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UNIVERSITY OF SOUTHAMPTON
ABSTRACT
FACULTY OF ENGINEERING AND THE ENVIRONMENT
COMPUTATIONAL ENGINEERING AND DESIGN
PhD Thesis
The Optical Properties of Nano-photonic Biomimetic Antireflective

Structures
by Asa Asadollahbaik

The field of biomimetics is vastly expanding in engineering and technology. Natural examples
of successful photonic devices in nature have shown potential for engineering applications. One
biomimetic example is the “moth-eye” structure known to have low reflection over a wide wave-
length spectrum and incident angle, and have potential for use as anti-reflective and anti-glare
surfaces. In this thesis computational and experimental studies on silicon moth-eye structures
are presented, investigating their reflectance properties for use in solar cell anti-reflective coatings

and anti-glare applications.

Computational studies showed that periodicity and height of protuberances in moth-eye struc-
tures are critical parameters to produce low reflectance at a desired wavelength range and allows
the design of moth-eye structures for a variety of applications from the visible wavelength to the
micron-scale. Computational optimisation identified a moth-eye structure of low reflectance (un-
der 1%) in the visible wavelength spectrum, insensitive to the angle of incidence and orthogonal
polarisation up to an incident angle of 40°. The azimuth orientation of moth-eye structures was
found have little effect to their specular reflectance, a novel finding showing a strong potential of
moth-eye structures for anti-glare applications. Moth-eye structures were found to remove the
single polarisation reflectance property of silicon surfaces and be capable of introducing inverse

polarisation in the visible wavelength spectrum.

Experimental studies revealed that increasing the periodicity of moth-eye structures shifts the
normal incidence and specular reflectance spectrum towards higher wavelengths. Increasing the
incident angle not only increases the reflectance value but also shifts the reflectance minima and
maxima towards higher /lower wavelengths. The profile of the protuberances was found to affect
the specular reflectance of moth-eye structures; tapered profiles reduce the reflectance more than
vertical pillars. The reflectance measurements at different azimuth orientations confirmed the

simulation study and showed that moth-eye structures are well suited for anti-glare applications.

A comparison between optical properties of silicon moth-eye structures and photovoltaic anti-
reflective technologies showed that a moderate silicon moth-eye anti-reflective structure is suc-
cessfully fabricated using nano-imprinting technique. Employing this fabrication technique to
produce the silicon moth-eye structure suggested by the computational results can produce a
silicon moth-eye coating of omnidirectional low reflectance over a wide bandwidth which is insen-

sitive to azimuth orientation, making it well suited for anti-reflection and anti-glare purposes.
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Chapter 1

Introduction

1.1 Biomimetics

“Biomimetics is the extraction of good design from nature”

Prof. Andrew R Parker [69]

From the very early stages of science, nature has been an inspiration to humans, helping
to solve problems in a variety of fields such as mechanics, materials science, flight en-
gineering, architecture, and pharmacology. The use of wings to fly, invention of Velcro
similar to the hooks of burrs, iridescent car paints, and waterproof clothes copying the
lotus leaf are just a few examples of where humans have borrowed from nature to ease
the difficulties encountered within science and technology. In a case of a difficulty or a
change, nature has modified itself to adapt to the surrounding environment to its best

extent.

Biomimetics is exploiting the advantage of the “nature’s trial and error” procedure [67].
The eternal aim of natural existences is to survive. Thus they have made changes into
their body organs to live longer and to increase the probability of mating so that they
can reproduce. These changes have occurred gradually and slowly to provide efficiency
in terms of time and cost. An example of such is the species of butterflies with random
features which are delivering the same properties as the arranged features, however since
producing random arrangement is cheaper than regular arrangements, the butterfly has
preferred to choose a random arrangement [65]. Natural structures are built for special
purposes, hence they have to be employed accordingly, where they operate the optimum.
An example is an optical effect from the wing of species of butterflies which is optimal

only from oblique incidence to be viewed by butterflies during courtship [67].

The biological structures studied at present are the result of millions of years of adapta-

tion and refinement taken place within nature. However, it is only since 1960s[24] that

1
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biomimetics has become a scientific discipline in which worldwide researches are per-
formed to develop solutions for industrial and commercial problems. At the Technical
University of Denmark, a group working on the “Biomimetics Project” [1], has provided
resources and libraries of natural structures, and scientific methodologies for the study
of biomimetics. Torben Lenau, a member of this group, believes that the stages in a
biomimetic project, in which a successful biomimetic product is produced, can be for-
mulated to five phases (Figure 1.1). The first phase is the problem definition phase
where a problem in the industry is discovered and formulated. At the second phase,
the correct terms are derived from the definition of the problem to be used to search
for a biological structure which provides a phenomena similar to what is required by
the industry. Finding the biological phenomena or mechanism is in the analysis phase
whereafter the principals behind the function of the biological phenomena or mecha-
nism is studied. The latter, principal phase, delivers inspirations and ideas to design the

biomimetic structure in the design phase.

Please Refer to the Mentioned Reference.

FIGURE 1.1: Flow chart of phases in biomimetic [1].

1.2 Biomimetics in Photonics Industry

One of the fields that has borrowed from nature is photonics. Lately, improvements
in nano-scale fabrication and optical characterisation have helped the field of photonics
utilise solutions from nature. The invention of electron microscopy has allowed obser-
vation of nano structures in organs of birds and insects, and revealed natural photonic
structures. Since then, research in this field has enabled the development of several tech-
nologies inspired by nature. In the field of solar cells, the antireflectivity of cells plays an
important role in reducing power loss. A nano-structure that covers the eyes of certain
species of moth has great potential to reduce reflection from the top layer of solar cells
[71]. There has also been the invention of iridescent car paint in which thin film nano
structures copied from butterfly scales alter the reflected colour for different incident
angles [67]. The most interesting example of biomimetics in the field of photonics is the
recently made Mirasol displays technology from Qualcomm [3]. They have invented a
method of colour production in displays where tuning the air gap between a reflective

membrane and thin-film stack produces the three main visual colours of green, red and
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blue. A pixel is made of many of these cells and the whole display is covered by millions
of these pixels. Qualcomm has announced that its invention is inspired by the colour

production process in butterfly wings.

A biomimetic structure is the optimal design of nature in an animal/plant for a specific
purpose. However nature’s choice of materials is limited. Within the field of the photon-
ics industry where semiconductors are the building material, the range of the materials
is wider which helps to customize nature’s design to our needs. The higher refractive
index of semiconductors improves the performance of the biomimetic structure. The
chosen natural structure might not completely fulfil the needs of the industry and thus
optimization processes are required to design a biomimetic structure which adequately
fits industry’s needs. Even so, the use of the biomimetic structure and “nature’s billion

years of experience” has saved industry huge amount of time, material and cost.

1.3 Photonic Structures in Nature

A wide variety of photonic structures have been found in the bodies of animals, and
plants. A. R. Parker has performed intensive studies on a variety of such structures
[66, 68]. Following his work, we hereby categorize natural photonic structures into two
broad groups based on their optical performance; reflectors and non-reflectors. The
reflectors group includes the micro-structured colour producing structures reminiscent
of multilayer mirrors, diffraction gratings, liquid crystals, and photonic crystals. The
non-reflectors group delivers other optical functionalities such as light concentration,
guiding, and antireflection, and typically involves lenses, photonic crystal fibres, and

zero order gratings.

1.3.1 Reflectors

The striking colours of certain species of butterflies, peacock feathers, and feathers on
the neck of ducks and pigeons are all a result of photonic reflectors. These colours
are different from pigment colours in which the colour is produced by the material’s
intrinsic absorption and reflection. Instead they are caused by variation of the structure’s
refractive index at the length scale of visible light, and are thus called micro-structural

colours.

A multilayer structure of chitin-air material in some species of beetle produces a striking
gold colour on the cuticle of the insect [64]. This colour is produced through the multiple
reflections of the light wave as it passes through the multilayer structure (Figure 1.2).
Multilayers have also been observed in many species of butterflies producing iridescent
colours on their wings [27, 92, 42, 43, 93, 75, 64, 67]. Another example of reflectors is a

grating structure on the antenna of a seed-shrimp, which is responsible for the metallic
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iridescent colour of the antenna (Figure 1.3) [66]. The variety of colours observed at
different angles come from the wavelength-dependent diffraction. A famous photonic
crystal structure that produces striking colours is the opal-like structure in some species
of weevil, which makes the insect’s body blue (Figure 1.4) [70]. The blue colour of the
famous morpho rhetenor butterfly also depends on a photonic crystal structure, in this

case resembling the shape of a Christmas tree.

1.3.2 Non Reflectors

Non-reflector structures provide other optical behaviours to insects. Some species of a
brittle star are covered with lenses that increase their photosensitivity, and trigger a
change of colour between day and night (see Figure 1.5)[8, 93]. Such lenses have also
been observed on the compound eye of arthropods, and help to concentrate the light
into their photopigments. In some species of moth, the surface of the eyes is covered
with zero order diffraction gratings, which reduce the reflection from the surface to
almost zero and increase the insect’s vision in low-light conditions. Similar structures
have also been observed on the wings of species of moth, making the wing transparent
and consequently the insect less visible to predators (Figure 1.6) [11, 93]. Similar non-
reflective behaviour is observed in the black region of the wings of species of butterflies.
The striking colours of the wing is surrounded by the black regions and thus appears
very distinctive. It is known that the striking colours of the wing are to attract mates.
However these highly absorbing structures have a complicated three dimensional shape
on top and a non-reflective layer underneath to prevent backscattering at lower parts of
the wing to interfere with the “ultra-black” (Figure 1.7) [72].

The current need for black or non-reflective structures in industry is spread over a wide
range of applications: reproduction of jewellery gemstones, stealth applications from
infra red to radio frequencies, fade-resistant paints, coating of solar cell and detector

surfaces, electronic paper and high contrast ultra black displays [72].

Among the non-reflective and high-absorbing structures, the moth-eye is famous for its
promising anti-reflective properties. The moth-eye structure consists of subwavelength
conical or sinusoidal protuberances arranged on the surface in hexagonal lattices. Along
with anti-reflectivity, hydrophobic and self-cleaning properties of moth-eyes are also

studied and thus multi-purpose applications are proposed for them [82].

1.4 Objectives

This thesis presents research into moth-eye structures and their potential application for
anti-reflection technologies. It builds on work carried out by Boden [15] in which silicon

moth-eyes were optimised for anti-reflective coatings on solar cells and samples were
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[Please Refer to the Mentioned Reference, IPlease Refer to the Mentioned Reference.

(a) (b)

F1GURrE 1.2: Striking gold colour in the cuticle of a species of a beetle produced by a
multilayer structure [64].

[Please Refer to the Mentioned Reference, IPlease Refer to the Mentioned Reference.

(a) (b)

F1GURE 1.3: The antenna’s of a seed-shrimp showing metallic colour produced by the
diffraction grating structure [66]

IPlease Refer to the Mentioned Reference, Please Refer to the Mentioned Reference,

(a) (b)

FIGURE 1.4: The blue colour on the body of a weevil is produced by an opal-like
structure [70]
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IPlease Refer to the Mentioned Reference, IPlease Refer to the Mentioned Reference.

(a) (b)

FIGURE 1.5: (a) Light sensitive brittle star in day (left) and night (right) covered by
microlenses (b) [8].

FI1GURE 1.6: Transparent wing of species of moth produced by zero order diffraction
grating.

(a)

FIGURE 1.7: Ultra black surface of wings of a butterfly (a) is produced by three dimen-
sional photonic crystal structure. (b) A helium ion microscopy image of an uncoated
black wing scale.
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fabricated providing a variety of dimensions and parameters within moth-eye structures

to be studied. This work has pursued the following objectives:

e To perform a computational study of moth-eye structures with different geometries
and dimensions and optimise the reflection properties of silicon moth-eye structures

for anti-reflective and anti-glare purposes,

e To study the optical properties of moth-eye structures for a range of angles of

incidence and azimuth orientation using computational modelling,

e To study the optical properties of biomimetic moth-eye samples fabricated by

Boden [15] for a range of angles of incidence and azimuth orientation,

e To compare the computational and experimental results of reflectance of silicon

moth-eyes with other anti-reflective structures researched for photovoltaics.

1.5 Layout of the Thesis
The chapters of this thesis are as follows:

Chapter 2 briefly explains the problem of reflection within the field of photovoltaics
and the solutions provided to date by science. It then, introduces nature’s solution
to this problem by providing a review of the literature on the computational and
experimental studies performed on natural moth eyes and biomimetic moth-eye
structures. Fabrication techniques used to produce biomimetic moth-eye structures

are summarised in this chapter.
Chapter 3 introduces and explains the experimental techniques used in this work.

Chapter 4 reviews the computational method used for simulation of silicon moth-eye
structures. The effect of variation of the geometries of moth-eye structure on its
optical properties is studied. A moth-eye structure is optimised for anti-reflective
purposes within the visible to near infra-red spectrum. Further studies are per-
formed on the optimum structure to evaluate the effect of external conditions to

the optical behaviour of silicon moth-eyes.

Chapter 5 employs the experimental techniques introduced in Chapter 3 and studies

the optical behaviour of silicon moth-eyes with alternating periodicity.

Chapter 6 performs the same studies as Chapter 5 on a set of samples with a range
of pillar profiles. An additional experiment of varying the azimuth orientation of

samples on the reflectance of samples is also performed here.
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Chapter 7 compares the optical performance of experimental and computational opti-
mum silicon moth-eye structures studied in previous chapters with anti-reflective

structures within the field of solar cells.

Chapter 8 provides the main conclusions drawn from this work. Suggestions for further

studies and future works are also presented.



Chapter 2
Literature Review

Research in the field of biomimetics starts with the problem definition phase where a
specific problem within industry is identified and needs to be solved (Chapter 1). In the
field of photovoltaics a well-known problem is the surface reflection from the cell which
is one of the main sources of loss of energy in the area of photovoltaic energy harvesting.
To solve this problem a few solutions are already given by science and employed in the
industry. However, searching the database of natural photonic structures had brought
attention to moth-eyes where nature has already solved the problem of reflection effi-
ciently. This chapter explains the current anti-reflective technologies in the field of solar
cells which are the solutions given by science to solve the problem of surface reflection
in photovoltaic, and later it provides a comprehensive study of the moth-eye structure

and reviews the studies performed in this area to date.

2.1 Problem: Reflection

When a beam of light illuminates the interface between two materials, the light is scat-
tered by re-radiation of atoms in the second media and reflects back (Figure 2.1). The
proportion of the light reflected back from the interface to the first media depends on
the difference in refractive index between the two media; the bigger the difference, the
greater the reflectance. The relationship between reflection and the refractive index
of the two media is defined by the Fresnel Equations [34]. At normal incidence these

equations simplify to:

2
ny—mn
R= <¥> : (2.1)
ny + na
where R is the reflectance at normal incidence, n; is the refractive index of the first

medium and ns is the refractive index of the second medium.
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Diffuse reflection Specular reflection

ni

n2

FIGURE 2.1: Reflection from the interface of two materials with the refractive index of
n1 and ns.

Although reflection underpins the operation of many optical devices and technologies,
it is not desirable to have reflection in applications where transmission of light plays
the main role. The reflection from the surface of lenses is highly undesirable in optical
devices such as telescopes, where low reflection helps to improve the contrast of the
image. Reducing reflection from eyeglasses improves the vision of the wearer and makes
the eyes appear more visible to others. Many display components suffer from reflection

which reduces the sharpness of the displaying image.

Photovoltaics, as one of the main energy harvesting technologies [94, Ch. 3], is another
technology in which reflection is identified as a problem. The efficiency of solar cells is
far from being close to the maximum theoretical value of 93% — 95%; most commercial
single junction solar cells have the efficiency of 5% to 22% [94]. Reflection of the solar
radiation from the top surface of a solar cell is among the optical losses that a high
efficiency solar cell suffers from. At normal incidence the loss of the solar irradiation
due to surface reflectance at the air-silicon interface of silicon solar cells is between 31%
to 61% which causes an approximation of 36.2% reduction in the short circuit current
produced by a silicon solar cell [15]. Thus it is of great importance to develop effective
anti-reflective technologies to reduce surface reflection losses and consequently increase

solar cell efficiency.

2.2 Science’s Solution

The anti-reflection technologies in the field of solar cells are generally based on one of the
mechanisms including: destructive interference, multiple-reflectance, light trapping or
the gradual change of refractive index. In solar cells, three main groups of anti-reflective

coatings are developed. These three groups are reviewed in the following sections.
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2.2.1 Thin Film Coating

Thin film anti-reflection coatings are based on the theory of the destructive interference
of electromagnetic waves. If two waves with a phase difference of half a cycle overlap,
the waves destructively interfere, meaning that the amplitude of the resultant wave is a
subtraction of the amplitude of the two incident waves. If the waves have equal ampli-
tude, the resultant amplitude is zero. The reflectance of the incident light on an interface
can be reduced to lower and in some cases to zero values using destructive interference.
Employing a layer with a refractive index value between the two surrounding media of
the interface (ng and ng), produces two interfaces within the path of the incident light
and consequently the reflection of the incident light happens at the two interfaces: one
at the interface of the first media(ng) and the intermediate layer(n;), and the other one
at interface between the intermediate layer (n;) and the second media(n,) (Figure 2.2).
The latter exits the intermediate layer following the theory of refraction. The path
difference between the two reflected rays, caused by the thickness of the intermediate
layer, causes a phase difference between the two reflected waves which results in con-
structive or destructive interference. According to the findings of Rayleigh [55], if the
intermediate layer has a thickness of one quarter of the wavelength within the layer, the
path difference of the two reflected rays produces a 180° phase difference and hence the
destructive interference causes zero reflectance at this wavelength and lower reflectance

at neighbourhood wavelengths.

ng <ny < ng ng <nyg <ng <ng

~ |

ny dq

(a) (b)

FIGURE 2.2: Destructive interference using (a) a single intermediate layer (SLAR), and
(b) double intermediate layers (DLAR).

This technique is used within solar cell anti-reflective coatings to reduce the surface
reflection. A Single Layer Anti-Reflective coating (SLAR) with an optical thickness! of
dy = % and refractive index of nqy = /ngns can be used as a solar cell anti-reflective

coating. In this case, ng is the refractive index of air and ny is the refractive index of

1Optical thickness is the thickness of the layer considering its refractive index: d} = nidy
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silicon for an air-silicon interface of solar cells. The efficiency can be improved beyond
that of a single layer by using multiple intermediate layers of different refractive index
and thickness. Multilayer structures also show better performance for reflection from
oblique angles of incidence. In all cases the optical thickness of each layer is A/4. For
Double Layer Anti-Reflective structures(DLAR) the refractive index of the intermediate

layers can be calculated using [15]:

n? =ndns and n3 = non? (2.2)

Studies are performed to choose materials with the optimum refractive index as SLAR
and DLARs for silicon solar cells [101, 20, 15]. The refractive index of silicon changes
with the wavelength. However, solar cells are mostly optimized at the wavelength of
600nm where the intensity of the sunlight is the greatest. At this wavelength the re-
fractive index of silicon is 3.941. In order to provide the optimum refractive index for
intermediate layers within SLAR and DLAR, a variety of materials were investigated
having the refractive index of between 1.4—2.7 [49]: SiO, SiOq [54, 60], SisNy [81, 44, 73]
(latter for DLAR), TiOg2 [54], ZnS [20, 28], AloO3 [20], TasOs5 [20].

Richards performed an extensive investigation of different SLAR structures and con-
cluded that the most efficient SLAR. in terms of anti-reflectivity and solar cell perfor-
mance is SigNy while TiOg is the second best[78]. The nature of a single layer anti-
reflective structure results in low reflectance at a single wavelength. Adding more layers
increases the number of minima within the spectra. Hence double layer anti-reflective
has two minima within the spectrum which provides a broader range of anti-reflectivity.
Structures of SiO2-TiO2 [49], MgF2-ZnS [103] are very common in the field of DLAR
to provide such refractive indices. The latter is a double layer used as a coating for
the best silicon solar cell with inverted pyramids in micron scale [30, 103]. Studies
are also performed to find triple-layer thin films. Structures of MgFs/AloO3/ZnS and
Si02/Si02-Ti02 /TiO3 are studied for this purpose. However finding materials providing
the required optimum refractive indices in a TLAR structure is even harder than DLAR

and thus this structure is not very popular.

Thin film structures are generally fabricated using vacuum processes such as thermal
evaporation, reactive sputtering, and Plasma-Enhanced Chemical Vapour Deposition
(PECVD). While the fabrication process might not be a complicated process, there is
not a wide range of materials which can be used for this purpose to provide the required
refractive index. Finding materials for SLAR or DLAR anti-reflective coatings is limited
by the optimum refractive index, deposition method, uniformity and thickness of the
layer and the properties of the coating [44]. SLARs reduce the surface reflection of
silicon to 8% — 15% in total [45] and show the optimum performance only for a limited

range of angles of incidence. Employing DLARs instead of SLARs improves the range of
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the incident angle where the AR performs optimally. Figure 2.3 plots the total normal
incidence reflectance of various SLARs and DLARs of silicon solar cells which are studied
experimentally in literature. SLARs show a a single minimum at the design wavelength,
which reaches to near zero for ZnS and and SiNy. The reflectance spectra of SLARs
rise at two other sides of the minimum point. Reflectance of DLARs however show two

minima and consequently a wider bandwidth of low reflectance.
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FIGURE 2.3: Normal incidence hemispherical reflectance of (a) single layer anti-
reflective coatings and (b) double layer anti-reflective coatings. Data is taken from
literature (Schnell00 [81], Richards04 [78], Bouhafs98 [20], Chen93 [21]).

2.2.2 Micron-scale Texturing

Introducing micron scale texturing at the surface of the air-silicon interface of solar cells
is another technique used to reduce the surface reflection. The texturing at the interface
causes the incident light to reflect multiple times. At each reflection a portion of the light
enters the substrate and thus in overall reduces the surface reflection. The textures also
cause the transmitted light to undergo multiple refraction and scattering and to pass
through the silicon multiple times. This is known as light trapping and is important in
the case of thin film devices where the silicon is thin. Light trapping helps the light to

be absorbed and prevents it from being lost within the structure.

The textures are normally in the form of random arrays of pyramids [41, 74, 7], mi-
crogrooves [101], random textures [28] and regular inverted pyramids [74, 102]. While
anisotropic etching is compatible with single crystalline silicon [41, 63, 103], multi crys-
talline silicon is textured using laser scribing [7], plasma etching of defined patterns
[103], mechanical grooving [51] and isotropic etching[28, 87]. The reflectance of micron
scale textured structures is further reduced by SLAR or DLAR coating on top of the
texturing [102, 44, 103, 28, 73].

The reflectance of few micron textured solar cell ARs reported in the literature without
thin film coating and with thin film coating is plotted in Figure 2.4. ARs without thin
film coating show a reflectance of between 10% to 20%. Adding thin film coatings in the
form of SLAR or DLAR has reduced the reflectance value to 1% —15%. In comparison to
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DLAR structures, micron textured coatings show a better anti-reflectivity with optimum

value between 0 — 5% in a wider bandwidth.
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FIGURE 2.4: Normal incidence hemispherical reflectance of micron textured anti-
reflectives (a) without thin film coating and (b) with thin film coatings. Data is taken
from literature (King91 [41], Stock94 [87], Abbott06 [7], Zhao98 [103], Zhao91 [101]).

The progress made within anti-reflectivity of silicon solar cells employing micron tex-
turing was good enough to achieve the most efficient crystalline silicon solar cell of
inverse pyramid with DLAR coating (PERL) [30, 103]. However, the amount of mate-
rial etched /removed away from the top of the silicon solar cell is considerable and thus
this technique cannot be used for thin silicon solar cells. Also the reflectance of these

structures increases with the angle of incidence which is not favourable in solar cells.

2.2.3 Sub-Wavelength Structures

Another approach to suppress the surface reflectance of silicon solar cells is to texture
the silicon top surface of the cell with textures of dimensions less than the incident
wavelength. These structures are called Sub-Wavelength-Scale structures (SWS) and
are explained by Effective Medium Theory (EMT) [46]. The sub-wavelength textures
decrease the discontinuity between the two interface by making the textured surface
appear blurred to the incident light. The textured surface has an effective refractive
index which is the ratio of the volume fraction of the substrate material to the air. In
the case of textures of tapered profile, the effective refractive index of the intermediate
layer (textured layer) gradually increases from the low refractive index medium to the
high refractive index medium. It is easier to imagine there are an infinite number of
very thin layers in the intermediate layer, each with a different effective refractive index
which increases from the tip of the tapered textures to the bottom. As the light passes

through the layer with gradually increasing refractive index, less reflectance takes place.

The fabrication of SWS structures normally include etching to produce a regular array
of textures using lithographic or metal masks [80, 89], and chemical etch or reactive ion
etch in a maskless procedure to produce random textured structures [36, 81, 79, 45]. The

reflectance of the textured layer depends on the shape of features and aspect ratio (height
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to spacing of features) which has produced computational optimisation of textured layer

in several studies [80, 19].

Various experimental studies of SWS structures were performed previously. Schnell et
al.[81] fabricated random SWS textures which showed a total reflectance below 5%.
Employing this structure as a solar cell coating increased the efficiency of the cell by
2.4% (10.9% in comparison to 8.5%). However, the SWS structure increased the surface
area of the solar cell which caused an increase in the surface recombination and decreased
the efficiency. Ruby et al.[79] employed another etch process and fabricated a similar
SWS structure with similar reflectance but with an efficiency of 17.1%. A structure
of randomly arranged pyramids of 300 — 400nm height and 100nm periodicity, gave
a surface reflection of 3.6% and lower and an increase of 3.2 — 3.8% in the solar cell
efficiency [80]. There is also a structure of random texturing which has zero reflectance,
however how well this reduction of reflectance has contributed to the solar cell efficiency

is not reported [97].

A problem with random textured SWS structures is the fact that the textures are mainly
produced by an etching process. The degree of control over the etching process is not
high and hence the control over the shape and spacing of the textures is not controllable.
Since the reflectance of sub-wavelength structures is dependant on the periodicity, height
and shape of textures, the re-production of the same reflectance behaviour of a SWS
structure is not controllable either. Employing a lithographic mask or a metal mask
provided more control in the production of a repeatable fabrication process. A successful
example of masked fabrication of SWS texturing is the work by Koynov [45] in which
reflectance is reduced to < 5% and the cell efficiency is increased by 36 — 42% in multi-

crystalline and tri-crystalline silicon solar cells.

Figure 2.5, shows the reflectance of experimentally studied sub-wavelength structures
on silicon. In general the reflectance of silicon surfaces is reduced to as low as 5% using
the sub-wavelength texturing. However the influence of SWS structures on the solar cell
performance is different from its anti-reflective properties. Moreover, the fabrication
techniques are somewhat expensive compared to other AR structures and thus needs
more study. The study of employing sub-wavelength structures within the field of solar
cell anti-reflectives is an emerging field which is still in the development stage. If the
problem of cell efficiency affected by high aspect ratio is solved, these structures will

have great potential to be used for solar cell anti-reflectives.

2.3 Nature’s Solution

The discovery of anti-reflective structures in insects eyes took place while studying the
compound eye’s of insects [56]. The study of the underlying anti-reflective mechanism

of these natural structures revealed their potential as anti-reflectives in industry and
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FIGURE 2.5: Normal incidence hemispherical reflectance of sub-micron textured anti-
reflectives. Data is taken from literature (Sai06 [80], Koynov06 [45], Schnell00 [81]).

science. The rest of this chapter focuses on moth-eye structures and the studies and

discoveries performed to date.

2.3.1 Moth-eye Structure

The moth-eye structure was first discovered by Bernhard, Miller and Moller through
their studies on the corneal surface of the eyes of a night moth [13, 11]. Electron mi-
croscopy of the cornea revealed that the surface is covered by a number of visual units
called ommaditia with a diameter of 15 —40um (Figure 2.6(b)). Each ommaditia is also
covered by a large number of minute protuberances, which can only be detected using
electron microscopy. The protuberances detected were roughly conical in shape, approx-
imately 200nm tall and arranged in a hexagonal lattice with a center-to-center distance
of 200nm (Figure 2.6). Bernhard and colleagues called the protuberances “nipples” and
the structure a “nipple-in-air” array [13]. Since the protuberances are smaller than
the wavelength of light in the visible regime, they are also known as “sub-wavelength”

structures.

The functionality of “nipple-in-air” arrays was studied by two methods: transmission and
reflection measurements using a microwave model and spectrophotometric measurements
[13, 11]. Nanoscale fabrication techniques in 1960s were not as advanced as today thus
fabricating a nipple-in-air array at its actual scale (200nm height and 200nm spacing)
was not possible. Instead, a replica of this structure was fabricated on a larger scale
to be used at microwave wavelengths. Transmission and reflection measurements of
this replica showed that the existence of the protuberances increases the transmission
of waves through the structure and decreases the surface reflection. By matching these
results to the actual dimensions of the nipple-in-air array it was concluded that the

nipples also increase the transmission and reduce the reflection in the visible regime.
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(c) (d)

FIGURE 2.6: Scanning Electron Micrograph of (a) the moth eye cornea, (b) omma-
tidias at the surface of the cornea, (¢) protuberances of adjacent ommatidia and (d)
protuberances within a single ommatidia ([11])

A spectrophotometric measurement of the cornea with nipple-in-air array, compared
with the smooth-surfaced cornea of a grasshopper, supported the microwave results.
Microscope images of the nipple-in-air array were also used to study the functionality
of this structure. Images of a cornea with nipples were darker compared to a smooth
surfaced cornea, which is again a confirmation of low reflection of the surface covered

with conical protuberances.

Bernhard and co-workers also modelled the structure mathematically [13, 11]. In their
model they replaced the nipple-in-air layer with multiple homogeneous layers with vary-
ing refractive indices. The refractive index of the nipple-in-air array layer changes from
1 of air to 1.57 of chitin, the material of the cornea. This is a result of the conical shape
of the protuberances giving 0% material at the tip and 100% material at the base. The
refractive index transition was modelled by dividing the nipple-array structure into 20
horizontal layers of equal thickness. For each layer the refractive index was calculated

for a number of wavelengths. The reflection of the structure at normal incidence was
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calculated. The reduction of reflection of nipple-array structure was compared with
the reduction of reflection of a quarter wave stack with half the height of nipple-array
structure. The nipple-array structure showed better anti-reflectivity over a wider band-
width. The results also agreed well with the comparative spectrophotometric results of

the grasshopper eye and moth eye.

Bernhard also performed a very extensive study on the eyes of other species of nocturnal
insects and found similar nipple-array structures. However, the structures differ in
topography having different height and arrangement of protuberances. Bernhard used
the height (k) to group the nipple-array structures into three classes: class I with minor
protuberances (h < 50nm), class IT with low-sized protuberances (50 < h < 200nm),
and class III with full-sized protuberances (A > 200nm). His studies also showed that
the protuberances in class IT and III are arranged in a hexagonal lattice, while class I
has both irregular and regular hexagonal arrangements [12]. Bernhard also studied the
distribution of these three classes in various insect orders including moths and butterflies.
The results have helped in understanding the functionality of nipple-array structures in
insects and the progress of evolution. He also showed that these three classes of nipple-
array also exist in some species of butterflies, although with a density much lower than in
moths. Following Bernhard’s classification, Stavenga and others[85] performed a similar
study on many species of butterflies and observed the same three classes of nipple-array
structure (Figure 2.7). However, they performed additional mathematical studies on
the performance of nipples in relation to their shape, height and the incident wave

polarisation which will be discussed later.

The nipple-in-air array has also been observed on both sides of the wing of a hawk-
moth, Cephonodes hylas, making them transparent to the eyes of predators (Figure 2.8).
Yoshida et al. [98, 99] reported the height of the nipples to be around 250nm and their
center-to-center spacing to be around 200nm, an arrangement almost identical to that
of the moth-eye structure. The spectophotometry results of smooth wings compared to
rough wings also showed more reflection for the case of smooth wings. A reflectance
measurement from the surface of this structure showed that the wing of the Cephonodes
Hylas Hawk moth gives a reflection of less than 2% for wavelengths from 200 — 800nm.
Although the nipple-in-air array has also been observed on the wing of this and many
other species, it is typically known as “Moth-eye” structure since it was first seen on the

eyes of moths. The same terminology is used throughout this work.

Andrew Parker et al.[71] found a different anti-reflective structure, similar to the moth-
eye structure, and called it a fly eye grating. This structure was first seen in the surface
cornea of Eocene Dolichioidid dipteran from Baltic Amber (45 million years old) and
consists of parallel ridges with a sine wave profile. The ommaditia of this insect are
curved and so the ridges have a slight angle with respect to each other, which is known
to result in angle independent reflection. They have also found a combination of moth-

eye protuberances and fly eye gratings on other species of insects (Figure 2.9).
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FIGURE 2.7: Scanning Electron Micrograph of the moth eye structure on butterfly
eyes: (a) Bicylus anynana (class III), (b) Pseudozizeeria (class II), and (c) a Papilionid
Papilio xuthus (class I). Scale bar:500nm [85].
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FIGURE 2.8: (a) Photograph of the hawkmoth Cephonodes hylas. Scanning electron
micrograph of the transparent part of the wing (b) Top view, (c¢) Side view. Scale
bar:1pm [99]
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FIGURE 2.9: (a) SEM image of Eocene dolichioidid dipteran (Scale bar:3um) (b) SEM
image of Z-minor Diptera. “g” shows fly eye grating area and “p” shows protuberances
similar to the moth-eye structure (Scale bar:2um) [71]

The nipple-in-air array is usually seen in the cornea of nocturnal insects. Thus it is
thought to help the visual capacity of these insects by resulting in less internal reflection
and an increased light transmission into the eye. It is also known that the structure is
useful for the purpose of camouflage. For example when moths are resting with folded
wings, the minimised reflection from their eyes keeps them safe from predators [13, 11].
The nipple-in-air array has been observed in many species of nocturnal insects like night
moths, netwings and caddis flies. Some butterflies also have the same structure covering
their cornea [11, 12, 85].

2.3.2 Theoretical Study

Bernhard performed a mathematical study of moth-eye structure, replacing the nipple-
array with a stack of individual homogeneous layers of equal thickness producing a
varying refractive index from tip to the base of protuberances. Basically, the conical
shape of nipples provides a gradual change of refractive index from tip of the nipples to
the base. The incident light can transmit through the slow refractive index change with-
out encountering an abrupt change in media and therefore reflection is minimised. This
is the basis of the use of effective medium theory ? used to model the optical behaviour
of moth-eye structures [46]. In this method the nipple-array is divided into a number
of thin layers in the direction perpendicular to the plane of periodicity. Each layer is
assigned an effective refractive index corresponding to the volume ratio of two differ-
ent media in the layer. Using this simplified structure the reflection and transmission

properties of the structure are calculated through Maxwell’s Equations.

In a multilayer structure the reflected light is a superposition of waves reflected from
many interfaces. Light propagating through the structure hits layer interfaces at different

depths, which give reflected waves of different amplitude and phase. Depending on

2 Also known as homogenisation
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the height of the layer, h, and the wavelength of the light reflected waves interfere
destructively giving the net reflection of zero. The reflection of the structure varies in
response to the value of ” /x in which X is the wavelength of incident light [77, 23, 50, 95].
The plots in Figure 2.10 show theoretical results of the variation of reflectance with /.
When h < A the surface looks like a sharp interface to the incoming wave and the
reflection is as of a discontinuous interface calculated by the fresnel’s equation. As
h increases it reaches a point where the reflection is zero (at "/, = 0.4). From here,
increasing h keeps the reflection still very low (far less than 1%) but with modest fringes.
Further, when h > X the reflection still stays very small. When the effective refractive
index profile of the structure has a shape different from that of Figure 2.10(a) there exist
small differences (Figure 2.10(b)) but the overall conclusion is the same: There will be
a noticeable reduction of reflection in a structure for which the thickness of the layer is
about half or more of the wavelength. Thus in order to keep the reflection constantly
low (< 0.5%) in a graded index structure, h should be designed so that the wavelength
of the incident light is smaller than 2.5h. This helps to design a structure for a specific
wavelength range; in the case of moth-eye structures which work in the visible regime,

the height of the protuberances should be larger than 250nm.
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FIGURE 2.10: Reflection vs thickness to wavlength ratio reported by (a) Clapham and
Hutley [23] (b) Lowdermilk and Milam [50]. (The difference in the curves comes from
the difference in the profile of the effective refractive index.)

The other important design parameter for a moth-eye structure with a specific applica-
tion is the spacing between adjacent protuberances. Primarily, this value in the moth-eye
structure has to be small enough to prevent the moth-eye acting as a diffraction grating.
Equation 2.3 is the diffraction grating equation [61]. In this equation d is the periodicity
within the structure, 6,, is the angle of the reflected beam, 6; is the incident angle, A is
the wavelength of light, and m is the diffraction order (integer values). It is desired to

suppress all the diffraction orders except m = 0.

A
sinf,, = sin6; + m (2.3)



22 Chapter 2 Literature Review

Considering light at normal incidence, 8; = 0, the grating equation will be

sin0,, = m% (2.4)

To suppress the m = 1 order, 3 has to be more than unity which gives d < A. Having
this condition the first order is also suppressed even at oblique incident angles. However,
there is a possibility of having m = —1 orders for negative 6,,. In this case to suppress
the m = —1 orders 7 > 2, which requires d to be smaller than 5 Thus to suppress all
diffraction orders and to have the least reflection for the zero order diffraction according
to Rayleigh theory, the dimension of the nipple array (height of nipples, h, and centre-to-
centre distance of each nipple, d) has to fulfil the requirements in Table 2.1. According
to this table the widest bandwidth is available in the presence of the smallest spacing

and the largest height.

Normal Incidence | Oblique Incidence
No Diffraction Zone d < A< 2.5h 2d < A < 2.5h

TABLE 2.1: Optimal dimensions of a moth-eye structure in visible regime to suppress
diffraction orders.

The effective medium theory provides a computationally simple and cheap method of
studying the optical properties of moth-eye structures but it also has limitations. It
was shown that for highly modulated structures the nipple-array stops acting like a
homogeneous layer and thus EMT is not capable of producing a close approximation
to the moth-eye structure [46]. Moreover, the effective medium theory is not capable
of predicting the diffraction grating behaviour while studying moth eye structures of
different dimensions. This is due to the fact that EMT does not consider the spacing

between the protuberances.

Thus there was a need for a different method of mathematical study for the moth-eye
structure. Attention turned towards rigorous methods, the most well known and widely
used of them being Rigorous Coupled Wave Analysis(RCWA) [59, 61]. Rigorous refers to
the fact that there is no approximation and simplification employing Maxwell’s Equa-
tions to form coupled-wave equations of differential form. The coupled-wave method
is commonly used in studying the efficiency of diffraction modes in 2D planar grating
structures. Since the moth-eye structures are similar to 2D planar gratings, the same
method can be used to study the behaviour of the structure. Coupled wave analysis
explains the field inside the modulated area with coupling waves of forward and back-
ward direction. The boundary conditions of Maxwell’s equation are then applied to the
boundary of the modulated area with the surrounding area of air and substrate. These

equations are solved by finding the corresponding eigenvalue and eigenvectors.
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RCWA was first used to calculate the diffraction efficiency of 2D grating structures with
block or cylindrical protuberances. For more arbitrary profile shapes like conical shapes
a method of dividing the profile into a stack of thin layers (staircase approximation)
was used. Thus solving the eigenvalue problem for a number of thin layers in the modu-
lated area leads to an expensive numerical method in terms of computational time and
memory. Nevertheless, RCWA has been extensively used to perform numerical studies
of moth-eye structures. Sun [88] used RCWA to design and fabricate a silicon moth-
eye structure with 420nm periodicity and 800nm height which showed 2.5% reflection
within the visible spectrum (400 — 800nm). Lalanne and Morris [47] also fabricated sili-
con moth-eye structures of 260nm periodicity and 80nm thickness and their experimental
results were found to agree with their numerical results. Also, in a comparison with a
single thin-film anti-reflection layer, their moth-eye structure showed similar values in
reflection reduction. Min [57] used RCWA to calculate the reflection of a GaSb moth-eye
structures to be less than 2%. In a more extensive study, Mirtznik and colleagues[58]
implemented a direct pattern search optimization method using RCWA in order to find
the optimum moth-eye structure in the millimetre wave frequency range. Boden and
Bagnall [17] used RCWA to study the effect of altering periodicity, height and shape of
the protuberances on the reflection of moth-eye structures. Other examples of numerical
studies of moth-eye structures using RCWA include Toyota and colleagues on fused silica
[91], employing moth-eye structures to increase the light efficiency of LEDs [39, 40] and
the work by Chuang et al. [22] in which they concentrated on the inverse polarisation

behaviour of moth-eye structures as opposed to their anti-reflectivity properties.

In other studies, the shape of the protuberances was shown to play an important role
in decreasing the reflection. The profile of protuberances affects the distribution of the
refractive index within the modulated area. Southwell [83] has studied the reflection of
refractive index distributions of linear, cubic and quintic functions and has shown the

lowest reflection comes for a quintic function of refractive index as shown in Equation 2.5.

n=mn; + (ns —n;) (1063 — 15t* 4 6t°) (2.5)

In another study, Southwell implemented this equation for different refractive indices
[84]. For glass with a refractive index of 1.52, the shape of protuberances giving a quintic
refractive index profile is a flat sided pyramid. For materials with higher and lower
refractive index the curvature of the faces change, as shown in Figure 2.11. Stavenga et
al.[85] also performed a similar study. They compared conical, Gaussian and parabolic
shaped protuberances. In their study they concluded that tall paraboloid protuberances
and a close-packed arrangement provided the least reflection for normal incidence within
the visible regime. However, they concluded that the shape of the protuberances plays
the least role in the amount of reflection and it is the height of protuberances which plays

the main role while the spacing between the protuberances is the second most important
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factor. These studies were all based on the use of an effective refractive index for the
nipple-array layer and EMT. Boden and Bagnall [17] have used RCWA to show that
the moth-eye structure can be optimized for use within an arbitrary range of angles and

wavelengths if the height, spacing and base of the protuberances are tuned accordingly.
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(a) (b)

FIGURE 2.11: Optimised moth-eye protuberances quintic function for (a) glass (n =
1.45) and (b) silicon (n = 3.42) [84]

2.3.3 Fabrication

The anti-reflective property of moth-eye structures has attracted the attention of the
optics, photonics, physics and electronic communities. However, fabricating the moth-
eye structure of sub-wavelength dimensions for visible applications was almost impossible
in the 1960s and 1970s. As fabrication techniques have improved, many replications
of the moth-eye structure have been produced. Many fabrication methods have been
attempted. The four most widely used fabrication techniques are reviewed here. A brief
explanation of each technique is given along with a detailed example. For each method

a few successful examples of fabrication and optical results are presented.

2.3.3.1 Holographic Lithography

The first effort to make a moth-eye structure was by Bernhard who designed structures
to work in the microwave spectral range[11]. The model was made from a mixture of
beeswax and paraffin in order to achieve a refractive index close to chitin. However,
the first fabricated structure to operate in the visible range was made by Clapham
and Hutley[23] using interference holography. They used the interference fringes at the
intersection of two collimated krypton laser beams (wavelength 351lnm) at an angle
of 120° to produce sinusoidal protuberances in photoresist on a glass substrate (The
photoresist had a refractive index similar to glass). The sinusoidal intensity variation of
the beams produced sinusoidal grooves in the photoresist. Thus this technique is only
applicable for plane surfaces. The structure had a refractive index of 1.6 and the spacing

between protuberances was approximately 210nm. The glass was rotated 90° between
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the two exposures. The reflectance of the structure in wavelength range of 400 — 700nm

at normal incidence was measured to be below 0.5%.

For this technique the spacing between the protuberances depends on the spacing be-

tween the fringes produced by the intersecting laser beams:

Ao
d=
2sin 6

(2.6)
where,

d is the spacing between protuberances
Ao is the wavelength of the laser

0 is half the angle of the interfering laser beams.

With the maximum possible angle between the two laser beams, they calculated the
minimum value of d as 0.6y, which corresponds to an angle of 120° between the beams.
Thus for the krypton laser beam, 210nm is the minimum spacing which can be fabricated.
The depth of the grooves, h, is harder to control. The depth varies with the exposure

time and the response of the photoresist to the exposure (photoresist is more sensitive

at shorter wavelengths). Thus there is a limitation to the ratio of 7 which makes the
change of h and d strictly dependent on each other. This is a limitation to this technique
especially for making taller protuberances that improve the anti-reflectivity performance
of moth-eye structures. Later, they also used an argon ion laser (wavelength 458nm),
which produced a similar structure with a minimum spacing of 275nm [95]. The moth-eye
structures they fabricated had a different periodicity and depth and showed reflectance

values lower than 3%.

Wilson and Hutley [95] also introduced the idea of using a metal replica to transfer the
pattern into photoresist. However, in some cases separating the master and the replica

was hard and caused damage to the master.

In a comparison between the performance of a fabricated moth-eye structure and a com-
mercial multilayer they showed that such a structure could be a replacement for com-
mercial anti-reflective layers. However, the cost of the technique at that time for mass
production and the nature of photoresist made it unsuitable for many applications, such
as anti-reflective coatings for high quality optical components, mass produced plastic
components, and solar energy. Thus they were hoping that improvements in fabrication
techniques and material properties could solve the problems with the delicate photoresist

and make the technique more suitable for the target applications.

Later, this technique was used to transfer the moth-eye pattern to substrates made of

other materials like glass[62] and silicon[47]. Firstly, the substrate needs to be coated
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with a certain thickness of photoresist. The resist is exposed with the two intersecting
coherent UV lasers to transfer the pattern of the optical standing wave on to the resist
in one dimension. Then the substrate is rotated 90° in order for the pattern to be
transferred in the second dimension. Then by means of reactive ion etching the pattern
is transferred to the silicon. Finally the remaining resist is removed by immersing the

substrate in acids.

Lalanne[47] used the same technique to create a moth-eye pattern on silicon working in
the visible regime. However, they used an intermediate layer of SiOo between the sub-
strate and resist. This layer ensures that the grooves could be etched deep enough into
the photoresist. Not having the intermediate layer limits the thickness of the photoresist
layer and also the depth of the grooves which can be transferred onto silicon. Above
that limit undercuts take place in the photoresist layer requiring a selective etching of
the photoresist from silicon. Since there is not such a technique they have employed an

Si09 layer as high as the desired protuberances to prevent this problem.
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(c) (d)

FIGURE 2.12: SEM image of moth-eye structures,(a) made by Holographic interference

in silicon(scale bar=1pm)[47],(b) Fabricated by E-beam Lithography in silicon(scale

bar=750nm) [38],(c) made by E-beam Lithography in fused silica(scale bar=100nm)[91]
(d) made by nanoimpriting in silicon (scale bar 200nm) [100]

The SEM images showed a successful fabrication process (Figure 2.12(a)). This moth-
eye sample was compared to a quarter-wave thin film coating on silicon and showed a
mean reflection lower than the coated silicon for a wavelength range of 400 — 1000nm.

At \ = 632.8 nm, the specular reflection of the structure is as low as 1% for incident
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angles less than 50°. Furthermore, they reported that the reflection from their moth-eye
structure was insensitive to azimuth angle and polarisation. However, in this technique
the fast development of the resist prevents the formation of protuberances with a wide
diameter at the base, whereas experimental work has shown that a high value of the
width of % decreases the reflection of the structure. Therefore, when aiming to fabricate

high efficiency moth-eye structures this technique is not the best option.

The minimum feature of the final pattern made by holographic lithography is determined
by equation 2.6 and depends on Ag and 0. According to equation 2.6, the limit to the
periodicity is d = %. A patent for the invention of a machine that performs holographic
lithography claims 6 can be fixed to a maximum of 60°, giving a minimum periodicity
of d =0.57X [9]. This technique is capable of producing structures with a periodicity of
200nm to 4pm and a minimum feature size of 100nm [52]. However, the minimum feature
size of techniques like Electron Beam Lithography and Nano-imprint Lithography is even
smaller. The other disadvantage of this technique is that it is limited in the design of the
protuberances and arrays. Additionally, the height of the grooves and the periodicity
depend on each other so the height is limited by the thickness of the resist and the
etching ratio of the substrate to resist. However, by using metal replicas or embossing,
it is possible to fabricate large areas of the structure at low cost. Thus for structures
with a minimum feature size of 100nm and a lattice geometry that can be made by

interfering beams (square or hexagonal lattice), holographic lithography is favoured.

2.3.3.2 Electron Beam Lithography

Another technique to make moth-eye structures is electron beam lithography. Figure
2.13 shows a general schematic of this technique. The substrate is coated with a layer of
resist. There are two types of resist: positive and negative. If negative resist is used the
non-exposed resist is removed. After the resist is developed (removed by exposure and
chemical treatment) the pattern is transferred into the substrate by means of etching.
The type of the etching process plays an important role on the shape of the transferred

pattern. After etching, the remaining resist is removed using an acid wash.

A number of silicon moth-eye structures have been made by e-beam lithography. Kanamori
used an e-beam lithography technique along with SFg Fast Atom Beam(FAB) etching
[38]. They utilised the anisotropic nature of the FAB etching technique to produce deep
structures. A 400nm positive resist was deposited on a 200pm thick silicon wafer. A
1.2mmx1.2mm area was exposed with the e-beam machine for about 10hrs to write the
pattern into the resist. After developing the resist, the wafer was etched with SFg FAB
etching and thus the pattern transferred to the silicon. The remaining resist is removed
by immersing the wafer into an equal parts solution of HoSO4 and HyOs. The protu-
berances have sharp conical shapes with a periodicity of 150nm and height of 350nm

(Figure 2.12(b)) Their structure showed a large reduction of reflection within the visible
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FIGURE 2.13: Fabrication process of E-beam Lithography [38]

regime compared to silicon (less than 3%). Also, at a wavelength of 632.8nm, reflection
of s-polarized light at angles of incidence from 5 — 80° is lower than that of the silicon.
The p-polarized reflected light is also lower than silicon, but only up to an incidence

angle of 65°.

Employing different etching processes, removing the resist by means of different etching
processes or a lift off process, or adding more layers as an etching mask to the process
makes it possible to fabricate moth-eye structures in different materials. Toyota et al.[91]
used electron beam lithography along with reactive ion etching and a chrome disk array
as an etching mask to make moth-eye structures in fused silica. Their structure had
conical protuberances with a 250nm periodicity and 750nm height (Figure 2.12(c)). It
showed reflection of less than 0.5% for wavelengths of 400 — 800nm at normal incidence

and 3% for the angle of incidence range of 5 — 55° at 632.8nm.

Boden et al.[15] made moth-eye structures employing e-beam lithography with dry etch-
ing and a dry oxidation at the end, to smooth the surface of the structure. The process
they followed starts with spinning a negative resist on silicon substrate. Exposing the
desired resist regions removes the resist and thus a resist mask of a hexagonal array of
circles was defined. A HBr/Cls dry etch is then performed to produce the tapered pro-
file in the silicon, before stripping the resist. At the end, the structure is dry oxidized
to remove the damaged parts of the silicon caused by etching, and to make the sur-
face of the protuberances smoother. They fabricated a number of moth-eye structures
with a variety of dimensions and profile shapes in Immx1mm area samples. The best
moth-eye sample showed reflection of 1% at normal incidence for the wavelength range
520 — 920nm and had a height of 450nm and a periodicity of 200nm. It also exhibited

a reflection less than 5% for angles of incidence up to 50°.
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E-beam lithography provides a smaller minimum feature size compared to holographic
lithography. However, the writing process even for small areas takes a long time. Thus

this technique is expensive in terms of time and equipment.

2.3.3.3 Nano-imprint Lithography

Making large scale samples using e-beam lithography is expensive and time consuming.
Nano-Imprint Lithography(NIL) is a relatively new technique alternative to e-beam
lithography [38]. This is a cheaper technique which uses a stamp to transfer the pattern
onto a substrate. With the correct coating for the stamp it can be preserved and used

many times, making this technique scalable [90].

The fabrication technique starts by making the stamp. The stamp is fabricated by
means of ebeam lithography for features smaller than 200nm or optical Interference
Lithography (Holographic Lithography) for bigger features. Then it is pressed onto a
heated substrate, which is covered with a suitable thickness of polymer. After pressing
the stamp with the correct amount of pressure and cooling the substrate, the stamp
is removed. The pattern on the polymer is then transferred into the substrate by dry
etching. The remaining polymer resist is removed by chemical means. The minimum
feature size in this technique is determined by the features on the stamp. However, a
minimum feature size of 10nm has been achieved using nano-imprint lithography with
e-beam lithography to make the stamp. Since the stamp can be used many times the
time needed to make the stamp by e-beam lithography is not that much of a concern.

Figure 2.14 shows the stages of fabrication in this technique.
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FIGURE 2.14: A schematic of the general Nano-imprint Lithography fabrication method
[53].

In an attempt to make anti-reflective silicon layers, Yu et al.[100] fabricated silicon moth-
eye structures by means of trilayer nano-imprint lithography and a lift off. In their pro-

cess, a nickel mask of pyramids is made by means of trilayer photoresist nanoimprinting
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lithography and lift off. Reactive ion etching (CHF3/O2) was then used to etch the
underlying substrate through the mask to give a conical moth-eye array with 200nm
period and 250nm groove depth (Figure 2.12(d)). This moth-eye structure exhibited a
reflection of less than 1% at normal incidence within the visible regime (400 — 800nm).
Also, at a wavelength of 632.8nm their structure showed a reflection of less than 3% for

angles of incidence less than 65°.

Boden et al.[18] also fabricated silicon moth-eye structures by means of nano-imprint.
They employed dry etching processes to produce protuberances similar to moth-eye
structures on lemx lem samples. Reflection was as low as 10% for incident light in the

visible regime.

Using the same technique, moth-eye structures have also been fabricated on glass [10,
32, 31] and GaAs [33].

Nano-imprint lithography has the advantage of large scale fabrication along with small
feature sizes as small as e-beam lithography. However, like e-beam lithography, the
control over the shape of protuberances is still very poor, and remains dependent upon

the etching process.

2.3.3.4 Nanosphere Lithography

The nature of some materials makes it hard to use fabrication techniques described
above. Thermal mismatch between the substrate and coatings is one of these issues.
Also, for some applications, the moth-eye structure only works efficiently for a narrow
range of wavelengths, which makes the fabrication technique expensive for such a low
throughput. Thus a cheaper technique is desirable to transfer the pattern into the
substrate. One approach is to use nanospheres as masks to transfer the pattern directly
to the substrate. In this technique the arrangement of nanospheres is due to self assembly
(a number of spheres on a flat surface form a hexagonal lattice). This is a bottom-up
technique, which does not include the expensive pattern writing of e-beam lithography.
Thus in the sense of equipment it is much cheaper compared to previous techniques. In
general, the fabrication process follows the stages in Figure 2.15. At the first stage, a
monolayer of nanospheres is deposited on the substrate. The size of the nanospheres is
tailored according to the desired feature size. The next process is etching the substrate
to produce the hexagonal pattern of protuberances in the substrate. There may be a

need to add additional etching steps to smooth the profile of the protuberances.

Sun et al.[88] employed monolayer silica colloidal crystals with non-close-packed struc-
tures as masks to etch the silicon and produce moth-eye shape protuberances. A spin-
coating technique is used to create the non-close-packed arrangement of 360nm silica

spheres on silicon. Then a SFg dry etch was performed to etch the underlying silicon
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FIGURE 2.15: Fabrication steps of Nanosphere Lithography to produce moth-eye struc-
tures [22].

through the nanosphere mask. The etching time determines the height of the protu-
berances. At the end, the remaining silica particles are removed by a hydrofluoric acid
wash. The protuberances have a height of 800nm and a base radius of 210nm (Figure
2.16(a)). Their pattern showed reflection of less than 2.5% for a wavelength range of
400 — 800nm. Chuang et al.[22] used the same technique to produce silicon moth-eye
structures. One of their best samples had a base diameter of 90nm and a height of
150nm and showed a reflection of less than 5% for incidence angles from 5 — 70° at
A = 632.8nm. The same technique has been used to make GaSb moth-eye structures to
be used in thermophotovoltaic applications [57]. The fabricated structures were etched
for 2.5min and showed a reduction of reflectance from 35% for the GaSb flat surface to
just 2% for the etched surface.

Hlease Refer to the Mentioned Reference.

JSM 6500F SEIl 100KV X43000 100nm WD 10.1mm

FI1GURE 2.16: SEM image of moth-eye structures made by Nanosphere Lithography in
silicon,(a) by Sun et al. [88],(b) by Stavroulakis (The image is a courtesy of Mr Petros
Stavroulakis, University of Southampton)

Silicon moth-eye structures have been fabricated using this technique at the University of
Southampton[86]. Polystyrene nanospheres were self assembled and deposited on silicon
to make a hexagonal lattice. At the next step, the silicon was etched with SFg in a deep
reactive ion etch process in order to achieve a 400nm groove depth. The diameter of

nanospheres was 200nm to achieve a 200nm periodicity in the structure (Figure 2.16(b)).
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The sample with the best result had the pillar diameter of 100nm and was etched for
15 cycles (the deepest groove). This sample showed a significant reduction of reflection
at wavelength of 400 — 500nm. However, the reflection increases up to a less impressive

25% as the wavelength increases, though this is still lower than flat silicon.

Other examples of silicon moth-eye structures fabricated by means of nanosphere lithog-
raphy are found in the work by Xu at al.[96] and Li et al.[48].

This technique has the advantage of not using the expensive pattern writing techniques.
It is also a fast technique compared to e-beam lithography. Plus, nanospheres have
been used to make arbitrary protuberances such as holes, cones, rings and nanotubes.
However, in order to produce samples with larger area, more spheres are needed which
makes the technique expensive. Also, this technique is only capable of making hexagonal
lattices of protuberances, while sunflower patterns and aperiodic structures are also

attracting some research work [35, 86].

2.3.4 Optical Properties

Optical studies of fabricated moth-eye structures confirm the resulting reduction in
reflectivity at the interface between two different mediums. In the case of tapered pro-
tuberances the reduction in reflection is greater. The optimum shape of the protuber-
ances was confirmed to be the actual shape found on the moth eye cornea: a parabolic
profile[11, 91, 17]. This is not rejecting the findings of Southwell [83, 84] where a quintic
profile was found to be the most efficient shape of moth-eye protuberances; fabricating
quintic structures has not yet been possible. Experimental studies along with theoretical
studies show that an optimum structure with the least reflection has the protuberances
arranged base to base [11]. EMT explains this effect with the sudden change of the ef-
fective refractive index in a case where there is a slight distance between protuberances.

Less reflection is also observed in protuberances with greater heights.

Specular reflection studies of moth-eye structures showed that the existence of protuber-
ances at the interface harmonizes the s and p polarisation reflection from the surface,
while at a flat interface between two different media the s polarisation reflection is more
than the p polarisation. Also, at p polarisation, a Brewster’s angle exists for which the
reflection of light is zero. However, moth-eye structures show similar reflection values for
light of different polarisations. Furthermore, it was found that reflection from moth-eye
surfaces is independent of the incident polarisation for quite a wide range of incident
angles (up to 40°)[100].

Recently Chuang et al. [22] found that for moth-eye structures with a height of about
400nm, an inverse behaviour of polarisation is observed. This phenomena was found in
a moth-eye structure of non-close packed hexagonal array of conical protuberances. In

these structures for angles of incidence greater than the Brewster angle, the s polarized
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light reflection increases until it crosses the p polarisation reflection value and contin-
ues to increase. The suggested that in order for a moth-eye structure to show inverse
polarisation in the visible spectrum, the base diameter of the protuberances should be
smaller than 100nm. Such a unique behaviour might not be of interest in the field of

anti-reflectivity but has the potential to be studied in more detail.

Since the discovery of moth-eye structures in 1962 by Bernhard [11], there have been
many studies on applying moth-eye structures in anti-reflection applications. Experi-
mental studies of moth-eye samples have confirmed their suitability for this purpose.
In the photovoltaic industry, reducing the surface reflection of the cell is one of the
approaches to increase the efficiency. Silicon-based solar cells can have a moth-eye sil-
icon layer as the anti-reflection layer replacing the conventional anti-reflection layers.
According to the literature, silicon layers which have a moth-eye layer have a reduced
reflection compared to a smooth surfaced silicon(Figure 2.17). It has been observed that

introducing a moth-eye structure reduces the reflection by 30 — 40%.

—— Holographic Lithography
—— E-beam Lithography
Nanoimprinting Lithography/|

—— Nanosphere Lithography
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— Bare silicon

201

300 500 900 1100

700
Wavelength (nm)

FiGure 2.17: Normal incidence reflectance of silicon moth eyes fabricated by
Holographic Lithography(period= 260nm, height= 80nm) [47], E-beam Lithography
(period= 150nm, height= 350nm)[38], Nanoimprinting lithography (period= 200nm,
height= 520nm) [100] and Nanosphere lithography (period= 210nm, height= 800nm)
[88]. The reflectance of bare silicon is also plotted to provide a better comparison [38].

2.3.5 Applications

As an anti-reflective layer, the moth-eye structure performs similarly to conventional
commercial multilayers at normal incidence. However, it shows much less reflection in
exposure to light at oblique incidence. So it can be applied to components which have
to work when exposed to light over a wide range of angles. The moth-eye technique has
the advantages of stability and possible control of the optical properties of the material.
The stability is due to the ability to make the moth-eye in a solid material. The optical
properties of the material can be controlled by changing the geometry of the structure.
Shifting the operating range simply needs change in the height of the protuberances.
This gives the advantage of more flexibility in choosing the material and changing its

optical properties according to the application needs.
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Some potential applications of moth-eye structures include increasing the efficiency of
low-quality optical components and plastic optical components like a hand-held mag-
nifying glass, glass cover of laboratory instruments, cars, and aircraft, where the mass
production of the structure compensates for the cost of the fabrication. Replacing green-
house double glazing with a plastic sheet covered with moth-eye structures on both sides
can help in delivering crops on time [95]. Substituting the multilayer anti-reflective lay-
ers in thermophotovoltaic cells because of stronger thermal stability of moth-eye layers is
another proposed application [57]. Also, the longer stability and durability of moth-eye
structures makes them suitable to be used in space [47]. In solar thermal applications,
moth-eye structures can specifically be useful to enhance the performance of collectors
[47, 95]. The flat collectors in cells are typically protected by cover glasses to reduce heat
loss in the form of convection. Due to reflection losses, only one or two glass covers are
normally used. Covering both sides of the glass with the moth-eye structure can help
to reduce the reflection loss and increase the number of glass covers in order to increase
the equilibrium temperature. In photovoltaic solar cell applications, the silicon surface
of solar cells causes a 20% to 50% reflection loss. Employing a moth-eye layer as the
cover can dramatically reduce this percentage [95]. Moth-eye structures are also very
good replacements for thin film coatings. Thin film coatings exhibit problems caused by
material selection, adhesion, thermal mismatch or diffusion of one material into another,

which are not present in moth-eye structures [47].

Boden and Bagnall[16] studied the advantage of having moth eye anti-reflective layers in
the field of photovoltaic solar cell coatings by simulation and experiment. Their results
show that a moth eye anti-reflective layer with a protuberance height of 500nm gives a
reflection of less than 0.5% in a broad band of wavelengths, which corresponds to a 12%
increase in energy production compared to single layer anti-reflective coating. In another
study, Han et al. [33] studied the effect of employing GaAs moth-eye coatings for a triple
junction solar cell and observed a 1% efficiency increase. This value was observed to be
around 3% for Si-based thin film solar cells having a moth-eye glass cover for arbitrary

incident angles [31, 32].

Coating a moth-eye structure with a layer of metal gives the ability to choose a spec-
trum for reflectance/transmission of light [95]. Having the anti-reflective spectrum at
longer wavelengths requires the moth-eye structure to be made at larger scales than
sub-wavelength dimensions. However, the anti-reflective spectrum of a certain moth-eye
structure can be shifted to the desired wavelength spectrum by coating the moth eye
with a thin layer of a certain metal. This might be useful in applications where space is

an issue.

Many studies have concentrated on using moth-eye structures to increase the efficiency
of light emitting diodes [39, 40, 37, 76].



Chapter 2 Literature Review 35

These anti-reflective layers have recently been used in glare reduction applications and
for enhancing the transmission of light, specifically in window panes, cell phone displays
and camera lenses [85]. A company in the UK, MacDermid Autotype, has produced
Moth-eye Anti-Reflection and Anti-Glare (MARAG) films for flat panels [2].

In some other studies, moth-eye structures also showed hydrophobic properties, which

is promising for self-cleaning surfaces for optical devices [10, 25, 31].

2.4 Conclusion

A review of photovoltaic anti-reflectives was provided in this chapter. Thin film coatings,
micron textured structures and sub-wavelength-scale structures are the three groups of
anti-reflectives in the field of photovoltaics. Optimum examples of each group with low
reflectance and high cell efficiency, have already made their way into industry. The
drawbacks of thin film coatings and micron textured structures do not exist in sub-
wavelength structures. However, sub-wavelength structures themselves are suffering
from expensive fabrication technologies. It is interesting that the path science started
to produce optimum anti-reflectives has led to sub-wavelength structures, similar to

moth-eye structure which is what nature had chosen to use as anti-reflectives.

Moth-eye structures improved by Nature provide the best anti-reflection structure used
for camouflage or eye sight in various insects and butterflies. This structure is the result
of many years of evolution and has been optimised by Nature to meet Nature’s needs.

It has also found its way into human needs where reflection is not desired.

In order to model the behaviour of moth-eye structures, EMT is an effective and easy
method. However, it is not applicable to structures with larger periodicity. In these
cases the features are not resolved by the incident wavelength and thus do not produce

an effective refractive index. Thus RCWA is a more suitable tool to be used in this case.

Moth-eye structures lie within the category of sub-wavelength structures to provide
anti-reflectivity. Fabricating sub-wavelength structures is hard and expensive. However,
improvements in fabrication methods have allowed successful moth-eye samples to be
produced. The commercial availability of moth-eye anti-reflective structures suggests
that the cost of fabrication can be reduced to an acceptable degree. However, for different
laboratory and commercial applications one has to find a compromise between time,
cost, and the perfection of the fabricated sample. Table 2.2 summarizes the properties

of fabrication methods.

Optical properties of artificial moth-eye structures in silicon, GaAs, GaSbh, glass and
silica show that moth-eye structures can be an efficient anti-reflection structure to be
employed for many technological needs. It is easy to optimise the structure for use in

an arbitrary wavelength regime by changing the size, periodicity, or even material of the



Method

Minimum feature size

Notes

Holographic Lithography

100nm

eFast

e Can be replicated using metal replicas

e The height and spacing between protuberances relate

to each other which limit the geometry

e It is not capable of making different shape of geometries
e Relatively fast and cheap

E-beam Lithography

Inm[53]

e High resolution

e Capable of making a variety of lattices and cross sectional shapes
e Low speed, so only used for small areas (couple of microns)

e Expensive in terms of time and cost

Nanoimprinting Lithography

10nm

e Capable of making a variety of lattices and cross sectional shapes
e Scalable to be used for large areas
e Much faster than E-beam Lithography

Nanosphere Lithography

90nm

e Cheap(in small scales)

e Fast(compared to E-beam Lithography)

e Only capable of producing hexagonal lattices

e Only capable of making circle, or ring cross sections

TABLE 2.2: Summary of nano-fabrication methods in the field of moth-eye structures
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structure. Also, introducing a coating on top of the structure can compensate for space
problems and shifts the working wavelength range of the structure up or down in the

wavelength spectrum.






Chapter 3
Experimental Techniques

In this work biomimetic moth-eyes, fabricated in silicon, have been studied and mea-
sured. Scanning electron microscopy is used to image the fabricated structure and mea-
sure their dimensional properties. The optical characterisation of the structure is done
by means of two sets of measurements: Normal incidence and oblique incidence specular
measurement. Reflectance of the structure at normal incidence is measured through the
first technique, where the second measures the specular reflectance of the structure at
a range of incidence angles. In this set-up the sample is also rotated in the azimuth
plane to look at the influence of the azimuth rotation of the structure into its reflectance
behaviour. Samples are designed so that the effect of changing the dimensions of the
structure on the reflectance of the structure can be examined. This chapter introduces

the techniques used for the characterisation of the structure.

3.1 Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) can be used to image structures with feature sizes
down to tens of nanometers. A beam of high energy electrons scans the surface of the
structure. Electrons interact with the atoms at the surface of the structure and produce
back scattered or secondary electrons. The backscattered or secondary electrons are in
fact the signals which carry information about the surface composition, topography and
electrical properties. Since the information is produced by the interaction of particles at
an atomic scale, the resolution of this type of microscopy is as low as 1nm, however due
to scattering this value differs within different devices. This work has used a Jeol JSM-
7500F SEM. Samples with patterned silicon moth-eyes are attached to an aluminium
stub using a carbon pad. Images are taken once from the top of the sample, and once
when the sample is slightly tilted. The latter gives an image from the side of the samples,
which include the profile shape of protuberances. The height of protuberances can also

be determined from the tilted images.

39
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In the case of biological samples, a small section of the wing/eye is separated and at-
tached to a small aluminium stub. Natural samples also need to be coated by a thin
layer of conductive material to prevent sample charging. If charging occurs the features
are not visible. Thus a thin layer of platinum or gold is sputtered onto the sample
before inserting it into the SEM. However sputtering metal particles on to the features
of a natural structure can cause features to bend or compress. Consequently the images

which are produced from these structures can have distorted features.

The voltage of the beam has to be adjusted according to the nature of the sample to
achieve a clear image. For silicon moth-eyes the beam has the voltage of 10kV and for
natural samples it is set to 5kV. The difference is because of the conductivity of the

material interacting with the incoming electron beam.

SEM images were later analysed by means of “Digital Micrograph” or “ImageJ” software

to characterize the features of the structure.

3.2 Spectroscopy

3.2.1 Normal Incidence: Probe Measurement

In order to study the reflectance properties of moth-eye samples at normal incidence, a
specular reflectance measurement is carried out using a probe measurement system. A
fibre optic reflection probe is used to illuminate the sample and carry the reflected light
to the spectrophotometer for detection. The optical probe has three terminals. At one
terminal, it consists of seven optical fibres bound tightly together with one fibre at the
center and the other six fibres are arranged around it. The other two terminals of the
probe are to connect to the spectrophotometer and light source. One terminal only has
a single fibre and the other terminal consist of the ring of six fibres. The single fibre
acts independently to the ring of six fibres; one shines the light onto the sample and
the other collects the reflected light and takes it to the spectrophotometer. The probe
fibre is kept normal to the sample holder where samples are placed and can be moved

in x-y-z directions (Figure 3.1).

The output of the spectrophotometer is processed in the spectrophotometer software

where the relative reflectance of each sample (Rgsqmpic) is calculated by

Lsampie — Laark
Roampte = Rre <M

Iref - Idark

where

R,.; is the absolute reflection of the reference sample
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FIGURE 3.1: Probe measurement set-up (The image is a courtesy of Dr Stuart Boden,
University of Southampton).

Isampie is the intensity of light detected at normal incidence from the sample
Liqrk is the dark intensity (with the absence of the light source)

I,y is the intensity of light detected at normal incidence from the reference.

The reference sample is a reflective sample with a known absolute reflection. Silicon is
used in this work thus the absolute reflection of silicon, Rg; is used for normalisation.
The absolute reflection of silicon is calculated from Fresnel equation (Equation 3.2). The
refractive index of silicon in Equation 3.2, ng;, is taken from literature [6]. This equation

is only applicable to calculate the reflection coefficient of silicon at normal incidence.

. J— . 2
Rs; = (LT o5 > (3.2)

Nair + NG5

The light source used through this measurement was a tungsten halogen light pro-
duced by HL-2000 (Wavelength range of 360 —2000nm). The spectrophotometer was an
HR4000CG which can detect a wavelength range of 200 — 1050nm with an optical resolu-
tion of 0.75nm. The data was entered into the Ocean Optics spectral software (Spectra-
Suite) for post-processing and plotting. The probe fibre used in this measurement was
an Ocean Optics QR400-7-VIS-BX which can carry light of wavelength 200 — 1100nm.

Figure 3.2 shows the operation of the probe during the measurement. The probe fibre
is connected to the source and spectrophotometer so that the light shines from the ring

of the six fibres around the centre fibre of the probe and illuminates the patterned area.
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Probe tip

Sample

FIGURE 3.2: The operation of the probe fibre at normal incidence at (i) the illumination
state and (ii) collection state. b represents dcoiection-

The reflected light is collected by the central fibre. The collection area of the central
fibre should not exceed the area of the sample that is patterned by moth-eye structure
and is illuminated by the incident light. The diameter of the collection cone on the

sample is

deoliection = @ + 2s tan @ (3.3)
where s is the distance between the probe and the sample, a is the diameter of the fibre
and 6 is the numerical aperture of the fibre. The probe fibre is kept at a distance from

the sample where the illumination cone of the 6-bundled fibres do not overlap. Thus

according to Figure 3.2,

2stanf = a (3.4)

Thus,

dilluminmtion = 2a (3 5)

Having identical fibres around the core fibre has the advantage that the illumination cone
of each fibre is identical to the collection cone of the inner fibre. The total diameter of

the illumination area is:

dillumination = 2stan @ + 2a + 2stan 6 (36)

dillumination =4a (3 7)
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In the case of the probe used in this experiment the core diameter of the fibre is 400um.
Thus the diameter of the total illumination area is 1600um (the illumination area is a

series of touching circles).

The numerical aperture of the fibre corresponds to an illumination/collection angle of
6. Hence the incident light on to the sample spreads over a cone with angle of 6.
According to the manufacturers, the QR400-7 probe has a numerical aperture of 0.22.
The numerical aperture is the sine of the illumination/collection angle of a fibre. Thus
a numerical aperture of 0.22 corresponds to an illumination/collection angle of 12.7°.
Accordingly the incident angle of light onto the sample changes from 0° to 12.7°. So the
light collected by the collection fibre is an integration of reflection from incident angles
of near 0° to 12.7°.

In order to increase the signal-to-noise ratio, the illumination cones must be arranged to
closely touch each other without overlapping. This will happen by setting the distance

between probe and the sample to be according to

2stanf = a (3.8)

For the probe used in this experiment a equals to 400um, which gives the optimized

value of 887.5um for the distance between the probe and the sample.

To provide a better signal shape and eliminate noise within the experiment, the inte-
gration time in the SpectraSuite program can be set appropriately. Also in order to
smooth the data, the Boxcar Width'® is another parameter to be set. The value of these

parameters for each measurement is mentioned within the chapters.

Figure 3.3 shows the reflectance of silicon at normal incidence measured via this set-
up along with the theoretical value of silicon reflectance. The integration time is set
to 100ms and Boxcar width to 1. The noise within the measurement has produced a

difference of maximum magnitude of 1.26%. Increasing Boxcar Width reduces this value.

3.2.2 Angle-Resolved Reflectance Measurement: Reflectometer

Angle-resolved reflection measurements are performed in a custom built motorised go-
niometer system (Figure 3.4). The device can be used for specular reflection measure-
ments, and angular scattering in transmission or reflection. The light source is a white
laser beam. The laser beam is passed through a cross polariser, which determines the
power, and sets the polarization of the beam to two linear polarizations: “s” where the
electric field is perpendicular to the plane of incidence (TM), and “p” where the electric

field is parallel to the plane of incidence (TE). The first polariser in front of the laser

'Boxcar Width calculates an average of a number of pixels while transmitting the data. Specifying
n means the pixels are being averaged by n pixels to the right and n pixels to the left.
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FIGURE 3.3: Normal incident reflectance of silicon measured by probe set-up (solid
line) and achieved from theory (dashed line).

aperture is called the “analyser” and the second polariser is called the “polariser”. The
polariser is fixed to produce either s or p polarised light and the analyser is rotated to
change the light intensity. The value of the light intensity resulting by the combination
of two polarisers follows Malus’s law[34]. According to Malus’s law when one polariser

is placed on the path of a polarised beam, the intensity of the resulting light equals to:

I = Iycos’(0) (3.9)

Rotation stage 3

To spectrometer Collimating

/ ITSES

From white-
light source

Plano-convex
lens

Rotation stage 2

Rotation stage 1

FIGURE 3.4: Reflectrometer setup used for specular reflection measurements (The
image is a courtesy of Dr Stuart Boden, University of Southampton).

where I is the light intensity entering the polariser, I is the light intensity after passing
through the polariser and 6 is the phase difference between the polarised light and the
polarisation angle of the polariser. In a cross polariser the initial polarised light (Iy) is
produced by placing another polariser on the path of the non-polarised light before it
enters the main polariser. According to Equation 3.9 the intensity of the light entering
the measurement system by cross polarisers is at minimum power (zero) when the angle

between the polarisers is 90° and maximum when the polarisers are parallel to each
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other. Figure 3.5 shows how the laser power changes with changing the position of the
polarisers. To produce s and p polarised light, the second polariser is kept constant
at 5° and 95° respectively. The polarisation angle of the analyser is changing from
—10° to —190° for s polarisation and from 80° to —100° for p polarisation to produce a
complete sweep of 180°. The shape of both the plots confirms that the cross polarisers
follow a cos? function. Thus it is expected to show the maximum laser power when
the two polarisers are parallel to each other, at —100° for s polarisation and 0° for p
polarisation. But there is a difference in the value of the maximum power between s and
p polarisation. This difference is because of the different response of optical components

to each polarisation state.
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FIGURE 3.5: Laser power produced by the cross polarisers for s and p polarisation.
The second polariser is kept fixed while the position of the first polariser determines
the laser power.

After light has passed through the cross polarisers it is guided upwards by means of
a periscope. It goes through an aperture and optionally a lens to change the beam
spot size, then it hits the mirror and deflects 90° to illuminate on to the sample holder.
The sample holder is set on a rotating stage which rotates 90° and also has translating
stages to move the sample in X,Y and Z directions. The sample holder is also capable of
rotating the sample in the azimuth plane from 0 to 360 degrees. The sample is attached
to the sample holder by means of double sided tape. The detector fibre is fixed on a
rotating bar which rotates around the sample relative to the center of the sample holder
stage. Zero angle for the sample rotation stage is set to be when the light from the
mirror is shining onto the sample at normal incidence. At this point the detector fibre is
behind the mirror and thus cannot receive the reflected beam. After a few degrees the
light from the sample can enter the detector fibre. The position of the mirror (source)
is fixed. Thus the angle of incidence (AOI) changes when the rotational angle of the
sample stage changes. A change in the rotation of the sample stage is followed by a
rotation in the detector by an angle double that of the sample rotation angle. The light
collected by the fibre is then guided to the spectrophotometer. A LabView program is

designed to control all the stages and polarisers and also to plot the light intensity and
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record the data. A lens can be placed on the path of the beam from sample to the fibre
to collect and focus the light into the centre of the fibre aperture.

To start the experiment the sample is attached to the sample stage. While the sample
holder is set at 0° the sample has to be fixed flat and perpendicular to the incident beam
coming from the mirror. This is achieved by ensuring that the reflected beam from the
sample is reflecting back on the same path as the incident beam (by fixing an aperture
on the path of the laser beam). Using the two screws on top of the sample holder, the
tilt of the sample at X and Z direction can be changed. Once the sample is set flat,
the Y distance of the sample from mirror and consequently detection fibre has to be set
to the optimum value where the reflected light goes directly into the detector aperture.
This value is set when AOI equals to 45°. By varying the Y-distance slowly the intensity
of detected light changes. Where the light intensity is maximum the Y-distance is at its
optimum position. However tests still have to be performed at other angles to make sure
the reflected light enters the fibre. Slight changes in the Y-distance and the tilt of the
sample in the X-direction helps to achieve the correct alignment. An inaccurate value
of the Y-position prevents the reflected light to enter the detection fibre at an arbitrary
angle of incidence and thus inaccuracies occur in the measurement. This is equivalent to
making sure the detection fibre is exactly on the path of the reflected light for all angles
of incidence, in other words the system is aligned. The next and final step is to set the
laser power (rotation of the analyser) and integration time. These values must be fixed
so that there is enough signal and so that it does not saturate. Since each sample has a
different reflectance behaviour, the laser power and the integration time varies between
samples. Once the set-up is aligned and the power intensity and the integration time is

set, the measurements are performed.

The laser source is a Fianium Continuum laser producing light of 450 — 2000nm wave-
length with a spot size of &~ 2mm width. The beam size hitting the sample must be
set not to exceed the size of the sample to be measured. Otherwise the reflected light
would involve reflections from the non-patterned area of the sample which would result
in inaccurate results. As the sample is rotated to alter the angle of incidence the width

of the beam spot extends. According to Figure 3.6, the width of the spot changes by
1

in which 6 equals to the angle of incidence. Increasing 6 causes
cos cos

to increase and consequently the width of the beam increases. Thus while performing

a ratio of

measurements use of an appropriate lens to reduce the beam size according to sample

size, should be considered.

The fibre which carries the light to the spectrophotometer is a multi mode fibre AFS50/125Y
(Thorlabs) which operates over the wavelength range of 450 — 1450nm. The core diame-
ter of this fibre is 50um and its numerical aperture is 0.2. With this numerical aperture
the collection cone of the fibre is 11.53°. The distance between the fibre and the sample
is fixed at 17cm. Thus the diameter of the collection cone of the fibre at sample point,

with similar calculations to the previous section, is 6.986cm. This value is bigger than
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Sample

F1GURE 3.6: The width of the beam on the sample at the incident angle of 6.

the larger moth-eye sample available (1cmx lem) which means light reflected from other
components around the apparatus can also enter the fibre. However similar to probe
measurement, this measurement is also performed in a dark room to minimise errors
rising from unwanted light entering the fibre. Also increasing the laser power and inte-
gration time increases the signal to noise ratio and reduce the effect of the error caused
by unwanted light entering the fibre. The spectrophotometer is a BWTEK BTC112E
which detects light in the wavelength range of 200 — 1050nm and has an optical resolu-
tion of up to 0.3 — 10nm. This spectrometer is equipped with a thermoelectric cooled
linear CCD array that offers much higher dynamic range, greatly reduced dark counts
and superior long term operation, making it ideal for low light level detection and long

term monitoring applications of up to 16 minute.

The angle of incidence is altered from 0° to 85° in steps of 0.1°. For the specular
reflectance to be measured, the detector is set at an angle of 2 x 6 (6 being the angular
position of sample rotation axis to the source, in other words the angle of incidence).
Thus the detector angle changes from 0° to 170°. However presenting the measurement
of reflection from a sample at normal incidence (6 = 0°) is not possible. Detecting the
reflection of normal incident light needs the detector to be at § = 0°; however having the
detector and the source both at 0° angle means each of them is blocking the other. Hence
the normal incidence measurements are presented for angles close to normal where the
detector and source are not blocking each other’s light path. For this set-up the start
angle is set to 1.5°. Also when the angle of incident increases to values of 75°, depending
on the size of the sample, the beam tends to be larger than the patterned area of the
sample and thus results are no longer entirely from the moth-eye structure and thus
inaccurate. The value of the AOI where the results are not acceptable depends on the

size of the sample.

The reflection measurement results are normalised to the incident beam. To measure the

laser beam spectrum, the detector is rotated to the angle of 180° and the sample holder is
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moved out of the way. The normalization equation can still be explained by Equation 3.1
used in the probe measurement: if an ideal sample which has a reflectance coefficient of
unity is used as the reference sample, thus R,.; equals to 1 and I,y equal to the laser
beam. Under the same conditions as a probe measurement, a dark measurement is also

performed with the laser light off.

Since the laser can have slight output power fluctuations over time (a few mW in a
24 hour period), while performing the measurements, attention should be paid to keep
the laser power to a constant value by adjusting the analyser accordingly. Also, these
fluctuations over time should be monitored and included in post analysis. In order to do
this, the laser power is measured before and after each experiment. While performing

the normalisation, an average of the laser power from before and after is used as I ..

During the work of this thesis it was noticed that the equipment is very alignment
sensitive. Due to the small aperture of the fibre, 50um, the Y distance between the
sample and the detection fibre has to be set accurately to ensure the reflected beam
goes into the fibre at all angles of incidence. Figure 3.7 shows results of reflectance

measurement for silicon using the reflectometer.
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F1GUure 3.7: Comparing the reflectance of silicon at A\ = 632.9nm for AOI= 3 — 85
measured with reflectometer set-up and calculated from Fresnel equation(theory) for
(a) s polarisation and (b) p polarisation.
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The first point to notice is the value of “reflectance” axis for Figure 3.7(a). This value is
more than “1” while measurements are normalised to 1. This suggests that the intensity
of measured light reflected from silicon is higher than the intensity of measured laser
power. Also looking at reflection at p polarised light, it is clear that it shows low
reflection behaviour at the Brewster angle, however the whole spectrum does not show
correct values. For angles lower than 60°, the measurement shows lower values, compared
to theory, while for higher angle of incidences the reflectance was higher than theory.
Both of these discrepancies suggest that the system is not aligned correctly. To tackle this
problem a mini integrating sphere was designed to be added to the set-up at the detecting
fibre. Light enters the sphere from one port and is sent to the spectrometer by means
of the fibre at the other port. The front port of the aperture of the integrating sphere
is larger than the aperture of the fibre, thus light with a slight mis-alignment enters
the sphere and is still collected by the fibre and sent to the spectrometer. The design
images and real images of the integrating sphere are provided (Figure 3.8) and show the
parts and features in the sphere. The sphere is built in a cube of size 30 x 30 x 35mm?.
Four front ports with different hole size are designed for the front of the sphere; 1,
2, 3, and 4mm diameter. The largest front port will ease the alignment, however it
reduces the angular resolution of the system. Different detectors can be connected to
the sphere to collect the light. The integrating sphere is made of Poly Tetra Fluoro
Ethylene (PTFE). It is highly reflective and almost all of the light is diffusely reflected
from its surface. There is a small round disc which is inserted at the back of the sphere.
The existence of this disk is very important as it prevents light from escaping out of
the sphere and reducing the measured reflectance. The light shining into the integrating
sphere will hit the back surface of the sphere and will reflect back into the front port
and data will be lost, thus this disc which is fixed with a slight angle of 8°, prevents the
light from reflecting back to the front port and exiting the sphere. The disc reflects the
light with a slight angle and guides it to shine onto the sphere and then gets reflected
again within the sphere. The disc works very similarly to the reflectance port in big
integrating spheres and thus it is labelled as the “reflectance” port in Figure 3.8(c).
In order to provide a homogeneous distribution of the light within the sphere the light
needs to be reflected within the sphere many times before it transmits through the fibre
to the spectrometer so a baffle situated between the detector port and the back disk is
used to prevent the light signal shining straight into the detector. In this way the light
shines back from the disc, reflects many times within the sphere and only after being

homogeneously distributed, it enters the fibre.

Apart from reducing the angular resolution of the system, the integrating sphere needs
the intensity of the laser power to be quite high and large integration time to be set so
that the signal gets detected by the spectrometer (high signal-to-noise ratio). However
high laser power is not favourable with all samples and might damage the sample,
especially for natural samples. Thus it is favourable to cover the outer surface of the

sphere by reflective materials to increase the signal to noise ratio and reduce the laser



50 Chapter 3 Experimental Techniques

power required. In this way even the small amount of light transmitted through the
sphere walls gets reflected back to the sphere and will be collected by the fibre. Thus
the signal detected by the spectrometer is stronger which means the value of laser power
can be reduced to prevent possible harm to the sample. Having the detected reflectance
at lower intensity also has the disadvantage that the reflectance spectrum is accurate for
a smaller wavelength range: 450 — 850nm as opposed to 450 — 1050nm in the absence of

integrating sphere.

(b)

Detector fibre
connects to here

Reflectance port

Front port

FI1GURE 3.8: Mini integrating sphere designed as the detector port for the reflectometer
set-up. (a) shows the real image of the integrating sphere compared to a 50 pence British
coin. (b) three dimensional image of the integrating sphere design figure (c) different
parts of the integrating sphere (d) a cross section cut of the integrating sphere design
image. (Images are courtesy of Mr David Payne, University of Southampton)

Figure 3.9 shows the results of silicon reflectance measured by the reflectometer employ-
ing the integrating sphere at the detector point. The reflectometer results are plotted in
colour while the theory is plotted in black. A comparison between results from Figure 3.7
and Figure 3.9 reveals that measurements with the mini integrating sphere are much
more accurate than without. In this measurement, the port with the entrance hole size
of 3mm is used. The integrating sphere is kept at a distance of ~ 16cm which achieves
the angular resolution of 0.4°; meaning the system can be 0.4° out of alignment while
the signal will still be detected. However this also has some disadvantages. It will reduce

the sensitivity of the set-up by 0.4° which means small features in the reflectance pattern
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o1

within angles of 0.4° will be lost. With this set-up the results are acceptable from the

angle range of 1.5 — 83°. Figure 3.10 shows the specular reflectance of silicon at the two

orthogonal polarisations for the wavelength range of 450 —850nm for the aforementioned

AOI range. The theoretical results are calculated through Equation 3.10. Equation 3.2

is extracted from this equation for 6; = 0
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FIGURE 3.9: Results of reflectance measurement from silicon using the reflectometer
set-up equipped with integrating sphere at the detector port.
compared with theory (black). Each plot is showing the results from a different mea-
surement and a single wavelength compared with theory.

The experiments are
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FIGURE 3.10: Specular reflectance of silicon for s and p polarisation measured using
the reflectometer and the mini integrating sphere at the detector point. The theory is
calculated from Fresnel equation.

3.3 Conclusion

This chapter explained the techniques used for characterization and experimental studies
performed in this work. SEM imaging was used to study the shape and geometrical
properties of the samples fabricated previously and studied in this thesis. Reflectance
of samples at normal incidence was studied using the probe measurement technique.
Specular reflectance of samples were studied using the reflectometer set-up. The latter
was also used to rotate the sample in the azimuth plane, so that the specular reflectance

of samples could be measured at arbitrary azimuth orientation of the sample.

The initial measurement performed in this thesis using the reflectometer set-up showed
values of no sense. This was due to the fact that the set-up was very alignment sen-
sitive. Also, for the same reason producing repeatable measurement results was of a
great difficulty. Hence, the setup was modified to overcome these difficulties. A mini
integrating sphere was added at the detector port to collect the reflected beam while
easing the alignment of the system. Reflectance of silicon samples were repeated with

the new set-up and results of close approximation with theoretical values were achieved.
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Simulation of Silicon Moth-eye

Structures

Numerical simulations of biomimetic photonic structures provides a better understand-
ing of their optical behaviour. In general, using numerical simulations as a virtual model
can allow us to study the effect of changing geometrical parameters on the optical be-
haviour of biomimetic photonic structures. Experimental parameters such as angle of
incidence and polarisation can be varied so that the optical behaviour of the structure
can be studied in different experimental environments. Reflectance, transmission and
absorption spectra, electric and magnetic fields, reflectance and transmission diffraction
orders can be investigated to show the optical behaviour of the structure. Theoretical
study can be used before fabrication of a biomimetic structure to create an optimised
structure matching required purposes, and it can also be used after experiments are
performed to examine unforeseen behaviour and to confirm a hypothesis derived from

experimental data.

It was shown in Chapter 2 that Rigorous Coupled Wave Analysis (RCWA) is an appro-
priate numerical method to model and simulate moth-eye structures. RCWA employs
the full vectorial form of Maxwell’s equations. FElectromagnetic waves in the form of
a sum of coupled waves are related to a periodic Fourier function, which represents
the periodic permittivity of the structure. Thus Maxwell’s equations are solved in the
Fourier domain. Field distributions are derived from Fourier harmonics and diffraction

efficiencies are calculated at the end of the simulation.

Modelling and simulations performed and presented in this work used an RCWA mod-
elling package called RSoft [4]. RSoft includes several photonic and optical structure
simulation packages. Among them DiffractMOD is a package using RCWA along with
Modal Transmission Line (MTL) theory to calculate the diffraction efficiency and field
distribution of 2D and 3D periodic structures. MTL is an enhanced version of RCWA

where the electromagnetic fields are represented by summation of individual modes. The

53
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periodicity of the structure in the X-Y plane is expressed by means of the Bloch Theo-
rem. Employing the Bloch theorem within Maxwell’s equations results in an eigenvalue
problem. The structure is divided into thin layers where the permittivity of the struc-
ture is homogeneous in the 7 direction. The eigenvalue problem at each individual layer

is solved and thus integrated into adjacent layers by means of MTL.

The model of the structure is created in DiffractMOD by means of a built-in CAD
package. The CAD package makes it possible to create arbitrarily shaped structures

and simulate them using one of the several modelling packages within RSoft.

In this chapter, a detailed explanation of using the CAD layout to produce silicon moth-
eye structures is presented. The design of silicon moth-eye structures is taken step by
step. Results are presented to verify the structure and the simulation method. Once a sil-
icon moth-eye structure is produced satisfactorily, the simulation file is used to study the
influence of geometrical parameters on the optical properties of the structure. Further,
silicon moth-eyes are optimised for the visible wavelength and their optical behaviour is

studied as angle of incidence and azimuth rotation of the structure is changed.

4.1 DiffractMOD Initialization

At the start of a new design a start up window is presented so that the user specifies
the package to be used, in this work DiffractMOD (Figure 4.1). The dimension of
the simulation domain also has to be set: two dimension or three dimension. Other

parameters can also be set in this dialogue box:

Free Space Wavelength Wavelength of wave in free space

Background Index The refractive index of the background material
Component Index The refractive index of the component

Component Width The default width of a component in X direction in pym
Component height The default width of a component in Y direction in pm

Index Profile Type The type of the index profile

DiffractMOD can output the reflection and transmission for each diffraction order, to-
tal reflected, transmitted and absorbed power. These values can be plotted against

wavelength or incident angle.
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FIGURE 4.1: Print screen of RSoft start-up window.
4.1.1 Defining the Structure

To start, a simple simulation of reflection from a flat interface of air-Silicon was set
up. From the start-up window, the DiffractMOD package is selected and the simulation
dimension is set to two. In 2D it is assumed that the structure is not varying in the Y
direction and thus the structure is defined in the X-Z plane. The rest of the variables
were left as default and changed through the designing process of the simulation. A
“segment” is drawn in the X-Z plane using the mouse. The dimensions of the component
can be changed later by right-clicking on the component and opening the “Properties of
Segment” box (Figure 4.2). The refractive index of the component can also be defined
in this dialogue box. It can be set to a constant number, or for materials with dispersion
relation a data file of the refractive index changing with wavelength can be added to
both real and imaginary values of the refractive index separately. “width” and “height”
are defined in the X-Y plane and thus irrelevant in 2D simulation, however they can be
reset in this window. In order to reset these values new parameters can be defined in the
“Symbol Table Editor” dialogue box. This dialogue box can be found on the “properties
for segment” or on the left hand bar as is shown in Figure 4.2. In the Symbol Table
Editor dialogue box, the values for “width” and “height”, are both set to 10um '. These
values are later assigned to the width and height of the segment in segment properties
box. To define an air-silicon interface, the background index in the start-up dialogue
box is set to 1. For silicon, the refractive index data from literature is used [6]. “index”

and “alpha” are global variables which define the real and imaginary part of the silicon

The default dimension in RSoft is set as microns
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refractive index. These are inputs to Properties of Segment refractive index values.
Two separate data files are used for index and alpha. The size of the segment in the
Z direction can be specified through to the Z value in “Starting Vertex” and “Ending
Vertex” in “Properties of Segment” box. The starting and ending vertex values of Z are

set to Opm and 10pum respectively.
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FIGURE 4.2: Specifying the structure parameters through “Properties of segment”
dialogue box in DiffractMOD

4.1.2 Defining the Unit-Cell

Once the design of the structure is finished, the simulation unit-cell has to be specified.
This is the space in which DiffractMOD performs the calculation. The size of the
unit-cell in the Y direction is infinity as it is assumed that the refractive index of the
structure is independent of Y. The unit-cell is defined using the button on the left hand
bar “Display index profile” (Figure 4.3). Domain Min and Max in X and also Z (and Y
in 3D simulation) define the boundaries of the unit-cell. DiffractMOD shows the default
unit-cell by the purple rectangle around the structure. The unit-cell must be specified to
include at least one periodic unit of the structure. In this example, since the reflection
from a simple flat interface of air and silicon is being calculated, the size of the unit-cell
does not affect the results, however it affects the time of the simulation. Hence, since the
air-silicon interface does not have any features in the unit-cell and the refractive index of
both media across the boundary are constant in all Cartesian directions, a small unit-cell

of 0.2pumx0.02um is specified.

“Grid Size” and “Slice Grid” are two parameters of great importance when defining the

simulation grids. Grid size sets the grid used during the simulation for each dimension.
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FIGURE 4.3: Specifying the computational unit-cell in DiffractMOD

Slice grid specifies the grid point in which the simulation is saved and displayed. It is
better to set these two values equal in order to save all calculated data; having a larger

slice grid than grid size can hide some useful information.

The X-min and -max values are set to —0.1 and 0.1 respectively, and the size of the
cell in the Z direction has a length of 0.02 (—0.01 to 0.01). Leaving the grid size and
slice grid to default, the refractive index of the interface in X-Z plane can be observed
by choosing the “XZ counter map” option and pressing OK. Figure 4.4(a) shows the
refractive index counter map of the unit-cell. It can be seen that the air-silicon interface
which was set to be at Z = 0 is actually at Z = —0.005. Changing the Z grid size
from the default value of 0.01 to 0.005 and 0.001 shows that the interface moves closer
to Z = 0. In this simple simulation, since only a flat interface is simulated, the coarse
or fine setting of the grid size does not affect the results. However in structures with

features the grid size has to be set properly to define the interfaces accurately.
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FI1GURE 4.4: Changing the grid size in Z direction and defining correct interfaces.
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Index Resolution Time(sec)

0.1 0.2
0.01 0.3
0.001 2.9
0.0001 28.7

TABLE 4.1: Wavelength sampling vs simulation time
4.1.3 Defining Simulation Parameters and Running the Simulation

Figure 4.5 shows the dialogue box where the simulation parameters and outputs can be
specified. The first box is the primary direction which specifies the direction in which
the plane wave travels. It is left as the default value, +7Z, which means the waves are
travelling in the +Z direction and incident on the air-silicon interface from the air side.
In this dialogue box “Domain Min and Max” are the same values as in the unit-cell
dimensions. Number of harmonics specifies the number of harmonics while expanding
the fields in Fourier transform. A greater number of harmonics gives greater accuracy
while increasing the simulation time, thus a convergence test must be performed to
optimise this value. “Index Resolution” is different from simulation grid. It specifies
the number of layers in each direction with a homogeneous refractive index. These
layers are used by RCWA through simulation to resemble the structure in a series of
stacked layers and perform the calculations. A convergence test is also necessary to
optimise the index resolution. The “Launch” box in this menu specifies the polarisation
of incident light and the angle of incidence. The “Output” button specifies the field
to be calculated and displayed. In this example, the plot type of “Vs. Wavelength” is
chosen. The wavelength ranges from 0.3 to 1um. “Step” specifies the steps with which
the wavelength is changing. This value also has to be specified wisely to ensure neither
time nor accuracy is being sacrificed. It was initially set to 0.1. The refractive index of
silicon [? | input into the simulation, includes the dispersion relation of the silicon and
so the box “Account Material Dispersion” has to be ticked so that DiffractMOD takes
it into account. The rest of the fields specify the values to be calculated and outputted.
Total reflected power was chosen to be calculated. The dashed green line in Figure 4.6

shows the results of this simulation.

To ensure the number of wavelength steps is set so that all the details in the reflectance
spectrum are visible, the simulation is performed with smaller step values. It can be
observed that decreasing the step value (increasing the number of steps) converges the
results to the theoretical value (red line in Figure 4.6). However, as it increases the
number of wavelengths it also increases the simulation time (Table 4.1). In this example
the simulation is a basic modelling of reflectance from a flat interface and thus does not
take a long time. However, for more complicated structures and simulations a balance

has to be struck between accuracy and simulation time.
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FIGURE 4.5: Setting simulation parameters in DiffractMOD
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FIGURE 4.6: Reflectance at air-silicon interface calculated by DiffractMOD. The leg-
end shows how changing the wavelength sampling value converges the results to the
experimental value.
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4.1.4 Simulation in 3D

The same simulation can be performed in 3D. In “Global Setting Window” (Figure 4.7)
the dimensions of the simulation was changed to 3D. The structure can be viewed in
4 planes; this option is available on the toolbar at the top of the window. The image
in the Y-Z plane and the X-Y plane shows that the unit-cell in the Y-direction has a
large value compared to the X and Z values set previously, which is not essential. The
unit-cell has to be redefined through “Display Material Profile”. Y-max and -min are
set to —0.1 and 0.1 respectively. The grid spacing and slice grid will be left as default
values along with other simulation and segment values. The unit-cell can be observed

in 3D plot, changing the Display Mode into 3D Volume.

FIGURE 4.7: The simulation in 3D and the new unit-cell.

The simulation is performed with similar settings to the 2D simulation. The wave-
length step is set to 0.001. The results are identical to the results of the 2D simulation
(Figure 4.8). Having the unit-cell at the interface changed from a square shape to a

rectangular shape does not affect the calculated results.

4.1.5 Defining the Moth-eye Structure

This structure formed the basis of making a moth-eye structure. Thus new components
were added to this structure gradually to make the moth-eye structure. Gradual changes

were monitored with simulation tests to ensure settings were correct.

The cross section of a component can be chosen to have square, circle or polygon shapes.
In order to change the shape of the cross section to square/rectangle, “channel” is chosen
as the 3D structure type in the properties of segment. New symbols are defined in the

symbol dialogue box as below. The height of the substrate is also changed to 2um. The
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FIGURE 4.8: Reflectance of silicon-air interface in 2D and 3D simulation in Diffract-
MOD

refractive index of the rod is set to silicon. The new values are chosen to be close to

moth-eye dimensions (Chapter 2).

rod-width width of the rod in the X direction, set to “0.1um”

rod-height width of the rod in the Y direction, set to “width”(to give square cross

section)
period periodicity of the square lattice (spacing between adjacent rods), set to “0.25um”

Z-height height of rods in Z direction, set to “0.2um”

The structure consists of a rod arranged in a square lattice. The periodicity has to be

set for the unit-cell. In order to define a square unit-cell with the periodicity of 0.25um,

the minimum and maximum values for X and Y are both set to —pegmd and pegmd
respectively. The Z-min and -max values have to be set so that it includes the height of
the rods and the interface between the rod and the substrate. Thus a value of 0.01 is
added to the top and bottom of the length of protuberances. Keeping the grid size and
slice grid value as default, 0.005, for X and Y and 0.01 for Z, the refractive index counter
map of the structure is plotted in three planes to ensure the structure is correctly set
(Figure 4.9). The counter-map of the X-Y plane is plotted at the plane Z= 0.1. The
refractive indices are calculated in the wavelength of 1pum which was set in the global
settings dialogue box (“free space wavelength”). The red colour represents the value of
the refractive index at A = 1pym. The pink colour represents the background, in this

case air with the refractive index of 1. As can be observed in the images, at the edge
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of the structure in the X and Y direction, the refractive index is presented with a green
colour with a value between that of the red and pink. This indicates that the software
has averaged the refractive index of the material at these edges resulting in a coarse grid
size in X and Y directions. They are left at the default value in this work. The structure
to be simulated in DiffractMOD, is presented in Figure 4.10.

Contour Map of Index Profile at Y=0

3574

Z (um)

-0.1 0.0 0.1
® )
Contour Map of Transverse Index Profile at Z=0.1 Contour Map of Index Profile at X=0

3574 3574

Y (Hm)

0.1 0.0 01 ’ 0.1 0.0 01
X (m) Y (um)

(c) (d)

FIGURE 4.9: Counter-map of the unit-cell of a square rod in square lattice in Diffract-
MOD

To ensure that the simulation runs correctly, a test is performed in which the size
of the square rod is gradually increasing until it covers the whole unit-cell. The last
configuration gives an air-silicon interface like the previous example, where the height of
the substrate is slightly bigger (substrate + height of the rod). Thus the results have to
resemble the air-silicon reflection pattern as the size of the rod increases. Figure 4.11(a)
shows the reflectance spectrum of the structure while the width of the rod increases.
The width of the rod changes from 0.05um to 0.25um, in steps of 0.05um. The last
value is equal to the width of the unit-cell produces a block of silicon covering the whole
unit-cell, giving a flat interface of silicon at higher Z point. The reflectance value for
rods of width 0.25um is similar to the reflectance value of silicon. The other interesting
feature of this diagram is that for the rod of smallest width, the reflectance spectrum
at higher wavelengths is close to the reflectance of silicon. This is because at higher
wavelengths the width of the rod is quite small and can be resolved in the wavelength,
thus the structure seems like a flat silicon-air interface to the light. For rods of width
between these two values, the rods cause the reflectance at the interface to decrease, and

introduced fluctuations in the reflectance spectrum along the wavelength.
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MOD
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FIGURE 4.11: Reflectance value for a width scan for rods in a square lattice with (a)

square cross section (b) circle cross section
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The base of the protuberances in a moth-eye structure has a circular shape, thus the
shape of the cross section of the rods are to change from a square shape to a circle
shape. The diameter of the circles are equal to the width of the sides of the square
rods. The unit-cell is kept constant as shown in Figure 4.12. Results are presented
in Figure 4.11(b). The results for the diameter of 0.05um to 0.2um are quite similar
to the previous structure with square-shaped rods of the same width, however, for the
diameter of 0.25um there is a significant difference in reflectance spectrum. As the
diameter increases the circular rods cover a larger portion of the unit-cell, however the
circles cannot cover the unit-cell completely and some space will be left uncovered at the
edge of the unit-cell. Thus unlike the previous structure, when the width of the circle
rods equals to the width of the unit-cell, the homogeneously flat interface of air-silicon
is not produced. Hence it is expected to see a behaviour different from an air-silicon flat

interface (or square cross sectional rods with width of 0.25um).
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FI1GURE 4.12: Counter-map of the unit-cell of a cylindrical rod in square lattice in
DiffractMOD

In the moth-eye structure the rods are arranged in a hexagonal lattice. A hexagonal
lattice has a unit-cell of rectangle shape with two or four rods (Figure 4.13). Thus the
unit-cell was changed from square to rectangle. Later more rods were added to the
unit-cell. The height of the unit-cell in the Y direction is changed to v/3a where a is
the periodicity of the hexagonal lattice, and the width of the cell in the X direction.
The unit-cell in 3D is plotted in Figure 4.14(a). The width of the circle-shaped rods
change from 0.05um to 0.25um and reflectance results are plotted in Figure 4.14(b).

The reflectance spectrum of rods with larger width values is showing a more different
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behaviour comparing to previous structures. This is caused by the larger empty space
between rods as the unit-cell in the Y direction is larger than previous unit-cells. How-
ever, in the case of the smaller rods, there is still a similarity between the cylinder rods

in the rectangle unit-cell and the square unit-cell.

FIGURE 4.13: A unit-cell of hexagonal lattice of (a) two rods completely in the unit-
cell, and (b) one rod in the center and four quarters at each corner. The unit-cell is
shown by the black rectangle.
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FIGURE 4.14: (a) Cylindrical rod with a rectangle unit-cell in 3D (b) Reflectance of
the structure for a scan of rod’s radius.

In order to produce the hexagonal lattice, additional rods were added according to the
unit-cell arrangement (Figure 4.13). A hexagonal unit-cell can be defined either with
two rods in the unit-cell, or one rod in the unit-cell and 4 quarters at each corner of the
unit-cell. However the arrangement of the two rods fully in the unit-cell is limited in the
maximum radius of rods. In this arrangement the radius of the rods cannot have values
larger than 7 as they will cross the boundaries of the unit-cell. This limitation does not

exist for the other arrangement (Figure 4.13(b)).

Simulations were performed employing the two unit-cells, with the diameter of the rods

set to 0.0625um and 0.05pm and periodicity of 0.025um. Since the diameter of the rods
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were less than 100nm, the index resolution in the X and Y direction was set accord-
ingly so that DiffractMOD distinguished the interfaces correctly. Reflectance results are
plotted in Figure 4.15(c). The match between the results of two the different unit-cell
arrangements shows that DiffractMOD implements a correct hexagonal lattice indepen-
dent of the unit-cell.
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FIGURE 4.15: 3D volume demonstration of the unit-cell of a hexagonal lattice with

the arrangement of (a) two rods in the unit-cell, (b) one rod in the unit-cell and four

quarters at each corner. (c¢) Comparison of the reflectance of (a) and (b) structures
with the periodicity of 0.25um, and rod diameter of 0.0625um and 0.05um.

4.2 Simulation of Silicon Moth-eyes in DiffractMOD

4.2.1 Profile and Topography

The profile of protuberance has to provide a gradual change in the refractive index at
the existing interface to reduce the reflectance from the surface. A variety of protu-
berances’ shapes was studied to fulfil this aim: cones, tapered cylinders, paraboloids,
Gaussian and sinusoidal shapes [85]. The optimum protuberance profile was reported to

be a quintic shape (Section 2.3.2), however such a structure is hard to fabricate as the
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etching stage will remove the sharp tip. Thus, a rounded tip profile similar to Gaussian,
sinusoidal or paraboloid is more likely in practice. Sinusoidal profiles have a mirror
symmetry along the horizontal axis and provide the same profile in both directions in
the vertical axis. Such a profile provides a gradual increase of the refractive index in
either vertical direction. This similar refractive index change has proven to be effective
to decrease the reflectance from an interface. Since a similar mirror symmetry does
not exist at Gaussian or sharp-tipped profiles, this work employs a sinusoidal profile
to mimic the protuberances in a moth-eye structure. The profile of the structure is
proportional to Equation 4.1. The protuberances are arranged in a hexagonal lattice
(Figure 4.16) similar to that of the actual moth-eye structure. The lowest reflectivity is
observed in a hexagonal lattice where the protuberances are close-packed and touching
at the base. Thus the diameter of the base of protuberances are set to be half of the
periodicity to provide a close-packed arrangement of protuberances in the hexagonal
lattice. Figure 4.17 shows the moth-eye structure set in DiffractMOD.

z =cos(z,y) + 1 (4.1)
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FIGURE 4.16: (a) z = cos (z,y) + 1, the profile of moth-eye protuberances in Diffract-
MOD (b) arrangement of protuberances in a hexagonal lattice with the rectangular
unit-cell of a x v/3a.

4.2.2 Convergence Test

To perform accurate computational studies it is essential to determine the optimum
value of the simulation parameters. In DiffractMOD the index resolution value in the
Z direction and the number of harmonics are the two parameters that determine the
accuracy of the simulation results. Index resolution in X and Y directions determine
the level of accuracy with which the structure defined in the CAD layout is imported
into DiffractMOD. However, these values are dependent on the number of harmonics

to be used within the simulation, the dimensions of the structure and the size of the
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FIGURE 4.17: Moth-eye cosine profile in DiffractMOD

simulation domain (unit-cell) in X and Y directions. RSoft default values of X and Y

index resolution were used for simulations throughout this work.
A new parameter, “the number of layers in the Z direction”, was defined to determine

the value of the index resolution according to Equation 4.2.

Height of Structure in the Z direction (4.2)

Index Resolution =
Number of Layers in the Z direction

Convergence results are plotted in Figure 4.18. The mean average of reflectance from a
silicon moth-eye structure with a height of 100nm and periodicity of 100nm is plotted
against the number of layers in the Z direction and the number of harmonics. Fig-
ure 4.18(a) shows that results converge when the number of layers in the Z direction
reached the value of 60. However, the simulation time increased as more layers were
added along the Z axis. To provide an optimum balance between time and accuracy,
the number of slices was chosen as 60 where the mean average of reflectance differs by

a value of 0.02% from the converged value.

Increasing the number of harmonics, increased the simulation time by a greater value,
reaching almost four days at the number of harmonics of 10. Thus only a limited number
of harmonics (2—10) were tested and the results are plotted in Figure 4.18(b). The value
of the mean average of reflectance spectrum at normal incidence was tending to converge
at the number of harmonics of 6 with the third decimal point changing. At this point the
simulation takes 6hours. The height of the moth-eye structure in these simulations is set
to 100nm while the natural structures are as tall as 200nm and literature has reported
the theoretical study and fabrication of moth-eyes of taller protuberances (Chapter 2). It

has to be considered that moth-eye structures of higher protuberances need more time for
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simulations and consequently the total simulation time will increase to higher values than
Figure 4.18(b). Interpolation of the curve in Figure 4.18(b) gives the “pseudo-converged”
value of 16.8% for the mean average reflectance. At the number of harmonics of 4, the
average reflectance value is 16.4%, 0.4% less than the pseudo-converged value, which is
2.3% of the pseudo-converged value. An accuracy of £2.3% is accurate enough to gain
a good qualitative understanding of the reflectance behaviour of moth-eye structures.
Hence, a value of 4 was chosen to balance the time and accuracy for all the simulations

performed throughout this work.

Average Reflectance (%)
= = =
o o o
= w o

i
»
©

Time (hours)

%

Q
5

Average Reflectance

17.2¢

16.8

16.41

80

D
o
Time (hours)

=
o

20

N
B
3

i
»
o

0 20 40 60 80 100 120 140 2 4 6 8 10
Number of layers in the Z direction Number of harmonics

(a) (b)

FIGURE 4.18: Convergence test for moth-eye simulation in DiffractMOD (a) number
of slices in the Z direction (b) number of harmonics in the Fourier transform

4.2.3 Results
4.2.3.1 Height and Periodicity at Normal Incidence Reflectance

The effect of changing the periodicity and height on the reflectance behaviour of sil-
icon moth-eye structures at normal incidence for un-polarised light was studied using
DiffractMOD and the results are presented in Figure 4.19. The periodicity ranges from
0.1 to 0.4um in steps of 0.0lum. The maximum limit of the periodicity, 0.4pm, was
chosen as the cut-off value to prevent the occurrence of diffraction orders at normal
incidence (Table 4.2). The height was varied between 0.1 and 0.8um in steps of 0.1um.
It can clearly be seen that increasing the height reduces the overall reflectance. The low
reflectance values of 2% or less (dark blue) expand and cover a greater area of the graph

as the height increases.

The influence of periodicity on the reflectance spectra of moth-eye structures can be
extracted from the same graphs. Figure 4.19 shows that increasing the periodicity shifts
the low reflection region (dark blue) towards longer wavelengths, this is more clear in (a),
(b) and (c) plots where the height is set to 0.2 and 0.3um respectively. In these two plots,

for shorter periodicities the low reflection spectrum is in lower wavelength ranges and as
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FIGURE 4.19: Reflectance of silicon moth-eye structures at normal incidence for pe-
riodicity range of 0.1 to 0.1um in steps of 0.01um, and the height of 0.1 to 0.8um in
steps of 0.1um, for the wavelength range of 0.3 — 1um.
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Normal Incidence | Oblique Incidence
period(d) d < 400nm d < 200nm
height(h) h > 320nm h > 320nm

TABLE 4.2: The range of period and height of moth-eye structures so as to prevent
occurrence of diffraction orders in the reflectance spectrum for the incident wavelengths
of between 400 — 800nm according to Table 2.1

the period increases on the vertical axis the low reflectance region travels towards longer
wavelengths. This is also the case for structures with taller protuberances, however it is

less clear as the reflectance value is reduced as a result of the height increase.

In Figure 4.19 the profile of the plots do not change shape and only change value. This
is more clearly seen in Figure 4.20 where the reflectance spectrum of certain periods
at all scanned heights is plotted against wavelength. In each plot the height is kept
constant while the periodicity changes. Comparing the reflectance of structures with the
same periodicity while the height is increased confirms that the reflectance spectrum is
reduced towards lower reflectance values but the position of peaks and troughs in terms
of wavelength is not changed. However, it seems the reduction of reflectance is of greater
magnitude at wavelengths shorter than 0.7um. The reduction of the reflectance value
implies that the difference between the reflectance minimum and maximum value reduces
and the oscillation of the reflectance within the whole spectrum is smoother compared

to low height structures.

The mean average of reflectance of these structures is presented in Figure 4.21. Struc-
tures with shorter pillars show high values of reflectance starting from 20%. This value
decreases with the increase in the height of protuberances until it reaches 1% at the
height of 0.47um for the periodicity of 0.28um. The mean average is less sensitive to
the value of periodicity, especially for short protuberances of 0.1 — 0.2um height, but as

the height increases the mean reflectance is more affected by the value of periodicity.

4.2.3.2 Optimisation of Silicon Moth-eye Structures

The results of the previous section showed that the height and periodicity of the moth-
eye structure can be designed to set the low reflectance region of the spectrum to a
desired wavelength range and value. Hence optimization of moth-eye structure depends
on the application needs. This section aims to optimise the moth-eye structure in the
visible regime while exposed to solar irradiance. The intensity of solar irradiance during
a twenty four hour varies with wavelength and time of the day (angle of incidence). In
order to include the effect of such variations on the reflectance properties of anti-reflective

structures, weighted reflectance (R,,) is used. It is calculated by Equation 4.3,

E(R(A) x Ip(N))
XIr(N)

Ry =
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F1GURE 4.20: Reflectance of silicon moth-eyes at normal incidence for the periodicity
range of 0.15 — 0.35um in steps of 0.5um and height of 0.1 — 0.8 m in steps of 0.1um.
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FIGURE 4.21: Contour plot of mean average reflectance and weighted reflectance of

silicon moth-eye structures with periodicity of 0.1 — 0.4mum and height of 0.1 —0.4um.

The mean average is the dashed line and the weighted reflectance is the solid line. The

point marked with the arrow is chosen as the optimised point with no diffraction orders
and the mean reflectance and weighted reflectance value lower than 1%.

Where R()) is the reflectance of the silicon moth-eye structure, I is the total irradiance
illuminated on the structure, in the case of photovoltaics, the solar spectrum. The solar
spectrum data provided by SPCTRL2 from National Renewable Energy Laboratory
(NREL) was used previously to produce the total irradiance from 6 am to 12 am (half
a day), corresponding to an angle of incidence changing from 90° to 0° [14, 15], and
is presented in Figure 4.22. The photon flux density (Figure 4.22(b)) is calculated by
dividing the total irradiance by the energy of a photon at each wavelength, hv.

Total Irradiance Total PFD
18 .
x 10 i ‘
2 57
n @ 4
£ 1.5 NE
z 23
g 1 8
3 52
g e
Eos: =
0 B e : ”40"60 80 0 I ; - 80
400 400
800 800 1000 1200 0 20 @ 800 800 1000 1200 0 20 (O)
Wavelength (nm) Wavelength (nm)
(a) (b)

FIGURE 4.22: (a) Total solar spectral irradiance (b) Total photon flux density of the
solar spectrum [15].

The weighted reflectance value of the moth-eyes studied in the previous section is shown
in Figure 4.21 along with the mean average reflectance. There is a close correlation
between the mean average and the weighted reflectance for shorter heights, but the dif-
ference increases as the height increases. For a height of 0.47um the weighted reflectance

can be as low as 1%, provided the periodicity is optimised. As the height increases the
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area in which the reflectance is less than 1% expands into shorter and longer periods and
in fact more into longer periods. Thus it can be understood that as the height increases
above 0.8um, the reflectance decreases and reaches lower values while the periodicity
range which covers the reflectance value of under 1% also expands. However, attention
should be paid that fabrication of pillars with high aspect ratio (height of pillars to
radius) is difficult and not practical. In the field of photovoltaics, high aspect ratio
increases the surface area of the cell and recombination of holes and electrons and thus
decreases the short circuit current which reduces the efficiency of the cell. Also, in thin
film solar cells, pillars of tall height are not desirable. These limitations will limit the
available range of the design parameters for moth-eye structures. In structures with
periodicity above 400nm and 200nm, diffraction orders occur at normal incidence and
oblique incidence respectively (Table 4.2). Considering the aforementioned limitations
on moth-eye structures with high aspect ratio, along with limitations within the param-
eter choice to suppress diffraction orders, the periodicity is chosen to be on the border of
the no diffraction order limit, at 200nm. For this value of periodicity the mean average
and weighted reflectance are both under 1% when the height is 0.6pm (Figure 4.21).
Thus these parameters are suitable to achieve reflectance under 1% without diffraction

at any angle of incidence (AOI) across the wavelength range of 400 — 800nm.

The reflectance spectrum of this structure for un-polarised light, and the two orthogonal
polarisations of s and p, is shown in Figure 4.23. The reflectance is less than 1% until it
reaches a wavelength of 0.748um. Above this wavelength, the reflectance value increases
to 3% at the end of the wavelength range (1um). There is a difference of less than 0.5%
between the reflectance at the two orthogonal polarisations which is greatest below
0.4um and above 0.7pm. Since the plane of periodicity is a hexagonal lattice and there
is not a 90 degree symmetry in the structure a slight difference is expected. Electric and
magnetic fields encounter different rod arrangement at the two orthogonal polarisations

and thus such a difference exist.

al —— unpolarised light
_ ||~~~ p polarisation
N . . s
S ||s polarisation
e2 2
<
(8]
2
cl ]
0 = I I
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Wavelength (um)

FIGURE 4.23: Normal incidence reflectance of silicon moth-eye structure with period-
icity of 200nm and height of 600nm, for unpolarised (solid line), p polarised (dashed
line) and s polarised light (dotted line).
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4.2.3.3 Reflectance at Arbitrary Angle of Incidence

The previous section considered reflectance at normal incidence. However in practical
situations the incident light comes from a range of angles. Thus it is essential to study the
behaviour of an anti-reflection structure at different angles of incidence. The reflectance
of the optimised structure was calculated at angles of incidence from 0° to 80° in steps
of 10°, for both s and p polarisation, and is presented in Figure 4.24. The plane of
incidence is kept constant. The change in the orientation of the plane of incidence is
similar to changing the azimuth angle of the sample under the incident light and will be
discussed in the Section 4.2.3.4.

Figure 4.24(a) and Figure 4.24(b) show that as the angle of incidence increases the value
of the reflectance of the structure also increases for both polarisations. This is clear when
looking at the total reflectance at different AOIs, Figure 4.25(a). The total reflectance
is constant up to an AOI of 40°, after which it increases sharply. The general shape of
the spectrum remains constant and the fluctuations become more significant as the AOI

is increased.

p Polarisation s Polarisation
T T T T T T T A01 ()
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Yy |—20
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4 |—40
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FIGURE 4.24: Reflectance spectrum of silicon moth-eye structure with periodicity of
200nm and height of 600nm at AOI of 0° to 80° in steps of 10° for (a) p polarisation
and (b) s polarisation.

Figure 4.25 plots the total reflectance, maxima and minima values of the reflectance
spectrum at different AOIs for each polarisation. All values are increasing for both
polarisations as AOI increases. While the rate of increase of maxima for both s and p
polarisation is very similar, the rate of increase of minima is smaller for the p polarised
light compared to s polarised light. Hence, the total reflectance at p polarisation has

higher values than the s polarisation. The total reflectance of this moth-eye structure
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at AOI of 0 to 80° increases from ~ 1% to 40%, 26% and 33% for p, s and unpolarised
light respectively.

50 — 50 : :
45} | —=—s polarisation i —_— ’8) zgllzrrlizzlltig:
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o

FIGURE 4.25: (a) Total reflectance at AOI changing from 0 to 80° for s and p polar-

isation and unpolarised light (black). (b) The plot of maxima (solid line) and minima

(dot-dash line) of reflectance spectrum for each AOI and polarisation (s polarisation in
blue and p polarisation in red).

The reflectance value of the structure for s and p polarisation against AOI at certain
wavelengths is presented in Figure 4.26. At p polarisation the reflectance remains con-
stant until the AOT of 40° for wavelengths of under 0.8sm, but for longer wavelengths the
reflectance is more sensitive to AOI. However at s polarisation the value of reflectance
stays constant up to AOI of 60° for the wavelength of lower than 0.5um but the range
over which the reflection is insensitive to AOI reduces to 40° and is even lower for longer
wavelengths. For the most of the spectra the reflectance of p polarisation shows higher
values compared to s polarisation. However at a wavelength of 1um the behaviour of
s and p polarisation changes and p polarisation has lower values. This is a remarkable
feature in the angular reflectance of this moth-eye structure. The angular reflectance
of silicon at s polarisation normally has larger values of reflectance compared to p po-
larisation. This is because the particles oscillating in the direction of polarisation at p
polarisation cannot radiate light in the direction of oscillation and thus at a certain an-
gle there is no reflectance from the surface of the material at p polarisation. This angle
is called the Brewster angle. However the silicon moth-eye structure presented in this
chapter shows higher values of reflectance for p polarisation compared to s polarisation
for wavelengths lower than 1um which means that the moth-eye structure has cancelled
the Brewster angle effect and has produced an inverse polarisation behaviour. The in-
verse polarisation was observed in literature [22] at wavelengths of 1250um. However
the optimized moth-eye structure studied in this chapter shows the inverse polarisation

within the whole visible spectrum.
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F1GURE 4.26: Reflectance of silicon moth-eye structure with periodicity of 200nm and
height of 600nm at AOIs of 0° to 80°, at wavelengths of 0.3um to 1um in steps of

0.1pm, for p polarisation (red) and s polarisation (blue).
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4.2.3.4 Azimuth Angle

The angle of incidence variations studied in the previous section was studied while
maintaining a constant plane of incidence. However, the plane of incidence can also
rotate. This is the same as rotating the sample and changing the azimuth angle. The
protuberances are arranged in a hexagonal lattice in a moth-eye structure. Therefore
if the azimuth angle is changed and the sample is rotated, the electric and magnetic
field of the incident beam observe a different profile of the refractive index and would be
expected to produce a difference in the reflectance spectra (Figure 4.27). Computational
work was performed to investigate the influence of the azimuth orientation of moth-eye
structures on their reflectance spectra. The reflectance spectra of the optimized silicon
moth-eye structure was studied for two orthogonal polarisations and angles of incidence
from 0° to 80°. The results are plotted in Figure 4.28 for s and Figure 4.29 for p
polarisation. A hexagonal lattice is a 6-fold symmetric plane, thus the behaviour of the
sample is unique at azimuth angles between 0° and 30°, and repeats every 60°. In this
section the azimuth angle has varied from 0° to 45° to cover the 30° of symmetric unit

and confirm the repetition of the results for azimuth angles greater than 30°.

In Figure 4.28 and Figure 4.29, the change of the azimuth angle of the lattice does
not show a significant change in the reflectance spectrum, except at wavelengths lower
than 0.4pm. The reflectance at wavelength of 0.3um as a function of AOI and azimuth
angle is plotted in Figure 4.30. For both s and p polarisation the reflectance value
only changes for AOI larger than 40°. For p polarisation there is a slight jump of the
reflectance at AOI of 50° for azimuth of 25° and 35°, and AOI of 60° for azimuth of
15° and 45°. The reflectance value at these points increases by 6 — 8%. The occurrence
of these discrepancies might seem to contradict the fact that the structure is optimised
not to have diffraction orders. However it should be considered that these discrepancies
exist at the wavelength of 0.3um, which is beyond the visible range (0.4pum—0.8m)
where the structure is optimised. Figure 4.30 shows that the reflectance of azimuth
angles of 25° and 35°, 15° and 45° show a similar behaviour to each other and follow the
same trend. This is because of the symmetry of the hexagonal lattice which is repeating
around the azimuth of 30°, meaning that electric and magnetic fields are observing the

same refractive index profile in the azimuth angles of 25° and 35°, and also 15° and 45°.

A comparison of the mean reflectance at each azimuth angle and wavelength and AOI,
demonstrates that the mean value only varies by 0.05%. This can be explained by ef-
fective medium theory. Since the dimensions of the structure are much smaller than the
incident wavelength, the ﬁ and ﬁ field do not sense the protuberances and thus the
moth-eye layer appears as a homogeneous layer, with a thickness equal to the height of
protuberances and the refractive index changing from top to the bottom. In a homoge-

neous layer where no features exist on the structure, changing the azimuth rotation does



Chapter 4 Simulation of Silicon Moth-eye Structures 79

Normal to the Interface

Plane of Incidence

1

FIGURE 4.27: (a) Top view of a hexagonal lattice of rods illuminated by light. This

arrangement is considered as zero reference for azimuth rotation of the sample. (b) Top

view of a hexagonal lattice of rods, illuminated by light. The sample is rotated ¢° in

the azimuth plane in respect to the reference situation. (¢) Shows a hexagonal lattice

of rods constant in the azimuth plane. The plane of incident “1” corresponds to the

situation of zero azimuth rotation, and the plane of incidence “2” corresponds to the
situation where the sample is rotated ¢° in azimuth plane.

not change the reflectance behaviour of the sample. If a significant discrepancy occurs

it is a sign of diffraction orders.

4.2.4 Comparison between Silicon Moth-eye and Single Layer and
Double Layer Anti-Reflective Coatings

Boden [15] had performed a study on optimization of thin film structures for photovoltaic
applications and reported that a single layer anti-reflective coating of SizN4 (80.6nm)
and a double layer anti-reflective coating of SiOy/TiO9 (108.74/57.45nm) are the op-

timum anti-reflectives. Thus a comparison of the optimized silicon moth-eye and the
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FIGURE 4.28: Comparison of the s polarisation reflectance of silicon moth-eye structure

with periodicity of 200nm and height of 600nm at AOIs of 0° to 80°, at wavelengths of

0.3pm to 1pm in steps of 0.1um, for azimuth angle changing from 0° to 45° in steps of
5°.
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FI1GURE 4.29: Comparison of the p polarisation reflectance of silicon moth-eye structure

with periodicity of 200nm and height of 600nm at AOIs of 0° to 80°, at wavelengths of

0.3pm to 1pm in steps of 0.1um, for azimuth angle changing from 0° to 45° in steps of
5°.
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FIGURE 4.30: Reflectance values of the optimized silicon moth-eye structure at wave-

length of 0.3um, for AOI from 0 — 80° and azimuth of 0,5, 15,25, 35,45. The inset is

zooming to the plots at AOI of 60° — 70° to show the similarity between the reflectance
of similar lattice orientation in respect to the mid point of symmetry.

two SLAR and DLAR layers is essential to understand the advantages of silicon moth-
eye structure. Reflectance of the SisNy SLAR and SiOy/TiO2 DLAR were calculate by
RSoft. Refractive index data of Si3Nyg, SiOy and TiOg were taken from [26], [29] and
[78] respectively.

Figure 4.31(a) compares the reflectance of the three structures at normal incidence. For
short wavelengths, below 0.4pm there is a large difference between the reflectance of
silicon moth-eye and that of the SLAR and DLAR. SLAR and DLAR have a maximum
reflectance of ~ 56% at wavelength of 0.36um, whereas the reflectance of silicon moth-
eye at this point is 0.1%. However the reflectance value of SLAR and DLAR reduce to
~ 0 at A = 0.472um for DLAR and A = 0.614um for SLAR, where the reflectance value
of silicon moth-eye has not changed significantly and shows a reflectance of ~ 0.1%. At
longer wavelengths the reflectance of silicon moth-eye remains lower than the other two
ARCs. However for wavelengths longer than ~ 0.8um DLAR has lower reflectance of
about 10 times lower, while the reflectance of silicon moth-eye remains slightly above
1%. Thus the silicon moth-eye at normal incidence outperforms the SLAR structure,

and DLAR for wavelengths of up to 0.8um.

Comparison of the mean reflectance of these three structures at AOI from normal to 80°
for wavelength range of 0.32 — 0.84um (where the data is available for all structures),
Figure 4.31(b), shows that the reflectance of SLAR is highest for all AOIs. The silicon

moth-eye shows a reflectance value around 10% lower than DLAR, and 15% lower than
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SLAR for all AOIs. All three ARs are sensitive to AOI in the same way: showing close

to constant reflectance from AOI of 0° to 40° before increasing at AOIs greater than
40°.
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FIGURE 4.31: (a) Reflectance of SLAR, DLAR and optimised silicon moth-eye at
normal incidence. (b) Total reflectance of SLAR, DLAR and silicon moth-eye for AOI
of 0° — 80° insteps of 10°, and for the wavelength range of 0.32 — 0.84um.

Figure 4.32 shows the reflectance spectrum of the SLAR and DLAR. for AOIs between
0° and 80°. Comparison between the pattern of the reflectance spectra of SLAR, DLAR
and silicon moth-eye (Figure 4.24) shows that SLAR and DLAR are less wavelength
dependent and show less fluctuations than the silicon moth-eye structure, particularly
at wavelengths greater than 0.4pm. Silicon moth-eye shows more fluctuations, but
these are of lower magnitude (Figure 4.24). Thus a moth-eye structure introduces more
fluctuations into the reflection spectrum, however it reduces the reflectance by a larger
value compares to SLAR and DLAR.
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FIGURE 4.32: Reflectance of SLAR SisNy at (a) p and (b) s polarisation for AOI of
0° — 80° in steps of 10°. Reflectance of DLAR SiO3/TiO2 at s and p polarisation for
the same AOI sweep is plotted in (c) and (d).

Figure 4.33 compares the weighted reflectance of SLAR, DLAR and optimised silicon
moth-eye. The weighted reflectance is calculated using Equation 4.3. However, at this
stage the AOI is also taken into account. Thus the value of the weighted reflectance
demonstrates the ratio of the reflected solar energy to the incident beam energy. The
SLAR of SizNy has a weighted reflectance of 12.2%. This value is 8.1% for DLAR
(SiO2/TiO32). Silicon moth-eye shows a lower weighted reflectance of only 2.2%. Com-
pared to SLAR and DLAR, the moth-eye structure shows a great improvement in re-

ducing the surface reflectance.

4.3 Conclusion

A simulation package of RCWA was used in this chapter to study reflectance behaviour of
moth-eye structures. Details of starting the design of the simulated structure, setting the
simulation parameters and setting the grid was explained. The simulation technique was
then used to study the reflectance behaviour of biomimetic silicon moth-eye structures
of close-packed protuberances with different periodicity and height. It was shown that
the performance of the structure is highly dependent on these two parameters: period

specifies the wavelength in which low reflectance occurs and height affects the average,
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FIGURE 4.33: Weighted reflectance of SLAR (80.6nm of SizN4), DLAR (SiO3/TiO4
at 108.79nm/57.45nm) and silicon moth-eye (0.2um period and 0.6um height.)

maximum and minimum values of the reflectance. The effect of height and periodicity
in a structure with a constant packing density are independent, hence the reflectance
performance of the structure can be tuned to a desired wavelength and value according
to the needs of a given application. This finding extends the findings of Boden [15] to
close-packed moth-eye structures and concludes that the effect of the periodicity and
height on reflectance of moth-eye structures at normal incidence does not depend on the

packing density of the structure.

The reflectance performance of silicon moth-eyes in response to the solar spectrum was
optimised using RCWA. A structure of 0.2um periodicity and 0.6pm height was found
to show weighted reflectance of 0.86%. This structure showed an insensitive behaviour
to AOI up to 40°. The maximum reflectance of 33% is observed at an AOI of 80°.
It was found that the effect of reflectance in response to AOI in moth-eye structures
is very wavelength dependent, especially for wavelengths longer than the height of the
structure. Also for the first time computational study of moth-eye structures showed an
inverse polarisation behaviour within the visible spectra for a silicon moth-eye structure
with pillars of the base diameter of 200nm, bigger than the predicted value of 100nm in
literature [22].

Increasing the angle of incidence showed an increase in the reflectance of the moth-eye
structure for both s and p polarisation. At larger angles of incidence the reflectance
spectra showed more pronounced fluctuations which means the moth-eye structure is
more wavelength selective at larger incident angles. Comparison between the reflectance
of moth-eye structure at p polarisation with a flat silicon surface shows that moth-eye
structures are capable of removing the Brewster effect. Whether this is a property of

only moth-eye structures or sub-wavelength structures in general needs more studies.

The specular reflectance simulations were repeated at different azimuth orientation of
moth-eye structures. It was observed that the azimuth orientation of moth-eye struc-
tures does not affect the specular reflectance (reflectance at normal incidence and oblique

incidence) at wavelength above 0.4pm. A slight difference was predicted at wavelengths
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lower than 0.4um where the ratio of the wavelength becomes comparable to the dimen-
sions of the structure and can recognize the variation of features within the azimuth

plane.

The reflectance of the optimized silicon moth-eye structure was compared to the pre-
dicted performance of the optimum SLAR and DLAR reported by Boden[15]. The
silicon moth-eye structure outperformed SLAR and DLAR by approximately 10% and
15% respectively. Showing a better reflectance performance than the SLAR and DLAR
while still keeping the advantage of no influence by the azimuth angle is a great ad-
vantage of the moth-eye structure which makes it very promising for all antireflection

applications, where diffraction has always been a problem.

The RCWA limitations in setting the correct simulation parameters for moth-eye struc-
tures, reveals a general big challenge in simulating sub-wavelength structures. Since sub-
wavelength structures have features of dimensions less than the incident wavelength, the
grid spacing, resolution of features and number of harmonics in the Fourier transform
have to be set into high values so that acceptable convergence is achieved. However, in-
creasing these values will consequently increase simulation time and memory, which will
make simulation of sub-wavelength structures to be expensive. Thus RCWA predictions
of reflectance properties of sub-wavelength structures is qualitatively acceptable while
accurate values will only be achieved if the expenses of time and computational mem-
ory are provided. Unless supercomputers of high computational power are available,

simulating sub-wavelength structures will always remain a challenge.

Bio-photonic structures are sub-wavelength structures of two and three dimensional
arrangement of more complicated structures than moth-eye structures. Thus the prob-
lem of setting simulation parameters of moth-eye structures extends to bio-photonic
structures with a greater degree. It seems that improving computational methods for
studying two dimension and three dimension sub-wavelength structures remains a strong

requirement in the field of nano-photonic biomimetics.



Chapter 5

Moth-eye Samples and
Periodicity

The influence of the period and height of silicon moth-eyes on their reflectance proper-
ties were studied in the previous chapter using computational analysis. In this chapter
reflectance of samples with different periodicity at normal and oblique incidence are
investigated by means of the experimental methods introduced in Chapter 3. Measure-
ments are compared to simulation results to evaluate the validity and accuracy of the

simulation technique.

5.1 Samples: Silicon Moth-eyes Fabricated by E-beam Lithog-
raphy

A set of samples with different periodicity were fabricated using e-beam lithography [15].
The procedure of the fabrication process is presented in Figure 5.1. A 105nm layer of
e-beam resist (ZEP 520) was spun on the surface of silicon substrate. The resist was
patterned by electron beam lithography so that arrays of holes in the resist remained
after developing the resist. 15nm of aluminium was then deposited by electron beam
evaporation. Resist was stripped using an 80° stripper and 10 minute sonication. The
remaining aluminium was used as a mask to define the moth-eye pillars. An anisotropic
dry etch of SF¢/Cy4Fg was used to etch the silicon substrate to 400nm depth to form the
pillars. This step gave pillars of vertical walls. After the Aluminium mask was removed,
the pillars were etched so that a tapered profile was achieved. This is performed via an
isotropic etch using SFg/ CHF3/05 for 2 minutes. The last step was a high temperature
oxidation of 20 — 40nm thickness which was later stripped off to smooth the shape of

pillars, correct sharp and square edges, and remove any damage.

87
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1. Spin e-beam resist
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FI1GURE 5.1: Fabrication steps of silicon moth-eye structures with e-beam lithography.

Samples were designed to have the periodicity of 150 — 350nm in steps of 50nm and
400nm height and were labelled as C1 to C5 respectively. The radius of pillars were
designed so that the packing density of samples is 50%. Packing density was defined
as the ratio of the base of the pillars in a unit-cell to the area of the unit-cell and was
calculated using Equation 5.1 (r is the radius of the base of the pillars and a is the

periodicity).

_ 2712

p - \/3&2

(5.1)

The area of the wafer patterned by the moth-eye structure was designed as 2mm x Imm,
to be used for specular reflection measurements. SEM images of samples are provided in
Figure 5.2. The sample with the shortest periodicity, 150nm has pillars slanted towards
each other and in some cases attached to each other from the top. This shows that the
last stages of either isotropic etch or oxide strip was not performed successfully and thus
pillars were not formed correctly. This sample was not used for optical characterization.
SEM images of C2 and C3 also show that residue of material, thought to be oxide, was

left on top of a few pillars.

The etching stage was designed to produce a smooth profile at the top of the pillars.
However this was not achieved during the fabrication and the pillars have flat tops.
Dimensions of pillars were extracted from SEM images and are presented in Table 5.1.
It shows that the height of pillars varies between 483nm and 600nm and the design
height of 400nm was not achieved. Since the packing density of these samples was high,
the pillars were packed together and thus the height was only observable at the edge
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FI1GURE 5.2: SEM images of silicon moth-eyes fabricated by e-beam lithography having

height of 400nm, packing density of 50% and periodicity of (a) 150nm, (b) 200nm, (c)

250nm, (d) 300nm and (e) 350nm. Samples were tilted 20° and the scale bar of all
images is 100nm.

of the sample. However the SEM images show the pillars to be thicker at the edge of

samples than the center. Thus measurement of height is from an edge pillar and not

representative of all the pillars.
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Sample name|Period|Pillar Width| Pillar Width |Est. Packing|/Height
(nm) | Top - (nm) [Bottom - (nm)| Density (%) | (nm)

C2 201 113 146 47 953
C3 253 164 189 50 600
C4 294 191 224 52 483
C5 351 235 266 92 978

TABLE 5.1: Dimensions of silicon moth-eyes of e-beam lithography, C series extracted
from SEM images.

5.2 Normal Incidence Measurement

5.2.1 Experimental Set-up

The probe measurement technique was used to measure the reflectance of silicon moth-
eye samples at normal incidence. Light is shone through the 6 fibres around the center
of the probe and is collected by a single fibre in the center of the probe. In order to
make sure the collection spot is entirely within the patterned area, the sample is moved
horizontally in every direction. Observing no change in the reflection pattern means that
the detected light is reflected from the patterned area of the sample. The acceptance
cone of the fibre is 12.7°. The HL-2000 light source and HR4000CG spectrometer are
used to produce the light and detect the reflected light respectively. The integration

time is set to 1ms and Boxcar width is set to 1.

5.2.2 Results

The reflectance spectrum of the silicon moth-eye samples of the C series (Table 5.1) are
plotted in Figure 5.3. The reflectance of the samples goes as high as values of 40%. This
is caused by the flat top of the pillars which produces a discontinuous interface between
the air and silicon substrate as opposed to a graded index interface produced by pillars
with a round top (Chapter 2). As the periodicity increases from C2—C3—C4—C5, the
reflectance spectrum moves to longer wavelengths. The minimum reflectance point of
the C2 sample is marked as point “A” and tracked in other images. The reflectance of
this point and the corresponding wavelength is summarized in Table 5.2. The average
wavelength shift of this point within the samples is 93nm. The shift of the reflectance
spectrum towards higher wavelengths with increase in the periodicity agrees well with

simulations performed in the previous chapter.

The reflectance spectrum of moth-eye structures are wavelength dependant. Figure 5.4
plots the average, maximum and minimum reflectance values of C2, C3, C4 and C5. The
large difference between minimum and maximum of each individual sample confirms the
oscillations of the reflectance within the wavelength spectrum. C4 with the periodicity

of 300nm has the largest difference between minimum and maximum values, ~ 40%.
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FIGURE 5.3: Reflectance of silicon moth-eye samples of e-beam lithography, C series,
for the wavelength range of 400 — 1000nm measured by the probe measurement (black
solid line). Point “A” is a trough in C2 chosen and tracked in other samples. Its
corresponding wavelength and reflectance value is for each sample is summarised in
Table 5.2. Two sets of simulation is also performed employing the periodicity and the
base and top diameter from dimensions from Table 5.2, with h= 400nm (blue dash line)
and h from the Table 5.2 (red dash dot line). The periodicity of samples was varied
from 200nm to 350nm. The SEM images are taken from the top of samples. The scale
bar of all images is 100nm.
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Sample | Refl(%) | AM(nm)
C2 2.53 656
C3 0.39 756
C4 2.09 830
C5 7.7 935

TABLE 5.2: Corresponding reflectance and wavelength values of point A in Figure 5.3

The mean average of reflectance of the samples increases as the periodicity increases,
~ 4%, however for the sample with largest periodicity it shows a decrease of 3% and

shows a similar value to C2 of 200nm period.

The large fluctuations in the reflectance spectrum of silicon moth-eyes is caused by
the fact that the incoming light encounters dimensions of height, periodicity and the
diameter of pillars which change from base to the top of the moth-eye layer. Moth-eye
structures as sub-wavelength structures have the dimensions in a similar range to the
incident wavelength. In the wavelength spectrum, dimensions less than the incident
wavelength are not sensed by the incoming wave and thus are ignored, whereas the
features with dimensions comparable to the incident wavelength affect the reflectance.
As an example, the periodicity of a moth-eye structure might not significantly affect the
reflectance of a large wavelength of 800nm but would affect an incident wavelength of
400nm. However the exact comparison ratio between wavelength and dimensions is not

necessarily one to one.
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FI1GURE 5.4: The values of mean average, maximum and minimum reflectance of silicon
moth-eyes of C series extracted from (a) experiment, and (b) simulation.
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5.2.2.1 Comparison with Simulation

To model the fabricated moth-eye structures, pillars of similar dimensions (Table 5.1)
were defined in DiffractMOD. The red coloured lines in Figure 5.3 present the simulation

results of reflectance of silicon moth-eye structures.

Comparison between the reflectance pattern of simulation results and measurement for
C2 and C3 show a poor agreement. In the case of C4 and C5 however the simulated
reflectance spectrum shows better agreement with the measurements. The reflectance
features at wavelengths of 500 —650nm for C4 and 600 — 700 for C5 are well predicted by
simulations. At longer wavelengths the pattern of the reflectance spectrum is approxi-
mately predicted by simulations but with lower values, and the reflectance spectrum of
C5 modelled by simulations is slightly shifted to higher wavelengths compared to mea-
surement. It was mentioned previously that the height of samples is not an accurate
representation of all the pillars of the sample. Thus new simulations were performed
employing the dimensions of Table 5.1 for periodicity and diameters but changing the
height to 400nm. These results are plotted with blue colour lines in Figure 5.3. In this
case for C2 and C3 a better agreement is observed between simulation and experiment.
The reflectance pattern is approximately predicted by simulations for wavelength above
500nm for C2 and 650nm for C3. C4 and C5 simulation results show a reflectance
pattern similar to measurements for wavelength above 500nm, but with a slight shift
to shorter wavelengths. In the simulations with h= 400nm, the wavelength position of
point “A” is estimated closely even though for C3 the reflectance value is greater. A
comparison between the two simulations shows that the height of C4 and C5 are values
between the values in Table 5.1 and 400nm. For C2 and C3 however the height value is

far from the values of Table 5.1 and closer to 400nm.

Figure 5.4 shows the mean average, maximum and minimum of the reflectance of sim-
ulations of silicon moth-eyes with a height of 400nm (blue lines in Figure 5.3). The
figure shows that the maximum value of the simulated structures is lower than the ex-
periment. Thus the mean average of reflectance in the simulations is slightly lower than
measured in the experiments. The mean average of samples in the simulation however
show an increase as the periodicity increases. Since this behaviour is not observed in
the experiment, it supports the observation that the height of the fabricated samples is

not uniform and varies for individual samples.

The discrepancies between reflectance measured in the experiment and calculated in the
simulation does not reject the ability of RCWA to model the reflectance of silicon moth-
eyes. The discrepancies had taken place because the dimensions were extracted from
SEM images, however each image is only from a small part of the sample. Dimensions
are averaged over a small number of pillars of the whole sample. Also the SEM image
of C2 shows the existence of residue of a material on the top of the pillars which is not

accounted for in the model.
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5.2.3 Summary

Normal incidence reflectance measurements of silicon moth-eye samples fabricated by
e-beam lithography with varying periodicity was carried out. The SEM images reveal
that through the fabrication process, the samples were not fabricated according to design
parameters. The results show that periodicity’s effect on reflectance is that increasing
the periodicity shifts the reflectance towards higher wavelengths. The peaks and troughs
of reflectance spectrum shift towards higher wavelength as the periodicity increases. This

is in agreement with the simulation results of previous chapter.

Simulation of silicon moth-eyes employing the approximate models extracted from SEM
images show that the measured height value is not representative of the whole sample.
At the edge of the samples the pillars have greater height. This resulted from difficulties
achieving dimensions close to the design profile during fabrication. Changing the height
of pillars to 400nm (design parameter) the simulations showed a better agreement with
experiment; a close approximation of the reflectance pattern was observed. Since the
height is not accurate and the accurate value cannot be measured from SEM images a
firm decision on the accuracy of the simulation method cannot be concluded. However
it seems RCWA is able to predict the pattern of the reflectance of silicon moth-eye
structures even though the modelled structure was an approximate structure. This

agreement of pattern was observed at longer wavelengths above 500nm.

5.3 Angular Reflectance Measurement

Angular reflectance measurement is of great importance to show the effect of increasing
the incident angle on the optical behaviour of a moth-eye structure. In the literature,
angular reflectance measurements were performed using single wavelength lasers. This
work employs a white light laser of wavelength of 400 — 1000nm to study the angular
reflectance of samples across a wide wavelength range. This technique is uniquely applied

to the field of moth-eye structures in this work.

5.3.1 Experimental

The reflectometer was used to investigate the reflectance properties of silicon moth-eyes
(C series) at oblique angles of incidence. Table 5.3 lists the laser power and integration
time for each sample for s and p polarisation measurements. The laser power used for
each sample was chosen according to the behaviour of the sample and whether or not
the signal could be detected by the spectrometer. The integration time also differs in
order to provide a high enough signal-to-noise ratio. The normalisation process and

calculation of the reflectance of samples were performed as was explained in Chapter 3.
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s polarisation p polarisation
Laser Power (mW) Int. Time (ms) | Laser Power (mW) Int. Time (ms)
C3 25.25 1000 27.5 1000
C4 25.84 1500 42.6 1500
Ch 25.58 1500 28.9 1500

TABLE 5.3: The laser power and integration time set for reflectance measurements
performed on silicon moth-eye samples using the reflectometer

The angle of detector was varied between 2° and 170° in steps of 0.2°, giving a fine scan
of the specular beam over the angle of incidence from 1° to 85°. The smallest incident
angle where the beam was not blocked by the mirror and entered the mini integrating
sphere was at 1.5°. After processing data and cancelling the noise, the results are
acceptable between angles of incidence of 2° and 83°. The signal-to-noise ratio causes

the wavelength range of 450 — 980nm to be acceptable.

The reflectance of silicon moth-eye samples of C series, C3, C4 and C5 were investigated
at arbitrary angles of incidence using the reflectometer set-up. In this set-up as the
sample was rotated to vary the AOI, the incident beam on the sample widened. However
C2 has scratches on its corner and as the beam expanded on the sample it illuminated
areas of different properties, slanted and broken pillars (Figure 5.5). Therefore the

results would not be acceptable and measurement was not performed on this sample.

FIGURE 5.5: Image of the silicon moth-eye C2 sample showing the scratches on the
sample (left). SEM image of an area of scratches showing the broken pillars in the
sample (right).

5.3.2 Results

5.3.2.1 Reflectance at Normal Incidence

Reflectance of silicon moth-eye samples at near normal incidence, 6 = 2.5°, at s and p
polarisation are extracted from reflectometer measurement and plotted in Figure 5.6.
The reflectance of un-polarised light, R, is an average between the two orthogonal po-

larisations of s and p, calculated from Equation 5.2.
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R=-2T70 (5.2)

where R is the reflection coefficient for un-polarised light, R, and R, are the reflection

coefficient for s and p polarisation respectively.
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FIGURE 5.6: Reflectance of silicon moth-eyes (a) C3, (b) C4 and (c) C5, at near normal

incidence (# = 2.5°) for s, p and un-polarised light extracted from reflectometer mea-

surement (blue) compared to normal incidence measurements from probe measurement
(red). Markers of different colour are used to distinguish the overlapping lines.

At normal incidence, the reflectance of the two orthogonal polarisations and consequently
the unpolarised light, show almost equal values of reflectance. The s and p polarised light

are different in the orientation of E and ﬁ field. At normal incidence the reflection of a



Chapter 5 Moth-eye Samples and Periodicity 97

homogeneous medium is not affected by the polarisation of the incident light. However, if
the sample has an asymmetric structure within an azimuth angle of 90°, the reflectance of
the two orthogonal polarisations is also different. The moth-eye structure of a hexagonal
lattice has a 6-fold symmetry (the unit cell repeats every 60°). The similarity between
the reflectance of s and p polarisation implies that the two orthogonal polarisations
sense similar structure in the plane of periodicity which can be explained by effective
medium theory. The periodicity, height and profile of pillars provide a structure where
the incident light cannot resolve the features and consequently interacts with the effective
refractive index of the moth-eye layer, constant in the plane of periodicity. Therefore
light of different polarisation incident on these structures behave similarly. An equal

reflectance value for s and p polarisation was also observed in simulations.

The near normal incidence results of the reflectometer measurement are compared to the
results of the probe measurement in Figure 5.6. The difference in the collection angle
of the probe measurement and reflectometer measurement is only 0.8° and thus a very
small difference between these two measurement at the peak of plots is observed. The
similarity between the normal incidence results of these two measurements confirms the

validity of the reflectometer results.

5.3.2.2 Reflectance at Arbitrary Angles of Incidence

Figure 5.7 shows the reflectance of silicon moth-eyes C3, C4 and C5 at arbitrary angles
of incidence (2 — 83°) and wavelengths (450 — 980nm) for s and p polarisation. The
angular reflectance spectrum of all three samples show small features of low reflectance
values (dark blue) which in some cases stay at a constant wavelength as AOI increases
and in other cases they move to longer or shorter wavelengths. A comparison between
the three samples shows that increasing the periodicity affects these features in two

ways:

e The features shift towards longer wavelengths.

e The spectrum features expand. In other words the distance between adjacent

features is increased.

These observations show that the effect of periodicity on the reflectance spectrum at
normal incidence is also true at arbitrary angles of incidence meaning that increasing
the periodicity of the silicon moth-eye structures moves the angular reflectance spectrum

towards higher wavelengths.

For each sample, the angular reflectance spectrum at s and p polarisation are different.
The majority of the plot of p polarisation is covered by blue colour which represents

reflectance of lower than 40% whereas reflectance of s polarisation has higher values
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FIGURE 5.7: Reflectance of silicon moth-eye samples C3, C4 and C5 for s and p
polarisation at AOI between 2—83° in steps of 0.1° and wavelength range of 450—980nm.
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of reflectance especially for AOIs greater than 50°. This is similar to the behaviour of
silicon where the reflectance at s polarisation is higher than reflectance at p polarisation.
Plots of p polarisation reflectance show a dark blue colour region at AOIs of 65° and
above which is similar to zero reflectance of silicon at p polarisation at Brewster’s angle.
However to make a firm conclusion the reflectance values at s and p polarisation has to
be compared quantitatively. The reflectance spectrum of silicon moth-eye samples have
large fluctuations and plots of reflectance spectrum for individual AOIs are not easy
and convenient to interpret. Thus the reflectance of samples at individual wavelengths
are plotted against AOI for C3, C4 and C5 in Figure 5.8, Figure 5.9 and Figure 5.10

respectively.

The angular reflectance of all three samples varies with incident wavelength which con-
firms that the fluctuations within the reflectance spectrum observed at normal incidence
also exist at arbitrary angles of incidence. At normal incidence the reflectance of s and
p polarisation are equal at all wavelengths, however as the angle of incidence increases
differences take place between the reflectance of the two polarisations. However, this dif-
ference between the reflectance of the two polarisations does not follow a homogeneous

trend within the wavelength.

It was mentioned earlier that the 3D plot of the angular reflectance spectrum shows
that reflectance of s polarisation is higher than p polarisation in general. However the
detailed observation of the reflectance at the two polarisations at individual wavelengths
shows that at some wavelengths the reflectance value of p polarisation is higher than s
polarisation; at A = 550 — 600nm for C3, at A = 650nm for C4 and at A = 750nm for
C5 for AOIs above 40°.

There are remarkable results in the angular reflectance of the silicon moth-eye samples
at some wavelengths. These are, constant reflectance of s polarisation at A\ = 750nm
for C3, and at A = 460nm for C4 (with maximum 2% fluctuations), constant angular
reflectance of p polarisation at A = 460nm for C5 and almost equal angular reflectance

value of s and p polarisation at A = 900nm for C4.

Total angular reflectance is an average of the reflectance of samples at each wavelength.
This obscures the details of the angular reflectance as the wavelength changes. However
it provides an overview of the optical behaviour of a sample as the AOI changes. Hence
the total angular reflectance of C3, C4 and C5 for s, p and un-polarised light is plotted in
Figure 5.11. An outstanding feature of all three plots is the almost similar and in some
cases equal value of reflectance for s and p polarisation from normal incidence up to
the incident angle of 30°; C3 and C4 show almost equal values while C5 shows a similar
values with 5% maximum difference. Although Figure 5.8, Figure 5.9 and Figure 5.10
showed that at some wavelength the angular reflectance of s polarisation is lower than
p polarisation, the total reflectance of all samples show higher values of reflectance for

s polarisation than p polarisation. The total angular reflectance of all samples at s
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polarisation is similar, starting from = 14% at normal incidence reaching up to ~ 72%
at AOI of 83°. For p polarisation, C4 and C5 have similar angular reflectance behaviour
starting from normal incidence to ~ 33% at AOI= 83° after reaching a minimum of
~ 6.5% at AOI of 64° for C4 and 60° for C5. However, angular reflectance of C3
does not reduce to a minimum and only increases from 13.3% at normal incidence to the
reflectance value of 45% at 83°. A comparison between the reflectance of the unpolarised
light (black line) for all three samples reveals that the reflectance of all samples increases
as AOI increases. However increasing the periodicity reduces the maximum reflectance
value achieved at the greatest AOI. The angular dependence of the reflectivity of the
samples are different. C4 shows a constant angular reflectance for AOI of 30 — 40° while
C5 shows a constant angular reflectance for AOI of normal incidence to 40° and C3 is
significantly angle dependant compared to the other two samples. Thus increasing the
periodicity has reduced the rate of the change of the angular reflectance. In other words

as the periodicity is increased the reflectance is less angle dependant.

The angular reflectance of silicon is also presented in Figure 5.11, showing the effect of
introducing moth-eye structure to the angular reflectance of a flat surface. Comparison
between the angular reflectance of C3, C4 and C5 with silicon shows that all three
samples have an angular reflectance less than silicon at s polarisation. This difference
however reduces as the AOI increases and has its maximum at normal incidence with 21%
difference and its minimum difference at the AOI of 83° with 12%. For p polarisation
however this is not the case. Reflectance of silicon decreases from normal incidence until
it reaches a zero value at the Brewster angle, 78°. The angular reflectance of C3 increases
continuously as AOI increases. Thus at the AOI of 50° it matches the total reflectance
of silicon and from there it has higher values than silicon. C4 and C5 show a similar
behaviour to silicon at p polarisation but with a smoother profile. Their reflectance
value reaches a minium but never the zero value. Thus at an AOI of ~ 62° the mean
reflectance of C4 and C5 of p polarisation is equal to silicon and from there it has higher
values than silicon. A comparison between the total angular reflectance of silicon and
silicon moth-eyes shows that the total angular reflectance of silicon moth-eyes is lower
than silicon for AOIs of normal incidence up to 71° for C3 and slightly higher AOI of
80° for C4 and C5.

The weighted reflectance provides a useful comparison of the performance of silicon
moth-eyes exposed to sunlight during a day. Thus the weighted reflectance of sili-
con moth-eyes is calculated using Equation 4.3 from Chapter 4 and presented in Fig-
ure 5.12. C5 with the greatest periodicity (350nm) shows the lowest weighted reflectance
of 15.81%. C4 has a higher value of 18.57% and C3 is slightly higher at 19.39%. Therefore

the weighted reflectance of samples reduces as the periodicity of the samples increases.
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FIGURE 5.11: Total angular reflectance of silicon moth-eyes (a) C2, (b) C3 and (c)

C3, at AOIs of 2.5 — 83°, for s polarisation (blue), p polarisation (red) and averaged

of both to represent un-polarised light. Solid lines shows the angular reflectance of the
moth-eye structure and dashed lines show the angular reflectance of silicon.
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FIGURE 5.12: Weighted reflectance of silicon moth-eyes C3, C4 and C5 with AOIs of
2 — 83° and wavelengths of 450 — 900.

5.3.3 Summary

Silicon moth-eyes of different periodicity were studied under the illumination of s and p
polarised light at arbitrary AOIs. The orthogonal polarisation of light does not affect the
reflectance of silicon moth-eyes at normal incidence. This was also observed previously
while performing simulations for the optimized silicon moth-eye. However at arbitrary

angles of incidence the reflectance of samples at s and p polarisation is different.

The effect of the periodicity on the reflectance spectrum of silicon moth-eyes at nor-
mal incidence is also evident at arbitrary angles of incidence: the angular reflectance

spectrum moves to higher wavelengths as the periodicity increases.

The angular reflectance of silicon moth-eyes was shown to be sensitive to the incident
wavelength and to differ between the two orthogonal polarisations. Unlike silicon with a
smooth surface (at the sub-micron level) which has higher values of angular reflectance

for s polarisation compared to p polarisation at all wavelengths, silicon moth-eyes show
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an inverse behaviour at some wavelengths. However the total angular reflectance of

moth-eye structures showed higher values for s polarisation than p polarisation.

The angular reflectance of silicon moth-eyes at s polarisation increased as AOI increased
for all samples. At p a different behaviour was observed among samples: C3 with a
periodicity of 250nm showed a constant increase of the angular reflectance, while C4
and C5 showed a decrease of angular reflectance up to an AOI of ~ 62 and increased
from there. However the total angular reflectance of the un-polarised light showed an
increase with AQOI for all samples but with a different angular dependency. C3 is very

angle dependent while C4 is less and C5 is almost constant up to an AOI of 40°.

The silicon moth-eyes were compared to silicon and a reduction of reflectance at arbitrary
AOI of up to a certain AOI was observed; however the AOI where the reflectance of silicon
moth-eyes starts to be higher than silicon changes with different periodicities. AOIs
greater than 70° are almost at the Brewster angle where silicon shows zero reflectance
for p polarisation and thus the reflectance of the silicon moth-eye is higher. However C3
showed that silicon moth-eye structures can also cancel the effect of the Brewster angle.

As a result the reflectance of silicon moth-eyes is higher than silicon at this AOL.

5.4 Conclusion

This chapter examined the influence of the periodicity on reflectance of silicon moth-
eyes at arbitrary AOIs. Two sets of measurements were performed on silicon moth-eye

samples:

e Normal incidence measurements using a probe fibre.

e Specular reflectance measurement using a goniometer reflectometer.

It was shown that increasing the periodicity does not have a noticeable effect on the
average and weighted reflectance, however it shifts the angular reflectance spectrum
towards higher wavelengths. This is in agreement with the simulation results performed
in Chapter 4. This phenomena is an advantage in the design process where the minimum
reflection region can be designed by choosing the right periodicity according to the

system needs.

The reflectance of silicon moth-eyes is significantly wavelength and angle dependant.
However these samples showed an independence to polarisation for AOIs of up to 30°.
Moreover it was shown that increasing the periodicity reduces the angular dependency

of the reflectivity of silicon moth-eye samples.

Comparison of the angular reflectance of silicon moth-eyes with silicon confirmed that

introducing moth-eye structures at an interface reduces the reflectance of the surface at
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normal incidence and also arbitrary angles of incidence. In the case of one sample it also

removed the Brewster angle effect of silicon surfaces.

Silicon moth-eyes were simulated using two models, one with pillar heights calculated
from SEM images and the other using a design height of 400nm for all samples. A better
agreement was shown between the model with a height of 400nm and the experimental
results. This may be because samples at the edges showed taller pillars than the other
areas. Employing pillars of 400nm height in the model showed that RCWA is capable

of predicting the reflectance of silicon moth-eyes qualitatively.

The samples investigated in this chapter were not optimised samples, they were used to
study the effect of the periodicity. Also the flat top of the pillars caused the reflectance
of these structures to reach high values (40%). The next chapter implements the same
experimental study on silicon moth-eyes which were previously optimized for solar cell

anti-reflective purposes.



Chapter 6

Reflectance Properties of Silicon
Moth-eyes with Changing

External Conditions

Computational studies have been performed to optimize silicon moth-eye structures
for anti-reflective purposes [15]. A moth-eye structure with a periodicity of 280nm
was identified as an optimum anti-reflective to deliver the least reflectivity at normal
incidence at a wavelength of 628nm. A height of 400nm was chosen to provide a balance
between fabrication difficulties, low reflectance and surface area of the structure. The
packing density was fixed at 50%. Accordingly, silicon moth-eyes were fabricated using
nano-imprint lithography, employing different etching stages to alter the shape of the
pillars. This chapter investigates the reflectance properties of these silicon moth-eyes.
The reflectance of samples at normal incidence and arbitrary angles of incidence was
studied using the probe and reflectometer measurement techniques. Further study of
the effect of rotating the azimuth orientation of samples on their angular reflectance was
also performed using the reflectometer to investigate the performance of silicon moth-eye

structures for anti-reflective applications and stealth applications.

6.1 Samples: Nano-Imprinted Silicon Moth-eyes

Silicon moth-eye structures investigated in this chapter were fabricated using nano-
imprint lithography [15]. A stamp was fabricated with cylinders in a hexagonal lattice
of 280nm periodicity and density of 50%. The stamp fabrication process was similar to
steps 1 to 6 used in e-beam lithography in Chapter 5 (Figure 5.1). After the removal of
Al disks, an anti-adhesion coating covers the stamp to prevent the stamp from sticking
to the substrate. The stamp is made from silicon. The imprinting process is presented

in Figure 6.1. The e-beam resist of 170nm thickness is spun on a silicon wafer. The

107
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stamp is then placed on top of the wafer coated with resist and placed into the hot
embossing tool. The wafer is heated to 190°C. A pressure of 40 bar is then applied for
5 minutes. After the sample is cooled to room temperature the pressure is released and
the stamp is separated from the sample. The pattern of the stamp is imprinted on the
resist producing cylindrical holes in the resist. An oxygen plasma etch is performed to
remove the remaining resist at the bottom of the holes. The remaining steps are the
same as from step 3 to the last step of the e-beam fabrication process in Chapter 5.
15nm of aluminium is deposited which is later removed by a liftoff process to produce
disks of aluminium on the silicon substrate. Dry etch is then performed to produce
400nm tall pillars with vertical walls. After the Al mask is removed, isotropic etch and
oxidation are performed to give a tapered shape to the pillars and to smooth the profile.

Finally, the oxide is stripped from all wafers.

1. Spin e-beam resist

]

6. Etch to 400nm depth

S

N

. Imprint with stamp

7. Remove Al

1 1 1

J UL

3. Removal of the 8. Isotropic etch

remaining of the resist

Y Y

4. Al deposition 9. Dry oxidation
J \ J
5. Lift off 10. Oxide strip

[ | AN

FIGURE 6.1: Fabrication steps of silicon moth-eye structures with the nano-imprinting
process.

The oxidation time is varied for each of the three wafers to produce different pillar

shapes:

e Wafer 1: Isotropic etch 90s, no oxidation.
e Wafer 2: Isotropic etch 90s, oxidation 5 mins.

e Wafer 3: Isotropic etch 90s, oxidation 10 mins.

This imprinting step is repeated on the surface of the wafers to produce an area of
lemx1lcm of the moth-eye structure. Figure 6.2 shows top view SEM images of the

samples. The periodicity of all three of the structures is extracted from SEM images
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and approximated to 270nm. Unfortunately the pillars from the top view show a square
cross section as opposed to a circular cross section. SEM images of the imprinting stage
(Figure 6.3) shows that the stamp and the Aluminium disks produced circular shape
holes and rods respectively. Thus the square shapes are due to the effect of etching
stages on the crystalline structure of the silicon, either during the Anisotropic etch to
produce vertical wall cylinders or during the isotropic etch to produce tapered cylinders.
SEM images of the horizontal direction of samples are shown in Figure 6.2. Pillars in
wafer 1 are thicker than the other wafers and have vertical walls, the base diameter of
pillars is approximately 155nm and the top diameter is 147nm. Wafers 2 and 3 have
pillars with tapered walls, however the pillars in wafer 2 are sharper than pillars in wafer
3 and have a smaller diameter at the top compared to wafer 3. An outline of the pillars’
profile is extracted from SEM images and plotted in Figure 6.2. The specifications of

the pillars are noted in the image.

6.2 Normal Incidence Measurement

6.2.1 Experimental Set-up

The probe set-up was used to measure the normal incidence reflection of the silicon
moth-eye samples. The specifications of the set-up was explained in Section 3.2.1. The

integration time was set to 100ms and Boxcar width to 10.

6.2.2 Results

Figure 6.4 shows the reflectance results of the silicon moth-eye structures at normal
incidence. Wafer 1, with protuberances with vertical walls shows higher reflectance
compared to the other two samples with tapered walls. It also shows more sensitivity
to wavelength. Wafers 2 and 3 show lower reflectance values across the whole spectral
range and a wider low reflectance region in the spectra. However, the near to zero
reflectance region is between 550 — 650nm for wafer 2 and 650 — 750nm for wafer 3. The
mean average of the reflectance of these three samples at normal incidence is plotted
in Figure 6.5. The mean average reflectance of wafer 1 is greater than the other two
samples, 9.21%, whereas wafers 2 and 3 have a very close mean average reflectance of
6.75%.

The comparison between the reflectance spectra of the three silicon moth-eye samples
shows that samples with finer protuberances and of tapered profile show less reflectance.
This is a result of the discontinuity that the shape of the profiles produce in the transition
of refractive index from the top to the bottom of the moth-eye layer. Protuberances with

a flat top produce a larger discontinuity at the interface which produces more reflection.
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169nm

74nm

131nm

154nm

FIGURE 6.2: SEM images of silicon nano-imprinting lithography silicon moth-eye struc-

tures with the periodicity of 280nm, height of 400nm and packing density of 50%. The

etching time differs among the samples, producing a different profile shape. The etching

time is noted for each wafer. Images are taken from top view (left) and horizontal view

(right). The outline profile is taken from a pillar in the horizontal view. (The images
from horizontal view are courtesy of Dr Stuart Boden)
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FIGURE 6.3: (a) SEM images of stamp imprinted into the e-beam resist. (b) SEM
images of Al disks after removal of resist. (Images are courtesy of Dr Stuart Boden.)

However, thinner protuberances with a tapered profile have a sharper tip and reduce the
extent of discontinuity in the refractive index between the two layers and consequently
reduce the reflectance. The mean average reflectance of wafers 2 and 3 are the same,
however the reflectance spectrum is different within the wavelength range. The low
reflectance region for the two wafers is within a different wavelength range. Since the
height and period of the two wafers are the same, the only difference between them is
the profile of the pillars and the base diameter. The difference between the shape of the
pillars has caused the reflectance spectra to change, while the base diameter difference

has shifted the low reflectance region to higher wavelengths in wafer 3.

6.2.3 Comparison with Simulations

Silicon moth eyes were modelled using the dimensions presented in Figure 6.2. Results
are presented in Figure 6.4. The first model employed tapered profile pillars (red dashed
line). However the pillars in the SEM images do not have a tapered profile. So a si-
nusoidal profile for pillars was employed (Figure 6.6). Results are presented in black
dashed dotted lines. The model shows qualitative agreement with the measurements.
Differences between modelling results and experimental results may be due to the as-
sumed dimensions which may not be fully representative of the structure. In addition,
the profile of the actual pillars are not necessarily a linearly tapered or a sinusoidal and

thus the difference between model and experiment may be expected.

To model the pillars, the profile of a pillar of wafer 3 was taken from the SEM image
from the edge of the sample (Figure 6.2). However, it was noticed that pillars at the
edge of samples have greater values of height and diameters than the average values
calculated from SEM images. An outline of the pillar is first created in “InkScape”
and saved as “bmp” file format. The file was given to a Matlab script (created by
Boden in [15]) where the pillar along the height is divided into thin layers of disks with
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FIGURE 6.4: Reflectance of silicon moth-eye samples, wafers 1, 2 and 3 at normal
Incidence (solid blue line). Silicon moth-eyes have a period of 270nm and height of
400nm. The profile of pillars of each wafer is different and presented in Figure 6.2. The

simulation results of
red line) and

normal incidence reflectance of samples for tapered profile (dashed
sinusoidal profile (black dash dot line) are also presented.
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FIGURE 6.5: Mean average reflectance of silicon moth-eyes presented in Figure 6.2.
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(a) (b)

FIGURE 6.6: The structures used in RSoft to model silicon moth-eyes with (a) tapered
pillars and (b) sinusoidal pillars.

varying radius from the top of the pillar to the base of the pillar. These disk layers are
then plotted in RSoft to produce the pillar profile. Modelling results are presented in
Figure 6.7. The difference observed between the modelling and experimental results are
bigger than previous modelling results which is due to the over sized pillars at the edge
of the samples. Thus in order to model the pillars accurately, a profile from the inner
part of the sample should be chosen. However, in order to extract the profile of a pillar
further from the edge of the sample, the sample should be cut across a cross section

which is not favourable.

6.2.4 Summary

The normal incidence reflectance of three silicon moth-eye structures of the same di-
mensions were measured using the probe measurement technique. The etching time
was varied between the three samples and moth-eye structures with different pillar pro-
files were produced. Therefore the reflectance behaviour of samples was also different:
samples with vertical walls and wider pillars showed higher reflectance and more sensi-
tivity to wavelength. Samples with protuberances with tapered walls and sharper tips
showed less reflectance and were less sensitive to wavelength. This shows that sharper
pillars provide a smoother refractive index transition from the top to the bottom of the
moth-eye structure and thus reduces the surface reflectance. This confirms the study of
Southwell [84] where the optimum profile for a silicon moth-eye structure was suggested

to be a tapered pillar with a sharp tip (Figure 2.11).

The modelling of moth-eyes investigated in this chapter agree qualitatively with ex-
perimental results at normal incidence. The pattern of the reflectance spectrum was
approximately predicted by the models, however the differences between the model and
experiment are due to the fact the structures used in the model are an approximation

of the structures and not the exact profile of the pillars.
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FIGURE 6.7: (a) An outline of a pillar in the SEM image of wafer 2 is drawn. (b)

Pillars are modelled using the outline presented in (a). Figure shows the unitcell used

in RSoft to model wafer 2. (c) Normal incidence reflectance of wafer 2 using the profile
of a pillar of SEM image (black dash dot line) compared with experimental results.

6.3 Angular Reflectance Measurement

6.3.1 Experimental

The reflectometer set-up was used to measure the reflectance of samples at arbitrary
angles of incidence and arbitrary azimuth angles. The laser power used for each sample
was chosen according to the behaviour of the sample and whether or not the signal could
be detected by the spectrometer. The integration time also differs in order to provide
a high enough signal-to-noise ratio. Table 6.1 lists the laser power and integration time
for each sample for s and p polarisation measurement. The normalisation process and

calculation of the reflectance of samples were performed as described in Chapter 3.

The angle of the detector was changed from 2° to 170° in steps of 0.2°, giving a fine
scan over the angle of incidence from 1° to 85°. The smallest incident angle where the
beam was not blocked by the mirror and entered the mini integrating sphere was at 1.5°.
After processing data and cancelling the noise away, the results are acceptable between

angle of incidence of 2° and 83°. The signal-to-noise ratio causes the wavelength range
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s polarisation p polarisation
Laser Power (mW) Int. Time (ms) | Laser Power (mW) Int. Time (ms)
Wafer 1 39.1 1000 68 1000
Wafer 2 48.9 2000 79.7 1000
Wafer 3 53.4 1800 65.8 1500

TABLE 6.1: The laser power and integration time set for reflectance measurements
performed on silicon moth-eye samples using the reflectometer

of 450 —850nm to be of acceptable results. The sample was rotated in the azimuth plane

in steps of 5° from a reference angle 0° to 75°.

6.3.2 Results

6.3.2.1 Reflectance at Normal Incidence

The reflectance of silicon moth-eye samples of 270nm period and different pillar profile
was measured using the reflectometer. The reflectance spectrum for s and p polarisa-
tion at near to normal incident angle, extracted at an AOI equal to 2°, is plotted in
Figure 6.8. Average reflectance at s and p polarisation is calculated and presented as
the reflectance of unpolarised light, R. The reflectance of samples at the two orthog-
onal polarisations have similar values and thus overlapped by the average value. The
normal incidence results of the probe measurement is also plotted. A close similarity
between the probe and reflectometer measurement results exist which shows the amount
of light collected by the probe fibre and the mini integrating sphere in the reflectometer
set-up are approximately equal and confirms the validity of both measurements. The
reflectance of silicon moth-eye samples have almost equal values for s and p polarisation,

a result similar to Chapter 5.

6.3.2.2 Reflectance at Arbitrary Angles of Incidence

The reflectance of silicon moth-eyes at arbitrary angles of incidence (2 —83°) and wave-
lengths (450 — 850nm) for s and p polarisation are presented in Figure 6.9. Similar
to the silicon moth-eye structures of Chapter 5, the angular reflectance of wafer 1 has
narrow bandwidth features of low reflectance (below 10%) at both s and p polarisation
at certain wavelengths which either stay at a constant wavelength as AOI increases or
move to neighbouring wavelengths (shorter or longer). However, wafers 2 and 3 do not
have such features and instead have a broader wavelength range of low reflectance. The
width of the low reflectance regions are wider at p polarisation than s polarisation. Re-
sults show that the reflectance of wafer 1 stays under 30% up to the AOT of 50° for s

polarisation, but up to an AOI of 75° for p polarisation. Wafer 2 has a reflectance above
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FIGURE 6.8: Comparison of reflectance of silicon moth-eye samples, (a) Wafer 1, (b)
Wafer 2, (¢) Wafer 3, measured by reflectometer measurement at near normal incidence
(AOI= 2°) with probe measurement.

30% for a wavelength of 450 — 700nm only for AOIs larger than 75° for s polarisation
and 70° for p polarisation. For wafer 3 the boundary between reflectance below and

above 30% is at an AOI of 60° for s polarisation and 65% for p polarisation.

In order to study the influence of the AOI on reflectance more quantitatively, the re-
flectance spectrum of samples at certain AOIs is extracted from Figure 6.9 and plotted in
Figure 6.10 for s and p polarisation. At s polarisation, increasing the angle of incidence
causes the reflectance spectrum to shift to higher values of reflectance for the majority of
the wavelength spectrum for all three samples. At p polarised light, this is only the case
for wafer 2. The reflectance of wafers 1 and 3 reduces as the angle of incidence increases
until it reaches a minimum at AOI= 50° for wafer 1, and AOI= 30° for wafer 3. From

this angle, increasing the angle of incidence increases the reflectance. The reflectance
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spectrum of wafer 2 at wavelengths above 650nm are approximately overlapped from
normal incidence to the AOI of 60°. Similar behaviour is observed for wafer 3. It shows
that the reflectance of wafers 2 and 3 at higher wavelengths is not sensitive to AOI up
to an AOI of 60°.

Figure 6.11 shows the value of maxima and minima of each sample at both polarisations
as the angle of incidence increases. It confirms that the maximum reflectance value of
wafer 1 and 3 of p polarisation decreases until it reaches a minimum value where it
starts increasing again. The minima of all samples at p polarisation does not show a
significant change influenced by the AOI, whereas at s polarisation minima value slightly
increases at AOI= 50° and above and reaches to values of up to 10% for wafer 1 and
lower for wafers 2 and 3 at AOI= 70°. The difference between the minima and maxima
at s polarisation is greatest for wafer 1 and lowest for wafer 2 at all AOIs, while for p
polarisation it varies as AOI changes. Wafer 2 has similar values of maxima and minima
at the two polarisations. The highest increase of maxima from near normal incidence to
AOI= 70° is observed for wafer 3, 35% while wafer 1 only shows an increase of 25% and

wafer 2 shows only 20%.

Figure 6.12, Figure 6.13 and Figure 6.14 show the reflectance of wafer 1, 2 and 3 re-
spectively for incidence angles of 2 — 83° in steps of 0.1° for s and p polarisation, at
wavelength intervals of 50nm. The angular reflectance at individual wavelengths shows
a different behaviour for all samples. Wafer 1 (Figure 6.12), shows significant changes
of the angular reflectance with wavelengths; the maximum and minimum values of re-
flectance and shape of the line plots are varying arbitrarily with the wavelength. The
reflectance is very angle dependant at all wavelengths for both polarisations, except at
wavelength of 700nm and 900nm where the reflectance of s polarisation is constant up to
the AOI of 60° and 40° respectively. Also for most of the spectra s and p polarisations
show significantly different reflectance values. Wafer 2 (Figure 6.13) however, shows a
closer similarity between angular reflectance of s and p polarisation. For wavelengths
higher than 750nm angular reflectance at s polarisation shows a drop of reflectance at
AOI of =~ 80°. At the wavelength of 850nm, the s polarisation reflectance value at
AOI= 79° reaches zero. This implies the existence of an inverse polarisation behaviour
for this sample; silicon reflectance value reaches zero at the Brewster angle for p po-
larisation whereas at wafer 2, the zero reflectance is observed for s polarisation. The
angular reflectance of wafer 3 also varies with wavelength. At wavelengths of 650nm
and above, reflectance at p polarisation is less sensitive to angle of incidence up to AOI
of 50°, however the value of the reflectance varies with wavelength. An almost equal
reflectance value of s and p polarisation also exist for wafer 3, at wavelengths of 500nm
and 650nm. Wafer 3 shows zero reflectance at AOI= 63° for p polarisation, similar to

silicon.

The angular reflectance of silicon moth-eyes is averaged over all wavelengths and pre-

sented in Figure 6.15. The difference between reflectance of s and p polarisations is
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FIGURE 6.10: Reflectance of silicon moth-eye structures with the periodicity of 270nm,
height of 400nm and different pillar profile shapes, at AOI intervals of 10° for the
wavelength spectrum of 450 — 850nm.

biggest for wafer 1. Wafer 1 shows higher reflectance values at s polarisation compared
to wafers 2 and 3, reaching the value of above 60% for AOI of 80° as opposed to 25%
for wafer 2 and 48% for wafer 3. Reflectance of p polarisation has the highest increase
along the angle of incidence at wafer 2, almost 40%, and it is lower at wafers 1 and
3, approximately 30%. Wafer 1 shows the biggest range of angular insensitivity while
comparing the angular reflectance of unpolarised light, from normal incidence to 40°.
Whereas wafer 3 shows a constant reflectivity for total reflectance of unpolarised light
only up to AOI of 20°. The angular reflectance of wafer 2 at unpolarised light is not
constant, however for p polarisation the reflectance stays constant up to AOI of 40°. The

inverse polarisation behaviour of wafer 2 is also clear: at AOI= 62° the reflectance of s
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polarisation is lower than reflectance value of p polarisation. The inverse polarisation
behaviour was previously reported by Chuang et al.[22]. They showed silicon moth-eye
structures with periodicity of 350nm, base diameter of 245nm and height of 400nm show
inverse polarization at wavelength of 1250nm. Chuang et. al claimed that an inverse po-
larisation at visible regime will occur in a moth-eye structure with sub-100nm diameter
base. However, wafer 2 has the periodicity of 270nm and base diameter of 130nm and
shows an inverse polarisation at the incident wavelength of 750nm and higher. It should
be considered that pillars in wafers 1 and 3 are arranged in the same periodicity as wafer
2, 270nm, and height, 400nm. The only difference between pillars of these samples, is
the pillar profile (base diameter and top diameter). Thus the inverse polarisation does
not necessarily depend on the periodicity; the height of the structure, the shape of the

pillars and the ratio of the periodicity to diameter can play a significant role.
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FIGURE 6.15: Total angular reflectance of silicon moth-eyes, (a) wafer 1, (b) wafer 2

and (c) wafer 3 at AOIs of 2 — 83° for s (blue) and p (red) polarisations. An average

of the two orthogonal polarisations is calculated and presented (black). The legend in
figure (c) is also valid for (a) and (b).

Comparison between the total angular reflectance of silicon moth-eyes with a flat inter-
face between silicon and air, shows a great reduction of reflectance at normal incidence
for all samples, ~ 20%. Among all the samples, wafer 2 has total reflectance lower than
silicon for all angles of incidence while wafers 1 and 3 show reflectance values slightly
higher than silicon at AOI= 79.6° and 82.1° respectively. The difference between total
reflectance of all samples with silicon reduces as the angle of incidence increases. This
is due to the fact that for an un-polarised light, total angular reflectance of silicon is
constant up to AOI of 60° while the total angular reflectance of silicon moth-eyes are

almost constant only up to AOI of 40° and increases further from this angle.

6.3.2.3 The Effect of the Azimuth Rotation on Angular Reflectance Spectra

The arrangement of silicon moth-eye protuberances in a hexagonal lattice provides a 6
fold symmetry in the plane of periodicity. Rotation of the structure in the azimuth plane
changes the topology of the structure for the incident light, and affects the surface re-
flectance. Thus using the reflectometer measurement technique, the angular reflectance
of silicon moth-eyes is measured at different azimuth rotations. Since the moth-eye
structure has sub-wavelength dimensions, the orientation of the hexagonal symmetry of
samples is not known while performing the measurement. Thus the first position of the
sample on the stage is taken as azimuth angle= 0° and the sample is rotated 5° to change
the azimuth angle. Measurements are repeated on each sample for azimuth angles of
0° to 75°. The maximum azimuth rotation angle is chosen as 75° so a full symmetry

unit of the hexagonal lattice is covered (60°) and the repetition of reflectance spectrum
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with repeated symmetry is verified (from 60° to 75°). The results are presented in Ap-
pendix B for wafers 1, 2 and 3 for s and p polarisation. Extracted data at AOI intervals
of 10° and azimuth angle intervals of 10° is presented in this chapter. Figure 6.16 and
Figure 6.17 present the results for wafer 1, Figure 6.18 and Figure 6.19 for wafer 2, and
Figure 6.20 and Figure 6.21 for wafer 3.

Wafer 1 shows similar reflectance as the azimuth angle changes at all wavelengths and
AOIs. There is a slight difference at s polarisation when the AOI goes above 60°, and
also at p polarisation for wavelengths of less than 500nm for AOIs above 60°. However
the magnitude of the reflectance differences is only up to 5%. Wafer 2 also shows no
change in its angular reflectance spectrum as the azimuth angle changes at s polarisation,
however at p polarisation the reflectance of incident light of wavelength below 500nm
has higher reflectance values at azimuth angles of 60° and 70°. The inset in Figure 6.18
shows the angular reflectance of wafer 2 at the wavelength of 455nm as the azimuth
angle varies. The shift of the angular reflectance at azimuth angles above 60° is shown.
However as the angle of incidence increases, the distance between the angular reflectance
of the azimuth angle of 70° and 0° increases; At AOI= (0° this difference is almost less
than 10% and at AOI= 80° it increases to 30%. Wafer 3 shows similar behaviour to wafer
1, no significant change in the angular reflectance as the azimuth angle changes, except
differences of less than 5% at AOIs greater than 60° at s polarisation, and wavelengths

shorter than 500nm at p polarisation.

In Chapter 4 it was shown and explained by EMT that the angular reflectance of moth-
eye structures of hexagonal lattice does not depend on the azimuth orientation of the
plane of periodicity unless the periodicity of the structure and the profile of pillars are
set such that the incident wavelength can resolve the features. The moth-eye structures
in this chapter have the periodicity of 270nm, and diameters of 130 — 150nm at the base
and much smaller at the top. At long wavelengths, above 500nm the features are not
resolved by the incident wavelength and the moth-eye layer appears as a thin film with
a thickness equal to the height of pillars and an effective refractive index changing from
the air to the silicon substrate. In a thin film layer, the rotation of the sample in the
azimuth plane does not change the refractive index and thus no change of reflectance
occurs. However, at shorter wavelengths the small features become visible to the incident
wavelength. Hence the moth-eye structure with varying refractive index in the plane
of periodicity and perpendicular to the plane of periodicity is not homogeneous in the
azimuth plane, and rotation of the sample in the azimuth plane changes the orientation
of the refractive incident exposed to the incident wavelength and thus changes occur
in the reflectance spectrum. However changes of reflectance are only observed at AOIs
above 60°0r in other words the features become visible to the incident wavelength at
these AOIs.
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FIGURE 6.19: Reflectance spectrum of wafer 2 at p polarisation at AOI intervals of
10° from 2 — 80° and azimuth angle intervals of 10° from 0 — 70°.
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FIGURE 6.20: Reflectance spectrum of wafer 3 at s polarisation at AOI intervals of 10°
from 2 — 80° and azimuth angle intervals of 10° from 0 — 70°.
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FIGURE 6.21: Reflectance spectrum of wafer 3 at p polarisation at AOI intervals of
10° from 2 — 80° and azimuth angle intervals of 10° from 0 — 70°.
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No. of Photons/m? | % of Incident Pho-
Reflected Over a | tons Reflected Over
Day a Day (%)
Wafer 1 5.24 x 10?3 8.18
Wafer 2 2.91 x 10?3 4.54
Wafer 3 4.10 x 10%3 6.39

TABLE 6.2: Percentage and number of photons reflected from the surface of silicon
moth eyes, wafers 1,2 and 3 in a full day, calculated using the photon flux density of
the solar spectral from Figure 4.22.

6.3.2.4 Weighted Reflectance

The performance of silicon moth-eyes of wafers 1, 2 and 3 exposed to the solar spectrum
in a full day are compared in Table 6.2. The number of photons reflected from the
surface of a wafer is calculated by multiplying the full reflectance spectrum of the wafer
to the photon flux density of the solar spectrum. The ratio of the number of photons
reflected from the surface of a moth-eye structure to the sum of the number of photons
of the solar spectrum is also calculated and presented in Table 6.2. This will give us a
similar value to the weighted reflectance. The performance of the wafers can be rated
as wafer 2 being the most optimum anti-reflective structure, reflecting 4.54% of incident
photons. Wafer 3 reflects 6.39% of incident photons and wafer 1 shows the highest value
of number of photons reflected, 8.18%.

6.3.3 Summary

The reflectance of silicon moth-eyes presented in this chapter were studied at arbitrary
angles of incidence for s and p polarisation. The reflectance of the two polarisations
at normal incidence showed similar values. The reflectance of wafers 2 and 3 were less
wavelength dependant than wafer 1. This is due to the higher extent of tapering of the

pillars in the moth-eye structure.

The angular reflectance of the silicon moth-eyes investigated were less angle dependant
and less polarisation dependant compared to samples investigated in Chapter 5. The
mean average of the reflectance of all samples at s polarisation is higher than p polarisa-
tion, except wafer 2 which shows greater values of reflectance at p polarisation at AOIs

greater than 62° where an inverse polarisation was observed.

The effect of the azimuth orientation of moth-eye structures on their angular reflectance
were studied experimentally. Apart from small changes of 5% maximum at higher AOIs,

the angular reflectance does not change with azimuth angle.

A comparison between the weighted reflectance of wafers 1, 2 and 3 showed that wafer

2 has the lowest weighted reflectance among all.



Chapter 6 Reflectance Properties of Silicon Moth-eyes with Changing External
Conditions 133

6.4 Conclusion

The reflectance of silicon moth-eye structures optimized for solar cell anti-reflective

applications were studied at arbitrary angles of incidence and azimuth orientations.

A comparison of the reflectance of silicon moth eyes with pillars of tapered profile (this
chapter) and moth-eye structures of vertical pillars (Chapter 5) shows that tapered pil-
lars produce a greater reduction in the reflectance of silicon at normal incidence and
oblique incidence. Tapered pillars also reduce the sensitivity of moth-eye structures re-
flectance to the incident wavelength, angle and polarisation; constant angular reflectance

was observed up to an AOI of 40°.

An inverse polarisation was observed in one case with the base diameter of 131nm, for
AOIs above 62° at visible wavelengths. This new experimental finding confirms the
computational prediction of Chapter 4 and rejects the prediction of Chuang [22] that an
inverse polarisation in the visible spectrum only happens in moth-eye structures of base

diameter under 100nm.

The moth-eye structures studied in this chapter had similar height and periodicity and
were only differing in the shape of the pillars and the base diameter. However, their
optical behaviour showed different properties. In the fabrication of silicon moth-eyes
producing a certain pillar profile is not yet a controllable stage; it is managed through
the etching stage, which is affected by the etchant and crystal plane of the silicon.
Therefore to design a moth-eye structure of optimum behaviour, the emphasis should be
on dimensions where there is more control such as periodicity, height and base diameter,

rather than the shape of pillars.

The modelling results compared with experiments, showed that RCWA is capable of
modelling silicon moth-eye structures qualitatively. There are discrepancies between the
simulation results and experimental results which does not reject the applicability of
the RCWA. However simulation of structures of slightly different pillars confirms that
the reflectance of silicon moth-eyes are very sensitive to the shape of the pillars. Until
finding a solution to the problem of controlling the shape of the pillars during fabrication,
achieving a structure which delivers the exact results as simulation predictions is a great
challenge for moth-eye structures. This conclusion can be extended to other biomimetic

sub-wavelength structures as well.

Reflectance measurements of silicon moth-eye structures at different azimuth orienta-
tion revealed that the azimuth orientation of a moth-eye structure does not affect its
reflectance at normal incidence and oblique incidence. The reflectance only changes at
lower wavelengths (under 500nm) where diffraction orders exist. This result is in agree-
ment with simulations presented in Chapter 4. Having such a property is an advantage
for anti-glare applications and means that silicon moth-eye structures are suitable for

stealth applications.
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Among the moth-eye structures studied in this chapter an optimum structure was speci-
fied with weighted reflectance of 4.54% (wafer 2). The next chapter compares the optical

properties of wafer 2 with anti-reflective structures within the field of solar cells.



Chapter 7
Application to Solar Cells

Moth-eye structures have the potential to replace conventional solar cell anti-reflective
coatings. Boden has performed a computational optimisation study on silicon moth-
eyes of 50% packing density and accordingly fabricated silicon moth-eyes [15]. The
etching time was varied to provide a variation of pillar profiles. Optical characterisation
of these silicon moth-eyes were performed in Chapter 6. Wafer 2 showed the lowest
reflectance values while comparing the weighted reflectance. However, Boden had a
limitation in his simulations; simulation of moth-eye structures with close-packed pillars
(90% packing density) were not possible in the software that was used. Therefore a
computational study of the optimisation of moth-eye structures of 90% packing density
was performed in Chapter 4. Silicon moth-eye structures with a periodicity of 200nm and
height of 600nm were identified as an optimum anti-reflective moth-eye structure within
the visible wavelength range. This chapter compares the optical performance of the
silicon moth-eye sample (wafer 2), optimized silicon moth-eye structure of Chapter 4 with
conventional anti-reflective coatings within the field of solar cells presented in Chapter 2.
It should be emphasised that the silicon moth-eye optimized computationally in this
work was optimised for a wide purpose of anti-reflectivity within the visible spectrum
and not necessarily for solar cell applications. The comparison is performed in 4 aspects:
total reflectance spectra, angular reflectance spectra, angular reflectance spectra as the

azimuth orientation of the sample changes and weighted reflectance.

7.1 Total Reflectance

Total reflectance measurements within the literature are limited to hemispherical re-
flectance at normal incidence. The angular reflectance measurement used in this thesis
is capable of producing results of the specular reflectance at arbitrary angles of incidence.
The hemispherical reflectance is a sum of specular reflectance and diffuse reflectance.

The sub-micron nature of moth-eye structures reduces the diffused reflectance of the
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structure to an extent where the diffused reflectance is negligible. Hence the total re-
flectance results presented in literature are compared with normal incidence reflectance

results presented in this thesis (Figure 7.1).

SLAR Wafer 2 has lower total reflectance than almost all single layer antireflective
coatings within a wavelength range of 500 — 680nm. However, the silicon moth-eye
optimised computationally is far better than all structures at all wavelengths. A
close correlation between reflectance spectra of SiNy, TiOy and silicon moth-eye
wafer 2 implies that the effective refractive index of the silicon moth-eye is similar
to SiNy and TiOs.

DLAR Within the wavelength range of 500 — 650nm silicon moth-eye wafer 2 shows
better anti-reflectivity compared to all DLARs, however for wavelengths longer
than this range all DLAR structures show less reflectance while for wavelengths
shorter than 500nm only SiO2/SiNy has lower reflectance values. The computa-
tionally optimized silicon moth-eye shows the least reflectance values up to the
wavelength range of 700nm. At wavelengths above this limit the reflectance of
other DLARSs is reduced and is lower. An addition of an intermediate layer to
SLAR structures has reduced the refractive index discontinuity from air to silicon

substrate in DLAR structures and improved their anti-reflective performance.

Micron Texturing without ARCs Micron textured layers which are not coated by
SLAR or DLAR show higher reflectance values compared to SLAR, DLAR and
silicon moth-eye structures. Therefore silicon moth-eye structures are by far a

better replacement for these structures.

Micron Texturing with ARCs Covering the micron textured layers with SLAR/D-
LAR reduces their reflectance by a great extent. Silicon moth-eye wafer 2 shows
lower reflectance within wavelength range of 500 —650nm comparing to these struc-
tures, however the structure with microgrooves and coated with DLAR is still a
better anti-reflective structure than silicon moth-eye wafer 2. At wavelength longer
than 650nm the reflectance of wafer 2 is higher than other structures. The compu-
tationally optimised structure has the lowest reflectance value at all wavelengths
and as wavelength increases its reflectance becomes similar to micron textured
structures which are coated with SLAR/DLAR.

Sub-micron Texturing In comparison to other sub-micron anti-reflective techniques
the silicon moth-eye structure is showing less reflectivity at wavelength between
500—700nm. At wavelengths outside this range, the reflectance of other techniques
is less than wafer 2. However the textured silicon structure fabricated by Sai [80]
shows the least reflectance among all the samples from SLAR, DLAR to sub-micron
structures. The computationally optimized silicon moth-eye shows less reflectance

compared to sub-micron structures. It also shows slightly lower reflectance values
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FI1GURE 7.1: Comparison of normal incidence hemispherical reflectance of silicon moth-
eye wafer 2 and optimised silicon moth-eye (Chapter 4) with ARs of different fabrication
techniques taken from Chapter 2.

compared to the aforementioned textured silicon by Sai up to the wavelength of
700nm. For wavelengths above this value, the reflectance of this textured silicon

[80] is lower than the optimised silicon structure.

Results show that the silicon moth-eye wafer 2 is optimised for the wavelength range
of 500 — 650nm. The computationally optimized silicon moth-eye structure shows lower
reflectance compared to all anti-reflective structures up to the wavelength of 700nm.
From this wavelength reflectance of a type of textured silicon and SiO2/SiNy, TiO2 and
ZnS/MgFs DLARSs is lower than this structure.
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7.2 Angular Reflectance

Angular reflectance results of anti-reflective structures are not conveniently available in
the literature to perform a comprehensive comparison. However the angular reflectance
of a double layer of SiO2/TiO4 coating on Silicon, textured silicon with SLAR (TiO32) and
PERL structure with DLAR at wavelength of 633nm is taken from [74] and presented
in Figure 7.2(a). The effect of the grids of the solar cell is taken out of the reflectance
of all the structures. The angular reflectance of the silicon moth-eye wafer 2 is by ~ 8%
lower than the TiO2/SiO DLAR structure at arbitrary AOI, and similar to the textured
silicon up to the AOI of 60°. At AOI= 60° the reflectance of the moth-eye increases
rapidly while the textured silicon shows a very smooth profile angular reflectance. In
comparison to the PERL structure, the silicon moth-eye wafer 2 has almost equal angular
reflectance up to the AOI of 20°. However, the angular reflectance of the PERL structure
stays constant up to an AOI of 70° while the silicon moth-eyes reflectance increases as
AOI increases. The computational results of the optimised silicon moth-eye structure
show lower reflectance compared to all other structures up to the AOI of 50°. At this
angle the reflectance of the computationally optimised silicon moth-eye increases and at
AOI of 70° shows higher values than the textured silicon and almost equal to Silicon

moth-eye wafer 2.

The total angular reflectance is an average of the reflectance over all wavelengths. Results
of the silicon moth-eye wafer 2 and the computationally optimised structure is plotted in
comparison with PERL and Honeycomb structures where the data was available, within
a wavelength range of 450 — 850, and AOI of 10 — 70°. The Silicon moth-eye structure,
wafer 2, has the highest total angular reflectance compared to the other two structures at
AOQOIs above 45°. However the computationally optimized moth-eye structure has lowest
angular reflectance up to AOI of 60° where it is outperformed by the PERL structure.
The data is not available for reflectance at an AOI of 80°, but the interpolation of the
plots imply that the angular reflectance of the optimised silicon moth-eye will exceed

the angular reflectance of the honeycomb structure for AOIs above 70°.

7.3 Azimuth orientation

The rotation of a structure in azimuth plane does not affect the angular reflectance of
SLAR and DLAR structures, where the structure is homogeneous in the azimuth plane.
However it affects the reflectance of PERL, Honeycomb and micron-scale textured sur-
faces. The angular reflectance data at arbitrary azimuth angle for a PERL structure at
A = 633nm is taken from [74]. The PERL structure consists of arrays of inverse pyra-
mids etched into silicon in a square lattice. So the structure had a four fold symmetry,
the unit-cell repeating itself at every 90°. Therefore reflectance at azimuth rotation of

0°,45° and 90° was measured in [74] and is presented in Figure 7.3. It was expected to
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FIGURE 7.2: (a) Angular reflectance of Silicon moth-eye wafer 2 Chapter 6, opti-

mised silicon moth-eye Chapter 4, DLAR (TiO2Si02) [74], textured Silicon+DLAR

[74], PERL+DLAR [74] at wavelenght of 633nm and AOI of 0 — 80°. (b) Total an-

gular reflectance of Si moth-eye wafer 2 Chapter 6, optimised Si moth-eye Chapter 4,

PERL+DLAR [74] and Honeycomb+DLAR [74] at wavelength range of 450 — 850nm
and AOI of 10 — 70°.

observe similar reflectance at the azimuth rotation of 0° and 90° however, it is suggested
that the difference is a result of a non-symmetrical structure caused by lithography and
etching. There is a slight discrepancy between angular reflectance of the PERL structure
at azimuth of 0° and 45°, about 1% at maximum. The angular reflectance results of
the silicon moth-eye wafer 2 is presented in Figure 7.3 at azimuth rotations of 0°, 30°
and 60° due to the 6-fold symmetry of the hexagonal lattice within moth-eye structures
Figure 4.27. Unlike the PERL structure the azimuth orientation does not affect the

angular reflectance of the moth-eye structure at all and shows a homogeneous similarity.

Therefore even though the lithography and etching stages of fabricating silicon moth-
eyes might have caused a non-symmetric structure, the sub-micron nature of silicon
moth-eyes cancels the effect of the non-symmetric components and thus the angular

reflectance at arbitrary azimuth orientation is not affected.

7.4 Weighted Reflectance

The total reflectance spectra is a useful comparison to investigate the reflectance prop-
erties of anti-reflective structures within a wavelength range. However the weighted
reflectance helps to analyse the performance of ARs in response to the incident light,
in the case of solar cells, the solar irradiance. Hence weighted reflectance of structures

studied in Section 7.1 are calculated and presented in Figure 7.4.

The weighted reflectance is calculated using the weighted reflectance equation (Equa-
tion 4.3) in Chapter 4. However since the data of other ARs at arbitrary angle of
incidence is only available at a single wavelength, the weighted reflectance is only cal-

culated at normal incidence. The incident photon flux density (I7())) is taken from
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ASTM G173 [5] to provide a set of data which can be used globally and compared with

other structures.

Micron textured structures without SLAR/DLAR coating have the highest weighted
reflectance while the most optimum anti-reflective structures are among the micron tex-
tured structures coated by SLAR/DLAR, and sub-micron textured silicon from studies
of Sai [80]. The silicon moth-eye sample (wafer 2) with the weighted reflectance of 4% is
a medium anti-reflective layer which is outperforming SLAR and DLARs to some extent,

all micron textured structures without SLAR/DLAR and other sub-micron structures.

The computationally optimised silicon moth-eye is comparable to the sub-micron tex-

tured silicon from Sai [80]. They both show a weighted reflectance of under 1%.

7.5 Conclusion

The silicon moth-eye computationally optimised in Chapter 4 and the optimum silicon
moth-eye sample investigated in Chapter 6 (wafer 2) were compared with solar cell
anti-reflective structures within literature. The silicon moth-eye wafer 2 was optimised
for the wavelength of 628nm [15] and it showed an optimum anti-reflective behaviour
within the wavelength range of 500 — 650nm compared to all other AR structures. The
angular reflectance of this silicon moth-eye shows better performance compared to a solar
cell DLAR coating and is comparable to a textured silicon and honeycomb structure.

However the PERL structure is a better anti-reflective structure by ~ 2%.

The computationally optimised silicon moth-eye structure outperforms all other AR
techniques up to the wavelength of 700nm, where the reflectance of sub-micron textured
silicon is the lowest. However, the angular reflectance of this silicon moth-eye is by far
the best of all structures up to an AOI of 60°.

The comparison between reflectance of the silicon moth-eye and the PERL structure
shows that even though the lithography and etching errors can damage the symmetry
of the moth-eye structure, the reflectance of the moth-eye structure is independent of
azimuth orientation of the sample. This property of the silicon moth-eye brings new
promises into the world of stealth applications and anti-glare along with solar cell anti-

reflective coatings.

The weighted reflectance of silicon moth-eye wafer 2 shows that this structure can be
ranked as a medium AR structure among all ARs fabricated by other techniques. There-
fore the comparable results of the silicon moth-eye wafer 2 with other AR structures, and
the computationally optimum results of a newly proposed silicon moth-eye shows that

achieving a moth-eye structure which can outperform other AR structures is possible.






Chapter 8

Conclusion and Future work

8.1 Conclusion

A review of the literature revealed that the problem of surface reflection on solar cells
is still seeking a solution to provide low reflectance at normal incidence and oblique
incidence for a wide wavelength bandwidth. Approaching this problem from biomimet-
ics showed that moth eyes have great potential to be used for anti-reflective purposes.
Moth-eye structures can be fabricated with a wide variety of materials, from metals
to semiconductors, to be used for solar cell, photovoltaic, stealth and anti-glare appli-
cations. Experimental and computational studies have discovered that the optimum
moth-eye structure has densely packed pillars of tapered profile with rounded top. The
periodicity and height of pillars can tune the anti-reflective region of the spectrum to a

desired wavelength range.

Experimental techniques used in this work were introduced in Chapter 3. A new angle
resolved set-up is introduced to be used for measuring the specular reflectance of silicon
moth-eye samples. This set-up has the advantage of providing measurement results from
near normal incidence (2°) to near parallel incidence (83°). The latter is determined by
the size of the sample, using samples of lcmx1lcm and bigger gives the maximum avail-
able angle of incidence of 85°. This device can be used to study the specular reflectance
of a variety of samples at arbitrary angles of incidence. The azimuth orientation is
an extra parameter to be changed in the set-up to provide studies on the effect of the

azimuth angle on optical properties of the structure.

The main body of this thesis has pursued the objectives introduced in Chapter 1. The

contributions made to each aspect is presented in this chapter.
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8.1.1 Computational Study of Moth-eye Structures

It was shown in moth-eye structures of close-packed pillars that setting the height and the
periodicity can tune the low reflectance region of the spectrum to a desired wavelength
range. Adding this finding to what has been studied from literature, it can be concluded
that irrespective of the packing density of the moth-eye structure, the periodicity and the
height can be used to tune the low reflectance region of a moth-eye structure according

to the objectives of an application. (See Chapter 4)

8.1.2 Optimise Moth-eye Structures for Anti-reflective Purposes

A silicon moth-eye structure was optimised to be used for solar cell anti-reflective pur-
poses and general anti-glare purposes. This structure showed omnidirectional low re-
flectance up to the incident angle of 40° and insensitivity to the linear polarisation of
the incident light. (See Chapter 4)

8.1.3 Computational and Experimental Studies of the Optical Prop-
erties of Silicon Moth-eye Structures at Arbitrary Angles of In-
cidence and Azimuth Orientation

Increasing the angle of incidence increases the reflectance of silicon moth-eye structures
and their selectivity in absorbing light of certain wavelength. Furthermore, the novel
study of the effect of azimuth orientation on the angular reflectance of a moth-eye
structure showed that the azimuth orientation of silicon moth-eye structures does not
affect the angular reflectance of the structure at either polarisations. (See Chapter 4,
Chapter 5, Chapter 6)

A moth-eye structure with a diameter above 100nm, is identified to show inverse polar-
isation behaviour. To the knowledge of the writer this is a new finding within the field

of moth-eye structures. (See Chapter 4 and Chapter 5)

The effect of periodicity on the angular reflectance of silicon moth-eyes is similar to
the effect at normal incidence; increasing the periodicity shifts the angular reflectance

spectrum towards longer wavelengths. (See Chapter 5)

Tuning the low reflectance region of a silicon moth-eye structure at normal incidence to
a certain wavelength region is not applicable for applications where the low reflectance
at arbitrary angles of incidence is of interest. This is due to the observation that an
increase in the angle of incidence might move the low reflectance region to shorter or

longer wavelengths. (See Chapter 5)
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Moth-eye structures are capable of removing the effect of single polarisation reflection at
the Brewster angle. This effect is stronger in moth-eye structures with lower periodicity.
(See Chapter 4 and Chapter 5)

The profile of pillars in moth-eye structures is highly influential on the reflectance prop-
erties of the moth-eye structure. Pillars of more tapered profile show lower angular
reflectance and less sensitivity to the incident wavelength. Also the high sensitivity
of moth-eye structures’ angular reflectance to the incident wavelength reveals that the
experimental study of the angular reflectance of moth-eye structures at a single wave-
length is not enough to determine the extent of omnidirectional reflectance of moth-eye

structures. (See Chapter 6)

The etching stages used within the fabrication processes were not able to produce pillars
in structures of low periodicity, under 200nm. Even at structures of higher periodicity,
there is no control of the profile of the pillars in the etching processes; this is a general
concern and not specific to the stages used in this work. Thus until such control can
be achieved, the concentration in the design of moth-eye structures should be on the

dimensions: periodicity, diameter and height of pillars. (See Chapter 5)

8.1.4 Comparison of the Anti-reflectivity of the Silicon Moth-eye Struc-
ture and Other Anti-reflective Technologies within the Field of
Solar Cell Anti-reflective Coatings

The success in producing a moderately ranked silicon moth-eye structure plus the
promising results of the computational modelling means that moth-eye structures of
low reflectance across a broad bandwidth and omnidirectional is possible. Silicon moth-
eyes posses positive properties of a variety of ARs; the low reflectance as low as the
PERL structure, the omnidirectional extent similar to thin film structures and no sen-
sitivity to the azimuth orientation of the structure on angular reflectance. However, the
expensive fabrication techniques used for fabricating silicon moth-eyes is not favourable
for the field of solar cell anti-reflectives where the patterned area is of few meters. (See
Chapter 7)

8.2 Future work

Based on the work performed in this thesis, the following suggestions for further work

are made:

e It was shown that RCWA is able to predict the reflectance behaviour of nano-

photonic biomimetic structures qualitatively, however it should be considered that
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the simulations were performed having the simulation parameters not entirely
converging. This problem might be solved by employing less coarse wavelength
steps to employ different simulation parameters which will shorten the simulation
time, or allocating more time and computational power to the simulation work to
perform more accurate simulations with more accurate simulation parameters. In
both cases with accuracy or cost is being sacrificed. Thus the search for a suitable

computational method for the field of nano-photonic biomimetics still continues.

The etching process used previously to fabricate the silicon moth-eye structures
needs to be optimised for structures of lower periodicity. Also it is of great in-
terest to achieve better control over the resultant profile of pillars through the
etching process. Such improvements within the etching stage will help to fabricate
new silicon moth-eye structures. The promising computational result of this work
suggests the fabrication of the optimised silicon moth-eye structure. The optical
properties of the structure should then be studied using the same measurement

techniques to evaluate the performance of the structure.

The measurement techniques used in this work can be used to perform similar
studies on other anti-reflective structures. This will deliver better understanding

of the optical performance of those structures.

This work solely studied the optical properties of silicon moth-eyes. The effect of
the moth-eye structure on the electrical properties of silicon solar cells was not in
the scope of this work, however it is an aspect which has to be considered when

optimising moth-eye structures for solar cell anti-reflective applications.

Moth-eye structures to be used in other applications are fabricated in other ma-
terials. The computational software used in this work is capable of employing a
variety of materials. There are no limitations within the experimental techniques
to use samples of other material either. Thus using the same methodology pre-
sented in this work, similar detailed study of other anti reflective structures can

be performed.

It was found that the sub-micron nature of the moth-eye structure causes the
angular reflectance of the structure to be insensitive to the azimuth orientation
of the structure. Performing similar measurements on sub-micron anti-reflective

structures of other techniques can help to provide a better understanding of this

property.

Moth-eye structures showed to be capable of removing the single polarisation effect
at the Brewster angle. Whether or not this is a property specific to moth-eye struc-
tures or to sub-wavelength structures in general can be studied by performing sim-

ilar simulations and experimental study of other sub-wavelength anti-reflectives.
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Azimuth Plots

The angular reflectance measurement of silicon moth-eyes in Chapter 6 was performed
at azimuth orientations of 0° to 75° in steps of 5° for each sample. Results at all azimuth

orientations for each sample is presented here.
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F1GURE B.1: Angular reflectance spectrum of silicon moth-eye, wafer 1, for AOI=2 —
83° and wavelength of 450 —850nm, at s polarisations. The azimuth angle of the sample
is rotated in each plot by 5°, from 0° to 35°.
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F1GURE B.2: Angular reflectance spectrum of silicon moth-eye, wafer 1, for AOI=2 —
83° and wavelength of 450 —850nm, at s polarisations. The azimuth angle of the sample
is rotated in each plot by 5°, from 40° to 75°.
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F1GURE B.3: Angular reflectance spectrum of silicon moth-eye, wafer 1, for AOI=2 —
83° and wavelength of 450 —850nm, at p polarisations. The azimuth angle of the sample
is rotated in each plot by 5°, from 0° to 35°.
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F1GURE B.4: Angular reflectance spectrum of silicon moth-eye, wafer 1, for AOI=2 —
83° and wavelength of 450 —850nm, at p polarisations. The azimuth angle of the sample
is rotated in each plot by 5°, from 40° to 75°.
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F1GURE B.5: Angular reflectance spectrum of silicon moth-eye, wafer 2, for AOI=2 —
83° and wavelength of 450 —850nm, at s polarisations. The azimuth angle of the sample
is rotated in each plot by 5°, from 0° to 35°.
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F1GURE B.6: Angular reflectance spectrum of silicon moth-eye, wafer 2, for AOI=2 —
83° and wavelength of 450 —850nm, at s polarisations. The azimuth angle of the sample
is rotated in each plot by 5°, from 40° to 75°.
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F1GURE B.7: Angular reflectance spectrum of silicon moth-eye, wafer 2, for AOI=2 —
83° and wavelength of 450 —850nm, at p polarisations. The azimuth angle of the sample
is rotated in each plot by 5°, from 0° to 35°.
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F1GURE B.8: Angular reflectance spectrum of silicon moth-eye, wafer 2, for AOI=2 —
83° and wavelength of 450 —850nm, at p polarisations. The azimuth angle of the sample
is rotated in each plot by 5°, from 40° to 75°.
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F1GURE B.9: Angular reflectance spectrum of silicon moth-eye, wafer 3, for AOI=2 —
83° and wavelength of 450 —850nm, at s polarisations. The azimuth angle of the sample
is rotated in each plot by 5°, from 0° to 35°.
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F1cUrE B.10: Angular reflectance spectrum of silicon moth-eye, wafer 3, for AOI=2 —
83° and wavelength of 450 —850nm, at s polarisations. The azimuth angle of the sample
is rotated in each plot by 5°, from 40° to 75°.



162 Appendix B Azimuth Plots

Azimuth Angle = 0 ’ Azimuth Angle =5 ’
100

80
60

40

Wavelength (nm)
Reflectance (%)
Wavelength (nm)
Reflectance (%)

20

10 20 30 40 50 60 70 80

10 20 30 40 50 60 70 80
AOI (°) AOI (°)
Azimuth Angle = 10 ’
100
r 80
L || 160
| 140
20
0

Azimuth Angle = 15 ’

60

Wavelength (nm)
Reflectance (%)
Wavelength (nm)
Reflectance (%)

10 20 30 40 50 60 70 80
AOI ()

10 20 30 40 50 60 70 80
AOI ()

Azimuth Angle = 20 ’ Azimuth Angle = 25 ’

100

80

[92]
o

Wavelength (nm)
N
o

Reflectance (%)
Wavelength (nm)

N
o

10 20 30 40 50 60 70 80 10 20 30 40 50 60 70 80
AOI () AOI ()

Azimuth Angle = 30 ’ Azimuth Angle = 35 ’

[%2]
o
[92]
o

>
o
>

Wavelength (nm)
o

Reflectance (%)
Wavelength (nm)
Reflectance (%)

N
o

N B 2] )
o o o o
Reflectance (%)

0

10 20 30 40 50 60 70 80 10 20 30 40 50 60 70 80
AOI () AOI ()

F1cure B.11: Angular reflectance spectrum of silicon moth-eye, wafer 3, for AOI=2 —
83° and wavelength of 450 —850nm, at p polarisations. The azimuth angle of the sample
is rotated in each plot by 5°, from 0° to 35°.
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F1cUrE B.12: Angular reflectance spectrum of silicon moth-eye, wafer 3, for AOI=2 —
83° and wavelength of 450 —850nm, at p polarisations. The azimuth angle of the sample
is rotated in each plot by 5°, from 40° to 75°.
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