object
and image positions (u and v) remain the same. For a conventional thin lens the

image displacement for a given object displacement depends on u and v, which in turn
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are related by the focal length f. But as mentioned before super-oscillatory lenses
though display lens-like characteristics (focusing plane wave, forming PSF, and inverse
object-image displacement) cannot be simply explained by the known thin-lens formula.
Amongst themselves, SOL and ONSOL function in different ways, one focusing plane
wave into multiple isolated sub-wavelength foci and the other producing an extended
sub-wavelength needle, through complex interference of multiple beams. Hence it is
no surprise that their imaging characteristics are slightly different even for the same
pair of © and v. Note that compared to the SOL, ONSOL is characterised by an
increased field of view and robustness of the super-oscillatory sub-wavelength PSF to
off-axis placement of the object. These features make ONSOL suitable for high speed
processing applications including imaging and photolithography.

In the following section the imaging performance of the ONSOL will be experimen-

tally demonstrated.

3.2.2 Experimental characterisation of ONSOL point spread function

The experimental arrangement for imaging a point source with an ONSOL is sche-
matically presented in Fig. 3.5. To approximate the point source a 640 nm linearly
polarised laser is coupled into a scanning near field optical microscope (SNOM) probe
with 100 nm aperture at the tip. A conventional microscope with high NA objective
(Nikon CFI LU Plan Apo EPI 150X, NA=0.95) is used to record the PSF created by
the ONSOL. Since the super-oscillatory PSF's are formed by interference of propagating
waves, they can be imaged by a conventional objective. The imaging objective is kept
fixed at 9 pum from the ONSOL — as in the simulations. The SNOM tip is placed on
the optical axis and moved away from the ONSOL in 100 nm steps, to find the object
position that forms a PSF with sub-diffraction-limited hotspot at the pre-fixed imaging
distance.

Figure 3.6 summarises the experimental imaging performance of ONSOL. The lens
(Fig. 3.6a) is fabricated by focused ion beam milling of a 100 nm thick gold layer
deposited on a 50 nm thick silicon nitride membrane. The lens structure is illuminated
with light from the SNOM tip, which approximates a point source. As the object
scans along the optical axis, the PSFs formed at the fixed imaging distance (9 pm)
are recorded. A PSF with hotspot FWHM smaller than the diffraction limit appears
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Figure 3.5: Experimental set-up for recording ONSOL PSF Linearly polarised
light from a fibre-coupled laser is coupled into a SNOM probe with 100 nm aperture at
the tip. The point source is imaged by the ONSOL creating a PSF. The PSF is imaged
by a high NA (=0.95) microscope objective.
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Figure 3.6: ONSOL generated PSF: experimental result. (a) SEM image of the
ONSOL, (b) axial intensity distribution of the PSF showing the distance over which the
hotspot remains smaller than the diffraction limit, (¢) intensity distribution of PSF imaged

9 um away when the point source is 20.4 pm on the other side of the lens, (d) intensity
profile through the line in (b) & (c).

when the tip is 19.5 um from the ONSOL. The PSF remains sub-diffraction-limited
for the next 2 um along the propagation direction (Fig. 3.6b). This extended focal
depth of the ONSOL means it is not ideal for imaging of 3D objects, but is useful for
imaging planar surfaces, since it would allow a large tolerance in the placement of the
object. As an example of the sub-diffraction PSF in the transverse plane, the intensity
distribution along the dashed line in Fig. 3.6b is plotted in Fig. 3.6c, when the point
source is 20.4 pum from the lens. As in the computational results, the hotspot in the
PSF has FWHM= 0.38\ (Fig. 3.6d) surrounded by low intensity sidebands. The slight
asymmetry in the PSF is probably due to a small displacement of the point source from
the optical axis of the lens; the same effect as seen in the simulations in section 3.2.1.

To experimentally verify the correlation between object and image displacement for
the ONSOL, the lens is moved in 100 nm steps over a distance of 4 um perpendicular
to optical axis of the lens. For each position the image is recorded by the microscope

and CCD camera. Figures 3.7a - 3.7e present the experimental PSF's when the ONSOL
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Figure 3.7: ONSOL vs. image displacement: experimental result. The ONSOL
is displaced by 0.5 wm between each frame showing total 2 um displacement between (a)
and (e). (f)Schematic showing the equivalence between object displacement (in blue) and
lens displacement (in red); the original undisturbed position for object, lens and image is
shown in green.

moves by 2 um. Each image is repositioned so that the the optical axis of the ONSOL
is held at zero displacement to facilitate comparison with the simulations (Fig. 3.7f).
The point source in this case is 17.6 um from the ONSOL, and it is being imaged at
9 um. The spots measure 0.48, still smaller than the diffraction-limit. For 500 nm dis-
placement of the object, the image moves by 418 nm in the other direction; simulations

with the same conditions show the corresponding image shift is 415 nm.
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3.3 Multiple point imaging with ONSOL

An extended object might be thought of as made up of multiple point objects. In
nature each of this point is either self-luminous (like a fluorescent object) or incoherently
illuminated (like any scene around us). It has been discussed in the previous sections
how a single point object is imaged by any lens into a point spread function (PSF). So
each of the points in an extended object creates a PSF when viewed through a lens.
The image of the whole object is thus the convolution of the object intensity and the
PSF. The simplest way to test the resolution limit of a lens is by studying the image
of two closely spaced point objects. The points are brought closer to each other until
it is difficult to resolve them as two separate points from the image. Better resolution

of a lens implies its ability to produce a detailed image of an extended object.
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Figure 3.8: ONSOL resolution test (a) Two incoherent points (100 nm diameter)
separated by distance d and their images taken by ONSOL for various values of d (220 nm
to 320 nm). Each frame is 2 um by 2 pm. (b) Intensity line-out of the images of two
points for various values of d. Inset shows intensity plot for two coherent points separated
by d =320 nm.

In this section the resolution limit of ONSOL will be tested by simulating the imag-

ing of two incoherent point objects with varying centre-to-centre distances. The object
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is then extended to three points and eventually to seven randomly scattered points. It
must be mentioned here that if the objects are coherently illuminated, say, two point
apertures illuminated with light from a laser, it is more difficult to resolve them [7].
For coherently illuminated points, their individual amplitudes (not intensities) must
be added to get the image. It will be shown that when two incoherently illuminated
points are very well resolved by ONSOL, the same points are not resolved when illu-
minated with coherent light. It is also noteworthy that the imaging method presented
here is different to that done with SOL [104]. As discussed in section 2.1.4 the sub-
wavelength focal spot created by a SOL was used to illuminate the object, and scanned
in sub-wavelength steps to construct a super-resolution image by studying the trans-
mission through the object in a confocal manner. This operation is time consuming
and requires high stability of the object. In contrast, in this section, the images are
acquired in a single capture. This is possible because the PSF of ONSOL unlike SOL is
not accompanied by high intensity side-bands close to the central hotspot. As will be
demonstrated in this section, the extended field of view (FOV) of ONSOL allows direct
capture imaging of objects measuring smaller than the FOV. Recently Wong et. al. [46]
experimentally demonstrated such direct, single shot imaging with very low NA but,
super-oscillatory microscope, i.e. an imaging system was demonstrated where the NA is
only 0.008, but the system could resolve spots closer than the corresponding diffraction
limit. In comparison, the ONSOL presented here has an effective NA larger than that
of an ideal conventional lens. This high-NA ONSOL will be used to demonstrate direct
imaging of closely spaced points which are not otherwise resolved by a conventional
lens.

Figure 3.8 shows the imaging capabilities of the ONSOL for two closely spaced
points. To simulate the imaging of two points with ONSOL, angular spectrum method
as described in section 3.2.1 is used. The two luminous point objects (each 100 nm
diameter, centre-to-centre distance d) are placed 7 pm from the ONSOL. The trans-
mitted intensity pattern is imaged also at 7 pm from the ONSOL. The object-image
distance pair is chosen from the study in section 3.2.1 such that not only the PSF is
sub-wavelength, the magnification is also 1, i.e., if the single point object is displaced
by, say, 1 um perpendicular to the optical axis the image moves by the same distance in

the opposite direction. This has been confirmed by performing a numerical experiment.
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For incoherent imaging of the two points, intensity from the image of individual points
is added at the image plane. Otherwise, if the points were considered to be coherent
with each other, the amplitude of the field at the image plane is added up.

Figure 3.8a shows the object and the image for varying centre-to-centre distances.
When d = 260 nm, the two points can be distinguished by simply looking at the
intensity pattern. This separation corresponds to 0.4\ (A =640 nm), which is also the
measure of FWHM of the PSF for this object-image distance pair. Figure 3.8b shows
the x-line-out through the image frames in Fig. 3.8a. For d = 280 nm the dip between
the two peaks is ~ 80% of the peak value, which corresponds to Rayleigh’s resolution
limit. However, for smaller values of d, a saddle point still exists, thus distinguishing
two separate points. Due to computational pixelation, the images for d = 240 nm and
250 nm looks the same, where the line-out gives a flat region joining the two peaks,
which is Sparrow’s resolution limit [112]. However, it is safe to claim that ONSOL is
capable of resolving two points separated by 260 nm or 0.4\ for the given object-image
distance pair. For a conventional diffraction limited lens this limit would be ~ 0.5\ or
d = 320 nm. It is interesting to note, when Fig. 3.8a clearly shows that two incoherent
points separated by d = 320 nm is well resolved, the inset in Fig. 3.8b shows that the

same points are not resolved when coherently illuminated.

coherent ...

Figure 3.9: ONSOL imaging: three points Three incoherent points (100 nm diam-
eter) placed on the vertices of an equilateral triangle with sides d. Images as captured by
ONSOL for varying values of d (250 nm to 320 nm). Also shown coherent imaging of three
points when d = 320 nm. Each frame is 2 pm by 2 pum.

Next, the object is made slightly more complex by adding a third point, so that the

three points are spaced on the vertices of an equilateral triangle with sides d. Figure 3.9
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shows the images formed by ONSOL for varying distances between the three points
(250 nm to 320 nm). For d = 280 nm the three points can be resolved in the intensity
plot. Note that the image is inverted with respect to the object along y-direction.
This is expected from the lens-like behaviour of ONSOL. For d = 320 nm all the three
points are very well resolved. Not surprisingly, when they are coherently illuminated,

the points are not at all resolved even when spaced d = 320 nm apart.

C

/283 nm
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Figure 3.10: ONSOL imaging: multiple points (a) Seven randomly separated point
objects (each 100 nm diameter). The red dot shows the optical axis of the ONSOL. (b)
Object as imaged by ONSOL showing the large field of view. (¢) Zoomed-in version of (b)
showing the details of the image. (d) Enhanced colour scale used to show the intensity
variation in the image depending on position of the object from the optical axis.

It has been presented how the image of a single point object gets slightly distorted
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as the object is displaced perpendicular to the optical axis. This implies that for an
extended object, the points that are away from the central axis of the ONSOL, the image
may get more and more distorted. To test the imaging capability of ONSOL, a group
of seven randomly scattered points is chosen. In Fig. 3.10a the red dot represents the
centre or the optical axis of the ONSOL. The points are scattered about this centre,
with a pair of points separated by nearly the resolution limit. Like in the previous
experiments, each point measures 100 nm in diameter. Fig. 3.10b shows the image
of the object as captured by the ONSOL. The seven points can be distinguished in
the central region with low intensity side-bands around them. The field of view of
the ONSOL, given by the diameter where the first intense side-band occurs is 20 pm.
Figure 3.10c shows a zoomed in view of the image plane. All the seven points can be
recognised, including the two closely spaced off-axis points. When the image is plotted
with enhanced colour scale for better understanding (Fig. 3.10d), it is noticed that the
point closest to the optical axis has the strongest intensity content.

Figure 3.11 demonstrates the robustness of the ONSOL imaging with off-axis place-
ment of a complex object. The cluster of seven points is moved away from the optical
axis (red dot) in steps of 1 um (Figs. 3.11a- 3.11c). The object and image distances
from the ONSOL are both kept at 7 um as in the previous numerical experiments.
The images of the clusters as captured by the ONSOL are shown in Figs. 3.11d- 3.11i.
Figures 3.11a, 3.11d, 3.11g are the same as that presented previously in Fig. 3.10.
As discussed, all the seven points are imaged faithfully in this case. Now, when the
cluster is moved 1 pm from the optical axis (Figs. 3.11b, 3.11e, 3.11h), all the points
are still well-resolved. However, Fig. 3.11h shows that the distant high-intensity side-
bands have become asymmetric in intensity distribution along the axis of the object
displacement. When the cluster moves by 2 um from the optical axis (Figs. 3.11¢c, 3.11f
and 3.11i) not all points are truly imaged. Ambiguity in the position of the image
arises for points that lie outside the 2 pm radius about the optical axis(dotted circle
in Figs. 3.11c and f). This 2 um confirms with the distance beyond which the PSF
starts getting significantly distorted, as discussed earlier in section 3.2.1. Note that the
off-axis placement of the complex object are also indicated by the asymmetric intensity
distribution of the distant high-intensity side-bands which are at-least 10 pm away from

the optical axis (Fig. 3.11i).
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Figure 3.11:

each 100 nm diameter, placed (a) about the optical axis, (b) 1 pm from the optical axis,
and (c¢) 2 um from the optical axis. (d-f) Images of the respective clusters shown in (a-c)
as imaged by an ONSOL. (g-i) 5 times zoomed-out area showing images of the clusters
along with the high-intensity distant side-bands. Dotted circle shows the limit beyond
which images may become unreliable. Dipage = Dobject = 7 pm.

ONSOL imaging: off-axis complex object Cluster of seven points,
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a =800 nm a = 1000 nm

Figure 3.12: ONSOL imaging: sparsely distributed point objects (a-e¢) Point
objects placed with increasing distance from the optical axis. The distance scales by
N times with respect to the frame in (a), where N = 1 to 5. (f-j) Respective objects
as imaged by an ONSOL. Dotted circle shows the limit beyond which images become
unreliable. Dimage = Dobject = 7 pm.

Next, the imaging capability of ONSOL for sparsely distributed point objects are
studied. The cluster of seven points presented in Fig. 3.10 is considered as the starting
object for the test. The points are then moved apart from the centre by N times, where
N =1 to 5. For example, looking at Figs. 3.12a and b, the points are twice as farther
from the optical axis (red dot) in the second frame, compared to the first. Image of
each of these five (Figs. 3.12a - 3.12e) objects are recorded as formed by the ONSOL
when the object and image distance are both 7 um. As is observed from the images
(Figs. 3.12f- 3.12j) there is no problem in recognising the points for a = 200 nm and
400 nm (Figs. 3.12f and 3.12g). When a = 600 nm the farthest point, which is 1.84 pm
from the centre, is imaged as a spot with four lobes around it (Fig. 3.12¢ and 3.12h).
From the next two increments ¢ = 800 nm and 1000 nm it is clear that object points
that lie beyond the dotted circle are not imaged faithfully. Note that the diameter of
this circle is ~ 4 um, as in the previous case (Fig. 3.11c). This demonstrates the fact
that for this ONSOL and at this particular object-image distance pair, only objects
placed within 2 pm radius from the optical centre can be imaged without ambiguity

and with resolution better than the diffraction limit.
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3.4 Summary

In this chapter the imaging capabilities of super-oscillatory lenses are studied numer-
ically and experimentally. The point spread functions produced by a SOL and an
ONSOL are studied numerically to determine the accuracy with which these lenses
might image an extended object; smaller PSF implies better resolving capability of the
lens. Of the two types of SOL investigated, the ONSOL creates PSF with less intense
sidebands and is more robust to off-axis object placement than a standard SOL. This
makes ONSOL a promising choice for super-resolution microscopy of planar objects
and photo-lithography. Next the PSF generated by an ONSOL is experimentally stud-
ied. The results agree with the simulations. It is demonstrated that PSF generated
by the ONSOL have hotspot radii 24% smaller than the diffraction-limited lenses and
that the effective numerical aperture of the ONSOL in air is 1.31. This justifies their
usefulness for super-resolution imaging applications. Finally, the ability of the ONSOL
to resolve two closely spaced points and to image multiple points is studied numerically.
The ONSOL demonstrates the ability to resolve points with centre to centre distance
as small as 0.4\, for A = 640 nm; for conventional lenses the limit is 0.5A. The ON-
SOL is also robust enough to image directly (without scanning) multiple points spaced
randomly within the large field of view of the lens with resolution exceeding that of
diffraction-limited lenses. However, for the object-image distance pair studied here, the
points must be placed within a 2 um radius from the optical axis of the ONSOL to be

imaged reliably.
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Solid-immersion super-oscillatory lens

4.1 Motivation: Heat assisted magnetic recording

Hard disk drive (HDD) is a data storage device used for storing and retrieving digital
data and it forms an essential part of modern computers. HDD writes data by mag-
netising tiny areas, called bits, of a thin film of ferromagnetic material. The storage
capacity of a HDD depends on how small a bit can be. In 1998 it was demonstrated
at IBM Almaden Research Centre that perpendicular magnetic recording (PMR) has
clear advantage of higher data storage density over its predecessor longitudinal mag-
netic recording. With longitudinal recording maximum storage density was limited to
40 Gbit/inch?, while with PMR a storage density of 100 Gbit/inch? [119] could be re-
alised. This was achieved by arranging the magnetic bits perpendicular to the storage
disk, rather than on the plane of the disk. The architecture of PMR allows the use of
magnetic material with higher coercivity! leading to more thermally stable magnetic
bits packed with higher areal density. However, the superparamagnetic limit imposes
an upper limit to storage densities in magnetic recording. This is because in very small
domains magnetization may flip randomly due to thermal fluctuations [120], which in
turn limits the storage density even with perpendicular recording. In 2012 Seagate an-
nounced [121] a proof-of-principle demonstration of 1 Thit/inch? storage capacity using
the next-generation recording technology — heat-assisted magnetic recording (HAMR).
HAMR [122] offers a new degree of freedom in the currently used perpendicular mag-

netic recording (PMR) to circumvent the problem caused by superparamagnetism. It

LCoercivity is a measure of the strength of external magnetic field required to magnetise the bits; a
stronger field implies higher coercivity
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makes use of even higher coercivity ferromagnetic material to circumvent the thermal
instability. But this requires higher writing fields than that can be delivered by the
HDD writing heads. In HAMR, this high-coercivity magnetic medium is temporarily
and locally heated so that the coercivity can be lowered below the available magnetic
write field. Hence more thermally stable yet smaller magnetic recording bits can be
realised with the HAMR technology.

To deliver a sub-diffraction limited hotspot for heating up small bits of magnetic
disk Kryder [122] proposed a near-field transducer. The hotspot needs to be small so
that it remains on the magnetic bit that needs to be magnetised; larger hotspots may
erase the already stored data in the neighbouring bits. For areal density of 1 Thit/inch?
the track pitch of the magnetic medium needs to be < 50 nm. Near-field plasmonic
transducer appears to be a good choice for concentrating light in such small domains and
a proof-of-principle HAMR has been experimentally demonstrated using this technology
with an areal density of 245 Gbit/inch? in 2009 [123] and 1 Tbit/inch? in 2012 [121].
However, the plasmonic transducer presents considerable manufacturing challenges, for
example the transducer dimensions and separation from the substrate waveguide must
be precisely controlled to ensure a high coupling efficiency. Low optical throughput
is another problem of near-field transducers; tapered waveguides used in the near-
field scanning optical microscopy have the capability to achieve a resolution of 100nm
or better, but their applications are limited due to the dramatic attenuation of light
transmitted through the subwavelength aperture: typical optical throughput is of the
order of 107 — 107° [124]. Other subwavelength focusing methods based on near-field
evanescent waves include the superlens [26,97,99] and nanoscale spherical lenses [98,
101], but all these methods require the lens to be in the immediate proximity of object,
typically within distances much less than the wavelength. On the other hand, it has
already been experimentally demonstrated that far-field sub-diffraction-limit focusing
can be achieved using super-oscillatory lenses [41,104,106,125,126]. Even though the
throughput for super-oscillatory lenses is only a few percentage in the central field of
view [127], it has the obvious advantage of comfortable placement within the hard disk
drive architecture. Amplitude mask type super-oscillatory lenses have demonstrated
sub-wavelength focal spots ~ A\/3 for 640 nm and 405 nm wavelengths (Chapter 2). In

combination with solid immersion technology, which is commonly used for high-density
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optical storage [128] and a short wavelength of illumination (405 nm) a focal spot of
~ 50 nm becomes readily achievable, better than can be achieved with a conventional

lens and solid immersion medium.
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Figure 4.1: Solid-immersion super-oscillatory lens for HAMR application. (a)
Conceptual representation of super-oscillatory spot assisted local heating of a magnetic
medium. (b) Simplified configuration for testing the performance of super-oscillatory lens
in a solid-immersion medium; photoresist replaces magnetic medium as the registration
layer.

In this chapter the performance of an optical needle super-oscillatory lens (presented
in chapters 2 & 3) will be investigated in a solid-immersion environment. A conceptual
schematic of optical needle lens for HAMR application is shown in Fig. 4.1a. The
super-oscillatory lens (SOL) fabricated on a thin metal layer is followed by a solid-
immersion layer of a few micron thickness such that at the immersion-air interface a
sub-wavelength hotspot is formed. Following a small air-gap measuring only a few
nanometres, the magnetic disk is placed for recording data. This air-gap is present in
a realistic HDD architecture between the writing head and recording medium to avoid
damaging of either the head or the rotating disk [122]. As discussed in chapter 2 the
super-oscillatory lenses produce sub-wavelength hotspots surrounded by high intensity
halos. To cut-off the unwanted contribution from these sidebands an aperture block or
an highly absorbing medium with a window is placed allowing only the desired hotspot
through the central portion. As a first step in integrating the super-oscillatory lens
into the hard disk drive architecture, the performance of this lens in solid-immersion
medium must be tested. It must be ensured that the delicate super-oscillatory hotspot

survives after travelling through micron-thick layer of a solid medium. For this test the
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design of the sample is simplified as shown in Fig. 4.1b. The aperture, air-gap and the
magnetic medium is replaced by a photoresist film where the sub-wavelength hotspot
along with the surrounding sidebands will be registered.

In the following sections, design of the solid-immersion optical needle lens and its

preliminary experimental demonstration will be presented.

4.2 Material selection for immersion medium

Solid immersion A=405nm A=473nm
material

n k n k

GaP * 3.71 0.014
TiO, ** 3.25 2.76
ZnS *A 2.74 - 2.64 —
GaN *A 2.55 - 2.46 _—
Diamond *A 2.46 - 2.43
TeO, *A 2.43 2.34
Zro, A 2.27 - 2.23
Zn0 *A 2.10 - 2.07 —

ITO AN 2.10 0.042 2.00 0.041

AZO **A 1.95 0.002
HfO, A7 1.98 1.95
Y,0, *A 1.98 1.95

Table 4.1: Solid-immersion material selection. Table comparing values of refractive
index and losses for various solid medium at different wavelengths of operation. Values
obtained from: * [129], #* [130], *A [131], AA [132], * x A [133].

Before optimising the design of the solid-immersion optical needle lens the operating
wavelength and the solid-immersion medium must be selected. For the smallest possible
optical hotspot, the incident wavelength is chosen to be in the blue part of the spectrum;
simulations are done with 473 nm and/or 405 nm, where diode lasers are commercially
available and which also happens to be the wavelength for commercially available data
storage devices. For the experimental demonstration the 405 nm is used. For the solid-

immersion medium, a high refractive index but low loss material for these wavelengths
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is desired. This is to ensure that significant reduction in the hotspot size is obtained
without much energy loss. Table 4.1 shows a table of materials suitable as solid-
immersion media for optical lenses. Gallium phosphide (GaP) has been the medium of
choice for solid-immersion lenses [134] and has a complex refractive index of ng,p =
3.7140.017 at 473 nm [129]. From the above table 4.1 it is readily seen that GaP is the
best choice of solid-immersion medium with high refractive index and low loss at that
wavelength. In the following sections the performance of the optical needle lens in GaP
is simulated and it will be shown that it is possible to focus light of wavelength 473 nm
down to only 57 nm. However, for the proof-of-principle experimental demonstration,
aluminium-doped-zinc-oxide (AZO) is chosen as the material for the immersion medium
and the operating wavelength is chosen to be 405 nm. As seen from table 4.1, AZO has
a smaller value of the real part of refractive index compared to GaP, but at the same
time is also characterised by lower losses. So it is a good enough choice for the first

proof-of-principle demonstration of the solid-immersion super-oscillatory lens.

4.3 Numerical simulation

In this section performance of super-oscillatory lenses in solid-immersion media is sim-
ulated. The optical-needle lens is designed? using binary particle swarm optimization
algorithm (BPSO) as described in chapter 2. The mask is illuminated with a circularly
(rather than linearly) polarised beam to avoid unwanted polarisation effects that result

in an elliptical focal spot [127,135].

4.3.1 Sub-wavelength optical needle for HAMR application

As discussed in the introductory section, the pre-requisite for application in high storage
density heat-assisted magnetic recording is a focal spot measuring ~ 50 nm. To demon-
strate that super-oscillatory lenses can produce such a focal spot when illuminated with
473 nm light, performance of an optical needle super-oscillatory lens is studied in gal-
lium phosphide3. Figure 4.2 summarises the characteristics of the designed optical

needle lens in GaP suitable for interfacing with magnetic hard disk drive. The lens is

2The author is thankful to Dr. Guanghui Yuan for providing the optimised designs of the super-
oscillatory lenses

3The author is thankful to Dr. Guanghui Yuan for providing the simulations presented in this
sub-section.
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Figure 4.2: Sub-wavelength optical needle in GaP (a) Radial transmittance (white
1, black 0) distribution of the binary mask designs. (b) Normalized total electric field in-
tensity distribution. (c) Line-out of electric field intensity along the mask diameter at
zr = 5 um. (d) Variation of FWHM of light spot with propagation direction. Perfor-
mance of super-oscillatory optical needle (e) after GaP/air interface at z; = 5 um and (g)
air/magnetic disk after z¢ = 5.01 pm. Electric field intensity (black line) and FWHM (red
line) distribution along the axial direction (f) after GaP/air interface at zr = 5 um and
(h) air/magnetic disk after zr = 5.01 pm. Figure adapted from [127]. ©OSA 2014.
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optimised to produce a sub-wavelength optical needle about a predefined focal length
z¢ = 5 um for a chosen depth of focus DOF= 4 A. Figure 4.2a shows the design of
the lens with outer radius rmax = 20 um, central block radius rpioex = 6 pm and the
smallest line width 200 nm.

The propagation characteristics of the lens in the immersion medium is calculated
using the complex refractive index ngap = 3.71 4+ 0.01¢ at 473 nm [129]. Figure 4.2b,
shows the intensity distribution formed by the ONSOL in the GaP layer. An optical
needle is formed with full-width at half maximum of 57 nm (~ 0.12 A or 0.45 Aeg) at
z¢ = 5 um (Fig. 4.2¢). At this focal length, the field of view (FOV) within which the
sub-wavelength spot is formed is 13.3 pm. Here, the FOV is defined as the separation
between the two nearest sidebands with 10 % intensity of the central peak. This ex-
tended FOV of more than 13 pm allows the use of an opaque aperture to prevent the
unwanted high intensity sidebands from heating the magnetic medium in HAMR ar-
chitecture. The estimated optical power within the FOV is 1.8 % of the overall optical
power in the observation plane at zr = 5 um. It may also be noted that the peak inten-
sity of the sidebands outside the FOV are 64 % of the central peak. Figure 4.2d shows
the full-width at half maximum (FWHM) of the central spots formed along the propa-
gation distance. The diffraction limit in GaP is calculated as Aegr/(2n8infpax) =~ 0.14 A,
where, 0.« is the maximal focal angle determined by the mask aperture r,,x and focal
length zf through the relation tanfmax = rmax/zf. It should also be noted that smaller
focal spots can be found at shorter focal lengths, for example the FWHMSs at the two
other foci at z=3.24 um and z=2.66 pm are 52 nm and 50 nm respectively.

In a HAMR hard disk architecture, as shown in Fig. 4.1a, the solid-immersion
medium would be followed by a narrow air-gap which would allow spinning of the
magnetic disk without causing damage. It is important to study the coupling of the
sub-wavelength super-oscillatory spot from the solid-immersion to the magnetic disk
through the intermediate air-gap. Figures 4.2e,f show the simulated performance of
super-oscillatory optical needle after the GaP /air interface, where the GaP is termi-
nated after zr = 5 um. A detailed analysis of the axial electric field intensity (Fig. 4.2f)
indicates that the 1/e intensity penetration depth in air is 12 nm. Within this distance
the FWHM keeps almost invariant at 55 nm. Although the penetration depth of 12 nm

seems to be small, the proof-of-concept HAMR system [123] had a physical air gap be-
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tween the bottom of carbon overcoat of the recording head and the top of the lubricant
on the magnetic disk of only ~ 2 nm. For practical HAMR applications, the dielectric
properties of the magnetic disk must be considered for accurate calculation of the area
of disk heated by the spot. For this purpose, the optical properties of a commercial
hard disk drive platter are extracted using ellipsometry measurements?. At wavelength
of 473 nm, its complex refractive index is found to be 4.71+0.455i. Using this data the
electric field intensity distributions in the recording layer is calculated assuming 10 nm
air gap between the GaP layer and magnetic disk surface. Figures 4.2g,h show that the
achievable spot size in the magnetic recording layer is evaluated to be ~ 62 nm with a
penetration depth of 60 nm. This spot size is comparable with that reported in [123],

which seems to be the most promising HAMR technology in the industry so far.

4.3.2 Solid-immersion optical needle for experimental demonstration

For experimental demonstration of solid-immersion super-oscillatory lens, a new design
with reduced overall size (rmax = 10 pm, rpocc = 3 pm, line width 200 nm) is optimised.
The propagation characteristics of this lens is studied in GaP, AZO, and air. The
incident wavelength is chosen as 405 nm and refractive indices are chosen as ngap =
4.15 + 0.25i, [129] nazo = 2.1 + 0.006¢ [133] and na;, = 1. Figure 4.3a shows the
intensity distribution along the propagation direction and at zf = 4.6 pm for each of
the three media. Just by looking at the three plots of intensity distribution along the
propagation direction, it is evident that the optical needles formed in GaP are the
narrowest compared to those formed in AZO and air, in that order. At 4.6 um after
the lens, the radial distribution of intensity shows the smallest and the most intense
central spot formed in GaP and the largest and the dimmest spot in air. Figure 4.3b
shows the FWHM distribution of the central spots along the propagation direction. It
must be noted that for each medium, smaller spots exist at shorter focal lengths. This
particular distance of 4.6 um is chosen to match the experimentally deposited AZO
layer thickness. It is also evident that in air the focal spots always remain larger in
size than in either of the solid-immersion media. But between GaP and AZO, even
though AZO has lower refractive index, the spot sizes appear comparable up to about

3 um. However, it must be added that in both the media, region up to 3 um is also

4The author would like to thank Dr. Behrad Gholipour for the ellipsometry measurements
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Figure 4.3: Sub-wavelength optical needle in different media (a) Intensity distri-
bution produced by optical needle lens (inset) in gallium phosphide (top row), aluminium-
doped-zinc oxide (middle row) and air (bottom row). (b) Central spot FWHM distribution
along propagation direction in the three media. (c¢) Intensity lineout across the lens diam-
eter at zr = 4.6 um showing spot sizes in the three media.
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Figure 4.4: Optical needle at solid-immersion-photoresist interface (a) Intensity
distribution produced by optical needle lens across the AZO-photoresist interface. (b) Ra-
dial distribution of normalised intensity at the exiting face of solid-immersion (z=4.6 pm)
and thereafter traversing through 200 nm of photoresist (z=4.62 pm)(c) Zoomed in view
of (b) showing the spot sizes at the AZO end face and after 200 nm of photoresist.

characterised by very low intensity and hence there may remain ambiguity in calculation
of the spot size. Beyond this distance the spots formed in AZQO is larger than those
formed in GaP. Figure 4.3c shows a comparison between the spot sizes as produced in
GaP, AZO and air at 4.6 pm. In GaP, the spot size is 56 nm, comparable to the larger
lens design presented in section 4.3.1. In AZO, the spot size measures 132 nm due
to lower refractive index of this medium compared to GaP. In air the spot is 330 nm.
Another interesting measure is the ratio between the central spot intensity to the first
annular sideband intensity. For air, the central spot is 2.16 times stronger than the
first sideband. While the central spot is 6.18 times stronger in AZO and 5.35 times
stronger in GaP.

For experimental demonstration of the solid-immersion lens, AZO is chosen as the
material for the immersion medium. A positive photoresist (S1805) is chosen as the
registration layer. It is important to simulate the performance of the optical needle
at the AZO-photoresist interface. The refractive index of the photoresist is 1.71 [136]
which is close to that of the AZO at 405 nm. As shown in Fig. 4.4a, due to low
mismatch between the refractive index of the solid-immersion and the photoresist, the
optical needle retains its shape across the interface; though almost 4 times intensity is

lost in the photoresist. The radial distribution of the intensity after 4.6 um of AZO is
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shown in Fig. 4.4b. AZO is truncated after this distance and followed by the photoresist
layer. The radial distribution of the intensity after 200 nm of photoresist looks very
similar to that exiting the solid-immersion medium. Figure 4.4c shows the comparison
of the size and intensity of the central spot in the AZO and after traversing through the
photoresist. As mentioned before, though the intensity is diminished in the photoresist,

the size of the spot remains the same.

4.4 Fabrication

A. mill ONSOL =) B. sputter solid- m) C.spin coat photoresist
immersion layer

Aluminium doped
zinc-oxide (AZO)

silica substrate

F. deposit conductive layer « E. develop photoresist@ D. expose photoresist

-

Figure 4.5: Fabrication of solid-immersion super-oscillatory lens (a) Binary
design of the lens. (b) SEM image of the fabricated sample on 100 nm gold. (A)-(F) Steps
for fabricating the solid-immersion lens.
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The lens is fabricated using focused-ion-beam milling of 100 nm thick layer of metal
(Au or Al) deposited on silica substrate by resistive evaporation method (Fig. 4.5b, A).
The nano-structured sample is then used as a substrate to sputter deposit® a several
micron thick layer of AZO (Al,O3 2%, ZnO 98% by weight, Fig. 4.5B). The AZO layer
thickness is measured as 4.6 wm by making a cross-section of the layer with focused-
ion-beam and measuring the scanning electron microscope image. For the registration
layer, positive photoresist (S1805) is spin-coated on the AZO layer (Fig. 4.5C). The
photoresist is spun at the recommended speed of 5000 rpm to get ~ 500 nm thick
layer [136].

Figure 4.6: Quality of AZO layer. SEM image of (a) top-layer of AZO sputtered
on 100 nm Al film and (b) top-layer of AZO directly above the super-oscillatory lens after
being exposed to several doses of laser radiation.

For a solid-immersion super-oscillatory lens, the major concern could be the film
quality of the solid-immersion layer itself. If this layer is rough and grainy, it may
destroy the delicate super-oscillatory spot altogether. Figure 4.6a shows the scan-
ning electron microscope image of the top surface of the 4.6 um thick AZO layer.
The AZO film shows grain sizes ranging from ~ 40 nm to above 200 nm. The larger
grains are comparable to the super-oscillatory hotspot dimension and may scatter the
hotspot. Thus before proceeding with experimental demonstration of solid-immersion
super-oscillatory lens, the film quality of the immersion layer needs to be studied and
perfected. This would be an important future work. In this context it may be noted

that in reference [137] the as-deposited AZO film quality is very similar to Fig. 4.6a.

5The author is grateful to Mr. Christopher Craig for his help with sputtering.
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The aforementioned paper reports that thermal annealing in vacuum helps in reduction
of the grain sizes of AZO from 100s of nanometre to the nanometre range, resulting
in denser and more uniform distribution of the crystallites. It must also be kept in
mind that incident high power laser may change the morphology of the as-deposited
solid-immersion medium. As observed in Fig. 4.6b the top layer of the AZO film di-
rectly above a super-oscillatory lens shows various grain size distribution after being

repetitively exposed to high power laser.

4.5 Experimental characterisation

Figure 4.7: Hotspots registered on the photoresist. Optical microscope images of
the developed photoresist layer for different incident energy.

For experimentally registering the super-oscillatory spot on the photoresist layer,
the sample is exposed from the silica side (Fig. 4.5D) with circularly polarised light
(A = 405 nm). The incident beam size is much larger (at least 100 times) than the
sample size and hence ensures uniform illumination across the sample. The exposed
photoresist is developed and inspected under white light illumination in reflection mode

(Fig. 4.5E) with a high NA objective. For the final inspection under the scanning
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electron microscope, the developed photoresist needs to be coated with a thin (~ 5 nm)
conductive layer of metal (Fig. 4.5F).

To test the correct dose of exposure, the developed photoresist is inspected optically
with a high NA (0.95, 150x) microscope under white light in reflection. Figure 4.7
shows the optical microscope images for different exposure doses. After each test,
the photoresist is washed off in acetone bath followed by iso-propanol and de-ionised
water. The sample is then coated with afresh layer of photoresist and recycled for the
next exposure test. The challenge in inspecting the solid-immersion lens performance
optically is to look for a feature (131 nm) smaller than the resolution limit of the
microscope (~ 213 nm). To eliminate the ambiguity in optical inspection, several doses
of incident energy are tested, starting with an overexposed central spot (Fig. 4.7a). The
exposure energy is then decreased, iteratively moving towards smaller and smaller spots
until no feature in the central portion of the lens is noticed suggesting under-exposure
(Fig. 4.7f). Figure 4.7e with 3.36 J incident energy shows an optical image where a
feature in the centre is just visible. At this stage the sample is coated with 5 nm gold
to inspect under the scanning electron microscope for proper assessment of the size of
the central spot.

Figure 4.8 summarises the experimental performance of the solid-immersion super-
oscillatory lens. A large part of the sample is exposed to 405 nm light with 3.36 J
energy. But only a small fraction of this illuminates the super-oscillatory lens. Fig-
ure 4.8a shows the simulated intensity distribution in the photoresist. Figure 4.8b
shows the developed photoresist under the optical microscope. Figures 4.8c,d show
the high resolution scanning electron microscope images of the developed photoresist
coated with 5 nm gold layer. The registered intensity pattern matches well with the
simulated distribution (compare Figs. 4.8a & c). The zoomed-in view of the central
spot (Fig. 4.8d) shows that the spot measures 131 nm as simulated in Fig. 4.4c. Very
close to the spot, an arc-like feature is present in the experiment. This feature is not

there in the simulation and is unwanted. This is discussed further in the section 4.6.
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Figure 4.8: Experimental demonstration of solid-immersion super-oscillatory
lens (a) Simulated intensity distribution after 4.6 pm AZO followed by 200 nm photore-
sist. (b) Developed photoresist imaged optically under white light in reflection. (c¢) Scan-
ning electron microscope image of the developed photoresist coated with 5 nm gold. (d)
Zoomed-in view of (¢) showing details of the features registered in the central portion;
inset shows the central spot measuring 131 nm.
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4.6 Discussion

The aim of this chapter was to establish that super-oscillatory lenses remain functional
even after the addition of a thick solid-immersion layer. To experimentally demon-
strate this, aluminium-doped-zinc oxide (AZO) was chosen as the low-loss high-index
immersion medium and a positive photoresist was chosen as the registration layer. The
experiment would be considered successful if the central spot registered in the pho-
toresist matches the theoretically predicted hotspot dimension, and this is the case
presented in Section 4.5. However, this method of testing the performance of solid-
immersion super-oscillatory lens has its own challenges and needs to be perfected for

future continuation of the project.

12.24) 5.8) 3.36) SEM

sample 1

sample 2

Figure 4.9: Uncertainty in the performance of the AZO-super-oscillatory
lens. Optical microscope images for different incident energies for (a)-(c)sample 1 and
(e)-(g)sample 2. SEM image of final stage of (d)sample 1 and (h)sample 2. The two
samples are 100 pm apart on the same substrate.

Probably due to the variation in the AZO film quality across the substrate, even two
neighbouring super-oscillatory lenses may not perform the same. Figure 4.9 shows an
example of two super-oscillatory lenses separated by only 100 wm on the same substrate.
Note that sample 2, though similar to sample 1 for different incident energies, is not
identical. The final SEM image reveals there is no clear central spot formed for sample
2. This may be due to slight variation of AZO film thickness over 100 um, but this

is less likely. Another more probable reason is the occurrence of larger AZO grains
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~ 200 nm in the central portion of sample 2 which scatters away the delicate super-
oscillatory spot. Scattering from large sized AZO grains may also be the reason for the
appearance of the arc-like feature close to the central hotspot seen in Fig. 4.8d (which
is the same as Fig. 4.9d).

Finally, as the registration/recording layer for the sub-100 nm hotspots there may
be a better alternative to photoresist. Registering such small spots in photoresist with
nanometre accuracy would depend on the right choice of the photoresist which should
support such high spatial resolution. We have briefly tried chalcogenide glass (GST)
as the recording layer which upon laser exposure changes its phase from amorphous to
crystalline state. The crystalline GST is more reflective compared to the amorphous
form and also shows change in thermal and electrical conductivity. To read out the sub-
wavelength super-oscillatory spot registered in the GST layer, atomic force microscopy
may be used. However, grain size of the crystalline GST is ~ 50 nm and hence may
not be suitable to register a sub-100 nm spot with adequate resolution. Also since it is
not trivial to change the phase of crystallised GST to amorphous, dosage testing needs

a fresh sample for each exposure, unlike the recyclable photoresist sample.
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4.7 Summary

In this chapter the concept of solid-immersion super-oscillatory lens is introduced. Such
a configuration of the super-oscillatory lens will be of particular interest for applications
like heat-assisted magnetic recording, a new technology for high density data storage in
the magnetic hard disk drives. The performance of a solid-immersion super-oscillatory
lens is simulated and experimentally demonstrated. The proof-of-principle experimen-
tal result shows a central hotspot measuring 131 nm registered on a positive photoresist
through an immersion layer of aluminium-doped-zinc oxide. The experimental result
matches the simulated intensity pattern well. It must be mentioned that this is only an
initial effort to prove the working principle of solid-immersion super-oscillatory lenses.
Further experimental work needs to be done to optimise the performance in terms
of immersion material selection and film characteristics, better designs of the super-

oscillatory lenses, and selection of better registration layer if available.



Planar diffractive meta-devices for visible spectrum

Recently, metallic-nanostructure-based metamaterials have provided a way of realising
resonant, dispersive response of both amplitude and phase by the virtue of surface
plasmon polaritons (discussed in section 1.3.1). The planar metamaterials, which are
designed by patterning ultra-thin (< \) plasmonic metal films, support plasmonic
resonances characterised by the geometries of the individual sub-wavelength units or
meta-molecules. By stitching the response of spatially varying meta-molecules arbitrary
wave-front shaping may be realised. In this chapter polarisation insensitive ring-type
meta-molecules are used to design a blazed diffraction meta-grating and an array of
sub-micron sized meta-lenses producing focal spots smaller than the diffraction limit.

It is noteworthy that wavefront shaping has been achieved with diffractive optical
elements (DOEs). These are commercially available thin dielectric devices that utilise
micro-structured surface relief profile of two or more levels to modulate the phase in
arbitrary manner. The micro-structures required for achieving desired phase profile
are either etched in silica or quartz or embossed in polymers. DOEs provide high
transmission efficiency due to weak interaction of light with the dielectric medium.
Though much more compact than their refractive counterparts, DOEs require high
aspect ratio topography to achieve desired phase modulation. In comparison, planar
metamaterials use plasmonic resonance that can be designed by control of geometry of
the metal films and thanks to modern nano-technologies free standing, i.e. metal film
without any substrate (like 50 nm free-standing gold film [138]) makes it possible to
realise devices in even more compact and miniaturised form.

For metamaterials (as discussed in section 1.3) the individual building blocks and

97



98 5. Planar diffractive meta-devices for visible spectrum

their inter-spacing are much smaller than the wavelength, so that the effective med-
ium theory can be applied to the artificially engineered structures. The diffracting
optical devices based on metamaterials, uses basic units which are smaller than the
interacting wavelength; these sub-wavelength units are then arranged into larger sub-
units which are comparable to or larger than the wavelength, and hence diffracting. In
other words, arbitrary diffracting units are designed using sub-wavelength meta-atoms

or meta-molecules.

5.1 Meta-diffraction-grating for visible light

5.1.1 Introduction

In 2003 it was demonstrated experimentally that periodic arrays of meta-molecules
can exhibit polarization sensitive diffraction which is efficiently controlled by design-
ing the constituent meta-molecules [139]. Some intriguing properties of diffraction
from such arrays, like, asymmetric polarization conversion in opposite direction of
propagation have been predicted [140]. Recently, planar diffractive optical elements
based on metamaterials with variable parameters have attracted substantial atten-
tion [141-146]. In particular anomalous refraction and reflection has been observed in
the far infra-red [143] and near-infrared [145] region of the spectrum. In earlier work,
diffraction was observed on arrays of identical meta-molecules [139] and recent demon-
strations [141-146] are concerned with the infra-red part of the spectrum. In contrast,
this chapter presents a planar plasmonic meta-grating with periodic continuous vari-
ation of spatial meta-molecular parameters which operates in the visible part of the
spectrum. At normal incidence the grating exhibits preferential blazing into one of the
first orders of diffraction. It is interesting to note that a paper dated 1968 had presented
analytical solution for diffraction from multi-element arrays of metal strips [147]. Each
grating element consisted of monotonically decreasing length of metal. strips, which is
similar to the concept used here; monotonically decreasing size of ring slots constitute
a single grating element. In this section a planar blazed transmission grating operating
in the visible part of the spectrum and designed by utilising the resonant properties
of polarisation-insensitive meta-molecules will be described; the design concept of the

meta-grating and the experimental demonstration of its performance will be presented.
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Figure 5.1: Design concept of a meta-grating (a) Phase response of a bulk blazed
grating mimicked by a meta-grating. Transmission (b) phase delay and (c) amplitude of
an infinite array of identical ring meta-molecules as a function of wavelength; different
colours are for different diameters of the rings (dimensions of individual rings 1 =64 nm;
ro =90 nm; r3 =112 nm, all with 45 nm line width).
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5.1.2 Design and fabrication of a meta-grating

The design concept of the meta-grating is summarized in Fig. 5.1. A plane wave
passing through a blazed grating, where each grating element has a triangular profile
made out of high refractive index medium like silica or quartz, will acquire a phase
delay depending on the thickness of the medium the light is traversing through. To
mimic this phase ramp across a planar interface, the size dependent resonant response
of a ring shaped meta-molecule is used. By gradually changing the size of the rings
in a periodic fashion, the phase of the incident wave is controlled over sub-wavelength

distances so that an asymmetric triangular phase profile is achieved (Fig. 5.1a).
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Figure 5.2: Structure of meta-grating(a) Schematic of the rings forming a planar
meta-grating, (b) single meta-grating unit (dimensions of individual rings r; =64 nm;
ro =90 nm; r3 =112 nm), and (c) SEM image showing 7 periods of the fabricated structure;
line width ~ 30 nm. False colour shows the different elements contributing to the phase
ramp.

Selection of appropriate sizes of meta-molecules for building a meta-grating unit
requires the study of the resonant characteristic of each element. The ring-type meta-
molecule chosen here have minimal crosstalk between neighbouring elements when ar-
ranged as an infinite array of identical units [148,149]. Using this property, the response
of an isolated meta-molecule can be approximated by studying a planar array made of
it; an infinite array is easier to compute. In what follows, a number of metamaterials

are studied, each made out of different sizes of ring slots. Also, the choice of polarisation
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insensitive meta-molecules ensure that any observed polarisation dependency arising in
the grating transmission is due to the spatial arrangement of the meta-molecules only
and not due to the individual building blocks.

The uniform metamaterials are simulated by solving Maxwell’s equations in three
dimension by finite element method (Comsol Multiphysics 3.5a). The metamaterials
are designed as ring slots on ultra-thin (~ 50 nm) layer of gold supported by silica
(n=1.46) substrate. The spectral dependence of transmission phase (Figs. 5.1b) and
amplitude (Fig. 5.1c) of the two dimensional arrays, each made up of ring slots of
different diameters, is computed for incident plane wave. For a given wavelength, the
phase contribution from each array is different. At A =740 nm phase shift of 7 is
estimated for only 90 nm increment in diameter of the ring slots between two different
meta-material array. The phase values at this particular wavelength when plotted
for three different metamaterial array, with increasing meta-molecule size, resembles a
phase ramp of a blazed grating (Fig. 5.1a).

To study the response of the meta-grating an infinitely planar periodic structure
made out of units as shown in Fig. 5.2b is simulated (Appendix B). By periodically ar-
ranging the three ring slots with monotonically decreasing diameters as computed from
the study of uniform metamaterials, the required transmission modulation is obtained.
This particular combination of three different ring slots is chosen after studying the
phase and amplitude of a number of different sizes of ring-slots (not presented here).
Plane wave with polarisation parallel to the narrow dimension (y-axis) of the unit is
incident on the meta-grating structure. Figure 5.3 shows for three different wavelengths
the phase of the electric field (Ey) across a plane normal to the meta-grating surface.
After passing through the meta-grating plane, the phase gets tilted at different angles
for the three different wavelengths. Due to limited size of the simulation volume (2 pm
on the transmission side) it is difficult to predict from the Comsol model the behaviour
of the meta-grating in the Fraunhofer zone. To get a basic understanding of the far-field
response, the complex electric field at 1.5 wm from the meta-grating surface is extracted
from the Comsol model along a line in the x-direction. This is done for a wide range
of incident wavelengths (550 nm to 850 nm) and for two orthogonal incident polari-
sations. This information about electric field though generated by an grating infinite

in x-y direction, it is approximated to be given by an isolated grating element. The
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Figure 5.3: Spectral dependence of phase tilt for the meta-grating. Phase of
the electric field across a plane normal to the meta-grating surface for incident wavelength
(a) 760 nm, (b) 820 nm, and (c) 880 nm. The incident electric field was polarised along
y-direction, parallel to the effective grating grooves. Arrow shows the direction of the
incident electric field. Dotted lines are guide for phase tilt.

complex electric field is then repeated by a finite number along x-direction to simulate
a finite but large grating. By taking Fourier transform of this complex electric field an
approximation of the far-field intensity distribution, as diffracted by the meta-grating
is obtained (Fig. 5.4). For the polarisation parallel to the effective grating grooves,
there appears blazing in the diffracted intensity distribution (Fig. 5.4a). For 750 nm
wavelength at an angle 50° towards left from the grating normal (order m = —1) the
intensity is the most pronounced. In comparison, to the right of the grating normal
(order m = +1) the intensity diffracted for all the wavelengths is much less. Simulation
for the incident polarisation perpendicular to the effective grating grooves shows that
the most of the intensity is concentrated in the zero-th order, with no significant blazing

on either side of the normal (Fig. 5.4b). This polarisation dependence is also expected
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from a conventional blazed grating.
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Figure 5.4: Simulated diffracted intensity distribution (a) for incident polarisation
parallel to the effective grating grooves (see inset) and (b) polarisation perpendicular to
the effective grating grooves (see inset). The meta-grating is blazed for 750 nm wavelength
and incident polarisation as in (c¢). Insignificant blazing observed in (b).

The meta-grating structure is fabricated by focused ion beam milling of a 50 nm thin
gold film. The gold film is deposited on a quartz substrate using resistive evaporation.
While milling, the ion-beam current is selected by several trials to be 9.7 pA such
that the line-width of individual rings measure ~30 nm. The fabricated structure has
900 nm grating period as designed, and consists of 30 grating elements with overall
device dimension of 27 um by 27 um. A scanning electron micrograph of a section of
the fabricated meta-grating structure is shown in Fig. 5.2c. The measured line-width
of the ring slots is ~30 nm. The false colour on the SEM image depicts each column
of sub-wavelength meta-molecules that contributes a particular phase value; the three

colours show three monotonically varying phase values periodic in the x-direction.

5.1.3 Experimental characterization: meta-grating

The optical experimental set-up used for characterization of the meta-grating is de-
picted schematically in Fig. 5.5'. The structure is illuminated from the substrate side
with white light (450 nm-2000 nm) from a super-continuum laser. The beam coming
out of the laser is focused to ~30 um by reflecting off a 90° parabolic mirror, such
that it just overfills the fabricated meta-grating structure. The light diffracted by the

meta-device needs to be measured with both angular and spectral resolution. For this a

'The author acknowledges Dr. Andrey Nikolaenko’s help with setting up the experiment for the
meta-grating characterisation.
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fibre collimator mounted on a rotation stage is used to collect the light from the sample
in 1° angular steps. The fibre is connected to a spectrum analyser which records the

output from the meta-grating over a spectral range of 400 nm to 1000 nm.

spectrum analyzer
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Figure 5.5: Experimental set-up for meta-grating characterisation. Light from
super-continuum laser incident on the meta-grating. Diffracted light collected over +90°
angle by a fibre collimator and recorded by a spectrum analyser

Figure 5.6 shows the intensity of light diffracted by the meta-grating into the first
diffraction order, normalized to the intensity of light transmitted normal to the sample.
The light diffracted to the right of the normal is denoted as positive order and that to
the left as negative order. As expected from the effective grating period, no intensity is
diffracted for incident wavelengths greater than 900 nm. The meta-grating shows higher
efficiency for y-polarization, when the electric field is parallel to the effective grating
grooves. For y-polarization (Fig. 5.6a) blazing is the most prominent for wavelength
736 nm, with 1.4% of the transmitted light diffracted at an angle of —55° to the grating
normal. Very little light is diffracted in the positive order. The effect of blazing in this
case is redistribution of energy from the positive first order to the negative first order.
The inset of Fig. 5.6a shows that the spectral peak in the negative order corresponds
to a spectral dip in the positive order.

For x-polarization (Fig. 5.6b) the blazing is much less prominent and the peak ef-
ficiency is about 4 times lower than that for y-polarization. Mutual coupling between
neighbouring rings, which arises due to varying sizes of meta-molecules along one direc-
tion, may cause the observed polarization dependence of the transmission meta-grating.

As can be seen from Figs. 5.6a and 5.6b the experimental data matches well with the
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Figure 5.6: Experimental demonstration of the meta-grating. Intensities of light
diffracted into first order for (a) y-polarization and (b) x-polarization. In (b) the intensities
are multiplied by 2 for presentation clarity. The inset in (a) shows the diffracted light for

the positive first order with 10 times enhanced intensity. The white dashed line is the
theoretical plot of the grating equation.
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theoretical plot of the grating equation [8]: mA = d(sin(6;) + sin(6,)) (where, m = +1
is the order of diffraction, d =900 nm is the grating period, 6; = 0 for normal incidence
and 6, are the angles at which the light is diffracted).

To estimate for the meta-grating efficiency, the spectral distribution of the diffracted
intensities into the negative first order for the two incident polarizations is plotted in
Fig. 5.7a. This is a plot of intensity versus wavelength along the white dashed line
in Figs. 5.6a and 5.6b for the negative first order only. The beam diffracted into the
negative first order for incident y-polarization is 4 times more intense than that for
x-polarization. Fig. 5.7b illustrates the ratio of intensities diffracted into the negative
first order to that into the positive first order. It is observed that for the more efficient
y-polarisation, at the blazing wavelength, the intensity diffracted into the m = —1

order is around 25 times the intensity that is diffracted into m = +1 order.
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Figure 5.7: Meta-grating efficiency(a) Spectrum of diffracted intensity for negative
first order and (b) ratio of intensity between orders m = —1 and m = +1.

It is worth suggesting that the transmission meta-grating structure may also be used
in reflection configuration, as mentioned in [150]. Due to the spectral dependencies of
reflectivity of the constituent meta-molecules blazing will occur at a wavelength which
may be different to the transmission blazing wavelength. The blazing efficiency in the

reflection configuration may be optimized by selecting the proper angle of incidence.

5.1.4 Summary: meta-grating

A blazed diffraction grating is designed with planar resonant meta-molecules. As a

grating element, 3 meta-molecules with monotonically varying sizes are used to obtained
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3 different transmission phase values within sub-wavelength spacing, resulting in a
continuous phase ramp. The meta-grating exhibits blazing for 736 nm wavelength at
negative first order, which is 25 times stronger compared to the light diffracted in to

the positive first order.
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5.2 Subwavelength focusing meta-lens array

5.2.1 Introduction: meta-lens array

It is known that metamaterials promise sub-wavelength focusing through negative re-
fraction (section 1.2.3). In a different method where planar metamaterials can be
employed to design arbitrary wavefronts, flat lenses designed with V-shaped meta-
molecules have been demonstrated at telecommunication wavelengths with diffraction
limited performance [146]. In this section it will be demonstrated how metamaterials
can be utilised to focus light into sub-diffraction limited spots beyond the near-field
and without invoking negative refraction.

Recently it was shown that precisely tailored diffraction of light on a binary mask
can create a sub-wavelength optical hotspot that can be used for optical imaging with
resolution far exceeding that of conventional optical instruments (Chapter 2). This is
possible due to the phenomenon of super-oscillation (section 1.2.4) where interference
of propagating components of light may create arbitrarily small hot spots. In practice,
however, a super-oscillatory binary mask has not been demonstrated to deliver hotspots
smaller than A\/3, where X\ is the wavelength of light. Super-oscillatory masks with the
ability to continuously control intensity and phase of the transmitted wave has been
reported to create hotspots of any size [48]. Unfortunately manufacturing of such
masks, which should have optical thickness and density defined with nano-scale lateral
resolution across a device of tens of microns, is still an unattainable technological
challenge. In this section it is shown how planar metamaterials can provide a way to
manufacture a super-oscillatory mask with spatially variable transmission and phase.
The principle is illustrated with a simple example of metamaterial super-oscillatory lens
array. The super-oscillatory meta-lens, as will be described here, is designed as a cluster
of five polarization independent meta-molecules. It has been previously shown [6] that
even relatively simple systems with as few as 6 degrees of freedom can exhibit super-
oscillation. It must be mentioned that array of lenses made of polystyrene micro-
spheres has already been demonstrated as useful for making repetitive micrometer
patterns [151]. It is envisioned that the nano-scale meta-lens arrays, as presented here,
producing sub-wavelength hotspots will be better suited to such photo-lithographic

processes, and will also find application in high resolution parallel imaging, and optical
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data storage. In the following sections the working principle, design, experimental

methods and observations for the meta-lens arrays are discussed.

5.2.2 Design and fabrication: meta-lens array
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Figure 5.8: Super-oscillatory mask vs. meta-lens Design and performance of
(a) an hypothetical continuous superoscillatory mask, and (b) superoscillatory meta-lens
generator, both producing arbitrarily small hot spots at post-evanescent distances from
the surface.
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The principle of a metamaterial super-oscillatory generator is illustrated on Fig. 5.8
and compared with a conceptual super-oscillatory continuous mask [48]. An arbitrarily
small hot spot, as predicted by super-oscillation principle, is produced by a plane wave
incident on a hypothetical super-oscillatory mask. The mask is designed with lateral
resolution on the wavelength scale enabling continuous control of the transmission and
retardation. In comparison, the metamaterial super-oscillatory generator exploits the
resonant behaviour of the individual sub-wavelength meta-atoms. Each of the meta-
atoms can scatter light with defined amplitude and phase depending on its design
and position in an array, resulting in transmission with any arbitrary modulation.
Indeed, the spectral dependencies of phase retardation and intensities are in general
different and thus, in principle, it is possible to design a meta-atom with a prescribed
combination of scattering characteristics. In practice, however, this is difficult and
is complicated by three factors namely, absorption losses, finite size of the arrays of
meta-atoms and mutual interactions between them. In the view of these challenges the
optimum design for the metamaterial focusing device is investigated using an empirical
combinatorial approach [152] and the results compared against three-dimensional finite-
element simulations (Comsol Multiphysics 3.5a)

The stages of designing a meta-lens array starting from a regular metamaterial
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Figure 5.9: Design stages of meta-lens array (a) A regular metamaterial, (b) meta-
lens array formed by changing the central ring size in a 3x3 section, (c) meta-lens array
formed by changing the central ring size in a 3x3 section and omitting the 4 corner meta-
molecules, and (d) meta-lens array formed by omitting the 4 corner meta-molecules in a
3x3 section of a regular metamaterial.

may be understood by following Fig. 5.9. For a regular metamaterial (Fig. 5.9a) in-
cident plane wave results in unmodulated phase and intensity distribution, as shown
in Fig. 5.10a-e. However, in a section of 3x3 meta-molecules, if the central unit is
made slightly larger(Fig. 5.9b) the phase and intensity are modulated giving a lens like
distribution. This is because, for a regular metamaterial made of ring slot type meta-
molecules, the cross-talk between neighbouring units is negligible. As soon as, some of
the meta-molecules are made slightly larger than others, coupling with its neighbours
are no longer insignificant. For a certain wavelength, when the larger central meta-
molecule contributes higher phase and intensity values than its surrounding smaller
neighbours, a convex lens like distribution forms in the 3x3 sub-unit, resulting in a
periodic distribution of such convex lenses. Since the meta-molecules have dispersive
phase and amplitude response, depending on the wavelength it may be so that a con-
cave lens is formed by the sub-unit, when the larger central meta-molecule contributes
lower phase value than its surrounding neighbours. To test the concept further, within
the 3x3 sub-unit if the 4 corner meta-molecules are made absent( Fig. 5.9¢), it continues
to function like a lens. In designing the lens unit the major role is played by coupling
between neighbouring elements. When the meta-molecules at the 4 corners are omitted,
the 4 peripheral meta-molecules couples to the central one owing to absence of nearest
neighbour to one side only. Using this property a meta-lens unit is designed where all
the meta-molecules are of same size, but units are spatially arranged to form a lens
(Fig. 5.9d). These were the design steps followed to arrive at the final configuration as
presented here.

The meta-lens array presented here is designed with meta-molecules which are ring
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Figure 5.10: Simulating performance of a meta-lens array Regular metamaterial
vs. meta-lens array: (a) Section of an infinite planar array of ring meta-atoms. (b) Phase
and (c) intensity, over 3 x 3 meta-atoms, at 2\ from the surface. (d) Phase and (e) intensity
in the propagation direction over the 3 x 3 meta-atoms. (f) Section of an infinite meta-lens
array. (g) Curved phase front and (h) focused intensity profile over a meta-lens unit, at
2\ from the surface. Note that phase wrapping occurs in (g). (i) Phase profile like that of
a converging lens and (j) intensity showing a focal spot in the propagation direction over
a meta-lens unit.

slots in a 50 nm thin gold film; each ring slot has 20 nm line width. To understand the
design of a meta-lens array, an infinite array of meta-atoms with regular sub-wavelength
periodicity (Fig. 5.10a) and illuminated by a plane wave, is studied. The transmitted
wave retains a plane wavefront as illustrated in Figs. 5.10b - 5.10e. However, when
the arrays are constructed such that cluster of 5 ring slots are periodically repeated
(Fig. 5.10f), the transmitted wavefront no longer remains flat, but is modulated. The
light passing through the central part of each cluster experiences a different phase delay
than that passing through its outer area: the transmitted light wavefront becomes
curved. The wave front curvature is controlled by the ring dimensions, their mutual
position in the cluster and depends on the incident wavelength and polarization. As the

central part of the ring cluster provides higher phase delay than its outer part, it forms
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a convex meta-lens and transmitted light converges to a focus several wavelengths away
from the meta-lens surface. A hot-spot is formed directly above the central ring, as
illustrated on Fig. 5.10h. The planar array of foci repeats itself at fixed distances along

the propagation direction due to Talbot effect [87] (discussed in section 1.3.2).
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Figure 5.11: Scanning electron microscope image of the fabricated combina-
torial meta-lens sample (a) Matrix of nine samples with varying inter-ring spacing and
ring radii. (b) Sample A3 consisting of 11x11 meta-lens units; a single unit is marked with
red box. Table shows the radii and centre-to-centre separation between neighbouring rings
for each of the 9 meta-lens arrays.

The sample used for demonstrating the proof-of-principle super-oscillatory meta-
lens consisted of a combination of nine different meta-lens arrays with varying pa-
rameters, each with 11x11 meta-lenses. The dimension of individual rings and the
centre-centre to spacing between the nearest neighbours are depicted in a tabular form
in Fig. 5.11. Looking at the scanning electron micrograph of the fabricated combi-
natorial sample (Fig. 5.11a), the radii of constituent ring slots measure 75 nm for all
meta-lens arrays along the top row and increases in 5 nm steps for each successive rows.
The centre-to-centre distance between the neighbouring meta-atoms is 300 nm for all
meta-lens arrays on the left most column and increases in 20 nm steps for consecutive

columns. The meta-lens arrays are fabricated by focused ion beam milling of a 50 nm
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thin gold film deposited on a silica substrate by resistive evaporation. For all the rings

slots the line width measures ~34 nm.

5.2.3 Experimental characterisation and results: meta-lens array

The performance of the meta-lenses is investigated for 750, 800 and 850 nm wavelengths
with a circularly polarized laser beam illuminating the arrays from the substrate side.
Circular polarization is used rather than linear polarization to eliminate any asymmetry
in the resulting focal spots. A linearly 45° polarised light has shown similar results in the
computation. However, in the experiment it is non-trivial to ensure the polarisation is
exactly at 45° to the axis of the meta-lenses. For any other angle of linear polarisation,
it may be commented from computational studies that, the result will be elliptical
shaped focal spots.

The intensity pattern on the transmission side of the meta-lens arrays is imaged
in immersion oil by a CCD camera through a liquid immersion microscope objective
(60X, NA=1.4). The formation of foci and the reconstruction of the array at periodic
distances from the meta-lens arrays are observed. The best results are found with
800 nm illumination on meta-lens structure A3 (Fig. 5.11b) and are presented here.

Figure 5.12 presents a summary of the experimental characterization of meta-lens
A3. The intensity distribution on the surface of the sample, when illuminated with
plane wave, is shown on Fig. 5.12a. The foci above each meta-lens unit re-appears after
every zi, =2.8 pm along the propagation direction. This is presented on Fig. 5.12b
where the intensity distribution directly above a meta-lens unit is plotted along the
propagation direction. It is noteworthy that the classical Talbot effect predicts repeti-

tion distance for focal spots to be zp =3.6 wm. This is calculated from the relation [88]

2T = Amedium/1 — v/1 — (Amedium/d)?2, Where Apedium = Ao/n,n = 1.5 is the refractive
index of the immersion oil in which the intensity pattern is formed and d is the meta-
lens unit period. The discrepancy between the calculated classical Talbot distance and
the measured repetition distance may be explained by the following reasons: (i) classi-
cal Talbot effect is defined and observed for infinite grating, and (ii) the above formula
and its well known approximation (zr = 2d?/Amedium ), holds true in the paraxial limit
when d/A >> 1. In this case of the meta-lens array neither of the two reasons re-

quired for observing classical Talbot effect holds true. The meta-lens period (1020 nm)
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Figure 5.12: Experimental focusing with meta-lens A3 (a) Intensity distribution
on the surface of the meta-lens array; (right) over a meta-lens unit. (b) Intensity plot
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direction with Talbot distance z7. (¢) FWHM of a spot along the propagation distance.
The focal spot is below diffraction limit (dashed line). (d) Zoom of (b) showing low
intensity region over which focal spot is smaller than the diffraction limit.
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is of the order of wavelength (800 nm) and the grating is made of only 11 periods,
or ~ 14\, which is of finite extent. Such deviation from classical Talbot distance in
the non-paraxial limit for nano-structures has been observed and reported by other
researchers [93,96].

To analyse the sub-wavelength characteristics of the hot-spots, a single spot directly
over a meta-lens unit is chosen and the full width at half maximum (FWHM) is mea-
sured for each position along the propagation direction. Figure 5.12¢ shows a plot of
the FWHM, as measured and simulated, along the propagation direction where small
spot sizes were observed. The smallest spot (FWHM = 176 nm) occurs at 5.7 pm with
low intensity levels (Fig. 5.12d). In fact, all the spots smaller than the diffraction limit
(dotted line in Fig. 5.12c) were found in the low intensity region and several wave-
lengths away from the meta-lens surface which are characteristic features of optical

super-oscillations [104].

Propagation distance (um)

Figure 5.13: Long-range performance of a super-oscillatory meta-device (a)
Experimentally measured intensity and (b) FWHM from a sample formed by 30 by 30
meta-lenses. Hot-spots measuring ~ 0.2)\ at 11.7 um from the lens with Talbot distance
of 3.8 um are observed.

In the above experiment, due to the finite size of each of the samples in the com-
binatorial array, the distance up to which the hot-spots could be characterized was
limited by strong edge diffraction effects. To address this, a large array consisting
of 30 by 30 meta-lenses is fabricated with each meta-lens unit measuring 1.02 um by
1.02 um. When illuminated with an 800 nm circularly polarized laser, hot-spots mea-

suring as small as ~160 nm is observed as far as 11.7 um from the metamaterial lens
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surface (Fig. 5.13b). The hot-spots were repeated along the propagation distance with
a repetition distance of 3.8 wm, which is significantly different from that observed in
case of the smaller array. As noted earlier, the finite size of the meta-lens array affects
the self-imaging distance, or repetition distance of the focal spots. Changing this finite
extent may change the distance at which the focal spots re-appear. However, similar
to the smaller array of meta-lenses, in this case also, the smallest spots appeared in the

low intensity region; the size of the high intensity spots is around the diffraction limit.

5.2.4 Summary: meta-lens array

A super-oscillatory meta-lens array made of clusters of ring slots milled on a thin gold
film is designed and experimentally demonstrated. The design of the lens-like phase
and intensity pattern relies on coupling between the nearest neighbours of cluster. The
meta-lens arrays act as a focusing device depending on the parameters of the meta-
atoms and optical wavelength and can generate arrays of sub-wavelength foci as small
as A\/b at a distance 14.7\ from the meta-lens surface. Such planar arrays of meta-
lenses can find applications in high resolution parallel imaging, photo-lithography, and

data storage.
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5.3 Summary

This chapter presents how resonant properties of spatially varying sub-wavelength
meta-molecules can be utilised to design planar optical devices. As examples of diffrac-
tive planar optics, a blazed transmission meta-grating operating at visible wavelengths,
and an array of meta-lenses focusing light in to sub-diffraction limited spots are demon-
strated.

The blazed transmission meta-grating is designed using polarisation insensitive ring-
type meta-molecules, which are spatially arranged with varying parameters to mimic
periodically varying phase ramp. Each meta-grating unit consists of 3 meta-molecules
arranged with monotonically decreasing diameters, such that, a specified phase delay
is obtained from each meta-molecule within sub-wavelength spacing. The meta-grating
with 900 nm grating period diffracts white light incident with linear polarisation. The
strongest blazing is observed for 736 nm wavelength when incident electric field is par-
allel to the effective grating grooves. At the blaze wavelength the negative first order
shows 25 times more intensity compared to that diffracted in to the positive first order.

The meta-lens array is designed by arranging ring-type meta-molecules spatially
such that coupling between the nearest neighbours is enhanced resulting in a lens-
like intensity and phase distribution. Each meta-lens unit consist of a cluster of 5
meta-molecules and is arranged in to a planar array. When illuminated with circularly
polarised light, array of sub-wavelength focal spots are formed at repeated distances
along the propagation direction. The focal spot distribution though similar to Talbot
effect, the repetition distance is different from the calculated Talbot distance. This
may be attributed to Talbot effect in the non-paraxial limit, when the period of the
units are comparable to the incident wavelength. At certain distances beyond the near
field of the meta-lens surface, the focal spots measure smaller than the diffraction limit.
This is attributed to the phenomena of optical super-oscillation which says that light
may be focused in to arbitrarily small spots and this has been demonstrated to be done
by designed interference of propagating components only [104]. It is demonstrated here
that a meta-lens made of ring-type metamolecules with unit measuring 1.02 um by
1.02 pm, can focus incident monochromatic light (800 nm) to a spot measuring 0.2 at

a distance ~ 14.7) from the device surface.
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Nano-structure-enhanced photoluminescence

6.1 Introduction

6.1.1 Photoluminescence

One of the possible outcomes of light-matter interaction is photoluminescence, which is
defined as emission of light from a matter due to radiative recombination of electrons
(with holes) from a higher energy level which were excited by absorbing photons. The
emission of light from matter is called luminescence, and in this case it is induced by
external photons, hence the name photo-luminescence [153].

To explain further, upon irradiation by an external light source the atoms in a
material may absorb the incident energy. If the incident photons have energy larger
than the electronic band gap, the electrons from the ground state Sy are excited to
the higher energy conduction band S; (Fig. 6.1a) leaving holes behind. Each energy
state is made up of several closely spaced vibrational levels shown as 0, 1, 2, etc. in
the diagram. The energised electrons may reach higher vibrational levels of the excited
state from where they will quickly (~ 10712 sec) relax to the lowest level of that state
(white arrows in Fig. 6.1a). This is a non-radiative process and hence no process
can be detected externally. From the lowest level of S; the excited electrons will now
relax to Sp, ending up mostly in the highest energy level available in this state. The
recombination of the electrons with the holes in level Sg might be a radiative process
when photoluminescence is detected. Since some of the absorbed energy is expended
in non-radiative processes, the wavelength (energy) of the photoluminescence is often

larger (smaller) than the wavelength (energy) of excitation.
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The first observation of photoluminescence was reported as early as 1845 by Sir
John Herschel [154,155]. He observed a ‘beautiful celestial blue colour’ from an oth-
erwise colourless quinine solution when held under sunlight. It must be noted here
that photoluminescence may be classified [155] as fluorescence and phosphorescence
depending on the nature of excited state. For fluorescence emission occurs from the
excited singlet states, from where transition to the ground state is allowed, and has a
typical emission rate 103 s~ For phosphorescence the emission occurs from the excited
triplet states from where transition to the ground state is forbidden, and emission is
rather slow (10% to 10%~1). In this chapter, all emission processes will be referred to

as luminescence or photoluminescence.
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Figure 6.1: Jablonski diagram explaining photoluminescence (a) Single and
two-photon photoluminescence (b) Photoluminescence from unstructured gold and meta-

materials.

The process of exciting an atom from the ground state to higher energy levels

can also take place by simultaneous absorption of two photons with same or different
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energies, such that sum of their energies is sufficient to overcome the band gap. After
being excited to higher energy states, the relaxation processes, and hence emission may
follow the same steps as in the case of single photon absorption. Maria Goeppert-Mayer
predicted two-photon absorption process in 1931 [156] as a part of her doctoral thesis.
It was not until 30 years later that two-photon absorption was experimentally verified
by Kaiser and Garret [157]. The wait was for the availability of an intense illumination
source which became possible with the first functioning laser in 1960 [158]. Two-photon
excitation requires more incident energy than that is required in the single photon case.
This is because two-photon absorption occurs when there is a high probability of two
photons being in the same place at the same time [155]. Hence the power density
required is considerably higher than that needed for single photon excitation. The
probability of two-photon absorption is much lower than single photon absorption and
as calculated originally by Maria Goeppert-Mayer [156] is proportional to the square of
incident intensity. Whereas, the probability of single photon absorption is proportional

to the incident intensity.

6.1.2 Photoluminescence of metals

In 1969 Mooradian reported the first observation of photoluminescence from metals
such as gold and copper, as well as gold-copper alloys [159]. For gold at room tem-
perature, Mooradian reported a luminescence peak around 540 nm when illuminated
with a 488 nm continuous wave laser. He proposed that the luminescence resulted
from direct recombination of sp conduction band electrons just below the Fermi level
(Er) with the upper d band holes. In 1986 Boyd et al. [160] reported new features in
the emission spectra of the metals used by Mooradian for different excitation energies,
which they attributed to different interband transitions. In the same paper, they re-
ported increased luminescence on roughened surfaces of metals due to localised surface
plasmons. They also investigated two-photon luminescence of rough gold and other
metals. Since then surface plasmon enhanced photoluminescence from gold has been
used to study various light-matter interaction and physical phenomena. Infrared lumi-
nescence from intraband transitions in gold was studied using rough gold films [161].
The field distributions of gold nanoparticles were studied by observing surface plas-

mon enhanced two-photon luminescence from the structures [162]. It may be noted
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that a large body of work exists on the effect of surface plasmon-polaritons on gold
nanoparticles and nanorods and on the nature of photoluminescence from such sys-
tems [73,163-169]. Surface plasmon enhanced two-photon luminescence is of particular
interest in biomedical imaging applications.

In this chapter, the two-photon excited photoluminescence from an ultra-thin film
of gold, continuous and structured, will be experimentally studied. Figure 6.1b shows
the Jabolonski diagram explaining two-photon excited luminescence from continuous
and structured gold. Two photons are absorbed simultaneously exciting the electrons
across the Fermi energy of gold (2.2 eV [159]). The energised electrons in the sp band
recombine radiatively with holes in the d band. When the gold film is structured in
a specific way, localised surface plasmon-polaritons are introduced. In the presence
of these plasmonic resonances the density of electronic states is increased over certain
energy levels. The plasmonic energy states may couple with those of gold leading to
different emission energies compared to bulk gold. In section 6.2.1 two-photon excita-
tion of an unstructured gold film is studied. The emission peak is measured at 535 nm
which agrees with the original studies by Mooradian [159] and Boyd [160]. At higher
intensities of excitation beam, non-quadratic behaviour of two-photon luminescence is
observed. In section 6.2.2 the two-photon excited emission spectra and luminescence
intensity is then studied for periodically nano-structured gold films or metamaterials.
A significant shift in the emission peak and a significant enhancement in luminescence
intensity is observed for the metamaterials when compared with unstructured gold film.

This is linked to the plasmonic absorption peaks of the nano-structured films.
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6.2 Nano-structure-enhanced two-photon luminescence

6.2.1 Two-photon luminescence from continuous gold film

In this section, two-photon luminescence from ultra-thin gold films will be experimen-
tally studied. It will be demonstrated that under strong incident intensity, two-photon

luminescence from the gold film displays a non-quadratic response to the incident power.
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Figure 6.2: Two-photon luminescence from thin gold film (a) Experimental set-
up for measuring two-photon luminescence. SPF: short pass filter, BPF: band pass filter.
(b) Linear absorption and two-photon emission spectra. Inset: Luminescence dependence
on group velocity dispersion of the pump laser. (c) Normalised intensity images of the
excitation spot, and the luminescence detected from 50 nm gold film with different spectral
filters. (d) Line-out through each frame in (¢). The pump beam corresponds to the black
continuous line, black dotted line is the square of the pump beam intensity.

Figure 6.2a shows a schematic representation of the experimental set-up used for
measuring the spectrally and spatially resolved luminescence. For excitation of the gold
film, ultra-short pulses (pulse duration 7 =75 fs, repetition rate R=80 MHz) from a Ti-
Sapphire laser (Chameleon Vision-S) are used. High numerical aperture microscope

objectives are used for focusing the excitation beam and imaging the luminescence in
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transmission. The luminescence is spectrally resolved by using a series of band-pass
filters. A low-noise CCD camera (16-bit resolution 5 megapixel Andor Neo sCMOS)
is used as a detector. The sample is prepared by thermally depositing a 50 nm thin
film of gold on a 170 um coverslip (SiOg) substrate. The gold film when illuminated
with tightly focused (NA=0.95, 60x, coverslip corrected) infrared (850 nm) pulses, the
d band electrons are excited to the sp conduction band by absorbing two photons
of 850 nm wavelength [160, 161]. The photoluminescence is detected in transmission
through band-pass filters over different wavelengths (500 nm to 700 nm) in addition to
a short-pass filter (cut off 750 nm), to block the excitation beam.

To detect the emission spectra from the gold film an excitation beam with an
average power (Pg.y) of 31 mW, as measured before the focusing objective, is used.
The pump beam spot on the sample plane is shown in Fig. 6.2d (frame 1) with full
width at half maximum measuring 820 nm. This gives an average power density of
~ 5.86 MW /cm?, or peak power density of ~ 0.98 TW/cm? incident on the sample
(assuming insignificant energy loss between the place where power is measured and the
sample plane).

Inset in Fig. 6.2b shows the experimental data used for compensating group velocity
dispersion (GVD) introduced by the optical components of the set-up. The Chameleon
Vision-S laser system comes with a group velocity pre-compensator based on the prism
approach [170]. By adjusting the relative positions of the in-built prisms the laser’s
processor can precisely adjust the amount of negative GVD required for delivering the
shortest laser pulses at the sample plane. This is what is shown in Fig. 6.2b. With
a given spectral filter, the luminescence spot on the gold film is imaged for different
GVD values of the laser. For a fixed incident average power, the shortest pulse will
deliver the highest peak power, resulting in the most intense luminescence spot under
the given conditions. This is studied using two different spectral filters and in both the
cases the optimal pre-compensated value of GVD is found to be ~ 7300 fs?. For all the
following experiments in this chapter, this value of GVD is used.

Figure 6.2b shows the linear absorption and the normalised emission spectra of two-
photon excited luminescence from the ultra-thin gold film. The linear absorption for
the gold film is calculated from the measured values of transmittance and reflectance

obtained using a commercial spectrophotometer (Craic Technologies). For the emission
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spectra, each grey coloured rectangle depicts the bandwidth of the spectral filter used
for detection of the luminescence. The measurement conditions (incident power, camera
exposure time, etc.) are kept the same for each band-pass filter. However, the imaging
objective is refocused to take into account the chromatic aberration from the filters.
An emission peak is detected around 535 nm which is supported by previous reports on
photoluminescence from gold [159-161]. It may be noted that the luminescence peak
is red-shifted with respect to the linear absorption peak. This difference between the
absorption and emission wavelengths is called the Stoke’s shift [155,171], which arises
mostly due to non-radiative energy loss in the excited state before the emission process.
Further, the excited electron may decay to higher vibrational level of the ground state
accounting for lower energy (higher wavelength) of emission compared to absorption.

Figure 6.2c shows the intensity images for the pump beam (without filters in the
detection path), and the luminescence from the gold film at different emission wave-
lengths. The luminescence spots are smaller than the excitation spot size, which is
more clearly depicted in Fig. 6.2d where the line-outs through each of the frames of
Fig. 6.2c is plotted. To verify that the luminescence spots result from the two-photon
excitation of the atoms, the square of the excitation beam lineout (black dotted) is also
plotted in Fig. 6.2d. This supports the quadratic dependence of two-photon excited
luminescence on the incident intensity.

To further study the nature of excitation of this photoluminescence on gold film, the
change in luminescence intensity with incident average power (hence, incident intensity)
is recorded. Figure 6.3a shows the results of an open-aperture z-scan done with three
different spectral filters (different colours and line styles) for increasing incident average
power. The sample is mounted on a piezo-driven xyz stage which is moved in the z
direction, i.e., along the optical axis of the excitation spot, in 100 nm steps for +2 pum.
The average power is varied from ~ 10 mW to ~ 60 mW. The luminescence intensity
for each z = 0 position, when the excitation spot is focused on the sample, is plotted
in Fig. 6.3b. For purely two-photon excitation the luminescence intensity should follow
a quadratic relationship with excitation intensity [172]. But as seen here in Fig. 6.3b,
luminescence intensity follows a power five relationship (fitted solid lines) with increas-
ing incident average power. Non-quadratic behaviour of two-photon luminescence at

high incident intensity has been reported for various materials like zinc-oxide nano-
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Figure 6.3: Nature of nonlinear response from gold film (a) Open aperture z-
scan and power dependence for different emission wavelengths. (b) Luminescence intensity
distribution with incident laser power. The solid lines are luminescence intensity to the
power 5, fitted to the experimental data points. Inset shows log-log plot for luminescence
intensity versus incident laser power. For lower incident power the slope of the (dashed)
lines are ~ 2; for higher incident power the slope of the (solid) lines are ~ 5

rods [173], organic chromophores [174,175], organic molecules [176] and proteins [177],
ammonia [178] and is often attributed to two-photon-induced excited state absorption
resulting in higher order dependence of luminescence intensity with incident intensity.
However, in this case looking at the log-log plot of the luminescence intensity versus
the incident power (inset Fig. 6.3b) it is found that for lower incident power, the slope
is ~2, while with incident power more than 40 mW the slope is ~5. From this it can
be confirmed that on 50 nm gold film under the given experimental conditions, pure
two-photon excitation is observed with average incident power < 30 mW (i.e., incident
peak power density of < 0.98 TW /cm?). This can also be confirmed from the previously

discussed luminescence spot size presented in Fig. 6.2d.

6.2.2 Two-photon luminescence from nano-structured gold film

In this section, two-photon luminescence from planar metamaterials will be studied.
The metamaterials are designed to engineer localised surface plasmon-polariton reso-

nance on ultra-thin gold film. The two-photon luminescence on such structured gold



6.2. Nano-structure-enhanced two-photon luminescence 127

d MM A MM B MM C MM D
s alalata Ia(a e | RIAIRIS
alalaiala ‘ -
Diayaatey| i AR AT
atatatatat/miaiaialaiininiala)risiminl

N W b
o O o

—
o

Linear absorption (%)

o

600 700 800
Wavelength (nm)

O

=)
m;
E6; % 535
o A 600 |
S5l © 650
u 700
4 0
log (P,,. mW)

inc,

o

Ee)
O
R
©
£
-
o
=
>0.5"
=
(V)]
C
O
o+
<
—
[a
l_

500 600 700 800 900
Emission wavelength (nm)

. - A 4
excitation MM A MM B MM C

Figure 6.4: Two-photon luminescence from nano-structured gold (a) Scanning
electron micrographs of metamaterials with different unit-cell size. (b) Linear absorption
spectra of plain gold film and different planar metamaterials. The vertical dashed line
shows the wavelength for two-photon excitation. Inset shows incident polarisation with
respect to the metamaterial unit-cell. (¢) Two-photon emission spectra of metamater-
ials compared to plain gold film. Inset shows power dependence for the metamaterial C
for different detection spectral range. (d) Excitation spot on continuous gold film and
luminescence from the different metamaterials detected at 700 £20 nm.
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films is a coupled effect of two-photon luminescence of the bulk gold as well as the
surface plasmon-polariton-assisted local-field enhancement at both the emission and
excitation wavelengths. This results in a spectral shift and large enhancement of inten-
sity of the two-photon induced luminescence from the metamaterials.

Figure 6.4 summarises the linear absorption and two-photon luminescence spectra of
the planar metamaterials compared to unstructured gold. Four different metamaterials
with gradually increasing unit-cell sizes (Fig. 6.4a) are fabricated by focused-ion-beam
milling of 50 nm thin gold films deposited on silica substrates (coverslips) by thermal
evaporation. The unit-cell size ranges from 210 nm to 270 nm in 20 nm steps. The
fabricated area of each metamaterial measures ~ 24 um by 24 pum comprising of ~8000
metamolecules.

The linear absorption spectra of the metamaterials (Fig. 6.4b) is calculated from
the transmittance and reflectance measured by a spectrophotometer (Craic Technolo-
gies). The absorption spectra of the gold film, measured from the unstructured ar-
eas neighbouring the metamaterials, shows a single peak around 450 nm. However
nano-structuring of the same gold film introduces additional resonance peaks in the
red/near-IR spectral range. The absorption resonance peaks red-shift with increasing
metamolecule size.

As in the case of a continuous gold film, for two-photon excitation of the metama-
terials, tightly focused ultra-short pulses of wavelength 850 nm are used. It must be
noted that for two-photon excitation of the unstructured gold film, the lowest and the
highest average power incident were ~ 10 mW and ~ 60 mW respectively. However for
the nano-structured part of the gold film, an incident average power of ~ 1 mW is suf-
ficient to record a bright luminescence. The damage threshold for the metamaterials is
~ 3 mW. With an average incident power of ~ 1.35 mW, i.e., a peak power density of
40 GW /em?, the emission spectra of luminescence from the metamaterials are recorded
(Fig. 6.4c). This power density is almost 25 times lower than that used for recording
luminescence from the continuous gold film. As will be shown in the following sections,
with this incident power level, no luminescence can be detected from the unstructured
gold. In spite of this, the emission spectra from the metamaterials can be compared
here. Introduction of surface plasmon resonances shifts the emission peaks to longer

wavelengths. Metamaterial A, the one with the smallest unit-cell (210 nm), shows a
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clear emission peak within the spectral range of 650 £20 nm. For the other three meta-
materials with larger unit-cell sizes, the emission peaks are within or beyond the range
700 +20 nm. In this measurement, a short pass filter with cut-off at 750 nm has been
used. Due to significant leakage of the excitation beam (850 nm), luminescence beyond
the range 700 20 nm could not be faithfully measured. Hence a definitive emission
peak could not be inferred for the metamaterials B, C and D. However, looking at the
trend of the emission spectra in Fig. 6.4c it may be speculated that the emission peak
of the metamaterial B lies somewhere in between 650 nm and 700 nm, while for the
metamaterials C and D, the emission peaks lie within or beyond the detection range
700 £20 nm.

The question remains about the excitation nature of luminescence from the meta-
materials. As may be observed from Fig. 6.4d, the luminescence spots on the meta-
materials are not nicely localised as they were for continuous gold film (Fig. 6.2c).
So, two-photon excitation cannot be inferred by studying the size of the luminescence
spot with respect to the excitation spot for the metamaterials. As an alternative, the
power dependence of the metamaterial luminescence is studied. The inset in Fig. 6.4c
shows the log-log plot of power dependence of metamaterial C for four different detec-
tion spectral ranges. The data points fit to a straight line with slope of 2.09 + 0.07,
implying a purely two-photon excitation process.

Besides the spectral shift of the emission peak, the introduction of localised surface
plasmon-polariton resonances by nano-structuring of the continuous gold film led to
huge enhancement of the luminescence intensity. This is represented in Fig. 6.5 where
the excitation spot with peak power density 40 GW /cm? illuminates the unstructured
gold and moves on to the metamaterial as the sample is scanned in 100 nm steps. At
this incident energy, the luminescence from gold is undetectable even with a exposure
time of 4 s for the camera. The luminescence intensity becomes detectable and begin
to rise as soon as the excitation beam spot hits the edge of the metamaterials. While
scanning over the metamaterial surface, a fluctuation of luminescence intensity is ob-
served. This may be due to either one or a combination of the following reasons: (1)
The excitation spot illuminates ~ 4 by 4 to ~ 3 by 3 metamolecules depending on the
unit-cell size. The luminescence arising from this excitation area may be subjected to

fabrication imperfection as the beam scans over the surface. (2) The metamaterials are
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Figure 6.5: Luminescence intensity from nano-structured gold Measured two-
photon luminescence intensity as the excitation spot is scanned from plain gold film on to
the structured metamaterials with unit-cell size (a) 210 nm, (b) 230 nm, (c¢) 250 nm, and
(d) 270 nm. Different detection spectral filters are given by different colours and symbols
(see legend (a)). Insets show the respective linear absorption spectra compared to plain
gold. (e) Possible orientation of the metamaterial with respect to the excitation beam
spot.
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mounted slightly oblique with respect to the axis of the sample stage. From Fig. 6.5¢e it
may be understood that the centre of the excitation beam may move through regions
between two adjacent rows as the sample is scanned over the spot. This would create
difference in the overlap between the excitation spot and the number of excited meta-
molecules resulting in fluctuation of the detected luminescence intensity. However, the
comparative level of average luminescence from each metamaterial, detected with dif-
ferent spectral filters remain unambiguous and well above the noise level. From initial
observation of the Figs. 6.5a-d it may be inferred that the presence of the metamater-
ials enhance the intensity of the luminescence from the continuous gold film, even at
the emission peak (535 £20 nm) of gold (blue inverted triangles). The enhancement of
intensity increases as the detection spectral range is moved over the emission peak of
the individual metamaterials. The metamaterial A showed a clear emission peak within
650 +20 nm (Fig. 6.4c). This is supported by Fig. 6.5a where the highest enhancement
in luminescence is obtained while using the same detection filter. For metamaterial B
the emission spectra showed similar intensity level for the two detection ranges centred
around 650 nm and 700 nm. This is also supported from the corresponding emission
spectra in Fig. 6.5b. Observing Fig. 6.5¢ for metamaterial C, and comparing with
Figs. 6.5a,b,d it is inferred that the metamaterial C shows the highest intensity level
within the spectral range 700 +20 nm, among all other metamaterials.

To further quantify the luminescence enhancement from the metamaterials, the
enhancement factor is calculated for the different detection spectral ranges (Fig. 6.6).
This is calculated using data from Fig. 6.5 by averaging over a number of points on
the individual metamaterials for respective detection spectral range and dividing by
the average signal level from the continuous gold film. It may be noted that with
the level of incident illumination used for this experiment, the luminescence from the
continuous gold film is below the noise floor. So the enhancement factor is the least
figure expected due to the presence of the metamaterials. As seen in Fig. 6.6, the
luminescence from the continuous gold film is enhanced by at least 76 times due to
the presence of the metamaterial C for the spectral range 700 20 nm. The minimum
enhancement obtained is ~6 times due to the metamaterial D for the detection spectral
range 535 £20 nm.

One may argue that this enhancement is simply due to the nano-structured region
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Figure 6.6: Enhanced luminescence intensity from nano-structured gold film
Enhancement of two-photon induced luminescence from the metamaterials. Solid lines
show the ratio of linear transmission of the metamaterials to the gold film. Inset shows
the absolute spectra of linear transmission of plain gold and the metamaterials.

being more transmissive than the unstructured gold. To investigate this issue, the ratio
of linear transmission from the metamaterials to the continuous gold film is plotted on
the same graph. The metamaterials are more transmissive than the gold over the
spectral range shown in the plot. But this difference in transmission is not as strong as
suggested by the enhanced luminescence. In fact, the position of the transmission peak
does not directly affect the luminescence enhancement; as seen from the inset of Fig. 6.5
metamaterial A shows a transmission peak very close to 700 nm, but provides the least
enhancement of luminescence at that wavelength compared to the other metamaterials
which have transmission peak progressively further away from 700 nm.

Finally, the luminescence from the unstructured and structured gold is imaged
with a colour CCD camera for different excitation wavelengths. Previous experiments
reported here have shown that the emission peak for continuous gold is in the green
region of visible spectrum, whereas for the metamaterials the emission peak shifted
to red/near-IR part of the spectrum. When imaged with a 750 nm short-pass filter
(Fig. 6.7 first 3 columns), the luminescence spots on continuous gold look yellowish.
This may be due to the mixture of the predominant green luminescence with other

longer wavelengths; it may be noted no band-pass filters are used for the colour images.
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Figure 6.7: Colours of photoluminescence Two-photon luminescence imaged in
RGB with a colour CCD camera for gold, and the four metamaterials. The predominant
colour is shown as a dot in the bottom-right corner of each frame. The first three columns
are imaged with 750 nm short pass filter, and the last three columns are imaged with
600 nm short pass filter. Each column represents different excitation wavelength.

For the metamaterials the luminescence spots are mostly red. When a short-pass filter
with 600 nm cut-off wavelength is used (Fig. 6.7 last 3 columns), vivid green-blue colour
of gold luminescence is captured. It may be interesting to note that metamaterial A,
which has an emission peak around 650 nm shows insignificant luminescence in the
green part of the spectrum. Another interesting observation is the structuring of the
luminescence spots on the metamaterials. Not much can be deduced about the intensity
content or the spot size from these colour images, because the camera has a highly non-
linear response to photon counts, and hence does not give a reliable measure of image
intensity.

It may be noted that for the thin film of gold, the colour of emission as detected by
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the camera changes from green (wavelength ~ 530 nm) to blue (wavelength ~ 470 nm),
i.e. from lower to higher energy, when the excitation wavelength (energy) is increased
(decreased). This is counter-intuitive because, if the excitation energy is decreased
(i.e. for the longer wavelengths) the electrons from higher states of d-bands will be
excited, or will reach lower energy states above the Fermi energy. In the recombination
process, these weakly excited electrons will emit smaller energy (i.e. longer wavelength).
In short, longer excitation wavelength may lead to longer emission wavelength and
not the other way round, as seen here in the colour images. However, Boyd [160]
reported emission peaks near the blue part of the spectrum in addition to the well-
known green emission peak, when he excited the gold films with single photons of
~ 350 nm wavelength. One might also note that for a sample with metal-dielectric
interface (silica-gold-air) there would exist propagating surface plasmon-polaritons (as
discussed in chapter 1). Additionally, as the gold film is only a few hundreds of atomic
layers thick (only 50 nm) there may remain significant surface roughness due to non-
uniform growth of the film. This would introduce localised surface plasmon-polaritons
in the presence of which the emission characteristics of the gold film may not conform
totally to those of the bulk gold. This is worth investigating, and is suggested as a
future experiment. The effect of surface plasmons on the luminescence characteristics
of ultra-thin gold film may be studied in greater details by measuring the emission

spectra for different excitation wavelengths using a spectrometer.

6.2.3 Discussion on mechanisms of luminescence enhancement

Enhancement of photoluminescence in the proximity of noble metal nanoparticles due
to strongly localised surface plasmons has been reported in several media like rare-
earth ions [179], and cadmium sulphide nanoparticles [180]. Surface plasmon enhanced
photoluminescence has been studied in silver nanowires [181] and gold nanoparticles
and nano-sea-urchins [182]. In fact strong photoluminescence due to two-photon ex-
citation of roughened surfaces of noble metals has been studied almost 30 years ago
by Boyd et al. in 1986 [160]. This enhancement in photoluminescence from rough
surfaces under multi-photon excitation had been attributed to local-field enhancement
due to surface plasmon-polaritons. Planar metamaterials are known to support strongly

localised surface plasmon-polaritons and the nature of plasmonic excitation has been
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studied [72]. Planar metamaterials consisting of unit-cell pattern as used here, have also
been reported to enhance nonlinearity of carbon nanotubes [183], quantum dots [184],
graphene [185], and the planar gold film itself [186].

The origin of photoluminescence for the case presented in this chapter is discussed
below. In this case, the presence of metamaterials have altered the photoluminescence
characteristics of an ultra-thin gold film in two ways: (1) red-shift of emission peak,
and (2) intensity enhancement of the photo-luminescence over the whole detection
spectral range. In general, local-field enhancement due to the presence of localised
surface plasmon-polariton will have an impact on both the excitation and emission
fields leading to overall intensity enhancement of the emission from the metamaterials.
A strong correlation between emission spectra and linear absorption spectra suggests
surface plasmon-polaritons play an active role in enhancing the photoluminescence from
structured gold films.

By structuring a periodic array of interacting nanocavities on the gold film, a large
density of states is created within the Fermi sea at energy levels corresponding to the
plasmonic resonance peak of the metamaterials (see Fig. 6.1b). For gold, the excited
electrons in the sp band would decay to the lower energy d band by emitting photons in
the process. Depending on the presence of a metamaterial, a certain spectral component
of this luminescence is selectivity enhanced owing to the availability of engineered
density of states within the Fermi sea. Hence the shift in the emission peak.

The metamaterial resonances would play a role on enhancing the contribution of
the excitation field as well. Among the four different metamaterials used here, meta-
material C shows the strongest enhancement of luminescence, specially at the emission
wavelength of 700 nm. It is not a coincidence that this particular metamaterial is char-
acterised by a transmission dip and an absorption peak (Fig. 6.8a) at the wavelength
of excitation (850 nm). The transmission dip is related to the closed plasmonic mode
of the metamaterial which is very weakly coupled to the free space, and helps to de-
sign high quality factor absorption resonances in thin surfaces [187]. For a negative or
complementary metamaterial, like the one used in this thesis, dark-modes of surface
plasmons can be excited by incident polarisation parallel to the axis of symmetry of
the metamolecule, which however vanishes for the orthogonal polarisation (Fig. 6.8a).

The resulting non-symmetric resonance (see transmission in Fig. 6.8a) is well-known as
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Figure 6.8: Plasmonic resonance vs. luminescence enhancement (a) Linear spec-
tral response of metamaterial C for two orthogonal incident polarisation. The excitation
and emission wavelengths for two-photon experiment are marked with vertical black lines.
(b) Representative plot showing detuning parameters defined for emission and excitation
wavelengths. (c¢) Luminescence enhancement as a function of emission and excitation de-
tuning. Different colours represent different detection wavelength for luminescence; Red
— 700 nm, Yellow — 650 nm, Green — 600 nm, and Blue — 535 nm. The size of the
bubbles represent strength of luminescence enhancement.
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Fano resonance [187-189] which arises from the asymmetry in the metamolecule design.
For metamaterial C the wavelength of two-photon excitation occurs at the absorption
peak of Fano-resonance resulting in huge field enhancement of the excitation beam.
The localised fields at this resonance wavelength do not suffer from background radi-
ation and act on the constituent gold atoms in the near-field regime to enhance their
resultant photoluminescence [190].

When excited with excited with linearly polarised white light each metamaterial
shows several absorption peaks. From the linear absorption spectra of the metamaterial
C (Fig. 6.8a) it is seen that the first absorption peak is present for both the incident
polarisations orthogonal with respect to the axis of symmetry of the metamolecule. This
is attributed to a bright mode of plasmonic resonance with non-zero dipole moment,
that couples well to the far-field and is easily excited with external illumination. It has
been demonstrated in section 6.2.2 that the emission spectra of the metamaterials is
related to this dipole-absorption peak. The difference in the position of this absorption
peak from the corresponding emission wavelength is defined by a detuning parameter
A, (Fig. 6.8b). The second absorption peak in Fig. 6.8a can be excited only by
the polarisation parallel to the axis of symmetry of the metamolecule and is related
to the dark plasmonic mode that is weakly coupled to the far-field. The difference in
the position of this Fano-absorption peak from the excitation wavelength is defined by
another detuning parameter A\, also shown in Fig. 6.8b.

Figure 6.8c presents a comprehensive plot summarising the effect of detuning of
the absorption peaks on the luminescence enhancement from the metamaterials. Each
vertical column represents each metamaterial, because the excitation wavelength and
hence the corresponding A\, remain the same for each metamaterial irrespective of
AMep,. Different colours of the bubbles represent different emission wavelength and the
relative size of the bubbles give a measure of the luminescence enhancement. The first
vertical column of the plot represents the metamaterial C which has the least A)g,
among all the metamaterials. The metamaterial C shows maximum enhancement at
700 nm, though A\, is minimum for 650 nm. This may be explained by Stoke’s shift
as discussed in section 6.2.1. Next, looking at the column for the metamaterial B,
where A)g; is slightly more than 50 nm, it is seen that the enhancement is similar for

650 nm and 700 nm, but neither as large as for the metamaterial C at 700 nm. In fact,
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among all the recorded enhancement, the one due to the metamaterial C at 700 nm
is the highest. It is interesting to note that for the metamaterial D the luminescence
enhancement at 700 nm is weaker than the metamaterial C even though A\.,, = 0 for
the former. Observing the overall trend of luminescence enhancement presented in the
Fig. 6.8c it may be inferred that it is crucial to provide excitation at the closed-mode
of plasmonic resonance of the metamaterial.

For the metamaterials (A, B, and D) whose Fano-absorption peak is far from the
excitation wavelength, an interesting theory on luminescence enhancement may be con-
sidered as given by Dulkeith et al. [191]. While studying gold nanoparticles Dulkeith et
al. observed that the enhancement in photoluminescence cannot be simply explained by
the local-field enhancement due to surface plasmon-polaritons. They proposed that the
dominant contribution to the photoluminescence originated from radiative relaxation
of particle-plasmons which were created by hot carriers [192]. In Dulkeith’s system,
only interband transitions were excited and not plasmonic resonances. Hence no local-
field enhancement was expected from the excitation process. This is similar to the
case of all the metamaterials except C. The emission process was, however, influenced
by plasmonic resonance. Radiative decay of surface plasmons has been reported by
others [193]. This may be one of the probable processes explaining the enhanced lumi-

nescence from planar metamaterials, and is worth investigating as a future work.
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6.3 Summary

This chapter presents a study on two-photon excited photoluminescence from an ultra-
thin film of gold. This has been compared with the luminescence from nano-structured
gold films. For continuous film of gold photoluminescence is observed in the green part
of the visible spectrum. This is attributed to radiative recombination of excited sp con-
duction band electrons with d band holes. For high incident power density, deviation
from the quadratic nature of two-photon luminescence is observed which is related to
the excited state absorption. In the subsequent experiment on luminescence from meta-
materials, the gold film is structured with periodic pattern of nano-slits which displays
geometry dependent plasmonic resonances. Four different metamaterials are fabricated
to investigate the effect of plasmonic resonance on two-photon excited photolumines-
cence. The emission peaks from the metamaterials are found to be red-shifted compared
to continuous gold film and followed respective plasmonic resonance peaks. Also, a huge
enhancement of luminescence intensity is observed from the nano-structured film. It
has been demonstrated that the enhancement is not solely due to increased transmis-
sion through the nano-slits. The increased luminescence is related to the local-field
enhancement due to localised surface plasmon-polaritons. For the metamaterial with
an absorption peak at excitation wavelength the luminescence enhancement is maxi-
mum — at least 76 times more than that of the continuous gold film. This is related to

excitation of dark plasmon modes and subsequent enhancement of the emission field.
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Conclusions

7.1 Summary

This thesis presents several novel approaches to control light using engineered nano-
structures. In the following sections, the results are summarised by the different areas

of problems that have been addressed in this thesis.

7.1.1 Super-oscillatory lens device

Nanoscale localisation of light is an important requirement for applications like micro-
scopy and high-density data storage. This thesis makes use of the phenomena of super-
oscillation to design and demonstrate planar optical lenses that are capable of focusing
light down to sizes below the diffraction limit. Prior to the research reported here,
the phenomena of optical super-oscillation was known and initial experimental demon-
strations of optical super-oscillation were reported. This thesis reports a number of

theoretical and experimental advances in developing a super-oscillatory lens device:

e A super-oscillatory planar lens which modulates the amplitude of light to produce
sub-diffraction foci along the optical axis has been designed and experimentally
demonstrated. The super-oscillatory lens is characterised experimentally for vis-
ible light illumination (660 nm). It produces multiple sub-diffraction foci along
the optical axis with the smallest spot measuring 58% smaller than the diffrac-
tion limit. The sub-diffraction super-oscillatory focal spot is used to demonstrate

6th

super-resolution capabilities, imaging features as small as 1/6"" of a wavelength.

This is achieved by scanning the focal spot over the object in sub-wavelength
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steps, and building up the overall image by selecting information from the central

part of the individual image field.

The inherent problem of low-intensity super-oscillatory spot accompanied by high-
intensity sidebands and hence a limited field of view is solved by implementing
an innovative improvement over the existing designs of super-oscillatory lens.
Besides producing a large field of view around the sub-diffraction focal spot, this
new design of super-oscillatory lens results in very long depth of focus giving the
impression of a ‘needle’ along the optical axis of the lens; hence the name optical

needle super-oscillatory lens.

The super-resolution imaging capabilities of the both kinds of super-oscillatory
lenses are investigated theoretically and experimentally by studying the point
spread functions. The super-oscillatory lenses can image a point source more
accurately than a diffraction-limited conventional lens. It is also confirmed that
these super-oscillatory masks perform other lens-like functions — when the ob-
ject is moved in one direction, the corresponding image moves in the opposite

direction, both movements being parallel to the plane of the lens.

The extended field of view of the optical needle super-oscillatory lens has been
used to demonstrate scan-less, direct-capture, super-resolution imaging, within
the field of view. For simulating such a performance of the super-oscillatory lens,
binary objects made of nano-holes with increasing complexity are used. A random
cluster of 0.15\ diameter nano-holes with the smallest edge-to-edge separation of

0.28\ was resolved.

Finally, the optical needle super-oscillatory lens is investigated for its suitability
in the cutting-edge technology of heat-assisted magnetic recording. This technol-
ogy is being developed for increasing the density of data storage on magnetic hard
disk drive and demands a device for optically heating an area as small as 50 nm.
In conjunction with a high refractive index, low loss, solid immersion media like
gallium phosphide, this thesis proves that it is possible to use an optical needle
super-oscillatory lens to produce ~ 50 nm focal spot. For the proof-of-concept

experimental demonstration of solid-immersion super-oscillatory lens, a lower in-
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dex solid-immersion medium (aluminium-doped zinc-oxide) is used. Following a
4.6 wm thick layer of the immersion medium, a ~ 130 nm spot was successfully
registered on a positive photoresist; the registered diffraction pattern and the

spot size agrees well with the simulated results.

7.1.2 Planar diffractive meta-devices

Planar metamaterials provide the opportunity to manipulate the phase and amplitude
of light with sub-wavelength spatial resolution across a two-dimensional interface. Con-
temporary to the work of this thesis, several successful attempts have been made to
design meta-surfaces for wavefront shaping. This thesis presents a simplistic approach
of designing planar optical devices using the resonant properties of spatially varying
sub-wavelength meta-molecules. This thesis focuses on using the simplest polarisation-

insensitive unit and the least number of meta-molecules for deigning the planar devices.

e A blazed transmission meta-grating operating at visible wavelengths is designed
using polarisation insensitive meta-molecules, which are spatially arranged with
varying parameters to produce a periodically varying phase ramp. The meta-
grating with 900 nm grating period diffracts linearly polarised white light dis-
playing the strongest blazing for 736 nm wavelength. The blazing is observed
when the incident electric field is parallel to the effective grating grooves, where
25 times more intensity is diffracted in to the negative compared to the positive

first order.

e An array of meta-lenses focusing light in to sub-diffraction limited spots at dis-
tances beyond the near-field of the meta-surface is demonstrated. When illu-
minated with circularly polarised light, an array of sub-wavelength focal spots
with period of the meta-lens array, are formed at repeated distances along the
propagation direction. Since the sub-diffraction foci are formed beyond the near-
field of the lens array and are mostly associated with low intensity regions, this
is attributed to the phenomena of optical super-oscillation which demonstrates
similar characteristics. It is demonstrated that a meta-lens array with individual
lens unit measuring 1.02 um by 1.02 um can focus incident monochromatic light

(800 nm) to a spot measuring 0.2\ at a distance ~ 14.7X from the device surface.
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7.1.3 Metamaterial enhanced photoluminescence

Metamaterials are used to engineer surface-plasmon resonances of the constituent met-
als. Prior to this thesis a large body of work exist on enhancement of photoluminescence
in the presence of surface plasmons. Enhanced luminescence has been reported due to
localised surface plasmons resulting from roughness of planar metal films. In this thesis,
gold films are nano-patterned in a controlled fashion to engineer metamaterials with
pre-determined plasmonic resonances. These planar metamaterials are used to alter

and enhance the photoluminescence characteristics of two-photon excited gold film.

e It is experimentally demonstrated that the nano-structuring of an ultra-thin film
of gold red-shifts the peak of the photoluminescence emission spectra. The shift
in the emission peak can be linked to the plasmonic resonance peak of the corre-

sponding metamaterial.

e [t is also demonstrated that the metamaterial results in a significant enhance-
ment of the luminescence intensity compared to the unstructured gold film. The
enhancement is maximised when the closed-mode of surface plasmons are ex-
cited. Under the best condition, the photoluminescence of the plain gold film is

enhanced by at least 76 times in the presence of the metamaterial.
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7.2 Outlook

This thesis presents proof-of-concept demonstrations of several photonic planar devices.
These devices can be developed further to be useful for cutting-edge applications like
super-resolution microscopy and high-speed photolithography, high density data stor-
age, planar miniaturised optical components and so on that would aid in the evolution
of photonic industry.

The super-oscillatory lenses have been used to demonstrate super-resolution imaging
by scanning the sub-diffraction limited hotspot across the object in sub-wavelength
steps. This is a time consuming process and may not be applicable to samples with
short lifetime (like biological samples). A real-time super-resolution imaging scheme
using the optical needle super-oscillatory lens may be a better alternative. The optical-
needle lens has already been demonstrated to produce an extended sub-wavelength
needle along the optical axis and has the advantage of extended field of view. Objects
within this field of view may be directly imaged with super-resolution capabilities.
However, such lenses are not entirely without high intensity sidebands which may occur
within tens of microns from the central axis. This puts a limitation on the size of the
objects being imaged. To overcome this impediment, the direct imaging scheme may
be combined with large-step scanning to stitch several super-resolution images of an
extended objects. Even better, an array of such lenses would help to image large areas
by scanning the array across the sample in large steps. This would be an important
step towards high-speed super-resolution image acquisition over extended sample area.

The proof-of-principle demonstration of solid-immersion super-oscillatory lens is
only one step forward towards proving the suitability of such devices for heat-assisted
magnetic recording technology. The requirement for a sub-50 nm focal spot from an
optical lens that needs to be integrated within the existing hard-disk drive architecture
is a demanding proposition. The performance of the solid-immersion super-oscillatory
lens needs to be investigated more thoroughly. Further experimental work needs to be
done to optimise the performance of the lens device in terms of immersion material
selection and film characteristics, better designs of the super-oscillatory lenses, and
selection of a better registration layer. In this thesis a positive photoresist is used as

the layer for recording the super-oscillatory focal spot just after the solid-immersion
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medium. However, registering such small spots in photoresist layer with nanometre
accuracy would depend on the right choice of the photoresist that would support high
spatial resolution. Chalcogenide glass thin films may be used as the alternative registra-
tion layer. Since chalcogenides change phase from amorphous to crystalline prescribed
by a threshold temperature, the phase change would give an estimate of the heating
power of the super-oscillatory optical needle.

The planar meta-devices presented in this thesis are far from being optimised for
commercial applications. One persistent problem with metal-dielectric meta-surfaces
is the inherent Joule loss in the metal layers. This can be overcome by using all
dielectric metamaterials [66] for wavefront shaping. One may think of a reconfigurable
all-dielectric meta-device [194] that can be controlled by external stimuli like electricity,
magnetic field and/or heat to manipulate wavefront shaping properties of the interface.

Finally, the enhanced photoluminescence from the nano-structured gold film can
be used for sensor applications. Sensing applications with metamaterials based on the
change of high quality factor Fano-resonances have been discussed by other researchers.
In this thesis it has been demonstrated that nonlinearity or multiphoton photolumi-
nescence of gold film is sensitive to the structuring of the film. Also, the presence of
the metamaterials leads to requirement of much lower excitation power and results in
enhanced photoluminescence intensities. This photoluminescence spectra and intensity
can be highly sensitive to the addition of foreign bodies and may be developed in to
sensors. For the re-usability of the metamaterial sensor a dielectric film cover may be

coated on gold surface.



Focused ion beam milling

The nano-structures presented in this thesis are fabricated using focused ion-beam
milling (FIB) of thin metal films. FIB lithography is a direct write, mask-less, se-
rial, nano-fabrication tool that uses focused ions to sputter or mill out sample surface
with nanometre precision [195,196]. FIB can also be used for high-resolution micro-
scopy where the working principle is similar to scanning electron microscopes, and
can be used for ion-beam assisted chemical vapour deposition of materials as well.
Here, FIB (FEI Helios Nanolab dual beam FIB/SEM) is used for patterning thin films
(50 nm or 100 nm) of metals (like, gold, aluminium, titanium) with feature sizes as
small as 25 nm. The machine allows high-precision nano-fabrication coupled with high-

resolution electron microscope images.

A.1 Working principle of FIB milling

Figure A.1 shows a schematic of the different components of a FIB machine. FIB
uses liquid metal ion source (LMIS) to provide charged ions for the beam. The LMIS
(Fig. A.la) consist of a metal-source (in this case Gallium) which is heated-up such
that it flows down and wets a sharp tungsten tip. Depending on the applied extraction
voltage the liquid metal can be pulled in to an extremely sharp cone called the Taylor-
Gilbert cone [195-197]. The liquid tip radius can be as small as a few nanometres
which may be achieved by balancing the electrostatic forces produced by the extraction
voltage and the surface tension of the liquid gallium. Ions are extracted from the tip
of this cone by field emission. The parts of an ion-beam column is shown in Fig. A.1b.

Electrostatic lenses are used to focus the ion-beam into a small and bright spot required
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Figure A.1: Schematic of a FIB system (a) Gallium liquid metal ion source. (b) A
typical FIB system showing ion-column with lenses, beam-blanker, sample and detector
for imaging. Figure after [195] ©IOP, 2012.

for milling, imaging or other metal deposition. The ion beam have typical accelerating
voltage of tens of kilovolts and the beam currents may range from picoamps to several
nanoamps. The beam spot size can range from ~ 5 nm up to 1 um depending on the
ion-column optics, the ion source and the beam current. A fast beam-blanker is used
for patterning the sample surface. The design to be milled can be drawn as simple
bitmaps using the software available with FIB, or for more complicated structures
CAD files can be imported. During milling of a substrate, per incident ion is capable
of removing approximately one to five atoms depending on the substrate and the ion
energy. Secondary electrons are also released as a by product of the milling process
that can be used for imaging. The shape of the milled groove does not simply depend
only on the Gaussian shape of the ion-beam spot. It also depends on re-deposition of
milled material, and the end product may significantly vary in quality depending on
whether the milling was a single step process or repeated multiple times. Depending
on the pattern to be milled the best set of steps for the process may differ. In brief, the
FIB milling quality depends on the material, the ion-beam incident angle and energy,
re-deposition of sputtered materials and even the crystal orientation. In FEI dual beam
system the FIB and SEM intersect at 52 deg angle such that while the milling is done

with normally incident ion-beam, simultaneous electron-beam imaging can be achieved.
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A.2 Examples of FIB milling

Figure A.2: Stages of FIB milling of an ONSOL. (a)-(e) Intermediate stages of
milling the structure. The whole design is scanned multiple times by the ion-beam, each
time removing only small amount of the material. (f) The end structure shows clean milled
area with predefined un-milled regions. The scale bar is 2 pm.

Figure A.2 shows the stages of milling an optical needle super-oscillatory lens (pre-
sented in chapter 4). For this example, a CAD file was designed which was imported to
the FIB software. The design is drawn as a set of concentric circles with 200 nm line-
width, only some of which have value "1’ (to be milled), the rest have value ’0’ (not to
be milled). The ion-beam with a chosen beam-current and hence spot-size starts raster
scanning the area to be milled. In each step it mills a small amount of the substrate
which is 95 nm gold film with 5 nm chromium adhesion layer deposited by thermal
evaporation on 170 um silica coverslip. The blanker stops the beam when design with
value ’0’ is encountered. For the part where successive points have value '1’ a fast
beam blanker operates between the spatial shift of the ion beam. The spot size, and
the centre-centre distance between two successive spots are so chosen that they overlap

ensuring that the milled region is not pixelated. The raster scan is repeated a num-
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ber of times until the desired regions are milled through leaving the un-milled regions
with predefined dimensions (Fig. A.2f). The multiple pass ensures that re-deposition

of material is minimal in the end.

Figure A.3: Milling different metals. (a) Structure milled on 100 nm gold on silica
shows rough edges. This is due to bad adhesion quality of gold to silica. (b) 5 nm chromium
adhesion layer followed by 95 nm gold gives a better sample. Some residual metal can be
seen in the clean-milled area. (c) Aluminium (100 nm) on silica gives the best looking
sample with clean milling of area as small as 200 nm. It takes more number of passes to
mill aluminium compared to gold.

Figure A.3 shows the effect of milling on different types of metal films. Due to
poor adhesion of gold with silica, Fig. A.3a shows rough edges of milled area. However
using chromium adhesion layer (Fig. A.3b) reduces the problem significantly. The best
milling result is obtained using aluminium (Fig. A.3c) in spite of the larger grain sizes
of the thin metal layer (see neighbouring regions). However it must be mentioned that
it takes longer time, or more number of passes to mill the same thickness of aluminium
film compared to gold, keeping other ion-beam parameters the same.

Figure A.4 shows the example of a periodic structure - a metamaterial- fabricated
by milling 50 nm gold film deposited on silica. The line-width is only 25 nm. Here
each unit cell (shown by the white box in Fig. A.4a) is milled completely before moving
on to the next one. After each horizontal line is finished the ion beam moves down
to the next line. While milling a unit cell, the inverted-U-shaped structure is milled
through and then the horizontal bar. However each entity, say the horizontal bar is
milled in multiple passes just like the ONSOL structures described above to minimise
re-deposition, rough edges and hence get the finest possible milling. Figure A.4b shows
an edge of the metamaterial imaged by electron beam microscope when the sample is

at 52 © angle. The dome-shaped appearance implies that the nano-trenches do not have
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Figure A.4: Milling periodic structures. (a) 50 nm gold on silica milled with line-
width measuring 25 nm. The white box shows one unit cell measuring 210 nm. (b) SEM
image of the edge of the metamaterial when the sample is at 52 deg angle with the electron-

beam.

steep 90 ° edges even for a metal film as thin as 50 nm. This is because of the Gaussian

shape of the ion-beam spot.
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Comsol simulation

In this thesis the electromagnetic properties of photonic metamaterials are simulated by
using a commercial software package Comsol Multiphysisc 3.5a. Comsol Multiphysics
can be used to solve any physics-based problem using the different available modules.
The software also offers an extensive interface to MATLAB and its toolboxes for a
large variety of programming, preprocessing and post-processing possibilities [198]. For
electromagnetic simulations presented here the RF module is used. The RF module
provides a unique environment for the simulation of electromagnetic waves in two and
three dimension. It uses finite element method to solve Maxwell’s equations. In this
thesis three dimensional simulations of periodic planar metamaterials are presented. A
brief description of modelling such a problem is outlined here.

The first step to model a metamaterial in Comsol is to define the structure. All
metamaterials presented in this thesis comprised of planar interface made up of periodic
unit cells. With the help of periodic boundary condition perpendicular to the plane
of the metamaterial an infinite planar structure of the metamaterial is simulated by
solving over only one unit cell. In the example shown in Fig. B.1 the unit cell is made up
of ring-slots of three different diameters on a 50 nm thick film of gold. This corresponds
to the meta-grating geometry as described in chapter 5. The unit cell is surrounded by
several rectangular blocks on either side along the propagation direction.

The second step in modelling is to define the domain material parameters like
permittivity and permeability and to define the boundary conditions. All the metal
structures simulated in this thesis are gold, and the values of complex dielectric pa-

rameters are used from Ref. [199]. In order to account for the presence of a substrate
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the rectangles below the thin gold slab are assigned the material parameter of the sub-
strate of choice, like for silica refractive index 1.46 is used (Fig.B.1c). As mentioned
earlier, periodic boundary conditions are applied for both x and y boundaries. In the
z-direction, scattering boundary conditions are employed for the two external bound-
aries (Fig.B.1b). All internal boundaries are chosen as ‘continuity’. The incident wave
with its polarisation is defined at one of the scattering boundaries. In most situations,
the scattering boundary condition is good enough to minimize the scattering at the
boundary. However, perfectly-matched-layers could be added at the top and bottom
boundaries in z-direction to further reduce the scattering if necessary.

The third step is to mesh the model such that the maximum element size in each
domain is one tenth of wavelength or smaller (this means mesh in domains with high
refractive index should be finer than in the air). For metallic areas, a maximum mesh
element size of 25 nm is used. Care must be taken to appropriately mesh the areas
with fine features. However, the element size of mesh is limited by the capability
of the simulation platform (Comsol simulations in this thesis are performed with a
16 processor, 64 bit, 128 GB linux workstation). For periodical boundary conditions
the mesh nodes on each pair of periodical boundaries must be identical. This can be
achieved by meshing one boundary first and then copying the mesh to the other.

Finally, the simulation wavelength or frequency is set and a suitable solver param-
eter is chosen. After the simulation is complete, the field distributions can be obtained
by post-processing. For obtaining the spectral variation of transmission, reflection and
absorption, a Matlab code is generated for the solved model. By incorporating the
required changes for calculating transmission, reflection using the data of power flow at
suitable internal boundaries, the Matlab script can be integrated with Comsol model

to solve over a specified range of wavelengths.
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