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Abstract

Plasmonic devices including superlenses, hyperlenses, and far-field super-
lenses are specially fabricated elements which can improve the resolution
of optical microscopy past inherent theoretical limits. However, their fab-
rication is extremely difficult as they often require ultrasmooth thin films
and finely structured silver (Ag). While Ag has an ideal response for these
types of lenses, its fabrication in such devices is challenging. Hence, this
thesis investigates viable methods of producing ultrasmooth Ag thin films
and nano-scale Ag features in order to advance research in plasmonic de-
vices.

Optimum plasmon response requires the fabrication of ultrasmooth
thin silver films, which presents several challenges, such as high surface
roughness and high optical loss. Thin 1 nm seed layers were fabricated in
advance of Ag layers in order to improve the surface properties of Ag. We
found that a 1 nm germanium (Ge) seed layer results in a 400% reduction
in surface roughness down to 0.64 nmgys, but offers increased optical loss
by about 3% over Ag alone. However, an inert atmosphere high tempera-
ture anneal of a Ge/Ag stack results in preferential grain growth, further
reducing surface roughness to 0.61 nmgys, while also improving transmis-
sion by up to 14% over Ag alone. Similar procedures were conducted on
copper (Cu) and silver oxide (AgOy) seed layers. While Cu results in very
smooth Ag films of 0.61 nmgys for films < 10 nm thick, performance dete-
riorates at Ag thicknesses above 10 nm, which are preferred for the plas-
monic applications identified above. Furthermore, AgO, produces very
rough surfaces on substrates which are amorphous—a property which is

essential for our use. However, AgO, on crystalline substrates produced



smooth surfaces of 0.3 nmgys and may be useful for other plasmonic ap-
plications.

Interference lithography (IL) was selected as the method to create the
periodic nano-scale structures. The IL equipment was modified with the
addition of bandpass light filters, 5 ym pinhole Fourier filters, and air vor-
tex shields. Also, elimination of both external vibration and time-dependant
vacuum lines are included. With this IL environment, we were able to
produce periodic gratings anywhere from 1 m-300 nm pitch through rig-
orous optimisation of photoresist, exposure, and development processes.
Ultimately, this lead to the fabrication of high contrast, 200 nm period grat-
ings for use in a far-field superlens. The designs and procedures outline
within will result in increased performance and production of far-field su-
perlenses with limited equipment, therefore facilitating increased perfor-

mance of optical microscopes.
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Chapter 1

Introduction

Optical microscopes are essential scientific tools to observe objects which
are too small to be seen with the naked eye. They provide a simple and
accessible way for researchers to study the existence of cells, make medical
diagnoses, and fabricate electronic circuits. However, traditional optical
microscopes are limited by a fundamental minimum resolution, known
as the diffraction limit. As a result, they cannot observe features smaller
than approximately half the wavelength of light. For visible light, the best
performing optical microscopes reach this limit when trying to distinguish
features roughly 300 nm apart [1].

Plasmonics is a fairly new area of interest and covers the extraordi-
nary properties of metals, specifically their electromagnetic field and free
electron interactions [2]. The free electrons can interact with the electric
component of incident electromagnetic waves producing plasmon oscil-
lation [3]. These plasmonic optical traits can be used to produce a su-
perlens [4] made from planar slabs of materials with refractive indicies of
n = —1 and are used to overcome the diffraction limit. Superlenses focus
all incident spatial frequency components of a point source, and enhancing
sub-wavelength feature information in order to attain a higher resolution
image, effectively beating the diffraction limit.

While superlens properties are useful through thin metal films, the

practicality of producing these films with low surface roughness pose is-
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2 CHAPTER 1. INTRODUCTION

sues in its viability as a plasmonic device. Surface roughness interacts
negatively with plasmonic resonance, resulting in losses; however, surface
roughness itself is difficult to reduce in thin metal films. Attempts have
been made to smooth metal films typically using seed layers [5, 6] to pro-
mote a more ideal layer-by-layer growth of the metal, resulting in lower
surface roughness. However, they have yet to be correctly implemented
with superlens design [7]. Therefore, in order to viably create a super-
lens, focus must be placed on producing smooth films. Smooth superlens
configurations can allow for sub-diffraction image reconstruction, but the

position where the reconstruction takes place is not easily observed.

A far-field superlens (FSL) [8] builds on superlens design with the ad-
dition of nano-scale diffraction gratings. These gratings add frequency
shifting through the inherent Moiré fringes that occur where the image
from the superlens, and nano-scale diffraction gratings meet. This allows
for a sub-wavelength image to be realised far away (on the order of mi-
crons) from the FSL using an optical microscope. FSL performance is lim-
ited mainly by surface roughness, line edge roughness, grating pitch, and
film thickness. By improving any one, or more of these components, the
FSL performance will inherently improve. These FSL qualities are vital in
its repeatability and accuracy as a lens.

Fabrication of FSL components tend to require very specialised equip-
ment such as electron-beam lithography (EBL) or focused ion beam milling
(FIB) because of the sub-wavelength fabrication preconditions. These tech-
niques impose inherent restrictions on cost, ease of fabrication, and time.
Interference lithography (IL), while less common, has the potential to match
EBL/FIB quality while forgoing their shortcomings.

As a result, this thesis covers the inherent FSL issues, the research
aims to greatly reduce surface roughness of FSL components, and increase
uniformity to improve imaging. Furthermore, optimisation of fabrication
techniques and exposure environments of IL systems are developed in or-

der to viably create diffraction gratings at < 200 nm pitch. The benefits



of the design and fabrication methods proposed herein include new and
easier optical studies of natural and engineered nano-scale objects that are
not possible using traditional optical microscopes. This project has the po-
tential to affect applications such as electronics manufacturing, biomedical
sensing and optical imaging.

The structure of this thesis is as follows: Chapter 2 covers a background
in photonic optics and FSL theory. In addition, the challenges of fabrica-
tion are also mentioned, and a review of photonic devices such as super-
lens and FSL research is summarised. Chapter 3 covers strategies in over-
coming fabrication issues while also introducing additional steps to aid in
the increasing performance of FSLs. The implementation of these designs
is detailed in Chapters 4 and 5. Finally, Chapter 6 provides a summary of

our findings and future work recommendations are also presented.
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Chapter 2
Background

This chapter introduces the concepts that govern optical microscopy and
discusses some of the inherent issues with typical microscopy techniques.
Details of the components and phenomena which make sub-wavelength
imaging possible are then provided. Finally, literature regarding these es-
tablished techniques and technology is analysed.

2.1 Optical Microscopes

Optical microscopes magnify and focus objects through the use of glass
lenses in order to produce a well lit image. These microscopes can typi-
cally provide very high magnification; however, because of the inherent
limitations of light, they can only resolve object detail to approximately
300 nm. The diffraction limit, comes from the wave nature of light and
can be described by two closely related values: the Abbe and Rayleigh
criteria [9]. The Abbe criterion is derived from Heisenberg’s uncertainty
principle [10]:

1
AxAs > 5%, (2.1)
where As is photon momentum change, s = (hn/\)sinf, X is the work-
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6 CHAPTER 2. BACKGROUND

ing wavelength of light, n is the refractive index of the medium the light
travels though, 6 the acceptance angle of the detection system, Ax is the
precision of location, or resolvable difference in distance, and 7 the re-
duced Planck constant. Hiesenberg’s uncertainty principle describes the
fundamental limit of precision with which particle properties are known,
such as position. A simplification and reduction of Equation 2.1 leads to
the Abbe criterion:

A

> : 2.2
A 2nsin 6 22)
The Rayleigh criterion is closely defined [11] :
A
Az > 0.61——, (2.3)
nsin ¢

These criteria mean that given A = 500 nm (visible light), n = 1 (air), and
6 = 90° (i.e., light enters normal to the detection system), then resolvable
distance, Az, is limited to a minimum of 305 nm.

Light waves are diffracted and scattered as they travel through a mi-
croscope. This causes a loss of information regarding the exact location of
a point source, which can be light from a specific feature of an object. This
loss of information results in an intensity distribution, known as an Airy
pattern' [13]. As illustrated in Figure 2.1, these Airy patterns produce a
diffuse, delocalised pattern which causes interference with nearby object
intensities and leads to the difficulty of resolving separate objects, and the
inherent resolution limit of optical microscopes.

2.1.1 Optical resolution

The discrepancy between the Abbe and Rayleigh criteria stems from sep-
arate definitions for resolving two objects from one another, and the loca-

! Airy patterns are well modelled by Bessel functions. The Rayleigh criterion accounts
for these Airy patterns through the 0.61 coefficient term which approximates the first zero
of the Bessel function of the first kind [12].



2.1. OPTICAL MICROSCOPES 7

Figure 2.1: Top-down example of Airy pattern which can result from im-
age detection through an optical microscope. Orange overlay shows the
profile of the Airy function.

tion with which the image is resolved. Optical resolution can be thought of
as the minimum separation between two point-sources in order to distin-
guish the original sources upon reconstruction of an image; however, this
interpretation still allows for two definitions to arise, where objects can
be distinguishable, and barely distinguishable, where the latter definition
comes from a smaller, but sufficient distance between two objects. These
definitions arise from the inherent difficulty to define the border at which
a resolved image is produced from one object, or multiple objects which
are indistinguishable from one another. The Rayleigh and Abbe criteria

resolution definitions are illustrated in Figure 2.2.

It is possible to see the two objects in Figure 2.2(c), whose separation is
below the diffraction limit, produce a single maximum from their recon-
struction. This means their image becomes indistinguishable upon recon-
struction. The objects in Figures 2.2(a) and (b), which are further apart,
produce noticeable peaks in their reconstruction and hence can be sepa-
rately distinguished as more than one source object, as the distance be-
tween them is larger than the diffraction limit.
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(a) (b) (0

(d (e) ®
Figure 2.2: Various illustrations of resolution limits. The Rayleigh crite-
rion (d) is described by the reconstruction of the sum of two close objects
in (a), producing two distinct peaks. The Abbe criterion (e) is described by
the sum of two overly close objects in (b), producing two small, but dis-

cernible peaks. Finally, (f) shows the sum of almost overlapping objects (c),
producing one single peak upon reconstruction.

The Rayleigh criterion is most commonly used to express the diffrac-
tion limit in the optical far-field, whereas the Abbe criterion does so in the
near-field [14]. As this thesis covers superlens fabrication for applications
in the far-field, the Rayleigh criterion will be adopted as the predominant
standard resolvable distance between two objects.

The diffraction limit imposed by the Rayleigh criteria holds true only
when pure propagating waves radiated by an object are used to recon-
struct its image. Light from an object’s large features is carried through
these propagating waves, whereas the very small feature components are
carried by evanescent modes, which decay at an exponential rate as they
travel away from the object. The quick decay of these modes results in a

loss of fine detail information at the far-field [15].
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2.2 Evanescent modes

One way to beat the diffraction limit which the Rayleigh criterion imposes
is by capturing evanescent modes in an image. Evanescent modes result
from the inability of electric and magnetic fields to become discontinuous
at the boundary between two media. Hence evanescent modes occur at the
junction of materials with differing wave motion properties, such as a dif-
ference in refractive index, n [16]. As illustrated in Figure 2.3, evanescent
waves decay at an exponential rate, rather than propagating sinusoidally,
from the interface at which they were formed. For this reason they are
difficult to capture, and are often referred to as near-field waves as they
cannot advance to the far-field.

‘

A\

\
(@ (b)

Figure 2.3: In (a) propagating waves experience a phase change at the
interface (red vertical line), then continue with high contrast to the right of
the image. In (b) evanescent modes contrast rapidly decay as they travel
away from the interface resulting in a low contrast pattern in the right
of (b). Light incident from bottom left corner [17].

2.21 Negative Index Materials

Refractive indicies of materials determine how light scatters through a ma-

terial. Typical materials have a positive refractive index (n > 0), however
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there are some materials which exhibit negative refractive indicies at spe-
cific wavelengths. These negative index materials (NIM) display useful
characteristics. Positive index material (PIM) lenses require curved sur-
taces for light to be focused; however, a NIM does not [18]. In fact, planar
slabs of NIMs can support the focusing of evanescent modes, therefore
allowing for the production of an image [4,19]. An example of this pla-
nar focusing can be seen in Figure 2.4(b), and is directly compared with a

traditional convex lens in Figure 2.4(a).

Object Object Image

N P N
~N

> > >

a) b)

Figure 2.4: Concept of traditional focusing through (a) convex lens, com-
pared with focusing through (b) NIM.

A NIM spawns from two material properties: both electric permittiv-
ity ¢, and magnetic permeability ;1 must be less than zero [19]. That be-
ing said, these two requirements impose very strict conditions on material
choice and further raise the issue that magnetic activity can be difficult to
detect at optical frequencies [20]. However, if the dimensions of the sys-
tem are restricted to sizes smaller than the wavelength of light used as
the excitation source, the magnetic and electric fields may be considered
independently of one another, i.e. they are decoupled [21]. As a result,
we can focus upon only the electric fields, and the magnetic component, 1
can therefore be ignored. Hence, at these size constraints, a material with
only negative ¢ can be used as a good approximation of the behaviour of
a NIM. A NIM which is sandwiched between dielectrics actively supports
surface plasmon resonance (SPR) as it occurs at the interface between two

media with € of opposite sign, such as a metal and dielectric.
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2.3 Surface plasmon polariton

Polarisation can be induced in a medium from incident electromagnetic
(EM) waves. This polarisation and EM wave excitation interaction, de-
scribed as an acoustic wave in a sea of free electronics is called polari-
ton [22,23]. Furthermore, the plasmon is a charge-density oscillation de-
scribing the movement of mobile electrons (‘plasma’). The plasmon can
be divided into two main types: a bulk plasmon, which arises from fluc-
tuations of the free charge density within the metal [24], and a surface
plasmon (SP), which travels, along the surface of the interface between the
metal and dielectric under specific conditions. The SP is described by [25]:

E = :Izl;Oe—i—i(lcgggc:l:kzz—wt)7 (24)

where E is some electric field polarised in y, i = v—1, k, and k, are free
space wave vectors describing the magnitude and directional wave infor-
mation, x and z are cartesian coordinates, w is the frequency of surface
oscillations, and ¢ is the time component; however, without loss of gen-
erality, [wt] = 0 due to assumed time invariance. Restrictions £, > 0 for
2 >0, Ey < 0for z <0, and imaginary k, are also imposed. Together, the
plasmon and the polariton form surface plasmon polariton (SPP) which
describes the charge motion of the plasma and the EM waves in the di-
electric [26]. Figure 2.5 illustrates an SPP wave propagating along a metal-

dielectric interface (¢1£5) in the x- and y-directions.
dielectric E £z ks
o N/ N\ N/ N H,
T T T s Hil
N AR S E Kk

Figure 2.5: Concept of SPP propagating along a surface in z. E, and E,
indicate electric fields in = and y, respectively, and H, indicates magnetic
field in y direction. Alternating + and — indicate the the regions of higher
and lower electron density, respectively.
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From Equation 2.4 it is possible to see advancement in z from the sur-
face causes the imaginary, loss term, [k,z] to increase, hence E, expo-
nentially decays. Inherent losses in each medium, described through the

imaginary loss term of permittivity, also contribute to a decay in = and y:
e=c¢ +ig” (2.5)

A reduction in ¢” would result in lower loss as the plasmons traverse «
and y. This can be achieved simply by selecting materials with low imagi-
nary permittivity, ”. Additionally, these losses are wavelength dependant
in nature and a specific excitation wavelength may result in lower overall
losses. For example, €/}, ,_goonm = 1.08, while €7} \_s55, = 0.736 [27].

When the wave vector of the incoming EM radiation matches the wave-
length of the resultant SPs, the plasma begins to ‘resonate’ [28]. The sur-
face plasma propagation constant, 3, at an interface such as this can be
described [29]:

Emn?

J
Em + N2

B=k

(2.6)

where k is free space wave vector of the incoming EM field, ¢,, the per-
mittivity of the metal, and n, the refractive index of the dielectric media.
Restrictions on 3 > 0 are imposed, and from the term [e,, + n?] in Equa-
tion 2.6, it is possible to see that the SPs may only be supported by an
interface of media for which Re{e,,} < —(n?) holds true.

These many waves can be described through the dispersion relation.
The dispersion relation compares visible light, plasmon, and SPP condi-
tions, and illustrates the properties which separate each of these waves [30].
For example, the light line seen in Figure 2.6 describes the barrier between
visible and attainable light on the left, and those which are not easily de-
tected on the right. The dispersion relation of bulk and surface plasmons
where the SPP curve is asymptotic in nature, reaching ws, at high %, can
also be seen in Figure 2.6. This is in contrast to the plasmon polariton

curve, where it exists at a higher w value. As the SPP k value is increased,
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the band-gap which exists between the two curves, described by w, — w,,,
can be overcome. This results in the conversion of SPP to propagating
SPs and photons which can be used for imaging at the far-field. That be-
ing said, the increase in k£ must be introduced artificially such that the
wavevectors of each material are matched. This artificial £ increase to ex-
cite propagating SPs can be produced through the use of periodic grating
structures, or prism-based Kretchmann configurations, both of which are
discussed later.

w
plasmon light
polariton line
N Y S bulk plasmon
P
w surface plasmon
D2 2y
SPP

k:
Figure 2.6: Dispersion relation of bulk and surface plasmons which are
separated by the light-line and band-gaps imposed by w constraints.

2.3.1 Surface plasmons on rough/corrugated surfaces

As SPs travel along a smooth surface, intensity loss and absorption of SPs
is mostly dominated by the losses in Equations 2.4 and 2.5 [31]. However,
if the surface is rough, an additional mechanism affects both SP losses
and free space propagation distance from the surface. The travelling wave
vector parallel to the surface, k,, experiences a loss, Ak, due to the surface
roughness. This seemingly unwanted loss produces a resonance transition
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of SPs into photons [32,33]. The transition compensates for the evanescent
mode decay in free space, and hence enhances these modes.

This is a phenomenon which can be exploited in order to convert high
spatial frequency information carried in SPs into propagating waves; how-
ever, the roughness which contributes to this conversion must be ordered
and specific, such that propagating waves with equal phase are produced

and interfere constructively to increase intensity.

2.4 Silver thin film

As e < 0 inherently occurs in silver (Ag) at optical wavelengths [34] an Ag
thin film with ideal film thickness, surface roughness, and image plane
placement effectively acts as an evanescent mode coupler. Furthermore,
as Re{es,} = —2.13 < —1 (assuming air as dielectric and A = 325 nm) Ag
also supports SPR. It is studied in optics due to its novel properties, can
be used to build a photonic device known as a superlens [4,7,35,36], and
achieves its increased performance through enhancement of evanescent
modes caused by SPR. As evanescent modes carry high spatial frequency
information corresponding to an object’s small features, a superlens made
of Ag may be employed to recover this information through evanescent
mode enhancement (EME), leading to the formation of a near-field sub-

wavelength image. This restoration is illustrated in Figure 2.7.

An issue which arises from this evanescent mode conversion is the
near-field placement of the reconstructed image [37]. It should be noted
that as the near-field is limited to A /27 [38] so is the near-field placement of
the image. Given A = 325 nm, the image occurs at a maxmimum of about
52 nm from the edge of the superlens. This small distance introduces dif-
ficulty when attempting to collect the information, hence translating the

image to the far-field is desirable for improved imaging.
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Figure 2.7: Exponentially decaying evanescent mode (red) travelling
through (a) a lens with negligible plasmon resonance. The exponential
decay of these modes is reversed in (b) a lens that supports SPR, allowing
for an image to be realised at the image plane.

2.5 Nano-scale diffraction grating

With the addition of a nano-scale diffraction grating (NSDG) after the su-
perlens, light can be intentionally scattered to ‘move’ the image to the far-
field. Under the right conditions this can allow for sub-diffraction limited

images to be reconstructed in the far-field.

The cause of this near-field to far-field transition is a result of Moiré
fringes which occur from the frequency mixing of the near-field image
and the NSDGs [39]. This works by translating unresolvable high spatial
frequencies into low spatial frequencies by shifting incident field wave
vectors, k into their respective diffraction orders, i.e., ¥’ = k & Am, where
k' is the transmitted wave vectors, k is the incident wave vectors, A = 27 /p
is the grating wavenumber, p is the periodicity of the gratings, and m is the
diffraction order. The far-field information at some £’ can be considered a
superposition of the various diffraction orders of each k [40]. Hence, these
incident wave vectors can be simultaneously mapped into a single propa-
gating wave from the —1, 0, 41 diffraction orders. Given sufficiently small

NSDGs, the high resolution information of the object can be transmitted
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through these propagating wave orders to become detectable in the far-
tield [8]. These NSDGs must have a periodicity, or pitch smaller than the
wavelength of the excitation light [41]. For example, if an excitation wave-
length of 325 nm is used, the NSDG pitch should be below 300 nm, with
around 200 nm being an ideal trade-off between wave vector mapping ef-
ticiency and fabrication complexity. The transition theory is illustrated in
Figure 2.8.

+1 order 0 order -1 order

ol 4

A
Y
A
Y

Figure 2.8: Concept of near-field to far-field transition. Typical area acces-
sible by optical microscopes is the low spatial frequency in Fourier space
defined by the central circle with radius ky,.,. The outer circles represent
evanescent mode frequencies higher than what is detectable, until reloca-

tion of —1, +1 orders to 0 order occurs.

With the addition of a NSDG to a superlens, the recovered informa-
tion is able to be moved to the far-field for detection. This arrangement is
known in literature as a far-field superlens (FSL) [8,39,42-44].

2.6 Fabrication issues, challenges, and consider-

ations

While the design of an FSL has been outlined, the films and features re-
quire a great deal of exactness and defect-free fabrication procedures. This
section details extra steps which are required to overcome the inherent

defects introduced by real world fabrication.
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2.6.1 Surface roughness

Surface roughness is a common measurement in determining the quality
of a surface area or profile [45] and is one of the main quantities used to
determine the quality of a film supporting SPR. A smoother film supports
evanescent mode production with reduced overall loss as the mode travels
along the surface [46]. Therefore, a film with a lower surface roughness
will generally have improved SPR performance over a rougher film.

The roughness of a surface is quantised by the size and density of sur-
face deviations which occur in the direction orthogonal to the true or ideal
surface. These deviations, typically presented as peaks and valleys have
an inherent random distribution over the surface. As a result, surface
roughness must be defined by an average, S,, or as a root-mean-squared
(RMS; the average squared value of a continuously varying quantity), .S,.

These two values are defined:

1 N
Sa=+ ; v = v, 27)
and,
1 N
Sq = N Z(yi —Yo)? (2.8)

1=1
where N is the number of data points and y; is the vertical distance from
the mean height, y,, to the i" point.

Surface roughness can be attained with instruments that are able to
accurately measure or determine surface topology. The most common in-
struments are surface profilometers, such as the Veeco Dektak 150, and
atomic force microscopes (AFM). These instruments typically operate with
a stylus or cantilever which contacts the surface to provide a very accurate
measurement of the surface topology with &ngstrom (A; 1E — 10 m) pre-
cision. Direct contact with the surface provides a very accurate reading

of a sample but can easily cause damage to the surface if not operated
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correctly. An example of this measurement technique can be seen in Fig-
ure 2.9. AFM resolution is typically much greater and more reliable than
the Dektak and will therefore be used as the predominant surface rough-

ness measuring technique herein.

Figure 2.9: Concept of stylus operated profilometers, illustrating measure-

ment of surface roughness [47].

2.6.2 Grating size, shape, and roughness

A considerable challenge in creating an FSL arises from the NSDG fab-
rication. Photolithography systems to expose gratings can produce un-
desirable results. These include the shape of the grating profile, along
with the roughness of the grating. For the gratings to work optimally,
they must have perfect periodic repetition and parallelism. Any deviation
from this results in lower efficiency for any specific plasmonic optics appli-
cation. For example this would result in higher loss of information during
near-field to far-field conversion. Hence NSDG efficiency is a paramount
consideration during fabrication. Line width roughness (LWR) describes
the deviation of the grating from the ideal perfect straight grating. As-
suming these deviations are random, produced through the exposure or
development procedure, the effective uniform repetition of the gratings is
deteriorated, and the grating efficiency is reduced. A lower grating effi-
ciency will result in a further obscured reconstruction of an image at the
far-field, effectively reducing tangible resolution. Figure 2.10(a) illustrates
the appearance of LWR, overlaid with ideal gratings. Line-edge roughness
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(LER), the roughness of the profile of the grating is also a property to con-
sider, but is typically less crucial in producing high quality metal gratings
as deposition direction of subsequent metal films is perpendicular to LER

direction.

develop

L

o §

Figure 2.10: (a) Exaggerated illustration of LWR compared to ideal grat-
ings shown by dashed lines, (b) development of polymer aggregate (black
circles) and surrounding polymer (grey) which causes LWR. Most of poly-
mer aggregate that is even partially exposed is etched, resulting in a coarse
line, instead of the intended red area.

LWR is inherent in photoresist at very small scale objects, such as grat-
ings. When the gratings fabricated in photoresist approach widths of
~ 200 nm LWR becomes a vital consideration to the fabrication process. It
is not possible to prevent LWR, but merely to reduce it. LWR is caused
mainly by photoresist itself, however random uncertainties in the fabri-
cation process also contribute. The resist can be thought of as polymer
aggregate in a sea of polymer, hence there are different sized particles of
polymer in the photoresist. When these particles are exposed, even if only
partially, they tend to dislodge from the surrounding polymer, resulting
in roughened sidewalls [48]. An illustration of this process can be seen
in Figure 2.10(b). As a result, strong emphasis on fabrication quality and
possible detrimental effects during exposure and development must be

investigated.
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2.7 Literature Survey

Extensive work has been done in regards to sub-wavelength imaging with
superlenses. With some work being theoretical [19,49,50], there are those
who have experimentally proven the ability to reconstruct sub-wavelength
images using superlenses [35,36,51], and even FSLs [42]. However, those
who have achieved far-field imagery have been unsuccessful in creating
a ‘free’ far-field superlens; that is, a lens which is not fabricated around a
sample, and which may be reused on more than one sample. Furthermore,
the FSLs which have been previously fabricated and experimentally tested
have consisted of only one dimensional spatial relocation; that is, a one
dimensional (1D) grating [49-51]. Previously reported sub-wavelength
imagery could be improved upon given an FSL with a coupling element
spanning over two dimensions (2D) [52-54].

2.7.1 Surface roughness

Additionally, research which has gone into FSLs has lacked an emphasis
on the Ag film surface roughness. Kroger and Kretschmann [55] show that
there is a distinct negative effect on thin film EM transmission given large
surface roughness. This is further supported in the context of Ag films by
Fang, et al. [56]. That being said, some work has been done on smooth
Ag films but have yet to be correctly implemented for use in superlens
design [7,35,42].

Stefaniuk, et al. [5] experiment with seed layers of titanium (Ti), nickel (Ni),
and germanium (Ge) deposited in advance of Ag to improve surface rough-
ness. These seed layers provide the subsequent Ag films with improved
deposition conditions, often resulting in much smoother films. Of the
three seed layers, Ge provides surface roughness down to ~ 0.6 nmgys, Ni
~ 0.9 nmgys, and Ti ~ 2.0 nmgps. From here, the specific resistivity of each
seed layer is measured to find Ni has the best overall surface roughness

and specific resistivity when matched with Ag. However, the undesirably



2.7. LITERATURE SURVEY 21

high resistivity of Ag matched Ge can be reduced. Chen, et al. [57] show
that a thermal anneal at specific temperatures and duration can greatly
reduce resistivity by approximately 70%, to similar or equal levels of Ni.
Formica, et al. [6] utilise copper (Cu) as an ultrasmooth seed layer, leading
to an overall system of S,(Cu+Ag) ~ 0.4 nmgpys and p = 8 2/um. The
surface roughness is very low, and resistivity may reduce with a thermal
anneal. Finally, silver oxide (AgOy) has been promoted for use as a seed
layer to improve SP interaction for Ag films [58]. These are avenues which
require more focus.

2.7.2 NSDG Fabrication

While NSDG fabrication has been pursued, very expensive equipment is
typically required in order to achieve the small pitch needed for FSL per-
formance. Electron-beam lithography (EBL) and focused ion beam milling
(FIB) are the more common techniques used to fabricate NSDGs [39, 42,
59-62] but both are infeasible due to cost, and their extremely slow pat-
tern writing times. EBL and FIB typically expose samples via raster scans,
hence a smaller pitch or larger samples have increasing exposure times
in the order of 24 hours or more. The cost and time required per sam-
ple greatly hinders the widespread implementation of EBL /FIB for NSDG
fabrication and viability as a constant production source for FSLs. In con-
trast, IL systems can expose large areas concurrently in a few minutes, and
cost is relatively low. However, an optimised exposure method is required
in order to produce effective NSDGs.

In light of this, the goals of this thesis cover the increased surface smooth-
ing of silver films in order to increase evanescent mode enhancement.
Along with this, IL systems will be optimised to produce NSDGs with
pitch down to 200 nm to move recovered imagery to the far-field for de-
tection.



22

CHAPTER 2. BACKGROUND



Chapter 3

Photonic structure design

Fabrication of thin films becomes difficult at the nano-scale due to the sur-
face roughness inherent in thin Ag films. This chapter details the proce-
dure to overcome these issues. Furthermore, the fabrication procedure for
1D and 2D NSDGs and an overall free FSL is described.

3.1 Silver thin film properties

The surface roughness of Ag is most prominent when deposited in thin
(several nanometer) layers. The deposition of Ag can produce two “phases’,
which are mainly dependant on the resultant film thickness: as Ag is de-
posited on a substrate, it forms isolated clusters [63]. These discontinu-
ous areas display unwanted, extraordinary absorption of plasmon reso-
nance [64], inhibiting the evanescent wave enhancement properties which
Ag typically affords. Moreover, the metal islands greatly increase the
film’s surface roughness [65]. As Ag is continually deposited, the islands
begin to connect, producing a discontinuous metallic film. This point, is
known as the percolation threshold and occurs at around 25 nm Ag films
on borosilicate. At this point the film begins to exhibit its useful optical
properties [66]. As Ag is deposited past the percolation threshold, Ag fills
the areas between islands, and finally produces a continuous film, result-

ing in much lower surface roughness.

23
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3.1.1 Seed layers

Seed layers act as surrogate substrates, which lie between the substrate
and Ag, and can provide improved conditions for Ag to be deposited
on compared to bare substrate. For example, Ge offers high surface en-
ergy, 1.3-1.835 Jm 2, much higher than common substrates such as sili-
con oxide (SiO,) and borosilicate glass at 0.26 Jm~2 [67,68]. The higher
surface energy affords Ag highly increased wetting as its atom clusters,
which when deposited on Ge, tend to be flatter than the same clusters de-
posited without the initial Ge wetting. This produces a smoother overall
surface [69] and has shown surface roughness reduction by up to 70% [70].
A smoother surface should reduce the disruption of optical light transmis-
sion and should also produce a system with less loss.

This is generally the case [71], however, very thin seed layers produce
high optical loss in the film system due to the quantum confinement ef-
fect [72]. Therefore, one must aim to not only produce a smooth film, but
also highly efficient film systems such that losses are kept to a minimum.
Chen, et al. [57] furthered seed layer smoothing, and produced promising
results by an intert gas annealing technique of Ge/Ag films at ~ 300°C.
Annealing Ag films typically develops high surface roughness caused by
omni-directional grain growth [73]; however, thin Ge seed layers tend to
restrict z-axis growth of Ag during an anneal. An anneal of an Ag film atop
a Ge seed layer results in a primarily lateral grain growth. This is ideal as it
is thought that grain boundaries cause a certain degree of scattering from
the result of very slight interfacial differences in refractive index [74]. A
larger average grain size implies less grain boundaries and hence less loss.
Therefore a thermal anneal of a Ge/Ag film system could greatly improve
optical transmission, while maintaining low surface roughness.

Cuis proposed to wet Ag films in a similar manner with an even higher
surface energy of 1.96-2.24 Jm~? [75]. Cu seed layers used by Formica,
et al. [6] show a significant reduction of Ag surface roughness down to
Sy = 0.4 nm.
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3.1.2 Silver oxide seed layer

Silver oxide (AgOy) has been promoted in literature for its properties which
allow extraordinary effects when used to produce nano-scale features [76],
and thin films to produce optically excited electronic structures [77]. Fur-
thermore, AgO, has some interesting photonic enhancement abilities which
can be implemented as photonic waveguides and high density data stor-
age [78]. Finally, Martin, et al. [79] have used AgO to create novel isolated
Ag features through the thermal decomposition into Ag and O, which is
not possible through other typical fabrication procedures. Through this
mechanism, a reduction of surface roughness of the isolated Ag features
was observed, leading to the possibility of its extension to thin film smooth-
ing. Given the specialised effects of AgO, in nano-scale Ag features and
its photonic effects, it is a good option to consider for use as a seed layer.

Crystallography considerations are paramount when it comes to the
AgO, seed. Due to its oxide nature, AgO, can form various structures
during deposition, if not coerced to form in one main structure and direc-
tion. When AgO, is deposited onto a substrate, it typically orientates itself
with respect to the crystal structure of the substrate; however, for an FSL
to perform optimally, the main substrate on which all materials are built
must be non-birefringent, i.e. non-crystalline.

Birefringent substrates effectively supply different polarisations of in-
cident EM fields with distinct refractive indicies. Crystals, and materials
with crystal structures are inherently birefringent. Hence, substrates used
for plasmonic optics should ideally be amorphous. An amorphous sub-
strate has no dominant crystal direction, and so an oxide seed layer can-
not form preferentially upon it. A material, such as AgO,, will then form
random directions during deposition, causing stress in the film. Stressed
films can go on to form dislocations, producing hills, valleys, and defects
in general which increases surface roughness and reduces film quality [80].

One method to mitigate stress in the film is to deposit extremely slowly,

on the order of 0.05A/s. This slow deposition rate should allow for each
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continuous area of film to relax before new layers are added, reducing
overall film surface roughness. Furthermore a post-growth anneal may
help to reduce the stress from the film, thus smoothing the surface [81,82].

3.2 Grating fabrication process

The design and fabrication details of creating periodic gratings for the use
in plasmonic optics are presented below. This section outlines photoresist
grating fabrication steps, along with metalisation of these gratings. Fur-
thermore, small feature sizes in the nano-scale are desired and the addi-
tional techniques for their optimised fabrication is discussed.

3.2.1 Photoresist

Ag gratings are constructed from photoresist templates, which allow a
stencil, known as a mask, to be ‘copied’ onto a substrate. Photoresist must
be applied onto a substrate though use of a spin coater in order to attain
a uniform thickness over the entire substrate. Photoresist thickness can
be controlled through both the speed at which it is spun onto a substrate
and the duration of the spin, but the thickness is also dependant on the
viscosity of the photoresist itself. A common photoresist, AZ 1518, was
initially chosen due to its availability, ease of development, and its wide

use in literature [83].

3.2.2 Mask aligner

Typical photoresist exposure methods utilise mask aligners. These oper-
ate by allowing a mask to be positioned over a sample, covering areas of
interest. Once the mask is aligned, ultraviolet (UV) light is shone onto
the uncovered areas for a set exposure time. The mask aligner at VUW

is a Karl Suss MJB3 mask aligner and can attain minimum feature sizes
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of around 1-2 pm, but in order to produce gratings which will be useful
for the creation sub-diffraction limited images, the pitch must be reduced
ten-fold.

Moving to smaller pitch gratings naturally offers less area between
subsequent gratings for light to travel between. Eventually, in the many
hundreds of nanometers, the wavelength of light becomes an issue (the
same issue this thesis aims to overcome) and prevents sufficient light to
pass through the mask producing under-exposed samples, producing low
resolution and low fidelity samples, or unwanted results in general. This
can be overcome by sophisticated illuminations system for advanced mask
aligner lithography using Kohler integrators, illuminations filter plates,
and fourier lenses [84], however these are excessively complex. Further-
more, mask aligners require the sample to be placed a specific distance
from the mask itself. This variable distance, which can be hard to main-
tain across many samples, can reduce resolution of resultant photoresist
profiles as seen in Figure 3.1. Therefore, as gratings pitch reduces below
2 pm, the mask aligner system will be replaced with an interference lithog-
raphy (IL) setup.

Contact 20 pm 50 um 100 pm 200 pm

Figure 3.1: Photoresist profiles from mask aligner simulation illustrating
separation between sample and mask in contact mode (0 pm), 20 um,
50 pym, 100 pm, and 200 pm. Red is exposed resist profile, and black outline
is intended mask profile [85].
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3.2.3 Interference lithography

An IL system essentially functions in the same way as the mask aligner,
exposing specific parts of the photoresist. A helium-cadmium (He-Cd)
laser with a wavelength of 325 nm is reflected through a focusing lens and
then projected through a pinhole (5-15 um) which acts as a low pass fil-
ter to attain a Gaussian profile, effectively removing noise from the laser
beam. The light is then shone onto both the sample and a Lloyd’s mirror,
where interference patterns are created from the mirrors reflection produc-
ing nodes and anti-nodes on the sample, resulting in a grating profile, as
illustrated in Figure 3.2.

He-Cd Laser
AN
Reflectors
| i A 4
@: YV —
"""""""" Pinhole Focusing
Rotation  spacial filter lens
stage .
(@) (b)

Figure 3.2: IL system illustrating (a) placement, focusing, and filtering of
laser light for sample exposure, (b) detail of rotation stage and Lloyd’s

Mmirror.

The IL system has its advantages over the mask aligner, as it can im-
mediately produce features with a 1 um separation. By altering the an-
gle of the mirror and sample, which move together normal to each other,
to incident laser light, it is also possible to increase or reduce this sepa-
ration. By changing the angle of incidence, the feature sizes change by
Equation 3.1 [86].

A

~ 2sing’

p 3.1)
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where p is the interference pattern period, A is the laser wavelength and
¢ the rotation stage’s angle of incidence to the laser light. For example, a
linear 1D grating with a period of 1 ym requires 6 of sin™' 2= = 9.35°, given

2p =
A = 325 nm.

The angle dictates the pitch of the gratings, but we must also have re-
peatable methods in determining and supplying a ‘dose” of light to the
sample. The dose, d can be calculated given the power density (/,i;ror) Of
the interference pattern (I 4crn). This is dependant on the power density
of the light which exposes the sample (Zsqmpic). These terms are implicitly
derived from the schematic setup, which can be seen in Figure 3.3.

1]]1.
[mirror \

Isample 97 A

Figure 3.3: Illustration of terms used in IL dosage calculations derived
from impinging light on Lloyd’s mirror stage.

Using a Thor Labs S120VC 120-1100 nm power sensor connected to a
PM100A power meter placed immediately in front of the sample holder, it
is possible to measure the power to the sample, Picsnor ~ 0.200 mW (this
value is not constant between power cycles of the laser and is therefore
measured before each exposure onto samples). The power measured by
the sensor must be normalised per area. Given the aperture diameter of
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the sensor is 9.5 mm [87], the area, A, is

. 2
A=rx (w) (3.2)

= 0.709 cm?.
Hence, the power density at the sensor, I,esor, is

[sensor = Psensor/A (33)
= 0.200 mW/0.709 cm?
= 0.282 mW /cm?

and the density incident on the sample, Isqpic, is

Isample = [sensor X cos 0 (34)

= 0.278 mW/cm?,

where 6 = 9.35°. Furthermore, the density of the beam reflected on the
sample from the mirror, ,,,iror, is

Imirror = Isensor X cos ) x Rmir’ror (35)

= 0.207 mW/cm?,

where R0 describes the reflectivity of the mirror at A=325 nm, given
approximately 0.97 reflectivity. This gives the peak interference pattern
density of

2
]pattern = (\/]sample + \/Imirror> (36)
= 1.099 mW /cm®.

Finally, from the pattern density, the dose may be calculated by integrating
over the time, ¢, for which the sample is exposed:

t
d - / [pattern-dt (37)
0

= Ipattern X L.



3.2. GRATING FABRICATION PROCESS 31

Therefore, given Equations 3.3-3.7, typical doses of 150-300 m]J/cm? re-
quire exposure times from 30-60 seconds.

IL has much higher resolution when compared with the mask aligner,
but has its own limits. From Equation 3.1 along with the He-Cd 325 nm
laser, the period is limited between 165-3000 nm.

3.24 Development

Development of the photoresist is required after exposure to etch the photo-
pattern into the resist. Wet development is commonly used as the devel-
opment technique. By submerging a pre-exposed sample in developer for
a set amount of time, the desired gratings can be created. The sample must
then be submerged in a stop solution, typically de-ionised water (DiH,0),
to prevent over-development.

Developing photoresist is an iterative process, requiring many ’sacri-
ficial” samples to locate the optimum point of development. Developing
too long results in very thin gratings, along with very rounded gratings,
making subsequent metalised lift off much more challenging, whereas de-
veloping for too short a time effectively results in a continuous film of pho-
toresist with grating indentations in it. These two extremes can be seen in

Figure 3.4.

‘/\r\/\/\‘ | S

a) b)

Figure 3.4: Comparison of a) over-developed and b) under-developed
photoresist profiles. Dashed gratings are ideal, yellow gratings are resul-

tant photoresist gratings.

The case where development is insufficient will always lead to gratings
which cannot be metalised. Without having etched through the photore-

sist to the substrate, a metal layer would exist entirely on the photoresist,
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and lift off, where the photoresist is removed, would remove all metal,
leaving a bare substrate. This is a challenging aspect of the development
process as it is extremely difficult to differentiate between each of the de-
veloping extremes at the macro-scale. Therefore, the iterative process must

be scrutinised under scanning electron microscope (SEM) and AFM.

3.2.5 Image reversal photoresist

Positive photoresist, like AZ 1518, is often very troublesome to work with
at very small feature sizes around 1 ym. It tends to produce rounded and
shallow profiles, rather than a hard edge. This makes the fabrication of
square features, such as gratings, extremely difficult to properly manufac-
ture, and often produces unusable samples.

Image reversal photoresist (IRP) is used in a similar fashion, where ar-
eas are exposed and developed, but with the addition of another exposure
step: one must expose areas which are desired, then the sample is baked,
crosslinking the exposed areas, producing inert photoresist. Another ex-
posure, referred to as a ‘flood” exposure is then performed over the entire
sample. The flood exposure produces soluble photoresist where it was not
initially exposed and baked. The sample is then developed, retaining the
baked areas. An illustration of this process can be seen in Figure 3.5.

One of the main advantages of IRP is its inherent undercut in the pho-
toresist profile. This is illustrated in Figure 3.5 where the final photoresist
gratings are shaped as inverted trapezoids, rather than squares (from the
idealised profile of positive photoresist). This undercut is extremely use-
ful when it comes to adding metal layers. The resultant shapes of IRP
and positive photoresist offer a critical distinction when a metal layer is
added over the photoresist. The profile which positive photoresist devel-
ops allows a metal layer continuity over the entire surface of the sample,
whereas IRP causes discontinuous sections between gratings, which are
left over after lift-off, and are hence ideal. An example of this can be seen
in Figure 3.6.
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Figure 3.5: Simplified image reversal steps: a) expose areas to keep,
b) these areas become soluble, c) high temperature bake leaves soluble
areas inert, d) flood exposure over entire sample, e) these newly exposed
areas become soluble, while previously exposed areas remain inert, d) de-
velopment removes only the newly soluble photoresist.

It should be noted that negative photoresist produces a similar under-
cut profile; however, it has much lower resolution than IRP, reaching a
limit at approximately 1 ym. Furthermore, negative photoresists often re-
quire carcinogenic solvents for development [88].

While the development process for IRP is almost identical to that of
positive photoresist, the initial structure of the IRP gratings offers greater
robustness to over-development. This is due to the undercut of each grat-
ing, which reduces the effect of rounded profiles. Each extreme of IRP
development can be seen in Figure 3.7. It is possible to see that while the
gratings in Figure 3.7(a) are very over-developed, resulting in incorrect pe-
riod and height, liftoff would still be possible, producing functional metal
gratings. This added robustness of grating over-development-through the
use of IRP-aids in the fabrication and testing of FSL design.
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Figure 3.6: Comparison of a) positive photoresist profile and b) IRP profile
after metalisation. Insets illustrate continuous and discontinuous metali-

sation, respectively.
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Figure 3.7: Comparison of a) over-developed and b) under-developed IRP
photoresist profiles. Dashed gratings are ideal, yellow gratings, resultant
photoresist gratings, and blue is the substrate.

3.2.6 Grating quality and optimisation

The profile of the grating is a useful quantifiable property of the "good-
ness’ of the gratings, but it should not be the sole quantity on which grat-
ing quality is based. From a top-down view, it is possible to see the length-
wise direction of the gratings, and their line-width roughness (LWR). LWR
is typically reduced using complex methodologies, such as nano-imprint
lithography [89], the design of tailored polymer photoresist [90], and ex-
treme ultra-violet (EUV) exposure [91], where photoresist design and EUV-
based techniques typically require expensive equipment. However, due
to the low amount of LWR we expect (< 10% of feature width), a sim-
pler technique can be employed. A post-exposure bake (PEB), or resist
reflow process (RRP), at a temperature above the glass transition temper-
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ature of the resist will result in smoothing of the resist, heavily reducing
LWR. These temperatures are typically around 100 °C, with the bake last-
ing from 60-300 seconds. The RRP is of course dependant on the photore-
sist, its thickness, and dilution, but more importantly it becomes a trade-
off between the amount of rounding, and LWR. As the resist reflows, it
does so in all directions causing the profile to round as LWR reduces, as
illustrated in Figure 3.8. The rounding of the grating profile is detrimental
causing issues with lift-off. Hence, this RRP trade-off will have to be max-
imised for LWR smoothing, while maintaining a sufficient profile edge to
allow for lift-off.
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Figure 3.8: Increased RRP illustrates desired rounding on top-down view
(top) and detrimental rounding on grating profile (bottom).

3.3 Far field superlens design

In order to more easily exploit the superlens design, the image must be
reconstructed at the far-field. A far field superlens is made up of a metal
film and metal gratings. These two components require extra steps in or-
der to assemble the final FSL. Using a bottom-up approach, resulting in
{object/substrate/metal film /gratings/capping layer } will be more straight-
forward to fabricate, improving fabrication yield. This is compared to a

more complex top-down approach, {substrate/gratings/metal film/capping
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layer/object}. In order to achieve maximum evanescent enhancement, the
Ag film must be fabricated such that an object can be placed as close to the
FSL as possible. This restricts the thick 500 ym substrate to encounter in-
coming light after the evanescent mode conversion to propagating waves,
which the top-down approach offers. This makes the FSL more difficult to
construct, but will result in much better image reconstruction due to the
larger initial evanescent mode conversion. It should be noted that super-
lens and FSL designs which have been proposed in the past [35,42] have
utilised a bottom-up approach with samples mounted within the substrate
region. While this results in slightly reduced evanescent mode loss, fabri-
cation difficulty is increased, but more importantly, the sample cannot be
changed as it built directly into the FSL. The method which will be used
herein, and the less complex but lossy method are compared in Figure 3.9,
illustrating crucial losses which can easily be introduced.
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Figure 3.9: Comparison of FSL designs where (a) is complex, but provides
superior small feature information enhancement, and (b) more straightfor-
ward fabrication, but results in much higher losses due to substrate place-
ment (blue). Area (1) shows evanescent decay, (2) shows enhancement,
and (3) near- to far-field translation to produce propagating waves. Red
lines indicate incident light, evanescent modes, and propagating waves.
Purple represents a small object, green capping layers, silver represents
Ag gratings and films, and yellow PMMA filling.

The more difficult FSL fabrication method requires an Ag film to be de-
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posited on top of metal gratings. For this, we must first fill in the spaces be-
tween the metal gratings with an inert dielectric such that losses are kept to
a minimum. Polymethyl methacrylate (PMMA) is an optically "inert” sub-
stance. It is highly transparent with a refractive index of about 1.5 at opti-
cal wavelengths [92]. This means EM waves which pass through PMMA
experience little loss, and more importantly, little alteration to phase of
each polarisation. This results in almost unaffected optical information,
which is a necessity for use in superlens design.

By filling the space between the gratings with PMMA and then remov-
ing excess PMMA, a smooth and level pseudo-substrate can be formed
above the gratings. This planarisation step is crucial in providing an ideal
scaffold for the Ag film to be deposited on. Once a metal film is deposited,
a thin capping layer can be added. This is a protection layer to prevent
oxidisation of the metal layers, and mechanical damage of the metal film.
The FSL fabrication process is outlined in Figure 3.10.
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Figure 3.10: Simplified fabrication steps for the FSL: (a) create metal grat-
ings on substrate, (b) add PMMA backfill, (c) planarise PMMA, (d) addi-
tion of Ag film, and (e) capping layer.
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Chapter 4
Plasmonic film fabrication

This chapter details the experimental procedure devised from design and
theory highlighted in Chapters 2 and 3 for an Ag superlens. Furthermore,
results are given for each optimised design along with discussions and

explanations on their niche properties and characteristics.

4,1 Thin film fabrication

Metal films were deposited on 3” diameter 20/10 scratch-dig dual-side
polish (DSP) Schott Borofloat 33 wafers (UniversityWafer) after which these
were cut to 10 x 10 mm samples. The borosilicate substrates were cleaned
to remove contamination and improve film quality and uniformity. This
was achieved with multiple sonicated solvent rinses in acetone and iso-
propyl alcohol (IPA), drying with pressurised nitrogen (99.99%) (N,), bak-
ing at 100°C for 2 minutes, and finally cleaning using 50W O, plasma for
1 minute. Film stacks containing AgO, seed layers were fabricated using
radio frequency (RF) magnetron sputtering (HHV Auto500), with the lay-
ers deposited sequentially under base pressures of about 2.0 x 10~° mBar!
and deposition pressures of 1.7 x 102 mBar. Flow rates of 6 standard cu-

11 mBar = 100 Pa =~ 0.75 Torr
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bic centimetres per minute (sccm) of argon and 4 sccm of oxygen were
used for AgOy seed layers, and only 6 sccm of argon for Ag films. All
other films were fabricated using thermal evaporation (Angstrom Engi-
neering Nexdep 200) at base pressures of about 4.5 x 10~° mBar. Deposi-
tion rates were monitored using quartz crystal oscillators, hence all thick-
nesses quoted herein are mass average thicknesses, rigorously calibrated
through atomic force microscope (AFM) (Nanosurf NaioAFM) in contact
mode, surface profilometer (Dektak 150), and scanning electron micro-
scope (SEM) (Jeol 6610LV) measurements. Deposition rates, purity, and
supplier for each deposition material are shown in Table 4.1. Depositions
were performed at room temperature (20°C), although a small increase of
about 10°C was observed due to the thermal evaporation and sputtering

processes.

Table 4.1: Purity, supplier, and deposition rates for each deposition mate-

rial used herein.

Material Purity (%) Supplier Dep. Rate (A/s)
Ag sputter target 99.99 Plasmaterials 0.25 (Ag)
0.08 (AgOy)
Ag pellets 99.99 Kurt J. Lesker Company 0.30
Ge pellets 99.999 Kurt J. Lesker Company 0.08
Cu pellets 99.999 Kurt J. Lesker Company 0.08

4.2 Ge seed layer

Initial control samples fabricated without a seed layer prior to deposition
produced very rough Ag surfaces of > 1.4 nmgryms when measured using
the AFM. Figure 4.1 visually illustrates the roughness of Ag without a
seed, and with a 1 nm Ge seed, emphasising the substantial effect a Ge

seed layer has on the overall surface roughness of an Ag film.
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Figure 4.1: Comparison of AFM profile scans of (a) a 10 nm Ag film on
borosilicate (Sq = 2.68 nmgys), and (b) 1 nm Ge/10 nm Ag film on borosil-
icate (Sq = 0.64 nmgys) illustrating high roughness of Ag with no seed

layer.

Figure 4.1(a) shows the Ag islands which occur before the percolation
threshold, the point at which isolated islands begin to interconnect [93],
is reached. They are isolated from each other and their diameter is rel-
atively large, leading to the large surface roughness. This is in contrast
to the smooth continuous film which the Ge/Ag films provide in Fig-
ure 4.1(b). It is possible to see an immediate surface roughness reduction
upon the introduction of the Ge seed layer. Surface roughness decreases
to ~ 0.6 nmgys upon the addition of a 1 nm Ge film in advance of an Ag
films. Furthermore, Figure 4.2(a) shows the smoothing effects of a Ge seed
layer as the subsequent Ag film thickness is varied. Uncertainties for each
data point are calculated standard errors from at least 12 measurements
from 3 samples. Without a seed layer, we have observed via SEM imaging
that Ag percolates somewhere between 20-30 nm, with continuous films
being produced at > 35 nm. The smoother Ge/Ag films, along with the
downward S, trend with increasing Ag thickness is indicative of Ag’s re-
duced percolation threshold to < 10 nm thick films on Ge seed layers,
resulting in an increasingly smoother film system as Ag is deposited up to
40 nm. From this decrease in surface roughness, it is possible to conduct



42 CHAPTER 4. PLASMONIC FILM FABRICATION

a thermal anneal of the Ge/Ag films to reduce optical losses as discussed
in Section 3.1.1. Optical transmission measurements were recorded for
increasing annealing temperatures, and can be seen in Figure 4.2(b). An-
nealing was performed using a highly insulated thermal annealing tube
furnace with pure argon (99.99%) flowing through the furnace for 180 min-
utes before each 3 minute anneal.
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Figure 4.2: (a) Ag surface roughness varying with thickness and Ge seed
layer, (b) 1 nm Ge/10 nm Ag film optical transmission with annealing
temperature.

In theory, a Ge seed layer restricts Ag grain growth to the lateral plane,
hence we would not expect surface roughness to increase during a thermal
anneal of Ge/Ag film system. The results shown in Figure 4.3 confirms
this, showing that surface roughness in fact decreases as the Ge-seeded
film is annealed at increasing temperatures. Furthermore, 1 nm Ge/40 nm
Ag films are compared to illustrate the diminishing effect of the percola-
tion threshold of Ag after an anneal above 300°C regardless of thickness
up to 40 nm. For the optimum optical transmission of 96%, achieved at
an annealing temperature of 360°C, the surface roughness decreases by
16% to 0.615 nmgys. These results, supported by those in [57], suggest
that any Ag film grown on a Ge seed layer for use in a plasmonic optical
device should be subjected to a thermal anneal to produce optimum sur-
face roughness and transmission, and therefore an optimum plasmonic
response with this arrangement.
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Figure 4.3: Roughness of Ge/Ag films with increasing annealing temper-
ature for 10 and 40 nm thick Ag films.

4.3 Cuseed layer

Formica et al. [6] found a Cu seed layer resulted in low surface roughness
for 6 nm thick Ag films; we have grown such films and obtained simi-
lar results achieving 0.6 nmgys, compared to Formica’s 0.4 nmgys, with
discrepancies attributed to their extra plasma etching steps, along with
much lower deposition pressures. Ag grown on Cu seed layers was char-
acterised using the same method as Ge/Ag films. Figure 4.4(a) shows sur-
face roughness results, while the resultant Ag films from a Cu seed layer
can be seen in Figures 4.4(b) and (d).

The smoothing effect of Cu is notable from the somewhat continuous
Ag film it produces as shown in Figures 4.4(b) and (d). While much bet-
ter than the isolated islands in which Ag grows with no seed layer, the
Cu seed only smooths these Ag islands such that some adjacent islands are
connected, resulting in continuous, but distinct paths. This is compared
to the Ge seed layer where all neighbouring Ag islands have become in-
terconnected, resulting in a continuous film, as shown in Figures 4.4(c)

and (e). This is a subtle, but distinct difference between the two seed lay-
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Figure 4.4: (a) surface roughness varying with thickness for films grown
on Ge and Cu seed layers, as well as directly on the substrate. SEM surface
(top) and profile (bottom) views of 1 nm Cu (b) & (d) and Ge (c) & (e) seed
layers under a 10 nm Ag film. Right side of (b) & (c) is removed film to
show bare substrate. Lower boundary of (d) & (e) shows edge overhang

of sample. Scale bars are 100 nm.

ers, accounting for the difference in surface roughness for 10 nm thick Ag
films. As a result, Cu as a seed layer produces slightly rougher subse-
quent Ag films when compared to Ge, especially as Ag films approach
40 nm thick.

However, Ag layers around 10 nm thick are ideal for improved evanes-
cent enhancement [94] — the thickness where the Cu seed falls short when
compared to Ge. While the Cu seed layer reduces Ag roughness, in the
best case from 2.16 to 0.61 nmgys, the seed seems to have low lateral in-
fluence over Ag film growth; that is, the Cu seed can produce smooth
Ag films in thin layers, but as the Ag thickness increases, the smoothing
effect of Cu diminishes. This returns to the mechanism with which Cu
smooths subsequent Ag films. The high Cu-Ag bond-dissociation energy
(40.7 kcal [95]) results in more tightly packed atoms—and hence a smoother
surface—at an interface compared with Ag-Ag bonds (37.6 kcal [95]). How-
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ever, as Ag thickness increases to orders of magnitude larger than the Cu
seed layer, the bond energy becomes less influential towards surface to-
pography. The Ag-Ag bonds become more dominant consequentially in-
creasing surface roughness. These results indicate a Cu seed layer is both
thickness-restricted and less effective in reducing surface roughness when
directly compared with Ge. The resultant lack of smoothing can be seen
visually by means of SEM images of 10 nm Ag films fabricated on Cu and
Ge seed layers, respectively, as seen in Figures 4.4(b)-(e).

In an effort to further reduce surface roughness, an annealing treatment
for Cu was also explored. Lee, et al. [96] found rapid thermal annealing
to be the optimum annealing treatment, compared to vacuum annealing
and thermal nitriding, in producing a low resistivity Cu film, and hence
a low surface roughness film [97-99]. Therefore, the thermal annealing
treatment conducted on Ge/Ag was repeated for Cu/Ag films. As seen in
Figure 4.5(a), a thermal anneal develops an increase in surface roughness
for Cu films.
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Figure 4.5: (a) Surface roughness 1 nm Cu/10 nm Ag films with increasing
annealing temperature which results in increasing roughness. (b) Ag film

transmission varying with annealing temperature and seed layer.

The roughness of films grown on Cu compared to Ge-seeded Ag fur-
ther increases during thermal annealing. Yet, for the 200 —300°C annealing

range, the increased roughness results in a slight increase in optical trans-
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mission, as seen in Figure 4.5(b). Optical transmission in the UV range
should in theory reduce with the surface roughness of thin films [100] due
to introduced fluctuations in surface polarisation and magnetisation den-
sities, leading to disruptions in transmission uniformity [55]. However, it
seems an optically enhancing mechanism increases the transmission over
the annealing range even with the increased surface roughness. Notwith-
standing, when the optical transmission over the entire annealing range
is compared to Ag with Ge seed, or even Ag alone, the high loss of Cu is
noticeable.

These results suggest that although Cu does not restrict the Ag grain
growth during a thermal anneal as efficiently as a Ge seed layer. Ag will
tend to grow in all directions unless otherwise impeded [101,102], and so
grows perpendicular to the surface (along with lateral growth), increasing
surface roughness. The surface roughness trend seen in Figure 4.4(a) sug-
gests the Ag grain growth restriction of Cu is limited to < 10 nm Ag films.
It should also be noted that Cu seed layers appear to have a low thermal
resilience, producing very high surface roughness and diminished opti-
cal transmission at temperatures just over 300°C, compared to the much
higher > 450°C thermal threshold which Ge affords.

44 AgOy seed layer

Finally, AgO, was promoted for use as a smoothing seed layer for Ag [58];
however, sputtering techniques to produce smooth AgO, on borosilicate
substrates proved very difficult. After optimising the deposition tech-
nique for AgO, and Ag, the final surface roughness was reduced from
about 7 nmgys to 1.75 nmgys.

Throughout the experimental procedure, the AgO,/Ag interface pro-
duced very large Ag grains, and hence high roughness. Larger Ag grains
are desirable in a Ge/Ag stack as this grain growth is limited to the lat-
eral plane due to inherent Ge properties. This results in less grain bound-

aries and flatter grains, both of which contribute to a smoother surface.
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However, in an AgO,/Ag stack, the grains grow laterally and vertically
producing much rougher surfaces, hence smaller grains are preferred.

It should be noted that the optimised AgO,/Ag films were deposited
sequentially in situ, via RF sputtering without breaking vacuum. This is
in contrast to the other Ag films described in within which were grown
by thermal evaporation. For comparison, Ag films were also deposited
via thermal evaporation onto RF sputtered AgO, seed layers. These films
were comparatively rough, with average surface roughness of 8.15 nmgys.
It is unknown whether this greater roughness is due to the behaviour of
the seed layer or to the contamination that results after breaking vacuum
to transfer samples from the sputtering chamber to the evaporation cham-
ber under ambient conditions. In any case, the end result was not suitable
for our purposes. Thermal annealing treatments were also explored for
AgO,, but caused very high surface roughness on the order of 11 nmgys.

In summary, the AgO, seed produces very rough films when compared
to Ge or Cu seeds. AgO, and Ge seed layers are directly compared in Fig-
ures 4.6(b) and (c) to illustrate the ineffectiveness of AgOy as a smooth-
ing seed layer. Furthermore, Figures 4.6(a) and (b) demonstrate the weak
smoothing effect which AgO, has on an Ag film by way of very similar
grain size and topography as an Ag film with no seed layer.

Figure 4.6: Planar SEM images of (a) 10 nm Ag (S, ~ 2.16 nm), (b) 1 nm
AgO,/10 nm Ag (S, ~ 0.85 nm), (c) 1 nm Ge/10 nm Ag (S, ~ 0.71 nm).
Top left section of each micrograph is bare substrate. Scale bars are 100 nm.
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With the discrepancy between our results and those presented in [58],
substrate effects were studied. Throughout the fabrication of thin films,
we have used high quality borosilicate substrates, whereas [58] uses sap-
phire substrates. AgO, was deposited onto (001)-orientated sapphire sub-
strates as a comparison to the borosilicate substrates which have been used
in this study. The results presented in Figure 4.7 show a very strong reduc-
tion in surface roughness of AgO, on sapphire from 0.812 to 0.308 nmgys.
This illustrates the effectiveness of oxide deposition on crystalline sub-
strates, and explains the discrepancy between our earlier results and those
published in [58]. However, we note that due to the birefringent nature of
crystalline substrates, they are not suitable for all plasmonic applications.
Birefringent substrates effectively supply different polarisations of incom-
ing electromagnetic energy with distinct refractive indicies. Even with the
relatively small birefringence of sapphire, An ~ 0.0089 [103], light sep-
aration 1 mm from the field’s entrance to the sapphire can produce out-
going light divergence of approximately 300 nm. This effectively reduces
the resolution of any image reconstruction by obscuring the small feature

information, and reduces the effectiveness of a plasmonic device itself.

1000 10 1000 10
. is
0

wn
Height (nm)
y (nm)
=
Height (nm)

500 OOO ’ OO 500 1000
X (nm) X (nm)
(a) (b)

Figure 4.7: AFM micrographs of AgO, deposited on (a) borosilicate and
(b) sapphire. Resultant surface roughness is 0.812 nmgys and 0.308 nmgys,
respectively. Micrographs illustrate reduced roughness of AgO, on crys-
talline substrates compared to amorphous ones.



Chapter 5
Grating design

Fabrication of photoresist gratings was performed on the same 10 x 10
mm samples as detailed in Section 4.1. After the cleaning procedure, pho-
toresist is applied using a spin coater. From here, the sample with pho-
toresist is placed in the rotation stage of the IL system, held in place via
vacuum. The sample is exposed for a time calculated from sample power
and dosage. The exposed sample, if required, will then undergo a post-
exposure bake for 60 seconds at 100°C. Developing the sample is done in
a wet puddle of developer for a distinct development time. The sample is
immediately rinsed in DiH,O for approximately twice as long as develop-
ment time to stop development and to further clean the sample. Finally,
the sample is dried using No.

A requirement of the photoresist is that it must be 300 — 500 nm thick.
This is the optimum thickness between achieving the best case grating
profile-the longer the development, the less square the gratings become-
and having sufficient thickness to produce separation of a metalised film.
Figure 5.1 shows AZ 1518 reaching a minimum thickness of approximately
2 pum (2000 nm) at 4000 RPM, hence standard AZ 1518 is unable to achieve
this desired thickness.

AZ 1518 is a buffer solution — a weak acid and its conjugate base. As

a result, its pH is stable with the addition of a small or even moderate
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amount of strong acid or base [104]. Hence, AZ 1518 can sustain the char-
acteristics which are required for etching even with a dilution of select
chemicals in order to reduce its minimum film thickness to the required
400-500 nm.
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Figure 5.1: Spin speed curves for AZ 1500 resist products
(6” Si wafer; soft bake 90°C/60 seconds) [83].

Propylene glycol monomethyl ether acetate (PGMEA) is a high purity,
effective, low cost solvent designed for dilution of the AZ 15XX photore-
sist series. PGMEA is also an edge bead remover which removes ridges,
or beads, which build up at the edge of a wafer during spin coating [105].
For these reasons, PGMEA was selected as the dilution agent, and ap-
plied to the AZ 1518 photoresist at a 1:1 ratio (by weight). The solution of
AZ 1518:PGMEA was spun onto fused silica substrates at 3000 RPM for 30
seconds, and then baked at 115°C for 60 seconds. The resultant thickness
of select samples can be seen in Table 5.1.

As per Table 5.1, it is possible to attain the desired thickness, achiev-
ing on average 409 nm. This standard AZ 1518 photoresist is generally
useful for applications with thick layers (1-10 um) and large feature sizes
(> 5 pum). Many iterations of 1 um pitch gratings in AZ1518 resulted in
very rough and wavy gratings with doses of 350 mJ/cm? and 18 second
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Table 5.1: AZ 1518:PGMEA thickness results on fused silica at 3000 RPM
for 30 seconds. Samples chosen at random from a batch of 20 samples.

Sample # | 1 2 3 4 5 | Mean Std Dev

Thickness (nm) | 383 426 435 401 400 | 409 21 (5.2%)

development in AZ 326 MIF developer. It was found that the photoresist
itself was the main issue behind the troublesome production of gratings.
The heavy dilution of AZ 1518 to achieve the required thickness greatly
reduces the efficacy of its photo-sensitivity. As a result, the initial low res-
olution AZ 1518 is further reduced to a scale which is unusable in this
application. Figure 5.2 shows gratings produced using AZ 1518 at 1 ym
pitch. The profile of these gratings are very triangular and show heavy
LWR and LER. Metalisation and lift-off of these gratings would not pro-
duce usable metal gratings in general. At this stage, it was evident that a
replacement photoresist was required in order to achieve usable NSDGs.
An IRP, AZ 5214E was tested to replace the AZ 1518.

a) DABBREHRD =
Figure 5.2: SEM images of resultant dilute AZ 1518 gratings in (a) profile,

and (b) top-down. Images illustrate bad profile, and large LWR. Scale bars

are 1uym

Initial 1 yzm results with the AZ 5214E IRP seemed promising, produc-
ing much finer edge profiles than that of AZ 1518. These were created with
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an initial exposure dose of 200 mJ/cm?, post-exposure bake at 100°C for
60 seconds, a 300 mJ/cm? flood exposure, and finally an 8 second devel-
opment in AZ 726 MIF developer. However, as smaller feature sizes were
attempted, similar nonidealialities as before began appearing, such as high
line edge roughness both laterally and vertically. Again, AZ 5124E is not
specifically made for very high resolution, thin films as required by these
applications. At this point, a high resolution photoresist was required.

High resolution IRP would be the ideal case; however, there is a com-
mercial lack of IRP which is suitable for the required thicknesses and fea-
ture sizes, so a positive high resolution photoresist was chosen. While
the disadvantages of positive photoresist have been discussed herein, a
very high resolution positive resist can produce sidewalls which are al-
most perpendicular, producing a sharp enough edge for a metal film to
become discontinuous to aid in lift-off.

Using AZ 701MiR, Microchemical’s highest resolution positive resist,
we were able to proceed in producing small feature gratings. The AZ701MiR
had to be diluted slightly to achieve the photoresist thicknesses required.
A mix of AZ701MiR:PGMEA at 2:1 ratio (by weight) spun at 3000 RPM for
60 seconds produced 350 nm thick films. In a similar method to AZ 1518,
the nanoscale diffraction gratings were produced at 1 ym pitch with a pho-
toresist thickness of ~ 350 nm. Figure 5.3 shows SEM images of all three
photoresist series used herein, illustrating the effectiveness of the high res-

olution photoresist.

5.1 Metalisation and lift-off

The Ge/Ag metalisation is conducted in the same manner as for the thin
film design, described in Section 4.2. After metalisation, lift-off is achieved
in a wet puddle of acetone residing in a sonication bath to increase effec-
tiveness. After sufficient lift-off duration, typically between 20-60 seconds,
the sample is moved into sonicated IPA to remove metal residue, and to
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Figure 5.3: 1 ym gratings fabricated using (a) AZ 1518, (b) AZ 5214E, and
(c) AZ 701MiR. Photoresist performance increasing left to right. Scale bars

are 1 ym.

clean the sample of acetone. From here, the sample is dried using N,. Util-
ising the optimum system from Section 4.1-a Ge/Ag film—metalisation of
the gratings is straightforward.

Lift-off was initially conducted using a wet puddle technique in soni-
cated acetone, and then in IPA. This technique produced sub-par results,
as lift-off did not occur in large areas of samples and produced excessive
amounts of metal film overhang.

These overhangs are a result of the shallow side-wall angle of the pho-
toresist. Metalisation of these gratings results in a continuous metal film
which then after lift-off, produces the undesired overhangs. As the pho-
toresist is removed, the continuous metal film does not split at the sub-
strate, but rather splits towards the peak of the grating, leaving free float-
ing metal. This is shown in Figure 5.4(a), while experimental results can
be seen in Figure 5.4(b).

In order to achieve maximum diffraction efficiency, and hence max-
imum resolvable resolution and performance from the FSL, the grating
must be as ideal as possible, requiring the least amount of nonidealiali-
ties presented in Figure 5.4(b). The fabricated metal gratings adhere to the
substrate over the majority of its profile, and so a more aggressive lift-off

technique would improve metal edges.
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Figure 5.4: (a) [llustration and (b) fabrication results of nonideal lift-off
of 40 nm Ag on borosilicate. This occurs as prelift-off metal gratings are
continuous over photoresist. In (a) yellow represents photoresist, silver is
Ag, and blue is substrate. Scale bar is 1 pm.

In an attempt to overcome some of these issues presented through lift-
off with acetone, a slightly stronger lift-off solvent was used—-n-methyl-2-
pyrrolidone (NMP). NMP was initially disregarded due to the increased
adverse health effects [106], however its superior lift-off properties neces-
sitate its use. The lower vapour pressure yields less post-lift-off contam-
ination, while producing improved resist removal and keeping removed
particles suspended in solution more effectively [107]. This resulted in
much cleaner lift-off.

Finally, lift-off was conducted in full strength sonicated NMP for 10
seconds with metalised surface upside down. As the metal particles have
a higher density than the surrounding NMP, they sink away from the sam-
ple, reducing contamination. To further improve lift-off, several cleaning
procedures were employed immediately after lift-off: sonicated rinses in
IPA and N, flow parallel to grating direction to both dry the sample and
remove metal debris. An example of the results of this rigorous technique
can be seen in Figure 5.5 where the optimum lift-off technique is compared
to a simpler, lower quality technique.

With an optimised development, metalisation, and lift-off technique,

it is now possible to reduce pitch in order to effectively move near field
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B

Figure 5.5: SEM micrographs of Ag gratings on borosilicate substrate.
Comparison of (a) initial low performance lift-off technique producing
rough Ag gratings, and (b) optimised lift-off technique resulting in much
smoother Ag gratings. Scale bars are 1 ym.

information to the far field. As mentioned in Section 2.5, the NSDG pitch
must be reduced to < 200 nm. This is possible using the IL system, but as
with any process, as smaller features are required, the fabrication process
necessitates more rigorous attention to detail. Furthermore, as pitch de-
creases, the exposure dose and development times vary, with these added
variations becoming all that more pivotal towards producing functional

gratings.

5.2 Nano-scale grating idiosyncrasies

Creating feature sizes on the micro-scale is relatively straight-forward when
compared with those on the nano-scale. Very small factors which typically
are not an issue at micro-scale can produce large changes in nano-scale
gratings. As grating pitch should be roughly two thirds of the exposure
wavelength is desired, these factors must be carefully controlled.

The main contribution factor in the fabrication of NSDGs is the sub-
strate’s interaction with incident light during an exposure. As the light
passes through the photoresist, it hits the substrate and is reflected back

towards incidence. The incident and reflected wave interact and produce
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standing waves within the photoresist. Typically on the micro-scale, these
standing waves produce a noticeable corrugated profile in the photoresist,
which does not strictly inhibit the production of micro-scale gratings, but
is undesirable. Unfortunately, the standing waves occur at similar dimen-
sions as the desired feature sizes at the nano-scale preventing the fabrica-
tion of NSDGs. A common method of overcoming these reflections is to
use a bottom anti-reflective coating (BARC). BARC is applied to the sub-
strate before the photoresist in order to effectively reduce reflections be-
tween the photoresist and substrate during exposure. The chosen BARC,
AZ Barli-II 120 from Microchemicals is spun onto a cleaned substrate at
6000 RPM for 120 seconds, and is baked at 100°C for approximately 120
seconds to produce a 100 nm layer. The photoresist layer then follows,
now diluted AZ 701MiR:PGMEA 1:2 (by weight), and spun at 6000 RPM
for 120 seconds to produce 92 nm thick layers. Figure 5.6 illustrates the
considerable effect a BARC layer provides: gratings are difficult to dis-
cern in Figure 5.6(a) which does not have a BARC, but are obvious in Fig-
ure 5.6(b), which does. While the notable improvement of the gratings is
easily seen, they are not ideal as of yet. Their low frequency LER wavi-
ness is also an issue, considering the gratings even intersect one another

in places.

This intermingling of gratings is in fact due to local air vortices which
have a time dependant nature during the exposure. These vortices inter-
fere with the incident light and can move particulates into the beam’s path
causing irregular exposure patterns on samples. This manifests as the ir-
regular beating where the peaks and troughs seen in Figure 5.6(b) produce
an inhomogeneous plane, i.e. a wavy z-axis component is added. Further-
more, singular gratings at irregular intervals can become deformed and
fork into two gratings, producing a coarse discontinuity within the peri-
odic grating structure. Mathematical descriptions of these turbulent vor-

tices are given elsewhere [108].

After the discovery of this, a light and air vortex shield was added over
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Figure 5.6: Exposure and development of 300 nm pitch NSDGs (a) without
BARC, and (b) with BARC.

the laser exposure area in order to reduce these negative effects. Along
with this, we found detrimental effects from the vacuum line holding sam-
ples in place during an exposure. Given minute long exposures, the vac-
uum’s time dependant nature effectively shook the sample sufficiently to
reduce grating quality. To prevent this, samples were mechanically held
in place during exposures without vacuum. Fabrication results illustrated
in Figure 5.7 show the stark contrast between samples before and after
both vacuum and vortex issue rectification. While it is easy to see the
increased fidelity between Figures 5.7(a) and (b), fast-fourier transforms
(FFT), which describe these grating profiles in the frequency domain, also
supports this improvement mathematically. The FFT of the increased de-
velopment process produces much purer frequency information, shown
by the large peak at 300 nm and reduced noise in Figure 5.7(d), when com-
pared with Figure 5.7(c).

The detail of such features can be achieved mainly due to the BARC.
While effective, it does indeed add an extra layer of complexity. Devel-
opment of the upper photoresist layer produces gratings through to the
BARC layer and no further. In order to produce metallised gratings, the
BARC layer must be etched. This was achieved using a high power helium-
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Figure 5.7: (a) 300 nm pitch photoresist gratings with vacuum and vor-
tex exposure issues, (b) 300 nm pitch photoresist gratings with exposure
issues rectified, (c) and (d) are FFTs of respective subfigures above. The
FFTs in (c) and (d) are taken from single lines indicated by dashed lines in
each of (a) and (b).

oxygen (He-O;) plasma in a reactive-ion etcher (RIE) [109]. RIE is a dry
etching technique which uses chemically reactive plasma to remove tar-
geted material. The plasma inside the RIE chamber is generated under
vacuum using strong electrostatic fields, typically through inert gasses
such as He, Ar, or O, [110].

By using He and O, input gasses at 10 and 5 sccm, respectively, with
the chamber pressure at 20 mTorr and power set to 80W, a plasma is gener-
ated. This plasma etches both photoresist and BARC, but the etch is more
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heavily weighted towards the BARC layer. This results in a net vertical
etch through the BARC. The etch depth through the BARC can be directly
controlled through the plasma etch duration and power. At 80W, the etch
rate is approximately 44 nm/min. With 1 um gratings the He-O, etch
produces BARC gratings that are approximately 30-40 nm high, which re-
stricts possible metalisation thickness and hence, Ag NSDG thickness, to
around 20 nm.

Another concern with the RIE process is the isotropicity of the etch,
especially in the case of nano-scale feature sizes. For example, with 1 ym
pitch gratings at 100 nm thick, we see approximately 40 nm isotropic lat-
eral etch from either side of the grating, which is only a small portion of the
500 nm feature sizes, leaving roughly 420 nm wide grating peaks. How-
ever, the isotropic etch amount is constant when etching the 100 nm fea-
ture size gratings, resulting in a heavy lateral etch, which typically leads
to premature grating removal. Isotropic etching is illustrated in Figure 5.8.

0.5 pm 100 nm
« Photoresist
e A —
~ Substrate \ f
40 nm etch He-O_ etch 40 nm etch
2

(a) b

Figure 5.8: BARC etching with He-O, plasma on (a) 1 ym and (b) 200 nm
pitch. (a) shows the small isotropic lateral etch to the sidewalls of the
gratings, while (b) shows excessive and catastrophic anisotropic etching

due to the smaller feature size.

One solution is to decrease photoresist thickness, but a thinner pho-
toresist layer would result in the inability to perform metalisation and
lift-off at the desired Ag thickness. A photoresist layer approximately
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20 nm thick would be required, which would allow for a maximum of
a 10 nm Ag layer. However, Durant, et al. [8] show theoretically that a
grating depth should be approximately 50-60 nm to maximise transmis-
sion through the —1 diffraction order. Ag gratings at 10 nm depth will
only functionally transmit order —1 at 20% efficiency.

In summary, we have identified a viable process for the fabrication
of an FSL. We have produced metal Ag films with surface roughness of
0.6 nmgys and 96% optical transmission. Furthermore, the production of
200 nm pitch gratings was achieved using a BARC layer. However, ef-
ticiency of such an FSL is likely to be limited compared to an ideal de-
sign [8]. Optimising our process to fabricate an optimum FSL could be
done with either the introduction of an oxide film between photoresist and
BARC, or a more anisotropic etch, such as would be available from a deep
reactive ion etcher (DRIE). Unfortunately, both of these options would re-
quire new equipment (gas extraction apparatus for safe RIE of oxide lay-
ers with fluorine-based gas, or new DRIE machine), which is currently not

available.



Chapter 6
Conclusions and future work

This thesis explores the fabrication of Ag-based photonic devices, such as
superlenses and FSLs. One of the main factors contributing towards an
efficient superlens being an extremely smooth surface. We have compared
and discussed several seed layers for use in improving photonic perfor-
mance. From the Ag thin film fabrication discussed in Section 4 we have
found the Ge seed layer to provide the best initial surface roughness and
optical transmission of 0.71 nmgys and 83%, respectively. These qualities
are improved upon using an inert gas thermal annealing technique in an
Ar atmosphere, resulting in 0.61 nmgys roughness and 96% optical trans-
mission. While Ge improves the SPR qualities of Ag, Cu and AgO, were
less effective seed layers, resulting in rougher surfaces, or films with poor
transmission at 325 nm. That being said, we have discovered a thin Cu
seed layer has an advantage of producing extremely smooth films with
< 10 nm Ag thicknesses.

In addition, the plasmonic applications that we have considered re-
quires the use of non-birefringent substrates; however, we found that AgO,
can produce very smooth films on crystalline substrates, on the order of
0.3 nmgms, which could be very useful in photonic sensors [111,112] and
photonic solar cells [113-115].

We also explored the fabrication of NSDGs for use in FSLs. These re-

61
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quired in-depth research into fabrication procedures, and extensive envi-
ronmental optimisation such as the addition of bandpass light filters, 5 ym
pinhole Fourier filters, and air vortex shields. Chapter 5 details the differ-
ent approaches to this, through the use of specialised equipment and high
quality, bespoke photoresist. Through these rigorous fabrication steps,
we were able to create flat, low roughness Ag gratings anywhere from
10-40 nm high. Moreover, the bounds of interference lithography were
approached in the creation of high contrast sub-wavelength gratings ap-

proximately 200 nm in pitch.

6.1 Future work

6.1.1 Film efficiency and evanescent mode production

As previously discussed in Section 3.1.1, the addition of seed layers, espe-
cially in metal films at thicknesses around a couple of nanometers, pro-
duces high loss due to the quantum confinement effect. Nevertheless,
they tend to reduce surface roughness. Currently, there is little experimen-
tal evidence which shows that this trade-off produces a net improvement
to evanescent mode enhancement (EME). As a result, we have devised
a simple method for detecting and comparing relative EME for Ag films
with and without seed layers. Using a Kretchmann configuration [116], it
would be possible to produce evanescent modes at the interface of a prism
by impinging light below the critical angle, 6, for total internal reflection.
With this, a superlens may be fabricated on the base of the prism in an ef-
fort to enhance the produced evanescent modes. Finally, upon exiting the
superlens, the evanescent modes are allowed to decay through a fluores-
cent dye suspended in polyvinyl alcohol (PVA). Given an incident beam at
325 nm from a He-Cd laser, a specific dye, 4',6-diamidino-2-phenylindole
(DAPYI), is excited and should produce fluorescence at 460 & 12 nm. This

fluoro-Krechmann design can be seen in Figure 6.1.
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Figure 6.1: Simplified illustration of Kretchmann configuration with
added dye for evanescent illumination. Red lines through the metal and
PVA show evanescent enhancement intensity and decay, respectively. In-

cident light shows propagation direction.

The fluorescence from the DAPI could be measured easily using a spec-
trometer. To further reduce measured noise, a 325 nm bandpass filter
should be placed just before incidence to the prism, and 460 nm band-
pass filter just after the evanescent mode production. These filters both
reduce the likelihood of other light sources producing excitation in the
DAP]I, and also reduces other wavelengths of light being incorrectly mea-

sured as 460 nm.

As a proof of concept, we have fabricated such prisms and custom de-
signed holders to house prisms in a thermal evaporator and spin coater.
We have also produced a separate prism rotation stage. Using BF33 Schott
60° 20/10 scratch/dig prisms from Sinoptix, it was possible to evaporate
smooth Ag films upon the bottom face. Figure 6.2 reports the detected
spectrometer information radiated through prisms with various metal coat-

ings of either Ag, Cu, or chromium (Cr).

There is obvious DAPI fluorescence detection when a 40 nm Ag layer



64 CHAPTER 6. CONCLUSIONS AND FUTURE WORK

50 ;
—40 nm Cu
—40 nm Cr
40+ 1
'{3: 40 nm Ag
E30¢
2
=20} —
= I M
= L M
=10 NAWWMW Iy ‘C\( ,
0 ¢ : :

200 400 600 800
Wavelength (nm)

Figure 6.2: Spectrometer response from fluoro-Kretchmann setup. Mea-
sured data through Ag shows EME at 460 nm, whereas Cu and Cr do not.

is deposited on the prism. This is compared to 40 nm films of Cr and Cu,
both of which do not show any response. We attribute this to a direct result
of EME through the Ag film. The enhancement triggers the fluorescence
of DAPI which is detectable by the spectrometer. This is in contrast to the
negligible EME which Cr and Cu provide.

This is an important technique for measuring film quality and the EME
effects which seed layers provide. Using this technique, future work could
compare the effects of smoothing seed layer stacks such as Ge/Ag versus
Cu/Ag to find quantifiable differences in EME.

6.1.2 NSDG quality

The NSDG efficiency is an important quantity to the FSL, and optimising
this could lead to much better imaging. The grating efficiency is max-
imised by reducing harmonics from the laser exposure so that only one
grating pitch is exposed. This is compared to the current setup which

results in increasing harmonic pitches at the microscale. This could be
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solved in future by using digital spatial filters [117].

Furthermore, BARC etching can be improved with an intermediary
layer of silicon oxide (SiO,) between the photoresist and BARC. This will
allow much greater selective development of the photoresist, with the SiO,
and BARC remaining untouched. Then, the SiO, can be etched using sul-
fur hexafluoride (SFg) in RIE, and finally an O, plasma to etch the BARC
layer. This method is known as SiARC [118,119] and would effectively
allow up to 500 nm deep 200 nm pitch BARC gratings. The height of the
gratings, along with the isotropic etch which the RIE provides, could pro-
duce gratings with very low LWR, greatly improving grating efficiency.
It should be noted that the SIARC method was not explored within this
thesis due to lack of access to required equipment, including an SFs-based
RIE system.

6.1.3 Far field superlens

In the simplified design outline in Section 3.3 and again in Figure 6.3,
the metal gratings must first be created on the substrate, then filled with
PMMA. Planarisation of the PMMA is required as it is difficult to create an
exact thickness of PMMA, but mainly spin coating a viscous liquid onto
a non-uniform film causes issues of its own. Due to the gratings and sur-
face tension, the PMMA will not easily fill the gaps between the gratings.
To coerce the PMMA into the gaps, an overly thick layer of PMMA must
be spun on. Planarisation can be performed in a low power O, plasma,
which effectively etches specific thickness of PMMA equal to the amount
of time it is exposed to the plasma. Furthermore, the planarisation will
also produce a very smooth PMMA surface.

From this point, using the methods outlined previously, it should be
possible for a future researcher to create functional Ag gratings on a borosil-
icate substrate, fill and planarise PMMA, and finally top with an Ag film
to produce an FSL.
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Figure 6.3: Simplified fabrication steps for the FSL: (a) create metal grat-
ings on substrate, (b) add PMMA backfill, (c) planarise PMMA, (d) addi-
tion of Ag film, and (e) capping layer.

The fabrication steps outlined in this thesis lead to a considerable im-
provement in attainable devices with limited equipment. Furthermore,
the advancements made to fabrication have also resulted in improved de-
vice performance. Therefore, this thesis paves the way to improved fab-
rication of sub-nanometer smooth films and sub-wavelength features for
use in photonic devices, to further increase the performance of relevant

devices, such as photonic sensors and solar cells, and optical microscopes.
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