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Abstract

The human eye is sensitive to electromagnetic radiations with a wavelength range from
380 to 700 nm, and the mechanism of the eye’s colour filtering is emulated in colour
image sensing devices. Today, image sensing devices can detect colour with distinct
hue, brightness, and saturation characteristics. In contrast, spectral imaging filters
are developed to perceive electromagnetic radiations, which the human eye cannot
perceive. A spectral filter should ideally have narrow bandwidth, high transmission, and
independence from incident and polarization angles of incident light. Most importantly,
it should be compatible with current power saving CMOS technology for high throughput
and cost-effectiveness. Unfortunately, such filters do not exist, and the replacement of
pigment-based colour filters is still not realized. Therefore, new designs and materials
need to be explored to address the current limitations.

This thesis presents an all-dielectric cascaded multilayered thin film filter for near-
infrared (NIR) filtration, which is helpful for spectral imaging applications. With
preference to the CMOS compatibility, the material investigation is done through
rigorous numerical simulations. Furthermore, the behaviour of the device is observed by
varying thicknesses of layered films. This helped in finalizing a design comprised of only
eight layers, consisting of amorphous silicon (A-Si) and silicon nitride (Si3Ny), deposited
successively on a glass substrate. Simulation results demonstrate a distinct peak in the
NIR region with a transmission efficiency of up to 70 % and full width at half maximum
(FWHM) is 77 nm. The results are angle insensitive up to 60° and show polarization
insensitivity in Transverse Magnetic (TM) and Transverse Electric (TE) modes.

The design is fabricated and tested at Australian National Fabrication Facility (ANFF).
The physical and optical characterization including polarization insensitivity and angle
invariance of the thin films are obtained through Spectroscopic Ellipsometry (SE), which
shows practical relevance to the theoretical results with angle invariance up to 50°.
However, the thicknesses obtained through Scanning Electron Microscopy (SEM) are
not helpful, and show discrepancies in the simulated and experimental results. The
discrepancy is accredited to the same average atomic mass of the utilized materials.

In addition, rigorous study of CMOS compatible materials led to the usage of tungsten
(W) for the design of a three-layered subtractive colour filter based on asymmetric
Fabry-Pérot (FP) nanocavity, where titanium oxide (TiO2) nanocavity is sandwiched
between thin tungsten (W) and optically thick aluminium (Al) film. The filter outputs
vivid colours with 41.3 % of standard red, green, and blue (sRGB) coverage on the
CIE 1931 map. The results show incident angle insensitivity up to 40°. The device
is fabricated, but the physical characterization of the sample with the help of an SEM

image is not helpful to obtain the thicknesses of the deposited films. However, the



ii

thicknesses obtained with the help of spectroscopic ellipsometry agree with the results

obtained from optical characterization.
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Chapter 1

Introduction

Recent demand in spectral filtering has led to the development of a wide range of imaging
devices, covering ultraviolet (UV) to infrared (IR) regimes of the electromagnetic
spectrum, such as thermal imaging sensors [1], medical endoscopes [2], agricultural aerial
view imaging cameras [3], security and surveillance cameras, etc.

The optical filters found in commercial image sensors such as laptops, smartphones,
tablets etc., emulate the human eye colour acquisition technique (RGB colour filtering)
to reconstruct colour images digitally. = However, nano-structural spectral filters
utilizing different mechanisms such as plasmonics, Mie-scattering and Fabry-Pérot (FP)
interferometry are being designed and studied on a nano-scale. They have the potential
to outclass decades-old non-recyclable, expensive and environmental unfriendly synthetic
and pigment-based filters and can lead the miniaturization race.

In the meantime, researchers have focused on investigating spectral imaging and how
it can be used to see what the human eye cannot. It employs multiple bands across
the electromagnetic spectrum and collects spectral information from either UV, visible
or infrared regions. Spectral imaging is further categorized into multispectral and
hyperspectral imaging to facilitate invasive and non-destructive evaluation techniques,
such as food inspection, mineral mapping, astronomy, hazardous waste detection,
surveillance, thermal imaging, etc. Comparatively, multispectral imaging has fewer
spectral bands (typically 3 to 15 bands), and hyperspectral imaging contains as high
as 200 narrow bands inside the spectrum, which makes it more like a single continuous
band. However, multispectral imaging is preferred over hyperspectral imaging because

it provides real-time spectral and spatial information over a discrete spectral range

1



Introduction 2

[4]. Likewise, integrated multispectral filtering methods have the potential to transform
imaging and photography by significantly improving colour accuracy over current RGB
focal plane arrays while also eliminating the need for external lenses. In fact, the ability
to monolithically integrate optical filters on top of an image sensor opens the door to
compact, high-speed, and economical spectral cameras, bridging the research-to-industry
gap.

There are two image sensing technologies available: 1) charged coupled devices (CCD)
and 2) complementary metal-oxide semiconductor (CMOS). In the past, CCDs were
mainly used for different image sensing applications like cameras, microscopes and
detectors in the field of life sciences, astronomy, and optical microscopy [5]. However,
in recent times, CMOS based sensing devices have out-dated their predecessors in
performance by demonstrating low power consumption, easy integration, and higher

miniaturization capability [6].

1.1 Problem Statement

Ideally, a spectral filter should have narrow bandwidth, high transmission, independence
from the incident and polarization angle of the incident light, and have CMOS
compatibility along with high throughput and be cost-effective to fabricate. Realistically,
a filter with all the qualities mentioned above does not exist, and the replacement of
pigment-based colour filters is still not materialized. The main reason is its design’s
incompatibility to the current power saving CMOS technology and fabrication cost.
Hence, what is needed is to explore new designs and materials which can address the
aforementioned limitations.

Subsequently, the primary aim of this research is to develop a novel spectral filter design

that has the following traits:

e Capability of integration with the available CMOS technology.

e Ease of fabrication in minimal steps to save time and cost.

e Has the minimal impact of environmental changes on its response, such as a change

in angle of incident light or direction of polarization of electric field.
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1.2 Proposed Solution

In this thesis, a rigorous and powerful tool for modelling nano-scale optical devices called
Finite-Difference Time-Domain (FDTD) solutions from Ansys is employed [7].

An extensive simulation study proposes and investigates an economical and highly
efficient, lithography-free thin film spectral imaging sensor design for NIR filtration.
It comprises only eight thin dielectric films of alternate high and low refractive index
amorphous silicon (A-Si) and silicon nitride (Si3Ny4). These dielectric materials are
compatible with CMOS technology. The filtered output has transmission efficiency up
to 70 %, and the full width at half maximum (FWHM) is 77 nm. Moreover, the angle
invariance of 50° is achieved, while the transmission spectrum is not affected by the
polarization direction of the incident light. It merely requires deposition of thin film
layers using plasma-enhanced chemical vapour deposition (PECVD) for fabrication.

In addition, the design of an asymmetric Fabry-Pérot (FP) nanocavity incorporating
CMOS compatible tungsten (W) material is also investigated. It comprises only
three layers deposited on the silicon (Si) substrate. Here, the titanium oxide (TiOs2)
layer is used as a nanocavity, which is sandwiched between a thick (optically opaque)
aluminium (Al) film and a thin W film. The change in cavity thickness sweeps the
resonant wavelength across the visible region (400-700 nm) and produces a bright, vivid
subtractive colour palette. The reflection spectrum does not change up to 40° incident
angle of light, and it is insensitive to a change in light polarization. Moreover, the gamut
produced due to this filter covers 41.3 % of the standard red, green, and blue (sRGB)

gamut of the CIE 1931 map of chromaticity.

1.3 Thesis Outline

This section contains a brief description of each chapter of this thesis.

Chapter 2 provides a detailed overview of the image sensing devices and their essential
parts. The types of image sensing technologies and their advantages and disadvantages
are discussed. The process of colour vision and colour filtering is explained with the help
of human eye anatomy and its emulated designs implemented in digital devices. Later,
spectral imaging and its categories are discussed, and their capabilities are analyzed in

terms of their performance as the Vis-NIR filters.
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Chapter 3 provides an overview of the research done in the field of the nano-structural
colour filter from the last three decades. It includes an explanation and basic working
principle of different types of physical mechanisms employed for producing colour
filtration, including FP cavity, plasmonics, Mie scattering, etc. The review’s outcome is
critically evaluated in terms of the key performance indicators such as angle invariance,
polarization insensitivity, colour quality and fabrication steps.

Chapter 4 describes the simulation and fabrication process of the cascaded multilayered
thin film filters. The chapter begins with an introduction to the Finite-Difference Time-
Domain (FDTD) approach, followed by a description of Ansys FDTD Solutions, the
software used to simulate all of the optical structures built for this thesis and the
simulation environment. The following section provides a detailed theoretical analysis
of the chosen design and its constituents. The design is also investigated analytically in
its performance, cost, and CMOS compatibility. The second half of the chapter presents
the nanofabrication methods and their application for materializing the design. As
per design requirements, physical vapour deposition (PVD), chemical vapour deposition
(CVD) and plasma-enhanced CVD (PECVD) are discussed.

Chapter 5 provides the physical and optical characterization methods required for
obtaining the thicknesses of the deposited films and comparing the experimental and
simulated results of the proposed design. For a better understanding of the results,
the characterization/fabrication techniques used, such as scanning electron microscope
(SEM) and dry reactive ion etching (DRIE), are also explained. Similarly, two
approaches to optical characterization have been used, which are explained using
diagrams and discussions. The working principles of the used spectrophotometer and
spectrofluorometer are also thoroughly explained.

Chapter 6 presents the design of asymmetric FP nanocavity incorporating CMOS
compatible tungsten (W), which comprises only three films deposited on silicon (Si)
substrate. The produced reflection spectrum produced resulted in a palette of bright,
vivid subtractive colours, which covers a large area of standard red, green, and blue
(sRGB) gamut of the CIE 1931 map. The design is further evaluated analytically at
different light polarization angles and angles of incidence of incident light. The deposition
procedure and optical characterization of nanocavity are also provided in this chapter.
Chapter 7 summarises the findings and suggests future research that may be done as

a continuation of this work.



Chapter 2

Background on Imaging Systems

This chapter provides the necessary background to understand the main focus of this
thesis and its importance.

Section 2.1 gives the information related to solid image sensing devices by briefly
demonstrating the working principle of a digital image camera. However, the focus
of the discussion is directed towards one of its essential parts, the image sensor.

In an image sensor, the significant parts of concern are its image sensing technology
employed to sense the digital image and paint (with the help of colour filters) the image
as it is perceived with the naked human eyes. Thus, section 2.2 provides information
about image sensing technologies and helps in drawing a comparative analysis between
CCD and CMOS technology.

Moreover, the importance of colour filtering in CMOS image sensing devices is explained
in section 2.3. It includes defining the capabilities of human eyes to distinguish between
different colours followed by different colour filter patterns used in image sensing devices

> actual” colour.

and the challenges to obtaining the ’
In the last section 2.4, the detail of spectral imaging, along with information about
multispectral and hyperspectral imaging, is also provided. The outcome of this chapter

is summarized at the end.
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2.1 Solid-State Image Sensors in Digital Imaging

All semiconductor-based electronic devices that detect, transform, and process the
information contained in an optical image into an electrical format are known as solid-
state image sensors. Personal use, automobile industry [8], object detection systems
[9], biomedical imaging [10, 11], and remote sensing [12] are just a few of the numerous
industries which employ solid-state image sensors [8]. According to a CMOS image
sensor (CIS) market analysis, the market will reach 31.5 billion USD by 2026, growing
at a healthy 8.7 % compound annual growth rate (CAGR) between 2021 and 2026 [8].

The acquisition, processing, and storage of a two-dimensional optical image in a

Image storage

" Buffer
ﬁ/ Image sensor Digital image processing

A/D converter

Analogue Electronics

Light reflected off the subject
is captured and focused by
the lens

The A\D converter turns the analogue
electric signal into digital data, using
the same binary language as
computers

FIGURE 2.1: Figure [13] depicts how a digital camera transforms recorded light into
picture pixels. The light reflected from an object or scene is collected by a camera’s
exterior optics and focused onto the picture sensor. The image sensor absorbs incoming
radiation and transforms it into an analogue electrical signal. On-chip circuits then
amplify the signal, convert into digital information, and process to conveniently store
it in a memory hard drive and later retrieve by the user when needed. The three major
components of a typical commercial image sensor are highlighted in the inset [13]: (a)
microlens array, (b) colour filter array, and (c) photodetector array
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numerical format are typically referred to as digital imaging, as demonstrated in Figure
2.1. Figure 2.1 (inset) shows an image sensor comprised of an array of microlenses,
optical filters, photodetectors vertically stacked on top of each other. The incoming
electromagnetic energy is spatially collected by each microlens, focused underneath,
through the corresponding optical filter, and collected on a single photodetector. An
analog-to-digital converter (ADC) converts the charges created at each photodetector
into a digital signal, which is processed and stored as a digital reconstruction of a
snapshot of the optical image taken at a particular instant in time. The photodetector
is the image sensor’s light-sensitive component. It transforms incoming electromagnetic
radiation into a displacement of electronic charges proportional to the radiation intensity
and exposure duration. In digital images, each photosensitive element represents a pixel.
A 10 megapixel (MP) camera has an image sensor with around 10 million photodetectors.
The higher the spatial resolution of a digital picture, the smaller the pixel size and the
higher the density of pixels per area.

The photodetector’s capacity to absorb light is directly connected to the semiconductor’s
bandgap energy. Only photons with greater energy than the bandgap may be absorbed.
As a result, the photodetectors of a camera must be made of a semiconducting material
that matches the wavelength range being captured. Examples include silicon (Si), which
can only detect wavelengths below 1.1 pm due to its bandgap energy. On the other hand,
bandgap energy of only 0.18 eV makes indium antimonide (InSb) sensitive to wavelengths
below 6.9 pum. As a result, silicon is commonly used for visible imaging, while indium
antimonide is best for infrared imaging.

The detecting method of a photodetector (photoelectric, photovoltaic, etc.) may be
categorised, and there are various device options for each type of mechanism. Regardless
of the physical process that causes electronic charge displacement due to photon energy
absorption, most photodetectors are built on a reverse-biased diode-like structure, that
is, on an interface between a p-type and an n-type semiconducting material, known as

a p-n junction [6].

2.2 Image Sensing Technologies

There are two kinds of image sensing technologies used for digital cameras 1) coupled

charge detector (CCD); and 2) complementary metal- oxide semiconductor (CMOS)
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active pixel sensors (APSs). The schematic for CCD and CMOS image technologies are
shown in Figures 2.2a and 2.2b, respectively. To understand the working principle of
CCD and CMOS, a film with 4x4 pixels is considered here.

In CCD image sensing devices, the electrical charge is moved vertically from one pixel

ccb CMOS
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FIGURE 2.2: In a) CCD the electron charge is vertically moved from one pixel to

another and is changed from analogue to digital circuit at later stage. b) In CMOS

based device the electron to voltage conversion is done at pixel level and it uses separate
amplifier for each pixel.

to another to the area where it can be converted to a digital value. The charge movement
is accredited to using p-doped metal-oxide-semiconductor (MOS) capacitors. Here at
the exposure to electromagnetic waves, the photon is converted to electric charge and
is accumulated and transported across the chip and sent to an ADC converter which
turns each photosite charge into digital data. In contrast, in a CMOS imaging chip, the
electric charges obtained from photosensors are converted to voltage with the help of
metal-oxide-semiconductor field-effect transistors (MOSFETSs), which further requires
additional circuitry on the chip to convert voltage to a digital value [6].

The comparative analysis based on the functionality, results and applications of CCD

and CMOS are given as following [6]:
e CMOS image sensors have a higher speed because the signal is processed at the
photosite.
e CMOS has low power consumption due to the usage of MOSFET transistors.

e CCD is less susceptible to noise and produces high-quality images comparatively.

Hence have been the desired choice for astronomy and digital photography.



Background 9

e CMOS image sensors are less sensitive as the photosite area is covered with

transistors.

e CCDs are manufactured in foundries with specialized equipment, while the
manufacturing process of CMOS is more straightforward as it requires conventional

fabrication processes.

e CMOS technology allows integration of all the electronic camera functions such as

ADC, signal processing and timing control, onto a single chip sensor.

As a result, CMOS APS is now the leading mass-market technology in digital imaging
devices such as mobile phones, cameras, tablets, etc. More noise is a reasonable
compromise for lower cost and lower power requirements. However, CCD sensors
continue to be the preferred choice in applications requiring higher image quality, such

as professional digital photography and astronomy [6, 9].

2.3 Colour Vision and Colour Filtering

The colours of the electromagnetic spectrum’s visible regime (400 to 700 nm) are
subjective to the observer’s perception, as colour perception relies on the visual
stimulus’s responding mechanism. As a result, each of us may perceive the same colour
in a slightly different way.

The human eye is sensitive to electromagnetic radiations with a wavelength range from
380 to 700 nm. Figure 2.3 shows a schematic representation of the human eye’s anatomy
and its colour perception mechanism. The human eye is shown to have a variety of
optical components, including the iris, cornea, pupil, vitreous and aqueous humour, a
variable-focus lens, and the retina. The reflected electromagnetic energy is focused via
the convex cornea and forms an inverted image on the retina’s surface with the assistance
of other elements. The retina is a multilayered membrane that contains millions of rod
and cone photoreceptor cells. The number of rod cells is high, and they are susceptible
to light. However, this does not aid in colour discrimination, but it aids several species
in detecting prey and predators via their movements and structure.

In contrast, there are three distinct types of cone cells, each set to a distinct wavelength

response maximum centred on 430, 535, or 590 nm for blue, green, or red colour
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sensitivity. The retinal reaction to RGB is plotted as a function of wavelength in Figure
2.4. As a result, the perceived colour is composed of red, green, and blue (RGB) colours,
and the brain input is received via the optical nerve, enabling us to distinguish between
millions of different colours [13].

It is a rule of thumb that every commercially available product is created to fulfil
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FIGURE 2.3: Tlustration of a human eye is a) cross-section and the b) retina’s light-
absorption mechanism [14]. 1) Light enters the eye through the lens and is focused on
the retina at the back of the eye. The retina contains millions of photoreceptors that
are classified as rods or cones. 2) When light strikes the discs in the rods and cones’
outer segments, photons activate the cells. While rods can be triggered in low light,
cones require more illumination. The epithelial cells surrounding them absorb the light
that is not absorbed by the rods or cones. 3) The photo-receptors transmit the light
they absorb as a signal to brain cells. 4) Information is transmitted between brain cells
and eventually reaches the optical nerve. 5) The optical nerve is connected to the brain,
which combines the signals to form a complete image

customer requirements. Hence, the fact that commercial image sensors are based on
human eye colour acquisition is not surprising. To reconstruct a colour image digitally,
image sensors use a pattern of red (R), green (G), and blue (B) filters on top of
a photodetector to split incoming light into its major components. This allows an
RGB image to be digitally rebuilt from the individual pixels. Transmissive organic
or pigmented polymers are commonly used to make colour filters. Each polymer
is chemically optimised to pass only a specific colour. However, achieving desirable
spectral responsiveness while maintaining the dye’s mechanical qualities (such as ease
of application, durability, humidity resistance, and other atmospheric stressors). Near-
infrared (NIR) cut-off filters are typically required in CMOS image sensors because
polymer-based Colour Filter Array (CFA) CFAs and silicon photodetectors are both
sound absorbers in that optical range [15].

Most CFAs use an RGB Bayer filter mosaic as their basis. For each 2 x 2 pixel
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FIGURE 2.4: The human eye’s retinal response [14]. Normalized rod and cone

absorbance spectra. Although rods cannot discriminate between colours, they allow

humans to see in low light. Colour vision, on the other hand, is controlled by cones. To

distinguish between colours (or wavebands), the cones in the eye are divided into three

categories: blue, green, and red. The stimulus from each cone is merged to provide a

variety of colours. Yellow, for example, is created when the green and red cones of the
eye are excited, but the blue cones are left unstimulated

(a) (b) (c)

FIGURE 2.5: Colour filter arrays. a) RGB, b) RGBW, and ¢) CYGM, where R stands
for red, G for green, B for blue, W for white, C for cyan, Y for yellow, and M for
magenta, are the three most common colours filter array designs used today.

square, one blue filter, one red filter, and two green filters are alternately applied in two
orthogonal orientations. This creates the unit cell. The filters are set so that the array’s
luminance-sensitive element (green) appears at every other array position, guaranteeing
that the luminance element dominates in both orthogonal directions. Because the human
eye is more sensitive to electromagnetic radiation in the green waveband than red or blue,
two times as many green components as red or blue are utilised in the design (see Figure

2.5).
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Honda et al. presented an alternate array in 2007 where a ”white” pixel, i.e. an optically
transparent layer, substituted one of the Bayer array’s green pixels. Incorporating
the transparent layer increases optical transmission efficiency to nearly 95 %, allowing
for more accurate brightness measurements. Using a subtractive CFA, the luminance
information may be further enhanced by using the CYGM filter instead of the RGB filter.
Because subtractive colours are not actually monochromatic in nature and instead have
a high spectrum response, the quality of the colours is degraded.

A Bayer pattern image is the raw output of Bayer-filter cameras. When it comes to video
display systems, the pixel is the most basic unit of individual picture processing. In the
last section, we learned that each photodetector is equipped with a single, unique colour
filter. As a result, because each pixel can only record one of three colours, the data from
each pixel cannot correctly identify the red, green, and blue values separately. Using
this information, how can the ”true” colour of each individual pixel be discovered? If
you want a full-colour image, you’ll need to digitally interpolate the colour information
from the surrounding pixels to assign each pixel a specific hue. For this, different
demosaicing methods are implemented [16]. These algorithms rely on the array pattern
and are extremely important. High-performing algorithms can even eliminate colour
crosstalk caused by filters that aren’t optimum, which improves the overall device’s
colour performance.

The feature size of CMOS technology has increased dramatically during the last few
decades. The size of a photodetector has shrunk from over 10 pm to under 2 pm.
The expansion of CMOS feature sizes has led to considerable advancements in CIS,
allowing for increased spatial resolution and a larger photosensitive area in APS-based
digital imaging systems. However, dye-based filtering components suffer from significant
optical colour crosstalk at sub-2 um pixel sizes, resulting in reduced optical efficiency.
The optical crosstalk shown in Figure 2.6 results from a combination of factors: 1)
the dye thickness (of the order of few microns), (2) the relatively large distance from
the photodiodes beneath them, and (3) the high aspect ratio distance to the active
photodiode area, which increases with the scaling in technology [13].

Hence it is implied that due to the dyes’ low absorption coefficient, it is not possible to
lower the thickness of the organic filters further. It is impossible to move the dyes closer
to the photodetectors because they are incompatible with CMOS process materials and,
in particular, cannot withstand the high temperatures used in manufacture. In other

words, they can only be positioned a few microns above the metal and insulator layers
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FIGURE 2.6: Cross-talk in the optical system Image sensor with frontside illumination

(FST). The optical cross-talk is caused by a mixture of elements, including i) the dye

thickness, (ii) the distance between the filter and the photodiode, and (iii) the high
aspect ratio distance between the active photodiode area.

needed to link the pixels. Furthermore, each colour’s creation necessitates several process
steps, raising the overall production cost and making multispectral devices undesirable.
New filter designs that filter light at specific wavelengths in the optical region are highly
desirable since they might be more readily integrated into CIS and avoid the above

mentioned problems.

2.4 Spectral Imaging

As seen in section 2.3, humans see the visible spectrum (380-700 nm) in three channels:
red, green, and blue. However, colour perception is species-dependent. Snakes, for
example, can see infrared (IR) radiation [17], while bumblebees can perceive ultraviolet
(UV) light [18]. Humans can access many sections of electromagnetic radiation with
spectral image sensors. They could allow a bumblebee (UV radiation), a human
(visible radiation), and a snake to observe the world simultaneously (IR radiation). The
information extracted from an image’s spectral data is precious. As a non-destructive
and non-invasive assessment tool, spectral imaging has recently gained popularity as a
way to identify materials, locate objects, and undertake quality and safety assessments.
Its visible range applications include colour measurement, fluorescence imaging [19], skin

tone identification [20], chlorophyll concentration mapping [21], blood oxygen saturation
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mapping [22], and ocean characterization [23].

Spectral sensors give a digital image with more spectral information than regular colour
cameras and have exhibited superior colour fidelity than standard RGB image sensors.
A visible spectral sensor registers the colour yellow at its wavelength, not the blue and

green contributions. So spectral imaging sensors provide more colour depth.

RGB . . .
Multi-spectral I I I I II

o " .

FIGURE 2.7: Spectral Imaging. Multi-spectral refers to a system with a few discrete

bands covering a wide range of electromagnetic radiation. Hyperspectral refers to a

system with many bands that produce continuous spectra of electromagnetic radiation.

Hyperspectral bands typically have an FWHM of 10 nm or less, whereas multispectral
bands can have an FWHM of tens to hundreds of nm.

It is possible to classify spectrum imaging techniques as multispectral or hyperspectral
depending on the spectral resolution, the number of bands, and width of the acquisition
(continuous or discrete) (see Figure 2.7). A hyperspectral sensor produces continuous
spectra; a multispectral sensor provides information for discrete ranges of electromag-
netic radiation. The precision of these sensors is defined by the spectral resolution of
the bands, i.e. the width of each optical filter, which is generally the full-width at half
maximum (FWHM). There should be a consideration for the filters’ spatial resolution
as well. In reality, a vast pixel will produce a reduced image resolution, making it
impossible to distinguish between many objects close together. Another problem arises
when photo-sensors are used with too small pixels, as the amount of energy captured by

each sensor is too low. This results in reduced measurement accuracy due to a reduced
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signal-to-noise ratio [24].

Hyperspectral sensors generate enormous amounts of digital data, referred to as the
data cube. There are two-dimensional images used to collect information; each image
represents a specific wavelength range in the electromagnetic spectrum. These images
are taken during scanning procedures. This means that the hyperspectral data cube may
demand extraordinarily long data acquisition times and quite large storage capacities,
depending on the number of spectral bands. Additionally, processing the data cube can
be computationally taxing; however, the whole hyperspectral data cube offers little more
information than a small number of multispectral imaging bands (usually 3-8) [25]. Even
though some military or scientific research may require hundreds of spectral channels,
many more applications require data over a few well-defined wavelengths of interest.
As a result, hyperspectral image sensors capture more spectral information. On the
other hand, because they generate vast digital data, even from a single collection, it
can be time-consuming, computationally difficult, and resource-intensive to process
and store it all. The hyperspectral data cube also contains duplicated information,
and many applications only need visual information for a small number of well-defined
wavelengths. To make a multispectral imaging system, which is designed to exclusively
collect information at various desired wavelengths of light, a more acceptable and cost-
effective option, higher spatial resolution, and lower spectral resolution are required

[25].

2.5 Summary

It has been concluded from this chapter that CMOS technology is ideal for today’s
image sensing devices due to its fast, cost-effective, and low power consumption qualities;
however, the application of CCD is limited to specific applications where high quality
and low noise images are required such as astronomy and digital photography.

On the other hand, decades-old dye/pigment-based colour filters in image sensors
are hindering the process of image sensing due to their incompatibility with CMOS
technology and have been a reason behind the low colour quality and spatial resolution.
This implies that to improve the overall image quality, it is essential to replace the
pigment-based colour filter with new designs composed of CMOS compatible materials.

The last section explains spectral imaging with multispectral and hyperspectral imaging
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comparison, which implies the importance of multispectral imaging due to its vast

applications.



Chapter 3

Literature Review

Recent progress in colour filters design, along with the evolution in optical physics
[26, 27] and fabrication technology [28-30], has revolutionized colour filtering process
and replaced the conventional dry/pigment-based colouring due to its colour tunability,
durability, high resolution and environmental friendliness. Today, colour filters are
being designed on the nanoscale and play an essential role in the miniaturization of
sensors. The idea of nano-structural colour filters is inspired by examples in nature,
e.g., butterflies, peacocks, beetles, and Pollia fruits [31]. In structural filters, the
working principle is based on the light-matter interaction, where light interacts with
the structures designed at the nanoscale and allows colour filtration via light diffraction,
scattering, reflection, refraction and transmission at resonant wavelength. This chapter
focuses on working principles of nanostructure colour filters and absorbers based on
Fabry- Perot (FP) cavity thin film, plasmonics, dielectric and liquid crystal technologies.
The significant work in these fields is evaluated in terms of colour quality, spatial
resolution, the dependence of output on viewing angle and light polarization, and the

required fabrication steps.

17
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3.1 Thin film Colour Filters

Figure 3.1a illustrates that material discontinuity in the propagation path of light from
n1 to no allows light reflection, refraction and transmission and is dependent on the

incident angle 6;.

Mathematically Fresnel equations for transmission (¢) and reflection (r) at a material
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FIGURE 3.1: Vector diagram for transmission and reflection in FP-cavity when light
comes across a) Single and b) Multiple material discontinuities.

interface for transverse magnetic (TM) also referred as p, and transverse electric (TE)
also referred as s polarization are given as [32-34]

2n1cosb;

ts = , 3.1
* " nycosh; + nacosby (3.1)

2 i
- nycost (3.2)

nacosl; + nicosb,’

= nycost; + nacosdy (3.3)
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In another case where light strikes a stack of high refractive index layer no of thickness
'L’ sandwiched between two layers with refractive indices n; and ne as shown in Figure
3.1b. This setup is referred as Fabry-Pérot (FP) -interferometer and allows filtration
depending on the FP cavity thickness and refractive index ni, ng, and n3. Here 7;;

indicates the reflection coefficient at the interface between regions 1 and 2.
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At FP resonance, the light gets trapped into the cavity in the form of standing waves
and suffers back and forth reflection between two boundaries. In contrast, the rays
propagating into the regions adjacent to the films will result in total reflection or
transmission from the system. Since these rays travel a different distance within the
films, they may have destructive or constructive interference. Hence, in such a case, the
intensity of the reflected and refracted waves, along with the material’s refractive index,
depends on the cavity thickness L and results in filtering out the undesired frequencies.
Here L = mA/2n , where m is an integer and A is wavelength in free space.

FP- based filtration is a multifaceted setup for manipulating light propagation. Such
as, it allows particular frequency to pass through it or can act as an anti-reflective(AR)
coating to reduce light reflection in a design, which may cause destructive interference.
There have been numerous applications of FP resonators in different scientific fields
such as clinical diagnosis [35, 36|, optical communication [37, 38] and sensing [39-
41]. The application of metal insulator metal (MIM) based FP interferometers, which
exhibit colour filtration by tuning cavity thickness, sandwiched between two metallic
mirror layers, is still widely adopted because of its cost-effectiveness, simple design, few
fabrication steps [42—46], and easy integration. This section discusses and reviews the
remarkable research done to date on FP-based colour filters.

A transmission-based colour filter was designed to filter additive colours (red, green and
blue) colours [47]. It comprises silver (Ag) as metallic layers and silicon dioxide (SiO2)
as a dielectric. The devices of different dielectric thicknesses 'h’ were fabricated by using
plasma-enhanced chemical vapour deposition (PECVD) [30] methodology. The device
was further evaluated regarding its polarization sensitivity for oblique incidence, angular
dependence, and positional dependence. The minimum reported bandwidth was about
100 nm for green colour, and the colour intensity was 60%. However, for the oblique
light incidence, the angular dependence of the relative transmission was up to &~ 12°,
and the device was insensitive .

Likewise, the centre wavelength showed 10 % variation for the positional dependence.
The results were further improved by exploiting titanium oxide (TiO2) as a dielectric
layer with a phase compensating dielectric overlay; it improved the angle insensitivity up
to 70°. The design was modified further by using an overlay on the top of the stack [29]
(Figure 2a), which allowed dual-mode colour filtering as well as phase compensation.
The thickness of TiO2 cavity allowed the sweeping of resonant frequency across the

visible regime. Moreover, the design was flexible enough to change colour saturation
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by varying the thickness of one silver (Ag) mirror, with a slight change in transmission
efficiency.

Zhangyang Li et al. [48] exhibited the performance of the ultra-thin, large area,
lithography free metallic films as super absorbers and additive colour filters. The design
comprised of an insulating film (SiO3) sandwiched between two metallic films (Ag).
When used in reflection mode, the design behaved as a super absorber with an optically
thick layer at the transmission end, blocking all the transmission through the device.
The transmission and absorbance spectra were studied by varying the thickness of the
dielectric, i.e. FP cavity. The resonance wavelength swept across the visible and near-
infrared regions. The plasmonic effect was not there, and the power absorption was
maximum at the metal-dielectric interface. In colour filters, the width of the metallic
layers is reduced, and the device performance is examined by changing the width of
the layer opposite to the light impinging layer. The leaking mode from the cavity was
observed due to the small width of the layer at the transmitting end. Furthermore,
the dependence of colour filters on the angle of incidence and modes of polarization of
light source is also taken care of. It was observed that the device was more sensitive
to -p polarized than s polarized mode and showed angle invariance up to 60°. The
results showed 97 % of absorption intensity for super absorbers with a full wave at half
maximum (FWHM) of 8 nm. Likewise, transmission colour filters achieved over 60 %
transmission across the visible region. Although the examples above have exhibited
outstanding results, they suffer from high losses due to the presence of metal [49, 50].
Hence, CMOS-compatible dielectric materials with a high refractive index [51] can help
reduce losses and low angle variance.

An ultra-thin design (i.e. less than a quarter wavelength of the light) was proposed
where an asymmetric FP cavity implies highly absorbing germanium (Ge) on an optically
thick gold (Au) substrate [54]. The obtained results showed maximum absorbance (1—R)
due to minimum transmission into the substrate.

Since Ge has a high loss and low refractive index than Si, especially its amorphous
phase, A-Si is preferred. Moreover, a high refractive index allows angle invariance;
therefore, research is inclined towards the material with high refractive indices. An
angle robust reflective spectrum filter with high colour purity and £65 angle invariance
is demonstrated by exploiting strong resonance effects in an F-P optical cavity containing
lossy media [53] (Figure 3.2c). It acquires improved colour saturation by choosing

amorphous silicon (A-Si) with a lower complex dielectric constant. Due to its low
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FIGURE 3.2: Thin film Filters: a) Calculated and measured transmission and reflection

spectra for the three fabricated devices shows RGB in transmission and CMY in

reflection mode. The CIE 1931 further provides the coordinates of the produced results

[29]. b) Calculated and measured spectra along with the camera images of broadband

visible and near-infrared absorbers implemented with planar nanolayered stacks [52].

¢) Demonstration of angle invariance of up to 0 to 65 degrees view angle for fabricated
lossy medium-based optical cavity using optical images [53].

absorption and high reflectivity, Ag was used as its metallic layer. The thinner metallic
layer at the top (18 nm) allowed the incident light to pass through the structure and
simultaneously provided an enhanced reflection from the resonance cavity; however, the
bottom Ag is optically thick to block the transmitted light. An organic layer, made from
perylene tetracarboxylic bis-benzimidazole (PTCBI), is used to confirm an even thin Ag
film that minimizes the scattering.

A CMOS-compatible ultra-thin colour filter containing A-Si deposited on an optically
opaque thin aluminium film was demonstrated as a subtractive colour filter [55]. The
reported angle insensitivity is up to 60 %. Similarly, a nanoresonator comprising A-Si
between two Ag layers showed angle insensitivity up to 65° and a low FWHM value

of ~74 nm in reflection mode [56, 57]. The wide-angle flexible trans transmissive
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structural colours with high saturation and efficiency were designed by exploiting multi-
cavity resonances [58]. The design consists of alternating Zinc sulphide (ZnS) stack
as a dielectric layer and thin Ag films. The high refractive index of the dielectric layer
allowed 70° of angle invariance. The design was further coated with a thin ZnS layer as an
anti-reflection (AR) from both ends (i.e., top and bottom), enhancing colour efficiency.
The device fabrication used simple e- beam evaporation for layer deposition. In order to
avoid precise deposition of the thin metallic layer and AR coating, the design was further
improved by employing a multilayer semi-transparent structure for suppressing higher
order FP-resonances [59]. The FP design is comprised of a transparent ZnS sandwiched
between a thin Ag metallic layer and has an overlay at the top for phase compensation.
The cavity is designed to have 3"¢ order FP- resonance, which is helpful to produce good
colour quality. However, a 5! order resonance is suppressed by employing a thin lossy
material layer (Ge) in the centre of the ZnS cavity. The angle invariance of 60° was
reported with an FWHM value as low as 36 nm.

A near-unity absorption as high as 99.58 % is reported by using Cr as a metallic
mirror and SiOj as a dielectric layer [60]. The results showed £60°angle tolerance with
polarization independence. Similarly, an angle insensitivity of up to 50° was achieved
[61] in reflection colour filtering with simple multilayer film deposition. It comprises
lossy A-Si material as a dielectric sandwiched by a thin Cr film and a thick Ag layer.
The Ag at the bottom of the stack allows the lowest material absorption and highest
reflectivity in the visible regime. Likewise, Cr is used as a partial reflection mirror and
the absorptive layer. The upper 1905 layer is used as an effective anti-reflection layer
to chrome film and hence helps in improving the colour saturation. An asymmetric FP-
based reflective colour filter was demonstrated [62]. It used lossless metal Cr thin film as
an anti-reflection coating on the top of the cavity with a thick Cr layer at the base, which
allowed zero transmission. The dielectric consists of lossless material Si0O5. The width
of the spacer between Cr and Al allowed colour absorption or reflection across the visible
regime. The reported colour sensitivity invariance is up to 60° with spatial resolution up
to 50,000dpi. Although [61, 62] showed promising results, managing thin lossy metals
requires special treatment. Recently, a broadband light absorber was constructed with
absorption > 95% in the visible region by utilizing thermally evaporated Ag and Au
layer [52] (Figure 3.2b), which exhibit refractive indices much different from the bulk-

state value [63]. Nevertheless, the angle invariance was high, i.e. up to 30°.
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TABLE 3.1: thin film colour filters

0 FWHM (nm) Mode (T/A/R) n(%) Ref
12 100 T 60 [47]
70 74 T and R NG [29]
60 8 T and A A=9T& T =60  [4§]
60 NG R NG [54]
+65 74 R NG 53]
60 70 A NG [55]
65 100 R 80 [57]
70 NG T 70 58]
60 36 T 54 [59]
+60 NA A 99.58 [60]
50 NG R NG [61]
60 NG R 90 [62]
30 NA A 95 52]

Note: 67= Angle invariance in degrees NG= Not given, NA= Not
Applicable, A= Absorption, T= Transmission, R= Reflection and
n=Efficiency.

The summary of all the reported work in terms of FP-cavity performance is given in

Table 3.1.

3.2 Plasmons

The emergence of plasmons dates back to the Roman Empire’s 4" century AD; the
Lycurgus Cup [64] is one of its famous examples. It contains gold nanoparticles on glass
and filters different (colours) wavelengths in reflection (green) and transmission (red)
mode.

Since its inception, it has been implemented for a number of applications like light
emitting diodes (LED) [65], biosensors [66, 67], laser ablation[68] solar cells [69],
nanolasers [70], surface enhanced Raman spectroscopy (SERS) [71], waveguides [72]

and lithography [73].

3.2.1 Surface Plasmon Polaritons

Surface plasmons [74, 75] is an oscillation of electron density to fixed ions localized
at surfaces of metallic structures. The induction of surface charge is accompanied by

electromagnetic oscillations and is known as surface plasmon polaritons (SPP), where
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polaritons refer to the coupled oscillation of charged particles and electromagnetic waves.
Likewise, SPP can travel along with the interface of two materials having negative
and positive permittivity materials, i.e., metal-dielectric interface. Moreover, surface
plasmon resonance (SPRs) is the resonant excitation of conduction electrons stimulated
via incident electromagnetic waves at the metal-dielectric interface.

Figure 3.3 comprises various ways of generating plasmons. As shown in Figure 3.3(a),
SPRs generated at the dielectric-metal interface does not have enough momentum
(compared to light) to propagate along with the interface. Hence different ways are
adopted to fulfil momentum matching needs, such as prisms (Figure 5.7), also called Otto
configuration [76] and metallic gratings with period ’A’; which reflects and transmits
light in different diffracting modes as shown in Figure 3.3(c) [77]. Similarly, from Figure
3.3(d), by varying refractive indices and path for incident light and by introducing
a waveguide between the periodic grating and substrate, which leads to guided-mode
resonances (GMR) shown in Figure 3.3(e). Furthermore, the localization of SPRs is
achieved when light impinges on a metallic nanoparticle (MNP) on a dielectric substrate,
as shown in Figure 3.3(f). Moreover, the results can be enhanced by increasing the
number of MNP in a lattice, which coupling all the localized surface plasmons (LSP)
due to each MNP in the lattice. The effect of an increase in the number of MNPs is
demonstrated in Figure 3.3(g). Lastly, gap surface plasmon (GSP) can be generated in
the dielectric gap between truncated and extended metallic layers as shown in Figure
3.3(h).

In the subsequent sections, the physics behind the different generating mechanisms of

plasmons, along with its notable reported works, are discussed in detail.

3.2.1.1 Otto Configuration

Figure 5.7 shows a basic setup of Otto configuration, where a prism consists of a
gold layer on one of its rectangular faces. When a coherent lightwave impinges at
the glass/metal (usually Au) interface at an angle 6;, greater than the critical angle
Hc(arcsin(\/%)), here €4 and €, are dielectric constants of glass and metal respectively,
and satisfy €4 > €,,, and the light is totally reflected back into the glass. However,
the electric field propagating along x-direction (TM mode) with amplitude decaying

exponentially away from the interface represents an evanescent wave. Likewise, the
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electric field associated with SPPs is given as [78]
Ej = (B}, 0, B)exp{i(ksppr — wt)yexp(—ay |z)), (3.5)

where j is 'm’ for metal and ’d’ for dielectric respectively. It is to be noted that the
SPP can only be excited with p polarized light i.e., transverse magnetic (TM) mode
propagating along the metal/dielectric interface with amplitude decaying on both sides

[78]. The SPP dispersion formula is given as

w | e(w)em
k =—\—— 3.6
SPE = e(w) + €m’ (36)
where €(w) is the dielectric function of metal and «; in equation 5.1 is given as
aq = 8677”, (3.7)
¢ e(w)+em
and
= 2 €(w) (3.8)

e \/e@) +em
It is to be noted here that equation 5.1 is valid for the negative real part and the negligible
imaginary part of e(w). Hence metals like Au, Ag etc., are suitable for generating SPPs
in the visible region.

Although the usage of a prism for generating SPRs at the metal-dielectric interface is
an obstacle in its miniaturization, it is used in biosensing devices due to its simple
design and sensitivity to change in the refractive index caused by adsorption or
desorption of molecules on its surface. On the other hand, the grating-based SPRs
have been extensively explored due to their miniaturization feasibility and wide range
of applications like biosensing [79-82], solar cells [83], spectral imaging [84], and colour

filtering [85].

3.2.1.2 1D Diffraction Grating

Grating-based SPRs allow coupling of incident light with SPP through the grating,
where resonance conditions are met through diffraction of incident light.
When a plane wave of monochromatic light of wavelength '\’ incident at an angle

f; on a periodically corrugated material of periodicity ’A’, the light is diffracted in
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FIGURE 3.3: Generating Plasmons: (a) Dispersion relation of surface plasmons
compared to light in vacuum and in the dielectric medium. Incident light on a (b)
glass prism with gold sputtered on one of its faces, SPP propagates along the glass
and Au interface (c) Diffraction grating with period A (d) shows diffraction grating
with varying refractive index and path for the incident light (e) represent a GMR-
based grating (f) The reaction of single nano-particle on dielectric to the incident light
(g) shows the reaction of lattice of nanoparticles to the incident angle and (h) Gap
surface plasmon resonance, a special kind of FP- cavity with thin dielectric film and

one metallic truncated film on the top.
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forward(transmission) and backward (reflection) directions as shown in Figure 3.3(c).
The dispersion relation for grating coupling to overcome the momentum mismatch
between the energy of impinging photon and of generated electromagnetic waves is given
as [78]

kspp = %ﬁmsmez‘ + mG, (3.9)

where 'm’ is the diffraction order and G = 2% is the reciprocal lattice with period ’A’.

The 1D diffraction grating along a waveguide slab (A slab of material between two
materials with lower refractive indices from a slab waveguide) is known as waveguide
mode coupling. The resonance conditions are met when the angle of the diffracted mode
of incident light matches the angle of guided-mode (Figure 3.3(e)). These waves are
leaked through the gratings, and the interference of leaky waves and diffracted wave
produces a filter response as shown in Figure 3.3(e). Mathematically, the guided mode
resonance condition is satisfied by the dispersion relation of the waveguide coupler and

is given as [78]

2 _ k2 xn? n B2 — k2 x n?
mm = HouJ (k2 % n2) — B2—tan—t("y2os | D2 2R xme o1 Moz, [ 07— Ko ey
(kg ) = 5 (ncl) (kg *n2) — 32 (ncg) (k3 *n2) — 52
(3.10)

where H. is the core thickness, 3 is the propagation constant; np, n.; and n.o are the
refractive index of core, upper cladding, and substrate respectively; and kg is the wave
number in free space. In addition, p is 1 and 0 for TM and TE mode respectively. The
guided mode resonance occurs at the phase matching between grating vector and the
propagation constant for the guided mode of the wave guide [86]. There are numerous
reported designs where the waveguide coupler is exploited for colour filtration. Several
of the outstanding ones are discussed in this section.

Kaplan et al. demonstrated a highly efficient waveguide coupler based colour filter
with tuneable transmission bandwidth [87]. It consists of a waveguide layer (silicon
nitride) between the low refractive indices layer, i.e. silicon dioxide. The metallic grating
was implemented on the buffer layer at stack (Buffer layer/waveguide layer/substrate)
using nanoimprint lithography (NIL) [73, 88]. The impinging source from the grating
end was set at TM polarization with zero incidence angle. The wavelength of the
transmitted light depended on the grating period, while the bandwidth could be adjusted
by changing the buffer thickness, allowing colour tunability by changing the physical

dimension of the device. The results were demonstrated experimentally by fabricating
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FIGURE 3.4: 1D Diffraction Grating based colour filters a) Schematic of plasmonic
nano-cavity along with its fabricated device is illustrated. The charge distribution
and Poynting vector direction are shown with a simulator’s help. The impact of
the dimension of nanoslits on reflection spectra is further shown theoretically and
experimentally, and results for CMY colours are produced [89]. b) scanning electron
microscope (SEM) images of fabricated multicolour pixel and spectral transmission.
Camera image of vivid colour produced shows its dependency on the grating period
and angle of polarization c¢) Verification of GMR for TE and TM mode transmission
spectra [90].

two different devices for a red and blue colour generation. The experimental results were
in good agreement with the simulated results. Although the obtained results showed
transmission as high as 90 %, with tunable bandwidth, it was highly angle sensitive.
Likewise, an ultra-thin metal (Al) — dielectric (T902) GMR structure was studied [91]. A
thin optical layer of Al was patterned using e-beam lithography as cladding on a dielectric
guiding layer. As a result, colour filtration became possible due to the emergence of the
incidence wave and the leaky guided modes of the Ti0y layer. The results showed
bandwidth 60,70, and 90 nm for blue, green and red, respectively, with transmission
efficiency up to 73 %, but with angle variance. In another study, the impact of core
material at a low refractive index contrast was implemented using AloO3 as a core with
ultra-thin Al grating [92]. This contrast allowed surface plasmon resonance to occur at
Rayleigh anomaly wavelength [93]. The results were promising with 80 % efficiency and
~ 20nm bandwidth. The device was fabricated using a standard lift-off process with the
help of laser interference lithography. However, the design exhibited angle sensitivity.

On the other hand, the angle sensitivity of 1D grating was made applicable in a reflection-

based dielectric-based guided-mode resonant colour filter design with angle tuneability
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for additive colour filters. It showed efficiencies = of 94, 96 and 99 % with green and red
colour filters, respectively. The designed silicon nitride grating was patterned on a glass
substrate using UV-laser interferometric lithography. The reported pixel bandwidth
was 12 nm [94]. Similarly, Koirala et al. [95] presented a highly efficient polarization
controlled structural colour filter based on an ultra-thin one-dimensional resonant Al-
based grating structure with silicon nitride as a guided layer. It is proposed that a 0.5
duty cycle (required to fulfil the guided mode resonant condition) allows transmission
in TE and TM mode. As per our best knowledge, this is the first time such a setup
was used in transmission mode. The same design was exploited by replacing Al gratings
with hydrogenated amorphous silicon (H:A-Si) grating in an all dielectric polarization-
tailored trans-reflective structural multicolour pixels design [90]. It showed 95 and 90 %
transmission efficiency in TM and TE mode, respectively (Figure 4a and 4c). However,
angle tolerance improved to 35°. Similar results were achieved by Al sub-wavelength
grating with slits filled with dielectric (Si02) allowing enhanced EOT for TE mode [96]
by exploiting GMR. Hence the SPRs are responsible for EOT in TM mode. The gratings
are further covered with a thin overlay of Si0O2, which improved the device operation.
Although colour intensity improved in TE, the increase in bandwidth resulted in low
colour saturation. Likewise, the device remained angle sensitive.

A highly transmissive plasmonic subtractive colour filter was proposed in [97]. The
desirable results were achieved by exploiting the counter-intuitive phenomenon of
extraordinary low transmission (ELT) [98]. An optically thin silver (Ag) film patterned
in 1D nanogratings was fabricated to achieve subtractive colour. The transmission
valley, with 60 to 70 % efficiency, can be tuned across the visible regime by varying
the periodicity of the silver gratings. Besides, this design is capable of filtering the
subtractive colour with only a few nanoslits, close to the optical diffraction limit (\/2,
i.e. 200 to 350 nm).

The dependence of GMR, based colour filters on light incidence angle variance and
direction of polarization has been a matter of concern [99, 100]. Symmetric two-
dimensional grating pattern, 2D version of [87], resolved the issues faced in the
aforementioned examples. A polarization-independent bandpass filtering was made
possible by the GMR between orthogonally diffractive waves and both TE and TM
mode [101]. The change in grating peak resulted in a change in center frequency.
The reported design exhibited arrow bandwidth of 13, 14 and 17 nm for blue, green

and red colours. However, the efficiency remains constant at 85 %. Moreover, the
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fabrication steps included e-beam lithography and dry etching. Likewise, the 2D version
of [102] generated a broad polarization controlled colour gamut [103]. Ryan Wuo et
al. [89] numerically and experimentally demonstrated localized resonance in Silver (Ag)
nanoslits by light funnelling (Figure 4a). Here the silver was conformally deposited
on the silica grating, as shown. The grating design with a certain period, width and
periodicity concentrated incident light into silica nano-grooves, which behave more like
nanoresonators. When the light impinges on the device from the silica end, it induces
charge polarization inside the grooves. This charge induction changes incident light’s
E-field, trapping it in the grooves. The resonant wavelength is tuned across the visible
regime by changing the width and depth of metal-insulator-metal FP (MIMFP) nano-
grooves.

The 1D diffraction-based colour filters allow an undesirable angle sensitivity to the
results. Although fabrication of angle nanoresonators requires more fabrication steps
and advanced technology, it happens to be a better option in terms of its performance,
like polarization angle and angle insensitivity.

Recently, diffraction gratings have been studied as wave retarders [102] - capable of
changing the direction of light polarization. A 4-fold colour filtering was achieved in the
visible region by utilizing a plasmonic phase retarder (PPR). It consists of a periodic
array of silver nanowires, which supports LSPRs that can induce substantial phase shift
for TM or TE mode [104]. Hence, with the help of a colourless analyzing polarizer, it
produced four different colours from one fabricated device.

The summary of the discussed examples is given in Table 3.2, where all the designs are

TABLE 3.2: 1D Diffraction-based colour filters

¢ FWHM (nm) n (%) Ref
0 30 90 [87]
0 60 73 [91]
0 20 80 [92]
0 12 99 [94]
0 NG 90 [102]
35 NG 95 [90]
0 100 70 [96]
0 17 85 [101]
+80 NG NG [89]

Note: 07= Angle invariance in degrees NG= Not given and
n=Efficiency.
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polarization dependable.

3.2.2 Localized Surface Plasmonic Resonances

Localized surface plasmon resonance (LSPR) involves the combined oscillation of
Metallic NanoParticle (MNP) and the associated oscillation of the electromagnetic
field (Figure 3.3(f)). The resonance wavelength (A(.s)) depends on the shape,
size, composition of MNPs, and the local optical environment of the particles. It
generally occurs in the visible to near IR spectra for NP of noble metals (Au,Cu,Ag).
Mathematically, dependence of extinction optical (oe.¢) on shape, density, dimensions

and surrounding environment of a spherical MNP is given as [105]

247T2N1§‘60ut%a3 Ei()\)

ex A) = ’
Teat(M) Aln (10) (€r(X) + X€out)? + €2

(3.11)

where V4 is the areal density, a is the radius and €., is the dielectric constant of the
surrounding medium of the nanostructure. Here ¢, is assumed to be the positive real
integer and is independent of A. It is to be noted that ¢; and ¢, are the imaginary
and real components of the metal dielectric function respectively. However, x gives the

aspect ratio of the nanostructure.

The spectral bandwidth of localized surface plasmon (LSP) is around 80 ~ 100 nm full
width half maximum (FWHM), which is far greater than the spectral bandwidth of the
change in the reflectance dip of SPPs, i.e., 50 nm. This increased spectral width can
be reduced by increasing the number of nanoparticles.

The induced dipole moment p due to electromagnetic field (E) in a single metallic
nanoparticle is given as [78]

p = aky, (3.12)

where « is the polarizability and can be obtained using a quasistatic approach. By
considering the size of particles smaller than the light involved polarizability can be

derived from equation 3.12 as per the following [78]

ge(w) — 1

S
@ = ana e(w)+2’

(3.13)
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where a is the radius of nanoparticle and €(w) is the dielectric constant and « is the
measure of effect of applied electric field on the particle. Hence, « is directly proportional
to charge displacement within the particle. The resonance occurs due to restoring
Coulomb force inside the particles by satisfying e(w) +2 = 0 or e(w) = —2. Here the
strength of the force determines the resonance frequency while the damping determines
resonance width [106].

William L Barnes [107] elucidated the effect of the shape of nanoparticles on the
resonance frequency in terms of polarizability. As per the author’s mathematical and
theoretical explanation, polarizability depends on the composition of the particle and
the environment. Besides, it also depends on the net electric field inside the particle.
The quality factor of the resonance is the ratio of resonance wavelength and the width
of resonance, and it has the highest value when I'm(e(w) 4+ 2) = 0. Since the dielectric
medium of metal is a complex value, therefore the denominator of equation 3.13 cannot
reduce to zero. Later, Wang and Shen [85] proved with their quasi-static approximation
that the quality factor actually depends on the dielectric medium of the particle. Hence
LSP has been a disappointment for different applications where a high Q factor is desired.
A significant improvement in the (Q factor arises when two or more than two
nanoparticles are brought close together. The interaction of the EM fields between
nanoparticles results in coupled SP modes [108] and field enhancement. Similarly,
metallic nanoparticles arranged in a lattice experience surface lattice resonance (SLR)
due to the coupling of LSP (Figure 3.3). It leads to a significant narrowing of the
spectral bandwidth and results in a high Q factor [109]. The position of resonance in
a lattice depends on the shape, size, incidence angle, and the refractive index of the
metal-dielectric layer [110].

The emergence of extraordinary optical transmission (EOT) [26] due to the coupling of
surface plasmons in a surface lattice has been a breakthrough. It has been widely used,
and its applications include drug delivery [111], imaging [112], colour filtering [113], high-
resolution display [114] and high sensitive sensing [115]. Since the research in the field
of plasmonics is expedited with the discovery of new materials and design fabrication
techniques [73, 116, 117], this review focuses on and evaluates those developments. The
periodic subwavelength nanoparticles of any shape, material and sufficient number for
LSPR behave similarly to incident light as electricity to atomic crystals at the subatomic
level. In this section, the reported work for photonic crystals is discussed and evaluated

in terms of their performance as a colour filter. The section includes nano-porous films,



Literature Review 33

hybrid structures, metasurfaces and gap surface plasmon-based designs studied so far.

3.2.2.1 Nanohole

A porous metallic film on dielectric when excited by a white light source results in
EOT and only allows the light of specific wavelength (\.cs) to pass through it. The
Ares depends on the periodicity and geometry dielectric constant of metal and dielectric,
respectively, and a lattice arrangement of holes [118]. Similarly, the mode of operation,
i.e. transmission [119], or reflection [120] of the structure, also depends on the shape of
the nanoparticles.

The localized field in nanoholes and nanoparticles is widely investigated [121]. It has
been reported that LSPR in nanoholes is dependent on the lattice periodicity; however,
it is less affected in a metasurfaces array. Similarly, the fabrication process of nanoholes
on metal films is more straightforward than metasurfaces. Nevertheless, an increase in
resonance quality in nanoholes is quite challenging [122]. Therefore, the application of
a perforated metal film (usually bio-compatible, i.e. Au/Ag) on the dielectric layer is
limited to biosensing sensors [123]. On the other hand, the application of subwavelength
nanoholes is not limited to electromagnetic waves. It has been theoretically proven that
various acoustic absorbers, under coherent conditions, can be attained using the effective
deep- subwavelength holey rigid plate, such as steel [124].

A dielectric-based 2D subwavelength dielectric grating was proposed for backside
illuminating (BIS) CMOS image sensor (CIS) technologies [125]. It consists of a
hexagonal nanohole array for the red and blue colour and a square nanohole array
for green colour production with a silicon spacer between the photodiode layer and
grating. The device was fabricated with poly-Si materials prepared by amorphous-Si
deposition followed by a high-temperature furnace annealing method [126]. The design
exhibited promising results, i.e. 60-80 % efficiency with angle invariance up to 20 %.
The high transmission efficiency was achieved due to the high refractive index and low
absorption of A-Si, which helps in enhancing the spectral features [127]. Besides, holes of
different shapes have also been explored, have shown promising results, and has provided
a flexible tuning mechanism. For instance, a CMOS-compatible polarization-switchable
array of asymmetric cross-shaped nanoholes in an Al ultra-thin film was reported [128].

The mechanical-based optical filtering enabled a single design to encode two information
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states, which could be decoded by changing the polarization angle of incident white light.
However, the maximum transmission efficiency of subtractive colours was insufficient,
i.e., 14 % with incident angle variance.

The nanoholes with FP etalon have demonstrated efficient results. Chang et al.
[129] demonstrated an efficient structural colour printing filter based on plasmonic
metasurfaces with a thin MIM stack. In order to avoid colour crosstalk, holes on
perforated Ag film were milled through Focus Ion beaming (FIB) [130], in a hexagonal
array. The design was further covered with a thin transparent polymer layer, PMMA.
The change in \.¢s due to overlay is covered by geometrical adjustments. The design
showed promising results and allowed pure perfect absorption resonances of A~ 90 %
with a high Q factor. Furthermore, the design was angle insensitive up to ~ 70°,
accredited to the angle robustness of the FP cavity. However, the usage of Ag in this
design had introduced additional fabrication steps like adhesion layer between glass and
Ag and PMMA layers to avoid Ag oxidation. Recently, transmission efficiency of 60 %
was exhibited by increasing the density of coaxial holes of optimized size in a coaxial
hexagonal lattice (with bigger holes) on a MIM stack of Al/glass/Al [131]. However,
the design exhibited angle invariance of ~ 60°. The colour quality was reduced with the

increase in coaxial holes.

3.2.2.2 Nanohole-Nanodisk Hybrid Colour filters

Kumar et al. [132] with a nanohole-nanodisk hybrid structure, to our best knowledge,
was the first one who demonstrated a system that could achieve bright-field colour prints
with resolution up to diffraction limit (i.e. 10,000 dpi). To obtain the desirable results,
the scattering strength of resonators (nanoparticles) was increased by raising them above
a metal back reflector (Ag/Au); hence the light of a specific wavelength was reflected
back to the viewer‘s eye. A full palette of colours was obtained by changing the diameter
and gaps between the nanodisks without varying the periodicity of the array. The dips in
the reflected spectrum showed the presence of Fano resonance [133] that was the outcome
of a broad spectrum of nanoholes and nanodisks with sharp peaks of surface plasmon
resonances (SPRs). This work was further extended by using aluminium instead of Ag.
It paved the way towards a cost-effective and stable structure, as compared to the short
shelf life of Ag [134]. Its high-throughput lithography approaches also give it an edge

over Au and Ag. Moreover, the range of printable plasmonic colours was expanded from
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~ 15 to more than 300 colours by spatially mixing and adjusting the nanoscale spacing
of the aluminium-based discrete nanostructures [135] (Figures 3.5a and 3.5b).
Recently, a spatial resolution of =~ 141,000 dpi with a wide gamut and large angle
invariant was achieved by implementing circular nanohole-nano-disk hybrid nanostruc-
ture arrays based on the uncoupled localized surface plasmon polaritons (LSPPs) [136]
(Figure 3.5¢). The \,.s spanned across the visible regime by varying the diameter of
the nanodisk-nanohole structure rather than its periodicity. Hence a single nanodisk-
nanohole could be operated as an individual pixel resulting in sub-diffraction limit
resolution. The results included theoretical as well as experimental results for subtractive
colours.

An ultra-thin hexagonal nanodisk-nanohole hybrid structure array generated high
gamut, high colour brightness, and polarization-independent subtractive colours with
77,000 dpi [137]. Here, the excitation of short-range SPR [138], and LSPR contributed
to the ELT effect for the designed structure.

A structural design was demonstrated to generate structural colour through triangular-
latticed square nanohole arrays in Al film with bottom Al nanodisks [139]. The design
was fabricated using e-beam lithography and metal deposition by adjusting the period
and the side length of nanohole arrays colours across the visible regime, with tunable
brightness, hue and saturation, and pixel density of 12,700 dpi. However, the filtered
colours were highly saturated.

An angle-insensitive of scratch-resistant hybrid disk-hole plasmonic-based colour filter
was demonstrated by utilizing the PMMA layer on glass substrate [140]. For fabrication,
nanoimprint lithography (NIL) was employed, where the silicon masters used for
embossing was fabricated using EBL and subsequent dry etching. Furthermore, the
samples were made using hot embossing and metal evaporation. Later, Al was
deposited using electron-beam evaporation. The hybridization of plasmonic modes due

to nanodisks and nanohole array offered angle-insensitivity up to 60°.

3.2.2.3 Metasurfaces

Metamaterials with subwavelength thicknesses such as nanodisks, nanospheres, nan-
otubes and thin film are capable of manipulating the wavefront of impinging light by
changing its phase [141], amplitude [142], or angle of polarization [143]. Its applications

include cloaking [144], polarization manipulation [145], high resolution lenses [146], and
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FIGURE 3.5: Nanohole and Nanohole-Nanodisk hybrid colour filters: a) schematic

diagram of aluminium based nanohole- nanodisk hybrid structure. b) The impact of

variation in diameter , periodicity and (spacing) diameter and periodicity on the colour

image due to colour toning and mixing is demonstrated experimentally [135] ¢) colour

printing resolution test pattern for LSPP based nanostructures at the scale bar of i)
200 nm, ii) 1ym and iii) 500 nm. [136]

perfect absorbers [147]. The metasurfaces based colour filter has shown remarkable
results, and this section includes the reported work in this field.
An ultra-thin Ag patch array on silica was demonstrated [148] (Figure 3.6b). The
Ag was deposited using magnetron sputtering, followed by FIB. The A5 is affected
by the change in patch dimensions; hence it can be swept across the visible regime.
The structure showed the angle sensitivity up to 60° in transmission and reflection
modes. The angle insensitivity is credited to LSPR at the nano patch array. However,
the transmission efficiency is up to 40 %, and usage of Ag for CMOS devices has its
disadvantages [149].

A 2D array of opaque but physically thin Al nano patch array on glass demonstrated
highly efficient plasmonic subtractive colour filtering by capitalizing on SP-mediated
selective transmission through it. Here the transmission was suppressed by opaque nano-

patches instead of ELT. The spectral position of the transmission valley was governed by
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FIGURE 3.6: Metasurfaces: a) Experimental and theoretical results of vivid colours
produced due to Al nanorod as a single nanorod and in hexagonal array [150]; b)
Schematic diagram of Ag nano patch on a glass substrate with different periodicities
allowing angle invariant (up to 60°) additive and subtractive colour filtration in
transmission and reflection respectively. The simulated and experimental spectra plot
shows the obtained results with the colour image inset. SEM gives a close look at
the fabricated nano patch array [148]; c¢) schematic diagram of randomly distributed
Ag nanodisks, the \..s was swept by varying the diameter of the nanodisks. The
transmission spectra with a colour image in the inset show the colour quality produced
[151]; and d) Schematic diagram of thin Al nano patch array on a glass substrate, this
design filters out white colour into distinct subtractive colours by varying the pitch of
array. The colour quality is evident in SEM and camera images of the fabricated filters.
The polarization independence is verified by plotting reflection spectra at different
polarization angles [152].

varying the periodicity of the nano patches and realized a palette of subtractive colours
[152] (Figure 3.6d).

A highly polarized angle-sensitive CMOS-compatible aluminium nanorods arranged in
a hexagonal lattice and excited via a prism produced vivid, high-contrast colours of
100:1 with a footprint of 25 um x 25 pm ( Figure 3.6a). Here the far-field diffracting
coupling is exploited to narrow the bandwidth down [153], and the physical dimensions
of nanorod allowed additive colour tuning across the spectrum. However, using a prism

for excitation is a hurdle in its integration and miniaturization.

An array of two dimensional randomly distributed silver nanodisks on a glass substrate

with improved angle insensitivity up to 60° for reflected colour filters was demonstrated
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[151] (Figure 3.6¢). It was possible by defying hybridized LSPR and isolating the
nano-disks. The uncoupled LSPR allowed better angle sensitivity as compared to the
coupled LSPR. The colour was tuned by varying the diameter of the nanodisks, while
the minimum distance, to avoid LSPR coupling, between nanodisks was kept up to
80 nm. A broad series of colour filters with colours varying from yellow to cyan were
shown fabricated with the nanodisk diameter ranging from 66 to 166 nm. The circular
shape of the nanostructure allowed polarization insensitivity and showed good brightness
and high colour contrast across the visible region. The angle insensitivity was further
improved to 70° with randomly distributed nanodisks and nanoholes fabricated with
hydrogen silsesquioxane (HSQ), and Ag films on silicon substrate [154]. The LSPR-

based colour filters are further summarized in Table 3.3.

3.2.2.4 Gap Surface Plasmons

A gap surface plasmon (GSP) is a special kind of plasmon metasurface where a
subwavelength dielectric spacer is sandwiched between a thick optical metal and metallic
subwavelength particles arranged in a periodic or quasi-periodic arrangement [155]. The
subwavelength-thin dielectric spacer enhances the field in MIM and allows near-field
coupling between the SPP of the two interfaces [156] (Figure 3.3(h)).

The FP resonance condition for MIM with truncated upper metallic layer of width w is
given as [157]

27

W TNGSP = M — ?. (3.14)

Here nggp is the effective refractive index of GSP, A is the vacuum wavelength, ¢ is the
unknown phase change due to reflection at the nanodisk boundary, and m is a positive
integer account for resonance mode. The applications of GSP resonators include flat
lenses [158], surface wave couplers [159], holograms [160], beam-steerers[161] absorbers
[162], polarization controllers [163], and dynamically reconfigurable metasurfaces [164].
As per the focus of this review, the reported work on GSPR-based colour filters is
discussed and reviewed in this section.

A plasmonic colour filter with the subwavelength resolution based on MIM configuration
capable of supporting GSP was demonstrated [165] to effectively reflect different colours
at subwavelength scale (Figure 3.7). Here an array of 340 nm period containing circular

gap-plasmon resonators of Au /SiO2 and Au was fabricated with single-step electron
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FIGURE 3.7: Gap surface plasmons (GSP): a) Schematic diagram of a circular gap

plasmonic nano microscopic images of the highly uniformed colours due to an array

b) Precise colour printing on an optical microscopic image demonstrate bright colours

with high contrast, and demonstrate that even single pixel details are coloured and
discernible [165].

beam lithography. Here A5 is varied by varying the diameter of the nanodisks and
allows angle insensitivity up to 60°with polarization dependence. Furthermore, the A;cs
is immune to the presence of overlay; hence it allows chemical and mechanical stability
to the device.

The performance of the aforementioned example was further improved by utilizing
Al/AloO3/Al MIM stack in nanodisk GSP resonators [166]. Here each resonator is
treated as an individual colour element. Hence, the resultant colour obtained is the
effect of colour absorption due to each of the resonators in an array. The nanodisk
diameter and array periodicity change covered the entire visible regime with saturated
colours and dark colours at the optical diffraction limit. The presence of Al makes it
robust and reliable, hence discarding the need for overlay, which can be red shift \,.s in

this case.

3.3 Dielectric-based Colour Filter

As per scattering theory, all scattering bodies can be represented by effective magnetic
and/or electric polarizability densities. Light scattering by small particles is based upon
the Mie solution of the diffraction problems. The scattered field of a single isolated
dielectric sphere with radius r, and relative refractive index n can be decomposed into
a multipole series with the 2"*—pole term of the scattered electric field proportional to

34
- 1 (), (2) = m(2)1hy, (n)
T (na) €, (x) — En (@), (na)

(3.15)
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TABLE 3.3: LSPR-based colour filters

Nanohole
¢ FWHM (nm) 7 (%) Spatial resolution (dpi) Ref
+20 NG 60-80 NG [125]
0 NG 14 NG [128]
70 55 98 NG [129]
60 145 60 NG [131]
Nanohole Hybrid
NG NG NG 100,000 [132]
+40 NG NG 141,000 [136]
0 NG 60 77000 [137]
0 NG NG 127,000 [139]
60 NG NG NG [140]
Meta surface
60 NG 40 100,000 [148]
+8 NG 75 100,000 [152]
60 NG NG 100,000 [151]
Gap Surface Plasmon
60 110 NG 100,000 [165]
60 NG NG 100,000 [167]

Note: 67= Angle invariance in degrees NG= Not given, NA= Not
Applicable, A= Absorption, T= Transmission, R= Reflection and
n=Efficiency.

whereas 2"-pole term of the scattered magnetic field is proportional to

Um (n2)&, () — n&m ()¢, (nx)

bm, (3.16)

where x = k,r,,k, is the free-space wavenumber and ,,, (z) and &,,,(x) are Riccati-Bessel
functions. The primes indicate derivation with respect to the arguments. The scattering
coefficient a,, and b,, are related to the electric and magnetic response of the sphere,
respectively.

Here the first and second highest wavelength resonances of dielectric spheres correspond
to the electric and magnetic dipoles [168]. The dielectric resonators [169] are capable of
concentrating electromagnetic energy in different modes with a high refractive index n,
which results in a higher Q factor and allows sharp Mie resonances in small spherical
particles with a large permittivity [170]. Similarly, the magnetic response of dielectric

resonators in reaction to the magnetic component of external electromagnetic waves has
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significance in the implementation of negative-index metamaterials (NIM) with isotropic
properties [171]. In contrast, the metallic nanoparticles mostly demonstrate anisotropic
optical, magnetic response. They are prone to significant ohmic losses, which aggregate
with the increase in frequency, hence making it unsuitable for lower wavelength signals
like blue colour in the visible regime [172]. Due to a high Q-factor and low loss, dielectric-
based colour filters with high permittivity material have been studied and demonstrated
extensively. This section includes state-of-the-art research work done in this field.

Full colour printing with titanium oxide (TiO2) metasurfaces with trapezoid-shaped
nanostructures arranged in the square lattice was demonstrated in [173]. High reflection
peaks and bright contrast were obtained across the visible regime. The fabrication
involved a typical lift-off process. Taking advantage of the Fano resonances, the reflected
colour was also achieved from TiOs metasurface with much smaller pixel sizes. Thus
bright, high contrast and high-resolution structure colours were generated (Figure 8a
and 8b).

It has been noted that colour saturation for higher desired wavelength is impaired due
to the presence of high order Mie resonances (quadruple mode) at lower wavelength
[174]. This was addressed by exploiting multi dielectric metasurfaces with SiOg,
TiO2 and SisNy from top to bottom on silica substrate [175]. The index matching
between layers allows multipolar modes suppression at non-resonant wavelength and
extraordinary enhancement in the monochromaticity of reflection spectra. It expanded
unprecedentedly and acquired 171 % sRGB space, 127 % Adobe RGB space and 57 %
CIE space.

Recently, it has been proposed that applying Rayleigh anomalies at a relatively short
wavelength in SigNy (nanopillars) metasurface on quartz substrates results in higher
modes suppression. However, the lateral angle of incidence was employed for producing
vivid colours in transmission modes [176]

A cross-shaped A-Si-based 2D array of nanoresonators demonstrated by Vishal et al.
[177] showed insensitive polarization results with high quality and a wide colour gamut
(Figure 8c). High purity colours were obtained by optimizing resonance properties, which
were easily tuneable through changes in structural parameters. The obtained resonant
wavelength is further tuned by varying the aspect ratio of nanoresonators. The obtained
results showed polarization insensitive independent resonances with high transmission
efficiency. However, the issue of incidence angle could not be addressed.

All-dielectric polarization dependent reflection colour pixels with a subwavelength
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resolution of up to 85,000 dpi have been demonstrated [178]. Here the C-Si nano
block resonators were arranged in a square lattice allowing distinct vivid colours across
the visible regime by varying its physical geometry. The results showed that these
individual pixels could be distinguished easily in a chequered pattern and do not allow
colour mixing. However, an incidence angle insensitivity of only 20° was achieved.
The subwavelength resolution was further improved to 100,000 dpi by exploiting
monocrystalline Si nano-disks resonators with a metal mask on them [179]. This offered
a high resolution by weakening the interaction between two resonators to such an extent
that even with a pixel containing a single nanoresonator, the filtered colour will not be
mixed.

A subtractive CMY colour filter showed high efficiency and colour quality with A-Si-
Al hybrid nanodisk metasurfaces on Si substrate [180]. The nanodisk supported MD
resonance mode and was confined to the nanodisk due to an Al nanodisk at the top. A
near-zero reflection dip was reported and swept across the visible regime by changing
the diameter of the nanodisks. However, incidence angle invariance of only 25° was
reported. The results for yellow colour could further be improved by implementing a
rectangular lattice as theoretically presented [181].

Ninety-percent efficient reflective colour filters with hydrogenated A-Si nanodisks in a
square lattice were realized by [182] (Figure 8d). ED and MD resonance govern the
wavelength-dependent filtering characteristics via Mie Scattering. The vivid subtractive
colours were tuned by varying structural parameters like the period and radius of the
nanodisks.

All dielectric-coloured silicon-based metasurfaces (silicon nanopillars) etched on a glass
substrate with the period of 1um were theoretically and experimentally studied [183].
The farther apart nanopillars defied the coupling, and each nanoresonator worked as an
individual colour filter, where the response of ED and MD can be tuned by changing
the aspect ratio of each nanoparticle.

Furthermore, an economical solution for broadband anti-reflection through Si surfaces
textured by the laser-based method has been proposed [184]. The study showed that
well-ordered Si nanowires (NW) with high aspect ratios improve the UV-visible-NIR
performance. Likewise, the decoration of Si with MNPs also reduced the optical

reflection. The hybrid anti-reflection surfaces demonstrated reflection below 1 %.
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FIGURE 3.8: Dielectric-based colour filters: a) Schematic diagram of TiO2 based colour
filter, the reflection spectra shows the dependence of filter on the device dimensions
(here the width of the bottom face w is varied from 200 to 250 nm). b) colour
image printing is exhibited with the top view SEM image of the logo with transmission
and reflection colourful images under bright field microscope [173]. ¢) Simulated and
experimental results for additive colours of all dielectric metasurfaces based on cross-
shaped resonators [177] d) Schematic diagram of a 2D lattice of A-Si:H nanodisks on a
glass substrate [182].

TABLE 3.4: All Dielectric-based colour filters

0 FWHM (nm) n (%) Spatial resolution (dpi) Ref
60 30 64 16000 [173]
20 NG NG 85,000 [178]
NG NG 100 100,000 [179]
26 50-65 Near Zero (A) NG [180]
0 NG 90 NG [182]
0 NG NG 25,400 [183]

Note: NG =Not given.
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All studied Mie-scattering-based colour filters made of high refractive index nanores-

onators are summarized in Table 3.4.

3.4 Liquid Crystal-based Plasmonic Colour Filters

Active plasmonic colour filters are the colour filters that can encode more than one
colour state. These devices generally employ active mediums such as liquid crystal
[185], elastic polymer [186], chemical reduction/oxidation [187], and molecular machines
[188]. However, liquid crystal stands out from all the kinds above, with the highest
birefringence on the refractive index, a low threshold on transition among different states,
and versatile driven methods to create transitions. Moreover, their large birefringence
span across the visible regime and near-infrared [189], high throughput, compatibility
with optoelectronic materials, and flexible control of the alignment of liquid crystals,
i.e., via light, electricity, and acoustic waves, makes it the best candidate.

In general, there are three phases of liquid crystals, 1) nematic,2) smectic and
3) cholesteric. In the nematic state (Figure 3.9(a)), the molecules are obeying the
translational order only, while in the smectic phase, there is translational as well as
orientation order in all the molecules (Figure 3.9(b), 3.9(c) ). In the cholesteric phase,
a special kind of nematic phase (Figure 3.9(d)), the phase of the liquid shows the
distribution of molecules at several planes that are perpendicular to the helical axis.
The molecular chirality governs the twist direction, i.e., right-handed or left-handed.
The most remarkable characteristic of liquid crystals is their anisotropic refractive index.
One refractive index corresponds to light polarized along with the director of liquid
crystals, while the other is for light polarized perpendicular to the director. Hence,
magnetic and electric field components will propagate through the liquid crystal at
different speeds, which results either in or out of phase at the exit from the crystal.
Furthermore, the polarization state of light will change at the exit due to optical
anisotropy. Likewise, the birefringence decreases with the decrease in temperature and
ends up at the isotropic phase [190].

Since the orientational order and birefringence can be tailored easily via electric, weak
magnetic and optical fields, it has been used in numerous applications such as liquid
crystal display (LCD) for watches, television, cell phones, spatial light modulators for

adaptive optics in real-time optical imaging, phased optical array for beam steering, and
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attenuators for telecommunications [193].

In this section recent research examples of liquid crystal plasmonic-based colour filters
are studied and reviewed. A highly efficient electrically tuneable colour filter with
dichroic resonators was achieved by exploiting an LC-based polarization rotator [191]
(Figure 10a). The variation in applied voltage rotated the polarization in LC and
affected the results from the dichroic resonators. The dichroic resonators are comprised
of guided-mode resonance through an SigNy dielectric layer and the diffraction due to
2-D rectangular Al-grating. The LC-based polarization rotator allowed electrical colour
tuning across the visible regime with high efficiency, including narrow bandwidth.

An Al- grating with a twisted nematic liquid crystal (TN-LC) integrating cell was studied
for dynamic colour filtering [194]. The cell comprises Al-grating metasurfaces fabricated
on indium tin oxide (ITO) glass as a top layer. The bottom plate consists of ITO
glass with spin-coated PMMA. The TN-LC was injected via capillary action into the
gap between the plates. The TN-LC allows change in the polarization of incident light,

while this change can be varied by varying voltage across the plate, allowing electrical
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FIGURE 3.10: Liquid crystal-based colour filters: a) Setup of electrically tunable

colour filter exploiting a visible dichroic resonator with subwavelength metal-dielectric

resonant structure in conjunction with a LC-based polarization controller [191]. b)

Schematic diagram of electrically tunable colour filter exploiting TN-LC and rectangular

lattice of nanoholes on Al film to control the polarization of incident light, and c¢) Optical
photographs of printed colours in TM and TE mode [192].

colour tuneability. The idea was further implemented in an electrically colour switching

LSPR by exploiting TN-LC [192] (Figure 10b and 10c).

Here one of the polarizing plates of TN-LCD is replaced by Al-based rectangular
nanohole array film; however, an indium tin oxide (ITO) coated glass substrate was used
as another electrode. The LC layers formed between substrates are mutually orthogonal
to achieve the TN-LC configuration when light enters the display. Here the asymmetric
nanohole array as an output filter allows two different colours in TE and TM mode, and

the change in polarization can be induced by applying a voltage across TN-LCD.

3.5 Summary

Ideally, a colour filter should have high colour quality, a wide gamut, incident angle

invariance, high spatial resolution, CMOS compatibility and independence of angle
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of polarization along with high throughput and cost-effective fabrication techniques.
Realistically, a structural colour filter with all the above-mentioned qualities does not
exist, and the replacement of pigment-based colour filters is not materialized yet.
However, there are examples studied in this review that are exemplary in their own
right. So, there is still a need for material exploration and new design technologies
to investigate improvements in present designs. This review is further summarized in
Figure 3.11. It gives an overall comparison of key performance indicators of discussed
technologies for nanostructure colour filters.

From this study, it is inferred that FP-based colour filters with lossy materials allow high
angle invariance and polarization independence. Furthermore, the FP cavity fabrication
requires simple deposition methods and is cost-effective, but dealing with thin lossy films
(proved to have lower losses than its counterparts Au, Ag, and Al) becomes tricky and
requires special care. Lately, new methodologies are being adopted to obtain suitable
metallic refractive indices, such as using the evaporated form of Au/Ag, etc., which has
shown efficient results and deserve to be further investigated in the future. In terms
of results, generally, it has the low colour quality and limited colour gamut and spatial
resolution.

Despite the usage of noble metals in the pioneering designs of the plasmonic colour
filter, today, Al is preferred over Au, Cu and Ag. This preference is accredited to its
compatibility with CIS devices, durability and robustness. Likewise, it is the third most
abundant material on earth and also has recycling capabilities.

In general, 1D grating-based structures are prone to viewing angle sensitivity with
reasonable colour quality. Similarly, it is to be noted that GMR-based colour filters
produce high-quality colours but usually with low spatial resolution. Although it does
not require sophisticated fabrication steps, it requires more gratings and results in a
large footprint. Likewise, its asymmetric geometry strictly depends on polarization, but
it also makes it a good candidate for polarization tunable colour filters.

From LSPRs based structures, it can be deduced that nanoholes due to their high
angle variance, low spatial resolution and limited colour gamut are substituted with
advanced structures. The first nanohole-nanodisk hybrid structure employing Fano
resonance has paved the way for spatial resolution up to diffraction limit and been
an epitome for designs where spatial resolution more than or equal to diffraction limit
are desired. Likewise, metasurfaces have shown better performances but still have

lower angle invariance due to LSPRs, which can be further refined by employing novel
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techniques. Lastly, GSP-based colour filters also allowed high angle invariance and
spatial resolution with limited colour gamut.

In addition, the advancement in nano-fabrication technologies and simulation method-
ologies has paved the way for precise and controlled plasmonic-based nanostructures
fabrication. Hence, it makes plasmonic-based colour filters stand out among their
counterparts with high research potential. However, the strong dependence of A,es
on the device geometry requires a tight critical dimension control, especially in the
fabrication process of metasurfaces, GSP- based colour filters and nanohole-nanodisk
hybrid structure.

All the studied dielectric-based colour filters made of high refractive index (like

Thin films Diffractive Gratings
Spatial Resolution Spatial Resolution
Color Quality Angle Insensitivity Color Quality Angle Insensitivity
Color Gamut Fabrication Color Gamut Fabrication
Plasmonic Hybrid Structures Gap surface Plasmons
Spatial Resolution Spatial Resolution
Color Quality Angle Insensitivity Color Quality Angle Insensitivity
Color Gamut Fabrication Color Gamut Fabrication
Metasurfaces All- dielectric Color filters

Spatial Resolution ) )
Spatial Resolution

Color Quality Angle Insensitivity _ s
Color Quality Angle Insensitivity

Color Gamut Fabrication Color Gamut Fabrication

F1GURE 3.11: Key Performance Indicator charts for nanostructure colour filters

A-Si, TiO2 and SizNy etc.) nanoresonators are studied. It has already sought its

due attention because of its compatibility with the CMOS technology. In general,
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dielectric-based colour filters are very angle sensitive, but they offer high spatial
resolution due to nanoresonators’ high refractive index contrast and their surroundings.
Amorphous/crystalline silicon offers broad gamut coverage, but the colour absorption
at a lower wavelength makes it unsuitable for blue colours. Although TiOsbased colour
filters were demonstrated to avoid absorption for red colour (at 650 nm), it invited
higher-order modes at non-resonant wavelength. Lately, the performance of other
dielectric materials SigsNy-based cubic nanostructures showed praiseworthy performance
by suppressing higher modes and enhancing the monochromaticity of higher resonant
wavelengths by employing Rayleigh anomalies at short wavelengths. Hence, pointing
towards the research opportunities in this field.

The last section of the review includes LC-based active plasmonic colour filters, which
allows colour tuning in plasmonic structures; this helps to move the A5 across the visible
regime without any change in its dimensions. This technique has research potential.
Therefore liquid crystal with large birefringence, fast switching between states, and
its implementation with efficient designs like nanohole-nanodisk hybrid structures and

dielectric metamaterials for colour filtering, etc., needs to be explored further.

3.6 Knowledge Gap

The literature review presented in this chapter suggests that, besides the CMOS-
compatibility, fabrication steps and performance of the thin film design are also
important.  Generally, the fabrication steps in thin films are minimum and the
fabricated/deposited films are insensitive to the light polarization. However, the films
show high dependency on the incident angle of light. This issue has been addressed
by many researchers [195-198] using high refractive index materials, such as A-Si that
allows high angle invariance by blocking a big portion of the visible region. In another
approach, Ji et. al [199] used seven layer stack of Si3N, and A-Si to block visible
region, but allowed NIR transmission. In the visible region the blocking of the light is a
drawback, however this could be a useful feature for NIR filtering. Therefore, considering
this as a research gap, we manipulate thicknesses and number of layers of the stack, to

demonstrate NIR filtering with high transmission efficiency and narrow bandwidth.

The literature also reveals that asymmetric FP nanocavity color filters with different

novel materials, such as platinum (Pt), and nickle (Ni) [62, 200] produce valuable results.
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However, these materials are CMOS incompatible and to fully benefit from the successful
FP nanocavity designs for varied applications, it is prudent to investigate and implement
them using CMOS compatible materials. Since this has not been presented in the
existing literature to the best of the authors’ knowledge. Considering this a research
gap, tungsten (W) is used as a candidate material due to its chemical and physical

properties along with its CMOS compatibility.



Chapter 4

Simulation and Fabrication of the
Multilayered Thin Films
Cascaded Filter

This chapter covers the steps required to perform simulations and fabrication of the
proposed design.

The first section explains the adapted FDTD solutions with its brief theoretical
background. The complete algorithm for FDTD methodology is described in detail
in Appendix B.

The use of Ansys FDTD solutions is demonstrated with the help of diagrams in the
next section. This includes mandatory initial steps such as simulator’s environment
for the proposed design, mesh settings, script writing to avoid redundant steps and
preferences for structures containing overlapping objects, suitable boundary conditions
and placement of incident light in the simulation volume. The result requisition for the
device is also included in this part.

The following section includes the design of the proposed device, its theoretical
background, and the steps required to reach the final design are demonstrated with
the help of simulation plots. The performance of the final design is evaluated by varying
incident and polarization angles of incident light. In the last section, the working
principle of employed fabrication techniques, including CVD and PECVD, are explained,

followed by the proposed design’s fabrication procedure.

51
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4.1 Finite Difference Time Domain Method

Simulation with the help of fundamental principles of modelling, mathematics, physics
and computer science allows the engineer to foresee the anticipated results of the
proposed design. Hence it reduces the overall fabrication and testing cost and saves
time. Moreover, this has opened avenues for innovation and allowed the designer to
think to look further.

In electromagnetic problems, the FDTD algorithm is primarily used to simulate photonic
crystals, plasmonics and nanophotonic devices. In this particular study case, FDTD
methodology is adapted for simulating nanophotonic spectral filters. It was first
presented by mathematician Kayne S.Yee [201] in 1966. It is based on the applications of
the time-domain differential Maxwell’s equations and suitable boundary conditions. The
FDTD method belongs to the grid-based differential numerical modelling methods (finite
difference methods). The time-dependent Maxwell’s equations (in partial differential
form) are discretized using central-difference approximations to the space and time
partial derivatives.

Figure 4.1 illustrates a 3D spatial grid or Yee unit cell where electric and magnetic field
vectors are precisely arranged. The electric field component is placed at the edge’s centre
and points parallel to the edge itself. In contrast, the magnetic field is placed at the
centre of each face and is orthogonal to the face’s plane. Hence, allowing Ampere’s and
Faraday’s law to fill the interlinked space. Here, both time and space are discretized,
and magnetic and electric fields are sampled at discrete alternate half-time steps to
exploit the leapfrog scheme. It is to be noted that the associated material constitutive

parameters of the field are also distributed over the discretized grid of the cell [7].

4.2 Setting-up the Simulation Environment

In this thesis, the proposed design is finalized by thoroughly studying and evaluating
already reported work demonstrated in the literature review in Chapter 3. Furthermore,
different structures with CMOS compatible materials were simulated to obtain the
desired goal. The final design of a multilayered thin film cascaded filter is simulated
by employing the Ansys FDTD simulator. It is a user-friendly simulator with dynamic

characteristics and an expandable default material database. Typically, a simulation
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FIGURE 4.1: Yee cell: In FDTD methods, different field components of electric

(Ey,Ey,E,) and magnetic field (H,,H, and H,) are stored at different field sites,

and this discretization of the electromagnetic field is called the Yee lattice. The

electric field components are stored on the edges of cubes; however, H components

are placed on the face of the cube. The arrangement is made in such a way that four

E components surround each H component, and each H component is surrounded by
four H components.

setup requires defining a set of objects, simulation region, position of monitors and
source. The spatial grid size has a trade-off with the computation time needed to run
the simulation. Hence, special care is taken off in choosing the mesh size. Typically mesh
size is relatively kept low at the critical regions (such as metal and dielectric interface)
of the simulation volume, as it helps in saving computation time. Since the proposed
design comprises all-dielectric material, a mesh is kept constant around the multilayered

films.
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Likewise, the user-defined mesh order for any object, at the material level or the
object level, is highly significant, as it governs how the overlapping objects mesh in
the simulation. Figure 4.2 demonstrates the impact of mesh order 'm’ on the partially
overlapping objects. It is evident from the figure that mesh order determines the design’s
architecture which is being simulated. However, the objects with the shape of the
overlapping objects with the same mesh order is dependent on their location in the
object tree. The objects at the bottom of the tree have higher priority than the object
at the top. Therefore, it is recommended to organize the designed structure in an object
tree.

Since the proposed 1D crystals are composed of a non-overlapping stack of different
material layers with specific thicknesses on top of one another, the mesh order is
negligible.

Typically, simulation of thin films is more straightforward because it does not include
complicated structures like arrays of nano-objects (holes, spheres, diffraction gratings)
or other metasurfaces [202-204].

Figure 4.3 demonstrate a unit cell of multilayers thin film and its simulation volume
in the Ansys environment. A broadband plane wave source with a wavelength range
of 200 nm to 2500 nm as incident light is placed above the structure and is pointing
towards the structure along the z-axis, where the azimuthal, incident and polarization
angle is chosen to be at 0°. In transverse magnetic (TM) polarization, the direction of
polarization is along the x-axis. The mesh is 4 nm in all directions along the defined
area around the film stack.

The transmission and reflection data are recorded as a function of frequency by
employing two dimensional (2D)-frequency domain field monitors. The transmission
and reflection monitors are placed below and above the structure, respectively, inside
the defined simulation region. It is to be noted that sources require a specific amount
of room to inject the electric and magnetic fields ( 2-3 grid cells). Hence it is prohibited
to place monitors in that region. In contrast, multiple monitors in a simulation do not
interface.

Moreover, it is permissible to place sources at layers, where layers interact or have
monitors crossing through several objects. However, some types of projections, like far-
field projections, require the monitor to be in a homogeneous material. A 2D index
monitor is also employed to check the refractive index of each object.

Using a suitable set of boundary conditions is vital to acquire reliable simulation results.
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Mesh order settings Simulated object

(c)

FIGURE 4.2: Mesh order and overlapping object: Figure a) and b) illustrate that the
object with higher mesh order has least priority. The shape of the simulated shape is
determined by the position of object in object tree

FDTD solutions support numerous categories of boundary conditions, but here the
relevant ones are discussed only. The perfectly matched layer (PML) conditions are
used for open boundaries conditions below and above the cascaded etalon’s structure.
It reduces the possibility of multiple reflections at the bottom and top boundaries of the
simulation region by absorbing incident electromagnetic waves, allowing reflection-less
boundaries. Moreover, the amount of absorption can be further controlled with the
help of several parameters, such as the number of layers. The periodicity of both the

structure and electromagnetic field is reproduced by implementing periodic boundary
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FI1GURE 4.3: Ansys simulation setup of multilayered cascaded hybrid etalons: Ansys

simulation setup of multilayered cascaded hybrid etalons represent the a) XY view, b)

Perspective view, ¢) XZ view, and d)YZ view of the Ansys simulation model. A TM

polarized light source is injected from the top of the structure and points in the ’-z’
direction.

conditions in the direction(s) of interest (x-y plane). Lastly, the symmetric and anti-
symmetric boundary conditions are employed due to mirror and anti-mirror symmetry,
respectively, and it is beneficial in reducing simulation factor by 2, 4 or 8. Since both
the source and structure are symmetric, their boundaries mirror the electric or magnetic
fields. Therefore, the source and the boundary conditions must have exact symmetry.
However, in the case of oblique incidence of a plane wave, the boundary condition should
be changed to Bloch because the electromagnetic fields will not be symmetric/anti-

symmetric along the same plane of symmetry of the structure anymore.
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Ansys FDTD solutions also offer a robust scripting language to manoeuver the
simulation’s objects, define parameters, launch simulation and analyze results. Since
optimization, development, and analysis require many simulations, it can be sequentially
run with the help of a written script. The transmission, reflection, and absorbance
spectra are plotted and are saved as JPEG images. Likewise, the data is imported into
.mat files, which allows figure formatting such as line colour, legends, font size, etc. The

script is saved as a .lsf file, and the project is saved with the .fsp extension.

4.3 Proposed Design with its Theoretical Background and
Simulated Results

Following on from the literature presented in Chapter 3, it has been concluded that thin

film filters have the following advantages over their counterparts:

e Fabrication process of thin film filter is a single-step process that does not require
complicated fabrication steps. Thus the design’s fabrication is easy and cost-

effective [205, 206].

e Due to the symmetrical nature of the design, the outcome is always insensitive to

the angle of polarization of incident light.

e The light incident angle independent response of the filter can be achieved with
the inclusion of a high refractive index cavity (such as A-Si, Cr etc.) in the stack

53, 60).

Due to the advantages mentioned earlier, this thesis pursues a filter design approach
with thin films. The design is inspired by generally adopted methods [195, 204], where
a substrate is used as the starting material and layers of lower (L) and higher (H)
refractive indices materials, with specific thicknesses ’t’, are added successively on one
side till the desired characteristics are achieved (Figure 4.4). This process can be
analytically developed or achieved through extensive simulations in the appropriate
software. Usually, fabrication and testing do not precede the simulation or analytical
design stage as it is impractical to design a filter without the simulation/analytical steps.
To achieve CMOS compatibility, only those materials that can be processed in a nano-

fabrication facility are considered, such as dielectrics etc. The result of our simulations
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FIGURE 4.4: Schematic diagram of stack of films: Successively deposited thin film
layers of low (L) and high (H) refractive indices materials with thicknesses 't’.

is an all-dielectric multilayered cascaded thin film for NIR filtering. It comprises
amorphous silicon (A-Si) and silicon nitride (Si3Ny4) layers. Through simulations and
reported work, it has been proved that the combination of these materials produces
maximum efficiency in the NIR region with zero transmission in visible region [204].
The behaviour of incident light at an angle 6; in all dielectric single etalon with A-Si
cavity sandwiched between two SigNy layers is depicted in Figure 4.5. Here, the angle
of refraction (#;) due to SigNy - air interface is determined with the help of Snell’s law.
According to Fresnel ’s equation the periodic peak transmission (T) of the refracted

light through the cavity is given as [207]

T (1R . (4.1)

(1 — R)? + 4Rsin’("24co02m)

Here R is the induced reflectance comes from the partially reflecting SizN4/A-Si interface
3 is the propagation angle inside A-Si cavity, A is the wavelength, ne is the refractive
index of A-Si cavity and ¢ the phase shift due to internal reflection at the interface.

The optical thickness of the cavity at different angles can be expressed as

_ 2mnaLcost;

5 (4.2)

mA

Here 'm’ is the number of resonating modes inside the cavity. It can be implied from

equation 4.2 that § reduces with the increase in the angle of incident light. The resonant



Simulation and Fabrication 59

Incident light

Oi

Si3Na ! ni

Dielectric Boundary

—L—

Si3Na | ni

\\))

Transmitted
light

FIGURE 4.5: Response of incident light in a 1D ternary photonic crystal with low
(SigNy) and high A-Si refractive indices layers.

wavelength of the cavity is given as [207]

Xo = 2mLy/n% — cos 62 (4.3)

The change in phase shift at the interface causes fractional wavelength shift (‘5;‘0"), and

the rate of change in fractional wavelength shift concerning 6; is inversely proportional
to the refractive index of the cavity.

Mathematically [207],

3%) _ —2Lsin; cos 0;
00; 2 '

02
ns — sinf;

(4.4)

It can be deduced from equation 4.4 that high refractive index material shows negligible
wavelength shift concerning change in incident angle; it also justifies the usage of A-Si

for the proposed design.

4.3.1 Hybrid Etalon

A simple hybrid etalon with three deposited layers is presented and studied first. Figure
4.6 shows the design of simple hybrid etalons with two asymmetric cavities, cavity 1
comprise of A-Si layer with cavity thickness d; ('’ subscript is for lower cavity) and

is sandwiched between SisN, and substrate (SiOgz) from both ends respectively, while
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cavity II with thickness d,, ( 'u’ subscript is for upper cavity) is sandwiched between
SigN4 and air from the lower and upper end respectively. Here the thickness of SigNy is
given as h.

For simulating the design, a TM polarized plane wave source is perpendicularly injected
from the top of the device i.e., along ’-z’ direction. The direction of polarization is
parallel to the plane of incidence, and the magnetic field is along the y axis. As per the
requirement of the proposed design, the wavelength of the plan wave varies from 250 to
2500 nm (UV-NIR). In order to reduce the computational time, the boundary conditions
for the x and y-axis are anti-symmetrical and symmetrical, respectively. However, PML
is used along the z-axis, and the mesh size is 4 nm in all directions. A similar simulation
setup is used to extract all results in this chapter.

The refractive index of A-Si is taken from Pailk [208], where the refractive index for

Cavity Il

Cavity |

Substrate

FIGURE 4.6: A simple hybrid filter with two asymmetric etalons joined at a common
SigN4.

SizNy is obtained through spectroscopic ellipsometey, are given in Figure 4.7 and 4.8.
Moreover, the results for the reflection and transmission spectra, when d,, = d; = 40
nm, and h=100 nm, are shown in Figure 4.9 respectively.

It is to be noticed from Figures 4.7 and 4.8 that the extinction co-efficient (k)
is negligible for SisN4 and A-Si in NIR region, hence allowing low absorption in the
regime, which is also seen in Figure 4.9.

The impact of cavity thicknesses d; and d, on the filtering response of design is

demonstrated with the help of Figures 4.10, and 4.11. It is evident from Figure 4.10 that
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FIGURE 4.8: Refractive index (n,k) values of SizNy from 250 to 2400 nm.

the increase in d,, from 40 to 240 nm at d;=40 nm and h=100 nm shows a decrease in
bandwidth and free spectral range of multiple resonances because of increase in cavity
thickness, which is inversely proportional to free spectral range between resonances [195].
Likewise, the increase in d; from 40 to 240 nm shows the same behaviour of reduced
spectral range at d,=40 nm and h= 100 nm (Figure 4.11).

With the help of analysis from Figures 4.10 and 4.11, it is demonstrated in Figure
4.12 at d; = d = 40nm, h = 200nm and d, = 2d . The results show that a simple
hybrid etalon can filtration; however, the presence of sidebands at a higher wavelength
is inevitable. In order to produce more useful results, it is highly desired to produce a
distinct peak at A,.s with well-suppressed sidebands; therefore, a cascaded filter with
two hybrid etalons is further evaluated.

Figure 4.13 shows a design of hybrid etalon having a cavity with fundamental thickness
d, responsible for the position of resonance in NIR range, and another cavity with

thickness d,, (multiple of d), where a dielectric layer of Si3Ny of thickness h=100 nm
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FIGURE 4.10: The impact of increase in thickness d,, of upper cavity of hybrid etalon.

is connecting both the cavities. As observed in Figures 4.10 and 4.11, the simulated
results in Figure 4.13b with di = d = 80 nm and d,, = 2d and 3d show a decrease
in free spectral range with an increase in the cavity thickness [195], and results in

constructive interference at a distinct peak with A..s= 1050 nm. However, the side

bands are inevitable.



Simulation and Fabrication 63

100 -
80 -
9
5 60
)
o
e a0
=
g
=
20
/A ’ | | | | | | | I |
400 600 800 1000 1200 1400 1600 1800 2000 2200 2400

Wavelength (nm)

F1cURE 4.11: The impact of increase in thickness d; of upper cavity of hybrid etalon.

100 -
80~
g
= 60
9
()]
fa 0
£ N
c J
: 1
F20- >
v 3
N2
0 | | | | | | | | | | |

400 600 800 1000 1200 1400 1600 1800 2000 2200 2400
Wavelength (nm)

FIGURE 4.12: The impact of film thicknesses on the designed device when d,, = 2d;.
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FIGURE 4.13: a) Schematic of hybrid etalon with different cavity thicknesses and

b) Transmission spectrum of hybrid etalon with different cavity thicknesses such that

d, = dy ,dy and d3, where d; = d = 80 nm is the fundamental cavity thickness, while
ds and d3 are its multiples.
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4.4 Multilayered thin film Cascaded Filters

To suppress the sidebands, two hybrid filters are cascaded as shown in Figure 4.14a.
The obtained results in Figure 4.14b demonstrate a distinct peak at 1050 nm with 70 %
efficiency, FWHM at 77 nm and well-suppressed sidebands. It is accredited to increase
in destructive interference from transmission spectrum of di, do and dg, which occurs

everywhere in the VIS-NIR spectrum, other than the desired resonant wavelength A;.s.



Simulation and Fabrication

66

Incidence

y-

Si3N4

,,
£p

Si3N4

Y<Tpx-y

Si3N4

p

“Ipxy

Glass
Transmission
(a)
100 -
80 -
2
S 60"
0
0
% 40 -
c
s
=
20 -
0 | L L L | I | | 1 | |
300 400 500 600 700 800 900 1000 1100 1200 1300
Wavelength (nm)
(b)

FIGURE 4.14: a) Schematic of multilayered thin film cascaded filter, where d; =
d = 80nm is the fundamental cavity thickness, while dy and d3 are its multiples.
b)Transmission spectrum of the cascaded multilayered thin film filter
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4.5 Dual Mode Operation

The design was further evaluated for its operation in reflection mode. The results in
Figure 4.15 show that the cascaded multilayered thin film filter is capable of operating

in transmission and reflection modes.
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FIGURE 4.15: Response of cascaded multilayered thin film filters in transmission and
reflection mode.

4.6 At Various Light Polarization and Incident Angles

Figures 4.16 and 4.17 show the impact of incident angle () of incident light on the
device’s performance, where light polarization is in TM and TE mode, respectively.
Likewise, Figure 4.18 shows the dependency of transmission spectrum on the polarization

of incident light when the angle of incident is 0°.
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FIGURE 4.16: a) The transmission spectrum, when angle of incident is varied from 0°
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FIGURE 4.17: a) The transmission spectrum, when angle of incident is varied from 0°
to 70° in TE mode.
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4.7 Nanofabrication

Nanofabrication is used to materialize the simulated design, which can be further
validated via optical characterization. In this thesis, due to unavailability of fabrication
facility at Massey University, film depositions were carried out at the Australian National
Fabrication Facility (ANFF), at the University of New South Wales (UNSW) in Sydney,

Australia.

Upon the completion of the filter designs as described earlier, fabrication recipes were
created referring to the relevant published literature. Then the fabrication recipes
were thoroughly discussed with the ANFF/UNSW technical team to understand their
capabilities and limitations of the processes. This led to some modification in the
fabrication steps even before starting the deposition and other processes. Once the
fabrication steps were finalized, the technicians started the fabrication process. During
this stage a close communication channel (via email and phone) was kept to support the
technicians with any questions or challenges they faced that required further research
and literature review on our part. All the fabrications and characterization were done

under our guidance and as per the design requirements.

4.7.1 Thin Film Deposition

Thin film deposition is the core the required fabrication steps for the designed filter. The
procedure to deposit desired material with certain thickness on a substrate is referred
as thin film deposition. On the basis of its operation, it is mainly divided into Physical

vapour deposition (PVD) and chemical vapour deposition (CVD) [209].

4.7.1.1 Physical Vapour Deposition

Metallization, also known as physical vapour deposition (PVD), is a method to have
thin films of metals or alloys onto a coolant substrate under high vacuum conditions.
The accumulation or condensation of vapours attains the desired thickness onto the

substrate. This process involves four steps:

e Evaporation of the desired material via high energy source.
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e Transportation of the vapours to be deposited onto the substrate.

e The reaction between the suitable gas (like oxygen, methane or nitrogen) and the

metal atoms during transportation.

e Deposition at the target.

The PVD techniques can be classified into two categories: 1) sputtering; and 2)
evaporation. The latter has further subcategories known as thermal and electron beam
(e-beam) evaporation in the case of Design II, where titanium oxide (TiO2) was deposited
by employing reactive DC sputter deposition. Here, titanium was deposited in the

oxygen environment to obtain TiOs film on aluminium.

4.7.2 Chemical Vapour Deposition

Deposition of dielectric materials in this thesis is attained by employing Chemical
Vapour Deposition (CVD). It is a chemical process procedure to grow high-purity,
high-performance coatings. CVD fits an extensive range of materials, from metals to
semiconductors to insulators. In CVD, the substrate is exposed to one or more volatile
precursors, which react and decompose onto the substrate surface to deposit the desired
film of a certain thickness. Based on its operation, CVD can be further categorized
as Metal-Organic CVD (MOCVD), Low Pressure CVD (LPCVD), Atomic-Layer CVD
(ALCVD), Plasma -Enhanced CVD (PECVD), Atmospheric pressure CVD(APCVD),
Ultrahigh vacuum CVD (UVCVD) and many more [209]. For this study, PECVD is
employed to deposit dielectric thin films; therefore, here we explain PECVD led by a
fundamental mechanism of CVD.

The CVD process is generally carried out at a high temperature and at low pressure. A
basic CVD carries a gas delivery system to supply precursors to the reactor chamber,
where deposition takes place. It has a built-in system for installing or removing the
substrate in the chamber. It employs an energy source to decompose or react to the
precursors. The by-products produced during the chemical reactions are vented out
of the exhaust with the help of an exhaust and vacuum system. The temperature,
pressure and other parameters are controlled and monitored with the help of control
equipment. Figure 4.19 shows the steps involved in a CVD mechanism in the chamber.

The procedure can be divided into five steps.
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Firstly the chemical or chemicals (also referred to as precursors) to be deposited are
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FI1GURE 4.19: Depiction of surface reaction mechanism involved in CVD: Precursor gas
or gases are pumped into a vacuum chamber containing one or more hot substrates to be
coated. Gas particles are adsorbed and chemically react with the heated surfaces when
they travel near the substrate. Surface diffusion causes reactive species to persist at
surface sites or migrate along the surface, resulting in nucleation and island formation.
Clusters (or nuclei) collide and merge to form a continuous film. Surface reaction by-
products that are volatile are desorbed and flushed away at the end of the process.
Deposition rate vs. substrate temperature is shown in the inset.

transported safely with the help of a gas delivery system. Safety is ensured to maintain
its original state and form- chemically and physically. It is more likely that the precursor
can react with the walls of the materials through which it is transported, especially at
high temperatures. Hence the choice of the precursor is crucial and is mainly taken
in its gaseous form for transportation. The transportation to the substrate is achieved
through convection.

In general, the substrate is heated to provide the required energy for chemical reaction;
however, the precursor may react with each other and decompose before reaching the
substrate. The adsorption of the reactants on or near the hot surface is followed by a
chemical reaction, which either gets fixed at one spot or migrates along the substrate
surface due to surface diffusion resulting in nucleation and island growth. Once the
distance between the island growth decreases due to increase bonding between the
surface and the molecules, it results in a continuous film.

The film deposition rate is the total reaction rate and reactant arrival time. The reaction
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rate is directly proportional to temperature; therefore, at high temperatures, the film
deposition rate is mainly dependent on the reactant arrival time due to the fast reaction
rate and slow reactant arrival time. Hence this regime is called mass-transport limited,
and the deposition rate considers a constant value depending on the reactant arrival time.
Similarly, the deposition rate is governed by the slow reaction rate at low temperatures
because of comparatively fast reactant arrival time. Hence, this regime is called reaction

rate limited.

4.7.2.1 Plasma-Enhanced CVD

As the name suggests, PECVD is a CVD process that exploits plasma for thin film
deposition. Figure 4.20 illustrates the working principle of PECVD. Here a mixture of
reacting and inert gas is supplied between the cathode and the ground substrate. The
supplied RF power at the cathode ionizes the inert gas to capacitive coupling between the
cathode and substrate. This ionized gas containing an approximately equal positive ions
and electrons is called plasma. It helps in the decomposing the reactant gas and allows
further reaction with other gas molecules or substrate material. The radicals generated
at this stage can come back to their ground state by emitting photons producing a visible
glow, which is associated with the type of gases being used. The ionization process is the
same as the recombination process at a steady state. However, the radicals that make
it to the substrate chemically react and are adsorbed on its surface. Furthermore, the
reactive molecules remain on the surface and form a thin coating, and the by-products
are desorbed and exhausted out of the chamber.

The temperature requirement of PECVD generally lies in the range of 250C° to 350C°,
which is relatively low compared to high temperature is driven CVD operations. PECVD
also has many other advantages over CVD, such as it has good deposition on steps and
corners, more flexibility in the deposition of different materials and less porosity etc.
Moreover, the better control of PECVD process parameters allows customization of
optical, electrical, and mechanical properties, stoichiometry, and residual stresses of the
deposition. However, the high cost and generation of toxic by-products in PECVD

materials are inevitable, and it is also not suitable for metal deposition [210].
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FIGURE 4.20: Typical PECVD process: An insulating or conducting layer on the

surface of a wafer is formed using one or more gaseous reactants in PECVD. At lower

temperatures, the effectiveness of this layer is further boosted by the addition of a
vapour containing electrically charged particles or plasma.

4.8 Deposition of Hybrid Etalon and Cascaded Multilay-
ered Thin Film Filter

As the design used in this thesis comprises dielectric thin films, therefore PECVD is the
right choice. In the deposition, an adhesive layer of SiO2 of 5 nm thickness is deposited
for better adhesion between A-Si and Bk7 glass substrate.

Due to the unavailability of tools at Massy University’s School of Food and Advanced
Technology, the design was sent to the ANFF UNSW campus in Sydney, Australia. The
depositions were carried out using an Oxford instrument system 100 PECVD module at
300C"° on Bk7 substrate, without breaking the chamber. The deposition rate for SigNy
and A-Si are 35,3nm/min and 53nm/min,respectively. The specifications of the tool

used by the ANFF UNSW team are provided in Appendix C.



Simulation and Fabrication 75

4.9 Summary

In this chapter, the detailed simulation study on thin films has been a directive to
reach the cascaded multilayered thin-film filter’s design. The studied impact of cavity
thickness on hybrid etalon helped suppress the sidebands at a higher wavelength. The
resultant transmission spectrum demonstrated efficiency up to 70 % with 77 nm FWHM
value. The obtained results are independent of the angle of incidence and polarization
of the incident light. The evaluation of transmission spectrum at varying incident angles
from 0° to 60° in steps of 10° shows a constant peak. Likewise, the design showed the
same results when the angle of polarization of incident light varied in steps of 10° from
0° (TM mode) to 90° (TE mode). Furthermore, the design is capable of operating
in reflection and transmission modes. Hence, this chapter’s study helped produce
the simulated results for a lithography-free, omnidirectional, polarization-insensitive

narrowband cascaded multilayered thin films filter for NIR filtering.



Chapter 5

Physical and Optical
Characterization of Multilayered

Thin Films Cascaded Filter

After the thin film depositions were completed, it was necessary to characterize their
physical properties. To determine the thickness of the deposited layers, they were cut,
and a scanning electron microscope (SEM) was used to image their profiles. However,
the conditioning of the samples for enhancing their physical features prior to image
taking is vital in this research. Therefore, the sample’s dry reactive ion etching (DRIE)
etching is done first.

The optical characteristics (transmission, reflection, and absorbance profiles) of the
hybrid etalon and cascaded multilayered thin films are obtained by customizing a
spectrofluorometer available at the chemistry lab of Massy’s School of Food and
Advanced Technology. However, the results were unsatisfactory due to unavoidable
human, environmental and equipment errors. Therefore, the results were acquired at
the ANFF UNSW branch in Sydney, Australia, in a controlled environment.

The physical characteristics of the design are also obtained through Spectroscopic
Ellipsometry (SE). It is further employed for investigating the dependence of the
transmission spectrum on the incident angle and polarisation direction of the incident
light.

Furthermore, the employed physical and optical characterization processes for this thesis,
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such as SEM, DRIE, and spectroscopic ellipsometry, are also explained in this chapter.
Similarly, the working principles of the spectrophotometer and spectrofluorometer are

also elaborated.

5.1 Physical Characterization

The physical characterization methods for examining devices at nanoscales can be
divided into three broad categories: spectroscopy, which includes Raman, Fourier-
transform infrared (FTIR), and UV-VIS spectroscopy. Second is scattering methods
which cover small angle neutron scattering (SANS), small-angle X-ray (SAXS) dynamic
light (DLS) scattering etc., and the third is microscopy which includes optical, scanning
electron (SEM), transmission electron microscopy (TEM) etc [209)].

As multilayered thin films’ cascaded filter s’ design contains films of A-Si, Silicon dioxide
(SiO2) and silicon nitride (SizgN4) with thicknesses varying from 5 to 240 nm, it becomes
difficult to distinguish the layers with nearly equal average atomic number. Therefore
dry reactive ion etching (DRIE) is carried out to enhance the contrast. Afterwards,
the cross-sectional SEM image of the PECVD deposited layers is used to determine the

thicknesses of each layer.

5.1.1 Dry Etching

Reactive ion etching (RIE) is employed in the fabrication of topographical structures in
micro-and nano-system technologies due to its outstanding process control (etch-rate,
selectivity, etch-profile, homogeneity), which is critical for high-fidelity pattern-transfer.
RIE is made from a blend of chemical and physical etching, allowing for the removal
of isotropic and anisotropic (uni-directional) materials and is categorized into dry and
wet etching. Dry etching or DRIE ( illustrated in Figure 5.1) is a form of plasma
etching wherein the materials are bombarded with ions in a gaseous environment. This
act dislocates material particles from the surface, and the etch profile can be isotropic
and anisotropic without utilizing crystal direction. Moreover, it is controllable and has
stable functioning with vast processing space. Likewise, it has many advantages over its

counterpart, i.e., wet (acid) etching which is as follow [211]:

e [t helps in improving the physical properties of the materials.
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FIGURE 5.1: Demonstration of dry reactive ion etching (DRIE): A reactant gas or
gases are pumped into a vacuum chamber. The reactants are dissociated into high-
energy electrons, ions, and free radicals due to the electric fields. The plasma is created
and maintained by the recombination of electrons with atoms. Because the substrate
is placed on a negatively charged electrode, positively charged ions speed towards the
sample’s surface, generating physical etching by high-energy impact. Chemical etching
occurs when reactive ions are adsorbed on the surface and react. Surface reaction
by-products that are volatile are desorbed and flushed away at the end of the process.

It is useful in post-treatment adherence with glues and paints.
e It cleans and eradicates the undesirable organic residues from the metal surface.

e The physical and chemical properties are improved only when none of the proper-
ties is changed in the process. Likewise, the treatment of fragile semiconducting

wafers and substrates is carried out with the help of dry etchants.
e It sticks two surfaces better than the wet etchants.
e Handling of the dry etchant is easier than acids (wet).

e Although it requires expensive equipment, the process is highly reliable with high

resolution and neat lithography.

e Volatile by-products can be flushed out easily.
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In this thesis, reactive ion etching (RIE) exploits sulfur hexafluoride (SFg) etchant in
DRIE tool Oxford Instruments RIE 80 at ANFF UNSW facility.

5.1.2 Electron Microscopy

An electronic microscope differs from a conventional microscope by using a focused
beam of an accelerated electron as a source of illumination instead of a beam of light.
It is useful in obtaining high resolution images of biological and non-biological samples.
It is also exploited in particle counting, size determination, and process control. Due
to its exceptionally detailed morphological details, this methodology is primitive for
investigating and characterization of nanostructural devices. The higher resolving power
and resolution is accredited to the 100,000 times shorter wavelength of electrons than
that of visible photons [212].

Figure 5.2 shows the occurring events in a specimen when struck by a highly accelerated

Secondary Electrons (SE) Auger Electrons (AE)
Topographical information Surface atomic composition
(SEM)

Backscattered Electrons (BE)
Characteristic X-Ray (EDX) Atomic number and phase difference
Thickness atomic depositign

Cathodeluminescence (CL)

Electronic states information Continum X-Ray
Bremsstrahlung

/

Sample

Inelastic Scattering

Composition and bond states (EELS) Elastic Scattering

Structural analysis and HR imaging

Incoherent elastic Scattering (diffraction)

Transmission Electrons
Morphological information (TEM)

FIGURE 5.2: The electron interaction volume: When high energy electrons enter

a material, they encounter numerous scattering events, and the resulting electron

interactions create a variety of signals. Each signal is the consequence of electron beam

interactions at different depths within the sample and so provides varied information
about its surface topography and composition.

electron beam. The specimen volume where these events occur is known as specimen
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interaction volume. The nature of interaction depends on the energy transferred from
the incident electrons to the sample and results in elastic or inelastic interaction. It is
illustrated in Figure 5.2 that electron interactions produce unique signals named Auger
electrons (AE), secondary electrons (SE), reflected or back-scattered electrons (BSE), X-
rays, photons, cathodoluminescence (CL), plasmons, transmitted electrons, etc. These
signals result due to the interaction of electron beams at different depths within the
sample. It is to be noted that the reaction at the top of the sample is exploited while
investigating thick or bulk specimens and is known as SEM. However, the reaction on
the bottom of the sample for examining thin or foil specimens is named TEM.

Here, back-scattered electrons disassociate from their parent atom, occurring normal
to the incident electron beam and is scattered backwards with the same energy as the
incident beam and can easily penetrate the sample. The back-scattered signals depend
on the atomic number of the material (higher atomic number elements emerge brighter
as compared to lower atomic number elements) and hence help differentiate different
materials coming across. In contrast, the electrons with smaller energy, such as Auger
and other secondary electrons, contain information only about a sample’s surface.
Typically an electron microscope contains : (i) an electron source (gun) to generate the
beam, (ii) two or more stages of electromagnetic lenses to align and collimate the beam,
(iii) deflection coils to deviate the beam during the exposure, (iv) apertures to limit and
define the beam size, (v) objective lenses to focus the beam on the sample, and finally (vi)
electron detectors to provide real-time observation and image recording of the specimen
surface. Typically two types of electron microscopes are used, i.e., scanning electron
microscope (SEM) and transmission electron microscope (TEM) [213]. Although in this
study SEM is used to measure deposited films’ thicknesses, TEM is also explained and
compared briefly here .

Figures 5.3a and b show the SEM and TEM schematic diagrams, respectively. As
explained earlier, the electrons employed for microscopy determine its nature. In SEM,
inelastic matter-electron interactions are primarily exploited in SEM, while elastic in-
teractions are predominately exploited in TEM along with electron diffraction methods.
Since SEM collects the information from the electrons reflected from the specimen’s
surface, its thickness does not matter and requires a lesser acceleration voltage range
from 1 to 30 KV. The sample preparation for SEM images is straightforward because
of no constraints on the sample’s thickness. The beam of electrons is focused to a

fine point and then scanned line by line over the specimen’s surface in a rectangular
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FIGURE 5.3: Schematics of a conventional Scanning Electron Microscope (SEM) and a
Transmission Electron Microscope(TEM): A typical electron microscope consists of: i)
an electron source (gun) to generate the beam, (ii) two or more stages of electromagnetic
lenses to align and collimate the beam, (iii) deflection coils to deviate the beam during
the exposure, (iv) apertures to limit and define the beam size, (v) objective lenses
to focus the beam on the sample, and finally (vi) electron detectors to provide real-
time observation and image recording of the specimen surface. The primary distinction
between an SEM and a TEM is in the sort of particles utilized to generate a picture,
as well as in the image production process itself.
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raster pattern. These electrons are seized and counted by detectors at each point, and
the image is displayed on the computer screen. It provides the information about the
composition of the materials contained in a sample.

On the other hand, TEM identifies the electrons transmitted through the specimen,
with higher penetrating voltages, usually in the range of 60 to 300KVA, and requires
a thin sample, as flat as possible. This results in quite challenging and complex
sample preparation techniques. It uses a broader, static beam hence only a small
area of the sample can be analyzed at a time. After emergence from the sample, an
objective lens collect and magnify the electron information. Furthermore, the image
is recorded by projecting the magnified electron image onto an imaging device like a
sensor of fluorescent screen connected to a CCD camera. Consequently, TEM provides
beneficial information on the inner structure of the specimen like morphology, stress
state information and crystal structure. Since this thesis is focused on multilayered thin

films and to see layers of different materials, SEM is ideal.

5.2 SEM images for Hybrid Etalon and Cascaded Multi-
layered Thin Film Filters

The cross-sectional image of an SEM image of the deposited thin films is shown in
Figures 5.4a and 5.4b for a single hybrid etalon and cascaded multilayered thin film
filter, respectively. It is difficult to distinguish the deposited layer, therefore DRIE is
applied to the sample. The reactive ion etching in the presence of Sulphur tetra-fluoride
(SFp) is applied to the sample. Before etching, gold (Au) was sputtered in the presence
of Argon (Ar) gas with a flow rate of 15 sccm and 18 mTorr at 100 W RF power for 2
minutes. Later, DRIE is performed for 20 seconds with SFg at a flow rate of 20 sccm

and 100 mTorr at a fixed RF power of 20 W.
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FIGURE 5.4: SEM images for a) hybrid etalon and b) cascaded multilayered thin film
filters.
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5.3 Optical Characterization

The optical characterization of thin film requires a UV-NIR spectrophotometer. Due
to the unavailability of a spectrophotometer at Massey University’s Sensors lab, a
spectrofluorometer (RF-6000 Shimadzu) at the Chemistry lab was customized to be

used as a spectrophotometer for this particular study.

5.3.1 Spectrophotometer

A spectrophotometer is an analytical equipment used to quantify the transmission or

reflection of ultraviolet (UV) light, visible light or infrared (IR) light. It takes light in,

Mirror

Slit
Light Source
Diffraction
Grating
Mirror
E 4
ok

Software

Sample

Detector

FIGURE 5.5: Ray Diagram of a typical Spectrophotometer: The light source after

passing through the entrance slit reflects onto the diffraction grating with the help

of the mirror, where it disperse into its component. The dispersed light is directed

towards the sample and then to the detector, which captures and evaluates the light as
a function of wavelength.

breaks it into spectral components, discretizes the signal as a function of wavelength,
reads and displays the result on the screen. Figure 5.5 depicts the working principle of

a typical spectrophotometer. The components required to fulfil the functionality are:
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e Entrance slit : In general a tungsten halogen , LED, xenon (Xe) arc laser or
mercury argon (Ar) are used as a light source in spectrometer. The amount of
light measured by the equipment is determined by the width of the slit. It has a
direct relation to the optical resolution of the system. The smaller the slit size,
the better the optical resolution is. Once the light source passes through the slit,
it becomes divergent and travels towards the collimated mirror, reflecting it to the

diffraction grating.

e Grating : The diffraction grating allows colour dispersion and transmits the
divergent and fragmented beam to another collimating mirror, which directs it

towards the sample.

e Detector : It captures the light spectra and evaluates the intensity of light as
a function of wavelength. The captured data is further processed and plotted on

the screen with the help of software.

Due to the unavailability of spectrophotometers in the lab, a spectrofluorometer was
customized to be used as a spectrometer. Figure 5.6 demonstrate the ray diagram of
RF- 6000 Schimadzu UV-NIR spectrofluorometer. It mainly consists of five components

explained as follows:

e Light Source A high intensity xenon lamp is used to have high intensity

fluorescence.

e Fxcitation Monochromator A monochromatic excitation setup is imple-
mented to irradiate the sample with monochromatic excitation light. The input
light from the Xenon lamp is directed towards the diffraction grating (DG) with the
help of a mirror (M). Here the light is diffracted into fragments, and monochromatic

light through a slit is directed to the cell compartment.

e Cell compartment The cell compartment contains the sample to be tested.
Since it is a single beam instrument, the cell compartment holds a single sample
cell. The monochromatic light from the excitation monochromator is directed
towards the sample, which emits light at different wavelengths. The fluorescence
light is emitted in all directions and is directed perpendicularly towards the
emission monochromator. This arrangement is ideal for minimizing the effect of

excitation light on the fluorescence spectrum is recorded.
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o Emission Monochromator The fluorescence signal is perpendicularly fed to

the emission monochromator, from here the light is diffracted to the detector.

e Detector A highly sensitive photo-multiplier tube (PMT)-based detector is used

to detect and amplify weak photon signals from emission monochromator [214].

Emission
Monochromator
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PMT Detector
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Excitation
M M Monochromator

§ DG

o Light source
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FIGURE 5.6: A typical spectrofluorometer with cell compartment between excitation

and emission monochromators.Light with the help of mirror (M) is directed towards the

diffraction grating (DG), which split light into fragments, and allows an appropriate

excitation light is directed to the cell compartment(sample). The perpendicular

fluorescence light falls in the M in emission monochromator, from where after diffraction
from DG it is directed to the PMT.

Since the available equipment has a built-in monochromator (excitation), which comes

in the path of the light source, it is unsuitable for this particular study.

5.4 Customization of Spectrofluorometer

To overcome the constraints mention in previous section, an optical setup was built
inside the cell compartment for implementing a broad light source in the available

spectrofluorometer body. The broad light is directed to the sample with the help of an
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optical system and a microcontroller controlled rotational stage is designed to examine
thin films performance at different angles. A stepper motor (Appendix C), governed with
the help of a microcontroller, is used to rotate the rotational stage. The initial position
(or home) for the rotating stage is determined with the help of a phototransistor.
Figure 5.7 shows the ray diagram of the designed setup inside the cell compartment.
A white light source is impinged on the mirror face of the prism and is directed to the
sample (multilayered thin films). Here an iris is used, a movable opening that controls
how much light enters the camera. The PMT detector detects the filtered light from
the other end of the sample, and the results appear on the screen with the help of
LabSolutions RF software.

The installation of the designed setup, in the cell compartment of the spectrofluorom-

) —Filtered light—>

Thin film

Iris Detector

F1GURE 5.7: An L-shaped ray diagram of installed setup inside the cell compartment.

Here a broad light source is directed towards the sample by striking the mirror face of

the prism. It is further directed towards the sample with the help of an iris, and the
output is collected with the help of a PMT detector.

eter, is illustrated with the help of a labelled computer-aided design (CAD) diagram
in Figure 5.8. Here the monochromatic light from the excitation monochromator (from
Figure 5.6) is blocked.

Figure 5.9a shows the in-house built set-up, designed for installing inside the spectroflu-
orometer. Figure 5.9b shows the fabricated wafer diced in 25 mm? specimens. However,

the obtained experimental results with the customized setup in spectrofluorometer were
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FiGURE 5.8: 3D illustration of the assembled design of customized spectrofluorometer
with a white light source.
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FIGURE 5.9: a) The in-house built system for customizing spectrofluorometer to
spectrophotometer. b) Diced wafer after fabrication.

unsatisfactory due to various reasons such as equipment, environment and human error.

Therefore the designs were sent to ANFF UNSW for testing in a standard environment.
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5.5 Result Analysis of SEM

In this section, simulation results using the deposited layer thicknesses obtained/ob-
served through SEM images are compared with the experimental results (obtained
through spectrophotometer). The simulated results are called ”theoretical results” and

the measured results are called ”experimental results” throughout this section.
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FIGURE 5.10: Theoretical (dotted line) and experimental (solid line) results for
reflection spectrum of hybrid etalon with d=40 nm and h= 100 nm.
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FIGURE 5.11: Theoretical (dotted line) and experimental (solid line) results for
transmission spectrum of hybrid etalon with d=40 nm and h= 100 nm.

The theoretical (simulated with measured layer thicknesses) and experimental (obtained
via spectrophotometer) results for the reflection and transmission spectra of a single

etalon are presented in Figures 5.10 and 5.11, respectively. Here, the discrepancy in the
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experimental and theoretical results is accredited to the close average atomic mass of
SigN4 and A-Si, which led to the difficulty in distinguishing the deposited layers as seen
in Figure 5.4a, section 5.2.

A similar situation is faced in obtaining the accurate thicknesses of the deposited layers
of cascaded filters, as shown in Figure 5.12.

It can be observed in the SEM image (Figure 5.4b, section 5.2) that d;= 16.8 nm, which
is nowhere close to the proposed design (Figure 4.14a, section 4.4 where d; = 80 nm).
The same discrepancies can be seen in the other 7 layers. It highlights the difficulty in
determining the exact thicknesses of the deposited layers through SEM, which has also
impacted the transmission spectrum, as shown in Figure 5.12.

Alternatively, the thickness of such designs, where material constituents are close in
average atomic mass, can be obtained through spectroscopic ellipsometry (SE) [215]. It

is discussed in detail in the next section.
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FIGURE 5.12: Theoretical (dotted line) and experimental (solid line) results for
multilayered thin films cascaded filter.

5.6 Spectroscopic Ellipsometry

Spectroscopic ellipsometry, or simply ellipsometry, is a technique for characterizing thin
films and bulk materials that use polarised light. It has been used to calculate optical
constants, thin film thickness, doping concentration, surface and interfacial roughness,
alloy ratio, crystallinity, optical anisotropy, material depths profile, growth or etch

rate (in-situ), or temperature (in-situ). The combination of SE with changing the
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angle of incidence is an incredibly robust measuring method. It offers several benefits
over comparable optical characterization techniques, for instance, single wavelength
ellipsometry, reflectometry etc.

The essential steps required to derive results through ellipsometry are discussed first
here.

As the light interacts with a sample’s structure, its polarisation changes (Figure 5.13).
This change in polarization is represented by Psi () (reflection amplitude ratio angle of
incident TM polarization and TE polarization) and Delta (A) ( phase difference between
the TM and TE polarization).

In Figure 5.13 the plane of incidence (grey area) is defined as the plane including the
input and output beams, as well as has direction normal to the sample surface. The
polarization of incident light is given as electric fields parallel (p- or TM mode) and
perpendicular (s- or TE mode) to the plane of incidence [215].

Mathematically, this is expressed by an amplitude ratio (taniy) as well as a phase

Linearly polarized

Rght Elliptically polarized

p-plane light

Plane of incidence

Reflect off Sample

FIGURE 5.13: The ellipsometric experiment’s measurement geometry. In the p-s

coordinate system, the coordinate system is used to describe the ellipse of polarisation.

The s-direction is defined as parallel to the sample surface and perpendicular to the

direction of propagation. The p-direction is assumed to be perpendicular to the

direction of propagation and lies inside the plane of incidence. The plane of incidence

(grey area) is defined as the plane including the input and output beams and the
direction normal to the sample surface.
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difference (A):
tan(ip)e® = r—; (5.1)

Ts

where 7, and 75 are the Fresnel reflection coefficients for p— and s— polarized light,
respectively.

An ellipsometer is used to collect the ellipsometric parameters (1, A) within a given
spectral range and incident angles. However, the measured data (¢, A) does not provide
direct information. A data analysis procedure is required to extract meaningful physical
information about the sample. The following steps are usually included in the data

analysis procedure [216-218], as outlined in the flow chart in Figure 5.14.

Measurement

Experimental data
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FIGURE 5.14: Flow chart for ellipsometry data analysis.

1. The first step is to acquire experimental data of the sample. In this particular case,
a Perkin Elmer Lambda 1050 UV-Vis-NIR spectrophotometer is used to collect the

transmission and reflection experimental data.

2. The second step is to create an accurate optical model of the sample system. Here,
every material in the system, such as the substrate, A-Si and SizN4 layer, is viewed

as a ”layer.” This model is used to generate SE data.
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FIGURE 5.15: Ellipsometric fit to the proposed design extracted at 55°, 65°, and 75°.

3. In third step model fit parameters (such as n&k values of each layer, thickness
etc.) are defined, and the software adjusts them automatically to improve the

agreement between measured and model-generated SE data. This is referred to as

fitting’ the data.

4. The fit’s outcomes are assessed. If the results aren’t satisfactory, the optical
model and/or fit parameters are modified, and the data is re-fit. Mean-Squared
Error (MSE) is a parameter that evaluates the quality of the match between the

generated and the experimental data [219]. Mathematically,

N 2 2
1 mod __ ,/,6TP Amod _ A?QJP
MSE = 3 (W) + (W) . (5.2)

2N - M~ Ty Tipi

where, N is the number of (1, A) pairs, M is the number of variable parameters in
the model, and o is the standard deviation on the experimental data points. MSE
should be positive and near zero for the maximum likelihood estimate. Figure 5.15
shows the model fit to the experimental data with mean-squared error (MSE) =

30.51, when the light is incident at 55°,65° and 75° angles.

The obtained thicknesses of the cascaded filter via SE are provided in Table 5.1.

Figure 5.16 provides the comparative analysis for ellipsometric data, experimental and
simulated data for multilayered thin films cascaded filter. It is to be notified that

simulated results are obtained by employing thicknesses provided in Table 5.1. Hence, it
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TABLE 5.1: Thicknesses of deposited films extracted with the help of ellipsometry

Layer numbers Symbol Material Thicknesses (nm)

1 Ly A-Si 54.730
2 Lo SizNy 84.430
3 Ls A-Si 112.557
4 Ly SizNy 112.043
5 Ls A-Si 52.043
6 Le SizNy 106.518
7 L~ A-Si 165.611
8 Ls SizNy 101.408

can be deduced that the the SE obtained thicknesses for each of the deposited layers are

in unison to the PECVD deposited layers. Figure 5.17 illustrates the angle invariance
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FIGURE 5.16: Transmission spectrum produced with the help of theoritical, experi-
mental and ellipsometry derived data.

of the proposed design when the incident angle varied from 0° to 60° in TM mode.
Likewise, the angle invariance of the proposed design when the incident angle varied
from 0° to 60° in TE polarization is demonstrated in Figure 5.18. It is observed from
the obtained results that \,.s; varies from 823 nm to 794 nm from 0° to 50°; however,

the maximum resonant shift is observed at the highest angle, i.e., 60°.

5.7 Summary

In this chapter, the proposed design has been explained with the help of simulated and
experimental results obtained by physical and optical characterization. An existing

spectrofluorometer was customized for the optical characterizations; however, the
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F1GURE 5.18: Transmission spectrum when incident angle varies from 0° to 60° in TE

mode polarization.

customization did not work as desired due to the lab/workshop access limitations. This

led to the decision to get the characterizations done at UNSW ANFF.

The thicknesses obtained with the help of SEM were not helpful and resulted in

discrepancy in simulated and experimental results. These discrepancies are accredited to

the SEM limitations in distinguishing between the layers of same average atomic mass.

However, alternatively, film thicknesses were obtained through SE and the simulated

results were in agreement with the experimental results. Furthermore, the results for

polarization insensitivity and angle invariance up to 50° were also produced with the

help of SE, which have a reasonable agreement with the experimental results.



Chapter 6

Design of Asymmetric
Fabry-Pérot (FP) Nanocavity
Incorporating CMOS compatible
Tungsten

This chapter presents an analytical and experimental study of a subtractive colour filter
by proposing a novel thin film colour filter design capable of producing vivid subtractive
colours.

The first section covers the design specifications, including its constituents and film
thicknesses’ requirements for achieving the desired results. Likewise, the resonance
conditions for CMY colour filters is investigated in detail. The reflection spectrum at
different cavity thicknesses is observed to obtain a vivid colour palette. The reflection
response of the design is further evaluated at a different incident and polarization angles
of insensitivity. The film deposition for vivid colours and its physical and optical

characteristics are also part of this chapter.
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6.1 Design of Asymmetric FP Nanocavity Incorporating

CMOS compatible Tungsten

Here an analytical study of subtractive colour filter based on a CMOS compatible
tungsten (W) material is presented. There are examples where W and tungsten trioxide
(WOs3) are used for broadband light absorption for dynamic temperature applications
and dynamic colour filtering in nanostructural colour filters, respectively [220—222].
However, the proposed design is inspired by the work done in the nanostructural colour
filtration where asymmetric FP nanocavities are used to present the impact of novel
materials such as nickel (Ni) and platinum (Pt) [62, 200] on filters’ performance.

Here, we have studied the same design by employing W in an asymmetric FP’ etalon for
subtractive colour filtration. W has a high degree of flexibility, a low evaporation rate,
a high melting point, and a strong electron emission ability. Moreover, tungsten and its
alloys are often employed in nanoelectronics because of its CMOS compatibility [223].
The proposed design comprises an asymmetric FP cavity with titanium oxide (TiOz2)
of thickness d sandwiched between W of thickness t and Al films of thickness h. The
cavity is deposited on a silicon (Si) substrate, as illustrated in Figure 6.1.

For simulating the design, a TM polarized plane wave source is perpendicularly
injected from the top of the device i.e., along ’-z’ direction. The direction of polarization
is parallel to the plane of incidence, and the magnetic field is along the y axis. As per
the requirement of the proposed design, the wavelength of the plan wave varies from 400
to 700 nm (visible region). To reduce the computational time, the boundary conditions
for the x and y-axis are anti-symmetrical and symmetrical, respectively. However, PML
is used along the z-axis, and the mesh size is 4 nm in all directions.

The refractive indices of Al and W are extracted from Paliks’ database [208], while
the refractive index of TiO2 is obtained through ellipsometry using a spectroscopic
ellipsometer (M-2000D, J.A. Woollam). Figures 6.2, 6.3 and 6.4 show the plot of real
(n) and imaginary (k) values of refractive index versus wavelength values of TiO2, W
and Al respectively. The thickness of the bottom Al layer h is set to 50 nm such that
incident light could be sufficiently reflected throughout the visible band and transmission

is blocked.
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F1GURE 6.1: Schematic diagram of the proposed design. A 3D perspective of the

proposed design of asymmetric Fabry—f’erot cavity with a TiOs of thickness d is

sandwiched between thin tungsten (W) of thickness t and thick aluminium (Al), grown
on a Si substrate.
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FIGURE 6.2: Refractive index of Titanium oxide (TiO2) obtained through ellipsometry.
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FIGURE 6.3: Refractive index of tungsten (W) obtained from Palik’s database [208].
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FIGURE 6.4: Refractive index of aluminium (Al) obtained from Palik’s database [208].
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6.1.1 Thickness d of TiO,

At 5 nm thin tungsten (i.e., t=5 nm), the impact of cavity thickness ’d’ on the device
performance is investigated by sweeping d from 0 to 300 nm in the visible region of the
electromagnetic spectrum. Figure 6.5 illustrates the contour plot of the visible reflection
spectra in accordance with the TiOo thickness. An increase in d invites higher modes
into the spectrum. The white dotted lines on the contour point to the probable locations

of resonant wavelength (\¢s) at different d.
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FIGURE 6.5: Contour plot of the visible reflection spectra in accordance to the TiO4
cavity thickness at t=5 nm.

6.1.2 Thickness t of W

It is learnt from previous section that resonance (\,.s) sweeps across visible regime by
sweeping cavity thickness from 0 to 300 nm. In this section thickness of W layer 't’ is
varied to see its influence on the reflection spectra for cyan (C), magenta (M) and yellow
(Y) colours.

From Figure 6.5 the A\es &~ 550 nm (for magenta colour) can be achieved when d =
150nm and t = bnm. Figure 6.7 shows the effect on reflection dip when at d = 150nm
W thickness ’t’ is varied from 0 to 20 nm. It is obvious from Figure 6.7 that at d= 150
nm and t=5 nm a resonance occur at Aqes = 544 nm with minimum reflection(R) dip

up to and 0.6 % and 99.4 % absorption. It can also be seen that as the tungsten value
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increases, the reflection dip increases and results in lower colour quality. Hence, t=5 nm
is the optimum thickness of the W layer.

Furthermore, the same effect is also noticed for A5 for cyan(C) and yellow (Y) colours
in Figures 6.6 and 6.8 respectively. The contour plot for cyan colour shows reflection
dip at 0.6 % and absorbance peak at 99.4 % at \..s = 625nm. However, the contour
plot for the yellow colour shows reflection dip at 2.4 % and absorbance peak at 97.6 %
at A\pes = 433nm.
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FIGURE 6.6: The reflection dip and absorption peak occur at the resonance wavelength
Ares = 62bnm for cyan colour.
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Ares = dd4dnm for magenta colour.
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6.2 Resonance Conditions for CMY Subtractive Colours

The resonant conditions for vivid CMY colours are further investigated in this section.
In the case of the proposed design, transmission (T) through the device is negligible due
to opaque aluminium film in the light’s path. Hence, W’s total reflection (R) is R=1 -
A, where A is the absorbance.

The reflection (R) behaviour of incident light at the film interface, in asymmetric FP-

cavity for the proposed design, can be calculated by Fresnel equation [207] given as:

2v/(RaRy) (1 — cosd)

= . 6.1
1+ R,Ry — QWRaRb)cosé (6.1)

Here R, and R}, corresponds to the reflection at W-TiOs and Al-TiOs interfaces,
respectively. The total phase accumulated during a single round trip in the 7909 (FP
cavity) "0’ is equivalent to 6 = ¢prop — Pa — Op, Where @prop, ¢q and ¢y, are the phase shift
at the top and bottom interface of cavity, however, ¢,,op is the round-trip propagation
phase equals to 4T’Tnhc. The reflection is minimum when § is be a multiple of 27 i.e.,
2m7 where m is an integer. The values for ¢,, ¢, can be calculated from equation 3.3
and 3.4 in chapter 3 in TM polarization.

Figure 6.9 shows the phase shift for cyan colour when d=180 nm. It is evident from
Figure 6.9b that the wide cavity has more modes, and the reflection dip at A=450 and
625 nm are due to m= 3 and 2, respectively.

In contrast, from Figures 6.10 and 6.11, it is evident that at d= 150 nm and d= 110 nm
for magenta and yellow colours the reflection dips occur due to m=1 at A\.s= 544 nm

and 433 nm, respectively.
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FIGURE 6.9: Resonance conditions for magenta colour at d=180 nm and t=5 nm. a)

Calculated phase shift and the b) corresponding reflection (solid lines) and absorption
(dotted line) spectra.
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FIGURE 6.10: Resonance conditions for magenta colour at d=150 nm and t=5 nm. a)
Calculated phase shift and the b) corresponding reflection (solid lines) and absorption
(dotted line) spectra.
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FIGURE 6.11: Resonance conditions for yellow colour at d=110 nm and t=5 nm. a)
Calculated phase shift and the b) corresponding reflection (solid lines) and absorption
(dotted line) spectra.
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6.3 Commission Internationale del’ Elcairage (CIE) 1931

Chromaticity Map

The entire colour gamut can be easily reproduced by colour mixing of either additive
(red, green, blue (RGB)) or subtractive (cyan, magenta, yellow (CMY)) colours. The
term subtraction is associated with CMY because they are produced by subtracting one
of the RGB colours from the white light. Hence (1-red) creates cyan, (1-green) creates
magenta and (1-blue) creates yellow. Likewise, the pure values of CMY, in terms of RGB
values, can also be written as (0, 255, 255), (255, 0, 255) and (255, 255, 0), respectively.
These RGB values can be plotted on Commission Internationale del’ Elcairage (CIE)

1931 chromaticity map, and this process requires the following steps [224]:

1. Conversion of RGB values to XYZ coordinates: This can be done by employing

conversion matrix given as

X 0.4124564 0.3575761 0.1804375| | R
Y| = 0.2126729 0.7151522 0.0721750| |G| - (6.2)
A 0.0193339 0.1191920 0.9503041| | B

2. Conversion of XYZ coordinated to Yxy values for CIE 1931 plot:

X Y

"T“Xxivyz YT X¥viz

where z =1—x —y.

The location of pure CMY colour filters on CIE 1931 map are (0.22466, 0.32876),
(0.32094, 0.15419) and (0.41932, 0.50525) respectively. The dimensions, RGB and xy
values for CIE 1931 map for designed CMY colour filters are provided in Table 6.1. The

TABLE 6.1: CMY colours due to asymmetric FP nanocavities

colour d (nm) t(mm) ). R G B X y
C 180 ) 620 0 254 248 0.18306 0.33726
M 150 ) 544 228 29 255 0.29394 0.14244
Y 110 5) 433 255 214 63 0.43585 0.46599

location of the obtained colours on CIE 1931 xy colour space are shown in Figure 6.12.
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The response of asymmetric FP nanocavity is further investigated by plotting xy
coordinates for colours at different cavity thicknesses. The colours obtained by varying
cavity thickness d from 0 to 400 nm in 5 nm steps are illustrated in Figure 6.13, which
resulted in 41.3 % coverage of SRGB gamut on CIE 1931 map .

Furthermore, the palette for produced vivid colours at different d is produced in Figure

6.14.
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FIGURE 6.12: CIE 1931 chromaticity map for obtained CMY colour filters.
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F1GURE 6.13: CIE 1931 chromaticity map for colour filters obtained by varying cavity
thickness d from 0 to 500 nm.
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FIGURE 6.14: Palette of vivid colours obtained by varying nanocavity thickness from
0 to 400 nm.
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6.3.1 At Various Light Polarization and Incident Angles

The results obtained for CMY colour filters are further evaluated at varying incident
and polarization angles of incident light.

The contour plot of reflection spectrum at d=180 nm (for cyan colour), with the angle
of incident varied from 0° to 60°, is shown in Figure 6.15. It is evident from obtained
contour that the reflection dip will remain constant from 0° to 40°, however with the
increase of incident angle from 40° onwards, the reflection spectrum gets distorted due
to the emergence of peaks in the spectrum. Likewise, the exact impact is seen in Figures
6.16 and 6.17 for magenta and yellow colours, respectively.

Due to the symmetric nature of thin films’ design, the design is expected to show
polarization insensitivity, and this property is verified by varying polarization angle of
incident light from 0° (TM mode) to 90° (TE mode) in steps of 15°. Figures 6.18, 6.19

and 6.20 demonstrate polarization angle insensitivity of CMY colour filters respectively.
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FIGURE 6.15: Reflection spectrum of cyan colour at d=180 nm, when incident angle
varies from 0° to 60°.
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FIGURE 6.16: Reflection spectrum of magenta colour at d=150 nm, when incident
angle varies from 0° to 60°.
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FI1GURE 6.17: Reflection spectrum of yellow colour at d=110 nm, when incident angle
varies from 0° to 60°.
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FIGURE 6.18: Reflection spectrum of cyan colour filter (at d=180 nm) when angle of
light polarization varied from TM to TE mode in steps of 15°.
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FIGURE 6.19: Reflection spectrum of magenta (at d=150 nm) colour filter when angle

of light polarization varied from TM to TE mode in steps of 15°.
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FIGURE 6.20: Reflection spectrum of yellow colour filter (at d=110 nm) when angle of
light polarization varied from TM to TE mode in steps of 15°.
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6.4 Film Deposition

For obtaining the experimental results, a nanocavity capable of producing cyan colour
at t=b nm, d=150 nm and h=100 nm is fabricated. The films were deposited at the
ANFF facility (UNSW Australia).

A Hind High Vacuum (HHV) TF600 magnetron sputterer was used for deposition in
asymmetric FP nanocavity. The chamber base pressure was kept at 3.0x10~7 Torr. For
Al 200 W (DC) is used, and deposition is performed at room temperature with an
Argon (Ar) flow of 10 sccm at 2.6mTorr process pressure with a run-time of 28 minutes
and 40seconds. Next, for TiOz, 300 W (RF) was employed, and the sample holder
was heated up to 395°C, the Ar flow was at 20 sccm along with oxygen (Og) flow 1
sccm at 2.5 mTorr process pressure with run time 2 hours 20 minutes and 30 seconds.
Afterwards, W was deposited with W 50 W(RF) and the deposition was performed at
room temperature with Ar flow of 20 sccm at 2.1mTorr process pressure with a run-time

of 4 minutes.
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6.5 Physical Characterization

For physical characterisation, the SEM images of the fabricated sample were extracted
to find out the thicknesses of the deposited film. Figure 6.21 shows the SEM image of
the sample’s cross-section. The image only shows one film with thickness ~ 100 nm,
probably the deposited Al film. However, W and TiOs cannot be seen. It indicates
that either the sample needs conditioning or the layers on top of Al are not deposited.
Therefore, spectroscopic analysis was carried out, which showed TiO9 film only 30 nm
thick. From Figure 6.14 of section 6.3 it can be deduced that at 30 nm, the sample
reflects a mix of red and yellow colour, i.e., orange. Through diagnostic efforts, it was
found out that there was an issue with the pressure gauge, which gave erroneous readings

throughout and deposited only 30 nm film of TiOs instead of 150 nm.

RAITH 200 nm Mag = 36.06 KX WD = 6.9 mm

NANOFABRICATION |_| InLens EHT =10.00 kV

FicUure 6.21: SEM image for Asymmetric FP nanocavity incorporating CMOS
compatible tungsten
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6.6 Optical Characterization
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FIGURE 6.22: Experimental and theoretical results of asymmetric FP nanocavity at
d=30 nm

Figure 6.22 illustrates the curve obtained by optical characterization of the sample,

which is close to the curve obtained at 30 nm cavity (dotted line).

6.7 Summary

The analytical and experimental study of asymmetric FP nanocavity incorporating.
CMOS compatible tungsten has been carried out in this chapter. The obtained reflection
spectrum produced vivid colours with angle invariance up to 40° and insensitivity to the
light polarization. The colours are limited to the primary CMY subtractive colours; in
fact, the flexible design allows 41.3 % of SRGB gamut coverage on CIE 1931 chromaticity
map and produces a palette of vivid bright colours.

Although the thicknesses obtained from SEM were not helpful to see all three layers,
the thicknesses obtained from spectroscopic ellipsometry agreed with the experimental

results.



Chapter 7

Conclusion and Future Work

7.1 Conclusion

This research aimed to explore CMOS compatible colour filters for NIR and visible
regions. For this purpose, a novel all dielectric thin film filter with well-suppressed
sidebands, transmission up to 70 % at all polarization angles of the incident light, narrow
bandwidth and angle invariance up to 60° was developed. These traits make it a suitable
candidate for CMOS compatible spectral image sensing applications. Through extensive
simulation studies, several of the physical mechanisms involved in the transmission
process of the cascaded filter were identified, and the effect of each layer and constitutive
parameter on the device’s optical response was established.

Furthermore, an analytical and experimental study on an asymmetric FP nanocavity
incorporating CMOS compatible tungsten (W) for vivid colouration was also carried
out. The analytical study produced reflection spectra for vivid colours, and a palette of
vivid colours at different cavity thicknesses was also produced. The device demonstrated

angle invariance up to 40°, and it was insensitive to change in light polarization.

The salient aspects and novelties/contributions of the proposed filters are briefly

presented below:

e The filter design material database was narrowed down to the CMOS compatible

materials only. This was accompanied by selecting a thin film filter design due to its

118
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easy layer deposition steps. Additionally, the design was chosen to be symmetrical
to make it insensitive to the polarization of incident light. A high refractive index
material is chosen for the design’s cavity, as it produces omnidirectional response

due to insensitivity to variation in incident angle [53, 60].

e Through extensive literature review and rigorous simulation process, a dielectric
omnidirectional, lithography-free, and polarization-insensitive multilayered thin
films cascaded filter was designed for the NIR region. It can be applied in spectral
imaging devices for many applications, such as food sciences, agricultural industry,
medical sciences and many more.

The results were evaluated at different incident and polarization angles of incident
light and showed the same results at all incident and polarization angles. The
nature of the chosen design allows polarization insensitivity for the transmission
response through these devices; however, the invariant angle response is accredited
to the usage of high dielectric material (i.e., A-Si in our case) for the design’s cavity.
The simulation results built confidence for materializing the design and led to the

fabrication process.

e For fabrication, it only required successive deposition of SisN4 and A-Si on a glass
substrate. The deposition of layers was done at the ANFF by employing plasma-
enhanced chemical vapour deposition (PECVD) [225].

For testing purposes, cross-sectional scanning electron microscope (SEM) images
were needed to obtain the thicknesses of the deposited films. However, due to the
same average atomic masses of SigNy and A-Si, it was not possible to obtain the
correct thicknesses of deposited films. Therefore, the sample needed to go through
dry reactive ion etching (DRIE) in the presence of sulphur hexafluoride (SF¢) for

enhancing the layers’ contrast.

e For optical characterization, an in-house setup was built by customizing the
available spectrofluorometer to the spectrophotometer. A rotating stage was
designed and placed in the spectrofluorometer chamber, and the white light source
was allowed to enter it through an inlet. This allowed observing the transmission
spectra at different angles of incident light. Despite all these efforts, the results
obtained through the established setup suffered from instrumental, environmental

and human error.Hence the experimental results for the transmission spectrum of
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the films were obtained at the ANFF. The thicknesses obtained via SEM image
showed a discrepancy in the simulated and experimental values, which is accredited
to the usage of materials with close properties, i.e., SigN4 and A-Si.

Hence, the spectroscopic ellipsometry was employed to obtain the thicknesses of
the deposited films, and simulated the transmission spectrum with the derived
thicknesses. The simulated results showed a reasonable unison with the experimen-
tal results. The sample’s response was further investigated for different incident
angles; however, due to tools’ constraints, it cannot be done through an available
spectrophotometer (Perkin Elmer Lambda 1050 UV-Vis-NIR Spectrophotometer)
at ANFF; therefore, spectroscopic ellipsometry was also utilized to obtain the
filter’s response at different incident angles. However, the results showed angle

invariance up to 50°.

e Besides NIR filter, an asymmetric FP nanocavity incorporating CMOS compatible
tungsten (W) for subtractive colour filtering was also carried out. In its analytical
study, the simulations were carried out for investigating the thicknesses for each
layer i.e., cavity (TiO2) and W. Through rigorous simulations; it was observed that
5 nm thick W layer allowed vivid colour filtration when cavity thickness varied
from 0 to 400 nm. The resonance conditions for cyan, magenta and yellow (CMY)
colours were further investigated. It was shown that the resonance occurred when
the propagation delay due to a light ray trip was multiple of 2w. The obtained
results covered 41.3 % of the sSRGB gamut on CIE 1931 chromaticity map. The
results were further evaluated at different light incident angles, and the reflection
spectrum showed angle invariance up to 40°. Moreover, the design was immune to
change in the polarization angle of incident light.

The design deposition was carried out at ANFF. The layers were sputtered using a
magnetron sputterer. The results obtained through optical characterization agreed
with the simulated results; however, the captured SEM image showed only one

layer.

7.2 Future Work

While the design and fabrication of the filters for NIR and visible region resulted in

narrowing down the material choice to some commonly used CMOS compatible materials
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and fabrication steps, there is still room for further improvements. Notably in the area

of fabrication and characterization.

The first design consisted of a multilayered thin film cascaded filter and produced
discrepancies in experimental and simulated results. The main reason for this was the
difficulty in measuring each layer’s thickness due to the materials’ close composition,
i.e., SigN4 and A-Si, which led to misleading dimensions in the SEM images. Since the
dimensions from the fabricated structures could not be correctly obtained, simulations
with the fabricated dimensions were not possible. It is suggested that new materials
and/or other design parameters be considered to circumvent the issue resulting from the
inability of the equipment to measure the dimensions correctly.

The second design consisted of an asymmetric FP nanocavity incorporating CMOS
compatible tungsten. The analytical study agreed with the data obtained from
spectroscopic ellipsometry. In contrast, the poor SEM images indicated the difficulty
experienced in obtaining the exact thicknesses of the layers. To ascertain the root
cause of this anomaly, it is planned to deposit more films, including CMY colours
based nanocavities, and carefully observe and compare their physical and optical
characterization performances. Moreover, further investigations for designs performance
at the different incidence and polarization angles of incident light are also needed to be

carried out in future.

7.3 Reflection

Reflecting upon this research, it can be inferred that a deeper understanding of
the micro/nanofabrication techniques/technologies is necessary to effectively design
structures that can be fabricated and characterized in accessible facilities. As a
minimum, the designer has to closely work with the fabrication team so that the designs
can be modified before running the fabrication steps. Since this was not an option
from the beginning of this research due to the limited resources (and the inability of
the researcher to travel to the fabrication facility due to the Covid-19 lockdowns), the
disparity between the simulated and fabricated results is not unexpected. However, the
filter designs and resulting findings are considered valid and a significant contribution in

the area of CMOS compatible colour filters. It is strongly expected that the results can
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be easily improved with appropriate access to the fabrication facilities and the ability

to travel and work with the fabrication team.
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Abstract Color plays an important role in human life: without it life would be dull and
monochromatic  Printing color with distinct charackeristics, like hue, brightness and saturation,
and high resolution, are the main characteristic of image sensing devices. A flexible design of color
filter is also desired for angle insensitivity and independence of direction of polarization of incident
light. Furthermore, it is important that the designed filter be compatible with the image sensing
devices in terms of technology and size. Themrfore, color filter requires special care in its design,
operation and integration. In this paper, we present a comprehensive review of nanostructured color
filter designs described to date and evaluate them in terms of their performance.

Keywords: color filters; photonic crystals; nancoholes; mie scattering; liquid crystal display

L Introduction

The incoming electromagnetic waves of the visible spectrum (400-700 nm) are capable of
stimulating the photo-receptor cells of the human retina, which enables color perception. In image
sensing devices (cameras, scanners, printers, etc.), which replicate the eye operation, color recognition
plays an imperative part to store accurate color information at each pixel of the captured image.
The produced color quality via filters is subject to full wave half width maximum value, efficiency and
distinct location of transmission peak /reflection dip in the visible spectrum. Hence, all aforementioned
characteristics play role in positioning the output color on the CIE Map 1931 [1].

Typically, additive or subtractive color and Bayer filter [2], along with polymer-based filter
technologies, have been exploited for image sensing. Over the last three decades, synthetic dyes and
pigment-based colors [3] have been extensively used for decorating objects, printing ink, synthetic fibers
and identification [4-6]. Nevertheless, these filters have many disadvantages such as non-recyclability,
non-affordability, and cause environmental damage. Likewise, their performance as image sensors [7,8]
also has limitations such as inadequate resolution and fragility. However, recent progress in color
filler design, along with the evolution in optical physics [9,10] and fabrication technology [11-13],
has revolutionized color filering process and replaced the comventional dry /pigment-based coloring,
due to its color tunability, durability, high resolution and environmental friendliness.

In the past Charged Coupled Devices (CCIY) were mainly used for different image sensing devices
like cameras, microscopes and detectors in the field of life sciences, astronomy and optical microscopy:
However, in recent times, Complementary Metal Oxide Semiconductor (CMOS) based sensing devices
have out-dated their predecessors in performanee by demonstrating low power consumption and
higher miniaturization capability.

Moo enials 7020, 10, 1554; doi10.3390/ nanc] 0081554 mlw.mdpim.-’iuum.:lfnﬂnnmmials

Ficure A.1: Journal paper: Nanostructured Colour Filters: A Review of Recent
Developments.
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FDTD Background

Maxwell equations by James Clerk Maxwell [226], which govern all classical electromag-

netic phenomenon which in its differential form is given as :

%lf = -V xé, Faraday ’s Law (B.1)
V-B=0, Guass s Law (B.2)

oD - _
e +J=VxH, Ampere ’s Law (B.3)
V-D=p, Columb’s Law (B.4)

Here £ B, D,H and p are electric field intensity, magnetic field intensity, electric flux
density, magnetic flux density and electrical current density respectively. And each of
the fields is a function of time and space i.e., £ = £(z,y, z,t) It is to be notified here that
the conservation of charge in differential form can be derived with the help of Equation

3.3 and 3.4, and is given as
9p

VJ:—E,

(B.5)

Likewise, Equation 3.2 can be derived by using Equation 3.3 and 3.5.Hence, it indicates
that Maxwell ’s equations are not entirely independent.
However, the relation of electric field intensity to electric flux density D, and magnetic

field intensity to magnetic field intensity is given as

D =¢&€, (B.6)
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B = jifl, (B.7)

Here € and i are electric and magnetic permeability of the material. In case of
inhomogeneous, anisotropic and/or linear, dispersive materials the constitutive relations

valid at each pont at all time and are expressed as:

D(r,t) = &(r,t)E(r, 1), (B.8)
B(r,t) = ji(r, t)H(r, t), (B.9)
J(r,t) = &(r,t)é(r, t), (B.10)

For accurate modelling of wave interactions with scattering object, in FDTD methodol-
ogy the enforcement of boundary condition is of considerable importance. It has been
recommended that for the interface between two media(region 1 and 2) the following

boundary conditions must hold:

E1t = Ex Dip — Doy = ps,
Bin = Bay, Hir — Hot = T, (B.11)
= = dps
jln - jln — _E7

where 'n’ and ’t’ refer to the normal and tangential components of each fields.
The Maxwell equations further leads to the equation of propagating wave in a simple

medium given as:

. 8%
A%E — pess =0, (B.12)

However the phase velocity with w = 27 f is the wave angular velocity and wavenumber

k= 27” is given as

vy = % (B.13)

Likewise the velocity of energy propogation along the electromagnetic wave through the

medium is given as

ow

o (B.14)

Ug:

In a simple medium in which the wave number is not a function of frequency vy = v,.
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B.1 FDTD Algorithm

FDTD is largely the discretization of Maxwell ’s equation in time domain using

the central differences techniques.

introduced Yee algorithm for microwave applications.

optical structures.

In 1966, Kane Shee-Gong Yee, was the one who

Later on, it waas utilized for

The Cartesian discretization of the electric and magnetic field based on Yee ’s algorithm

is given as:
n+l __

(i, 5, k) Ex| 57 + Cy (i, 4, k) [

z

n+0.5
i7j7k

n+0.5

- Hz|i,j71,k

Ay

H, |05 — ff, |n+05
Ylijk Yli,jk—1 = 1n+0.5
- AZ - jex 1,7,k ’
(B.15)
- |pt05 g |n+05
B, = Culi W) E, 7% + 3. h) [ A
+0.5 +0.5
HZ Z.%k B Z ?_17.77’6 7 m+0.5
Ax - j€y|i,j,k ’
(B.16)
. ¥ . Hy|nj10"5k—1 - Hy|ﬂf2'5
EZ’:LE = Cu(i, j, K) B3 + Cy(i, 4, k) [ — Az .
+0.5 +0.5
Ho| 5™ = Holij 0k =~ o
. Ay - \762‘2'7‘]'7]{;
(B.17)
_ o(i,5,k) At
; ; 2 (‘7 7k)
Ca(luju k) - %7 (B18)
L+ 2diim
(At )
Cb(%]a k) = %a (Blg)
1+ Se5m
. T VBl — HelY e
Hx|:;]+725 — Da(l,],k)qu{ﬁgg) + Db(’l/,],k) 7 sJs Ay 1,7+1, _
. " (B.20)
Ey|z',j,k - Ey|i,j,k+1z

)

A

|
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Hy|"19% = D, (i, §, kYHy[7F - + Dy(i, Ealijn = Balfjri
Yligk a(lvjv k) £E|n_0.5 + b(Z,], k’) Al —
(B.21)
E; ?gk — EZ|?+1,j,k
Ax ’
HL[770% = Dali, j. k) Hal i 5 + Dy, g ) | —2E it
(B.22)
Exw’j:l’k — Exm]vk
A y )
h
where ) %k})c)m
Y — 2,“ i»j»
Dq(i, j, k) = 1+ ImGiRAL (B.23)
2u(i,5,k)
At
iy —  mdk)
Db(la.jak) - 1+ om (i, k)AL (B24)
2u(i,5,k)

Figure 4.1, (Chapter 4) depicts the Yee cell, which adopts leapfrog methodology by
having the electric and magnetic field components located at alternative half space.
However, for stability, Courant relationship is implemented to impose a constraint on

the time step is given as

1
At < , (B.25)

C\/ re e e v

Here C is the speed of light i.e 3 x 108msec™1. It is evident from the stability equation
B.25 that the time step of the algorithm is directly proportional to the spatial grid size.
Hence the algorithms with fine details such as nanophotonic devices , requires longer

time to converge.
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SANMOTION

New Product Information
2-phase Stepping Motor 42 mm square by 11.6 thin

SANYO DENKI EUROFE SA. is pleased to introduce its new 2-phase 1.8 per step
very thin stepping motor serie «SANMOTION F2 - $824»_ This serie has achieved
industry-leading thinness of 11.6 mm among 42 mm square size motors.

M Specifications

Basic angle : 1.8%
Winding : bipolar {(unipolar models available upon request) with lead wire output
Rated current : 1A/phase

Model No. Size Holding torque at Mass
Single shaft Double shaft | Flange size | Motor length | 2-phase energization
552421-5041 | 552421-5011 42 mm 11.6 mm 0.083 Nm min. 0.07 kg
552422-5041 | 552422-5011 42 mm 18.6 mm 0.186 Nm min. 0.14 kg
552423-5041 | 552423-5011 42 mm 256 mm 0.24 Nm min. 0.2kg
ot L12]
I Dvriva cirealt - 2510290700
[— =L Suppty wolagw ; HVT0
Ercikalion | I 1w,
m 1 I.‘-'Jl“-‘~ i irertinm £ e kg ot
has B ..\ b - Nnicaz -ul.:-:”ug nrn
i . g T el
] ) :
= oos
5 am N
!
o
b
E LA 1 . w " " .
Speed (kpulaels, 1 pulss = 1.8°) b 5 ‘! kpalsss, 1 I““‘_u. '“‘

Figure 1 : §52421 Torque - Speed Curve Figure 2 : 552423 Torque - Speed Curve

B Main features

Industry Leading Thinness 11.6 mm with high torque

The first motor of this sere is the higher torque hybrid stepping motor of the market with such small thickness of 11,6
mm and a weight of 0,07 kg. Easily installed into very compact devices, it contributes to downsizing of eguipments and
offer new design possihilities for device manufacturers.

M Target Applications

Small surveillance camera, chip mounter and semiconductor manufacturing device, general-purpose mounter, medical
inspection device, efc.
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Deposition Process Modules

Plasma Enhanced Chemical Vapour Deposition (PECVD)

The PECVD process modules are speafically N+
designed to produce excellent uniformity and

high rate films, with control of film properties
such as refractive index, stress, electrical

characteristics and wet chemical etch rate.

FIGURE C.1: Oxford Plasmalab 100 PECVD
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