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The advancement and scaling effect in complementary metal oxide semiconductor (CMOS) and micro-electro-mechanical system (MEMS)technology has made possible to make smaller image sensors with higher density of imaging pixels to respond at the demand of low cost imagers. Generally, the higher pixel density in imaging system is achieved by shrinking the size of each pixel in an array. The shrinking of pixel dimension however deteriorates the optical efficiency and therefore impose the tradeoff between the performance and minimum achievable pixel size. As the pixel size continues to shrink and approach the dimensions comparable to the wavelength, the spectral separation techniques used in current generation imaging system should be revised and new design methodologies have to be explored. This dissertation explored different techniques that could be used to efficiently sort the band of different wavelengths, mainly in far-infrared (8µm -12µm) and visible (0.4µm-0.7µm) spectrum in different spatial locations. We introduced the concept of spectral sorting based on normalized optical efficiency (NOE). For given number of pixels (N) or detectors, we define the phenomenon of sorting if NOE of individual pixels, considering incidence power from all pixel domain, is greater than 1/N. First westudy differently sized optical patch antenna to efficiently sort the infrared light in different spatial locations using numerical techniques. Using array of such antennas we find the near perfect absorption of multiple wavelengths in infrared spectrum. The antenna arrays are fabricated and characterized in CEA-LETI platform to validate our study.

We also report our study on using two differently sized Metal-Semiconductor-Metal

(MSM) nanostructures to achieve absorption higher than 50% in silicon detector for visible spectrum. Finally we present our study on grating based dielectric multilayer structure for sorting of visible light which could enable to shrink the pixel size of visible imaging system to submicron dimension. We derived the comprehensive design strategy of such sorting structure and present the sorting structure designed to achieve optical efficiency as high as 80% in pixel size of as less as 0.5µm. 3. Jean-Lous Ouvrier Bouffet and Jean-Jacques Yon for their discussion on technical and modeling issues on antenna arrays. [START_REF] Huo | Microlens performance limits in sub-2µm pixel cmos image sensors[END_REF]. Névine Rochat for helping with the characterization of antenna arrays.
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n ef f
n ef f as a function of slope angle (θ) for various patch widths (W : 1200nm, 1300, 1400nm) . . . . . . . . . The number of pixels in imaging system has grown in proportion to the ability of silicon integrated circuit (IC) technology to read and process the array signals and has paralleled the development of electronic structure [START_REF] Rogalski | Optical detectors for focal plane arrays[END_REF][START_REF] Rogalski | Progress in focal plane array technologies[END_REF] as can be seen in figure 1.2. The pixel size in current generation visible and infrared imaging device has decreased to 1.1µm and 17µm respectively allowing to manufacture compact camera with higher pixel density. The pixel size will continue to decrease as the demand for imaging systems with higher pixel density increases.

Small pixel size and optical efficiency

One of the measure to quantify the performance of optical pixels is normalized optical efficiency (NOE) [START_REF] Marinelli | Optical performances of lensless sub-2micron pixel for application in image sensors[END_REF][START_REF] Christian C Fesenmaier | Optical confinement methods for continued scaling of cmos image sensor pixels[END_REF]. It is defined as the ratio of optical power available or absorbed by photo detector to total power incidence on the pixel area of interest.

Normalized optical efficiency is limited by geometrical parameters like detector fill factor (F F ), which is the ratio of actual detector size to pixel size, and area of imaging pixel (A). power P inc in the pixel at corresponding spectral bandwidth, we can approximate the optical efficiency as:

N OE blue = P D1 P inc = F F × A 1 A inc × η blue (1.1)
In ideal case, where detector size is same as pixel size (F F = 1) and incidence area is equal to physical area of blue pixel(A 1 = A inc ), and the transmission efficiency of filters η blue = 1, the normalized optical efficiency of pixel is:

N OE blue = 1 (1.2)
However, if we consider the incidence area to be the sum of area of blue and green pixels as shown in figure 1.3 (b) where we consider the incidence power over two pixel domain (A inc = A 1 + A 2 ) then NOE given in 1.1 can be rearranged as:

N OE blue = P D1 P inc = A 1 A 1 + A 2 × η blue (1.3)
Here we consider detector F F = 1. Considering same pixel dimensions for Blue pixel and Green pixel (A 1 = A 2 ), the maximum achievable NOE for arrangement shown in figure 1.3(b) with η blue = 1, is given by:

N OE blue = 1 2 (1.4)
Similarly, if we consider the green pixel, the maximum achievable normalized optical efficiency would be N OE green = 1 2 . In general, if we consider the incidence power in spectral region of interest from N-number of surrounding pixels (or detectors) to evaluate the efficiency of single pixel, then the maximum optical efficiency for that pixel is given by:

N OE 1,2. . . N = 1 N (1.5)
We see that, the NOE depends on physical area of pixels and incidence area considered for evaluation of NOE. One can argue that, when pixel size decrease from 5µm to 1µm as shown in figure 1.4, NOE would remains constant as the physical area decreases proportionally. However, the important thing to understand is that, the number of photon available to detector is much lesser than that for pixels with larger sizes.

For example, if we consider imaging pixels to be square shaped, reducing the pixel size from 5µm to 1µm, as shown in figure 1.4, will reduce the optically active area by 25 fold. The decrease in optically active area will reduces the number of photons available to photo detector. Also, loss associated with filters or spectral selectors, lower fill factor of detectors, results in lower NOE of imaging pixels. It is therefore more challenging to maintain the acceptable SNR and DR in imaging system with small pixel. The signal to noise ratio (SNR) and dynamic range (DR) of imaging system will decrease as the pixel size decreases [START_REF] Huo | Microlens performance limits in sub-2µm pixel cmos image sensors[END_REF][START_REF] Hiroshi Iwai | Roadmap for 22nm and beyond[END_REF][START_REF] Theuwissen | Cmos image sensors: State-of-the-art and future perspectives[END_REF][START_REF] Chen | How small should pixel size be? In Electronic Imaging[END_REF][START_REF] Rk Bhan | Uncooled infrared microbolometer arrays and their characterisation techniques (review paper)[END_REF][START_REF] Rogalski | Infrared detectors: status and trends[END_REF][START_REF] Ahn | Snr metric and crosstalk in color image sensor of small size pixel[END_REF] leading to poor image quality. As the pixel size continues to shrink and approach the dimensions comparable to the wavelength of interest, the performance of conventional system starts to severely deteriorate [START_REF] Huo | Microlens performance limits in sub-2µm pixel cmos image sensors[END_REF][START_REF] Hiroshi Iwai | Roadmap for 22nm and beyond[END_REF][START_REF] Theuwissen | Cmos image sensors: State-of-the-art and future perspectives[END_REF][START_REF] Chen | How small should pixel size be? In Electronic Imaging[END_REF][START_REF] Rk Bhan | Uncooled infrared microbolometer arrays and their characterisation techniques (review paper)[END_REF][START_REF] Rogalski | Infrared detectors: status and trends[END_REF][START_REF] Ahn | Snr metric and crosstalk in color image sensor of small size pixel[END_REF]. The concern for imaging systems with small pixel dimension is how to increase the number of photons available to detector, so that it could maintain acceptable signal quality or image quality. Therefore, the spectral separation techniques used in current generation imaging system should be revised and new design methodologies have to be explored. Different studies has been done

and design optimizations has been proposed to address these issues [START_REF] Nishiwaki | Efficient colour splitters for high-pixel-density image sensors[END_REF][START_REF] Christian C Fesenmaier | Optical confinement methods for continued scaling of cmos image sensor pixels[END_REF][START_REF] Laux | Plasmonic photon sorters for spectral and polarimetric imaging[END_REF][START_REF] Shegai | A bimetallic nanoantenna for directional colour routing[END_REF][START_REF] Peter | Integrated color pixels in 0.18-< i> µ</i> m complementary metal oxide semiconductor technology[END_REF],

in conventional CMOS visible imaging systems utilizing color filters, with pixel size as small as 1.1µm. For example, in [START_REF] Nishiwaki | Efficient colour splitters for high-pixel-density image sensors[END_REF] the author use the microscale plate-like structure based on near field deflection to split colors from white light to increase number of photons available to the detectors. In [START_REF] Christian C Fesenmaier | Optical confinement methods for continued scaling of cmos image sensor pixels[END_REF] the optical efficiency of pixel is increased by utilizing light guiding structures between filter and detector.

Concept of Spectral Sorting

In previous section we discuss about the issues with small pixel sizes. The major issue regarding small pixel is that there is not enough photons available to detectors so that imaging system could maintain acceptable signal to noise ratio to produce good image quality. Except the optical efficiency and signal to noise ratio there would be electrical issues with small pixel sizes, which we do not cover in this thesis.

The thesis deals with different ideas and concepts that could be useful to increase number of photons in photo detectors in imaging systems. We discuss in previous section that, the optical efficiency of small pixel would remain constant compared to their larger pixel counterpart, given that the filter efficiency remains constant for both pixel sizes and the dimension scaling of pixel from larger size to smaller size is proportional to all the pixels in the array. On doing so, we find that maximum optical efficiency (ideal) that could be achieved in any pixel is 1 N if incidence power is considered from N number of pixels. However, the transmission efficiency of visible filters or efficiency of spectral selector is generally less than 100% resulting in decrease in overall optical efficiency of a pixel. If we could imagine some kind of structure, optical antenna for example, which could be embedded in filters or placed directly on detectors, that enable to route some lights incident on adjacent pixels as shown in figure 1.5 then it might be possible to achieve NOE of pixel greater than The normalized optical efficiency larger than 1 N (N OE > 1 N ) for a pixel could be then be defined as the necessary condition of spectral sorting, since this requires routing of incidence wavelength to pixel of interest. Study has been made to achieve sorting of visible light using surface corrugation around nano holes made in metallic sheet and using bimetallic nano antennas [START_REF] Laux | Plasmonic photon sorters for spectral and polarimetric imaging[END_REF][START_REF] Shegai | A bimetallic nanoantenna for directional colour routing[END_REF]. Also different studies has been made on optical patch antennas for sorting of infrared radiations [START_REF] Le Perchec | Plasmon-based photosensors comprising a very thin semiconducting region[END_REF][START_REF] Koechlin | Total routing and absorption of photons in dual color plasmonic antennas[END_REF][START_REF] Le Perchec | Subwavelength optical absorber with an integrated photon sorter[END_REF][START_REF] Bouchon | Wideband omnidirectional infrared absorber with a patchwork of plasmonic nanoantennas[END_REF].

Unlike filters which have effective collection area limited to its physical size, metallic antennas could have larger effective collection area compared to its physical size during resonance.The larger interaction volume of an antenna can route the incident 8 CHAPTER 1. INTRODUCTION wave to pixel of interest which could therefore increase the NOE of the pixels. This makes metallic antennas good candidates for spatially sorting light with different wavelengths (or energies).

Thesis Outline

In this thesis, we explore different concepts to efficiently separate or sort the specific band of wavelengths in small volume or area, which in turns could be used to design optically efficient pixels in imaging system. We focus our study on CMOS compatible structures for sorting of far-infrared (8µm -12µm) and visible (0.4µm-0.7µm) spectrum which are mostly used for thermal and color imaging respectively.

In Chapter 2, we study CMOS compatible metallic patch antennas to efficiently sort far infrared spectrum. We first give review of few state of arts on optical antennas used for sorting of infrared. The basics of optical antenna and numerical study on optical patch antenna is discussed in this chapter.

In chapter 3, we will study the effect of fabrication error in spectral response of optical antennas discussed in chapter 2 and present experimental results.

In chapter 4, we will explore sorting concept for visible spectrum utilizing metallic and dielectric structures. We will also discuss the dielectric based multilayer antireflection coating and present the way to achieve optically efficient sorting structure for visible light which could be utilized for submicron pixels.

Chapter 2

Numerical study of optical patch antennas for infrared sorting Optical antennas like its RF counterpart can be used both in transmitting and receiving mode. In receiving mode it concentrates the incoming radiation into small volume in their high field region [START_REF] Tae | Radiation engineering of optical antennas for maximum field enhancement[END_REF]. Optical antennas are generally used in this mode as it can be applied in variety of applications including surface enhanced spectroscopy [START_REF] Smythe | Optical antenna arrays on a fiber facet for in situ surfaceenhanced raman scattering detection[END_REF][START_REF] Wang | High directivity optical antenna substrates for surface enhanced raman scattering[END_REF]. Moreover, it can have larger effective collection area compared to its physical size [START_REF] Novotny | Effective wavelength scaling for optical antennas[END_REF][START_REF] Rafif E Hamam | Coupled-mode theory for general free-space resonant scattering of waves[END_REF][START_REF] Tae | Radiation engineering of optical antennas for maximum field enhancement[END_REF]. This property could be used to spatially sort the photons with different energies with high efficiency. In this chapter, we will explore the antenna concept to achieve efficient sorting device. First we will review few state of art technologies which utilizes an optical antennas to sort infrared spectrum.

State of Art

Near perfect absorbing components using metallic metamaterial has attracted wide attentions due to its potential applications in various application in multi spectral imaging, photovoltaics and environment sensing [START_REF] Liu | Infrared spatial and frequency selective metamaterial with near-unity absorbance[END_REF][START_REF] Koechlin | Total routing and absorption of photons in dual color plasmonic antennas[END_REF][START_REF] Bouchon | Wideband omnidirectional infrared absorber with a patchwork of plasmonic nanoantennas[END_REF][START_REF] Tian | Infrared perfect metamaterial absorber and its potential application as strain sensor[END_REF][START_REF] Le Perchec | Plasmon-based photosensors comprising a very thin semiconducting region[END_REF][START_REF] Ma | Broadband metamaterial absorber at mid-infrared using multiplexed cross resonators[END_REF][START_REF] Wang | Perfect selective metamaterial solar absorbers[END_REF]. Optical absorber utilizing continuous layer gap plasmon resonator (CL-GPR) has been 1.74µm are separated by distance l : 0.82µm in [START_REF] Koechlin | Total routing and absorption of photons in dual color plasmonic antennas[END_REF] to route the infrared radiation with wavelengths 8.75µm and 9.22µmto their respective antennas. Similarly figure 2.1 (b) shows the two Metal (gold) strips of widths w 1 : 1.15µm and w 2 : 1.75µm

supported by continous dielectric layer on continous metal underlay as studied in [START_REF] Le Perchec | Subwavelength optical absorber with an integrated photon sorter[END_REF].

The structure is used to sort the mid infrared radiation 4.8µm and 6.2µmas can be seen in figure 2.1 (b). While the MIM sorting structures discussed in [START_REF] Koechlin | Total routing and absorption of photons in dual color plasmonic antennas[END_REF][START_REF] Le Perchec | Subwavelength optical absorber with an integrated photon sorter[END_REF] efficiently route the photons by their color toward their respective antenna, it is sensitive to polarization of incident angle. Such MIM ribbon structure could only be used for TM polarization of incidence wave.

Recently study has been made to design wideband infrared absorber independent to polarization of incidence radiation utilizing the square MIM patch arrays [START_REF] Bouchon | Wideband omnidirectional infrared absorber with a patchwork of plasmonic nanoantennas[END_REF].

The patch arrays studied in [START_REF] Bouchon | Wideband omnidirectional infrared absorber with a patchwork of plasmonic nanoantennas[END_REF] are designed using Gold (Au) metallic layers. Such array has shown higher tolerance to incidence angle and polarization of incidence radiation. The spectral sorting using metallic structures has mostly been studied CHAPTER 2. NUMERICAL STUDY OF OPTICAL PATCH ANTENNAS FOR INFRARED SORTING 11 using noble metals like gold, which are not compatible with CMOS technology.

Although using such metals, the incidence radiation could be routed and absorbed with high efficiency, due to incompatibility to CMOS foundry, its use could be limited.

In this and next chapter, we numerically and experimentally study patch antenna structure using CMOS compatible material to sort different band of wavelengths in 8µm-12µm infrared range so that these structures could be easily adapted and integrated to thermal imagers and other sensor applications.

Study of Optical patch antenna

The radiation property has been well studied for conventional RF resonant patch antenna. However, due to high metallic loss in optical domain, the model used for RF spectrum cannot be applied directly to evaluate the properties of optical patch antennas. More rigorous analysis is needed to study the behavior of such antenna.

Recently, theoretical modeling of optical patch antenna and field enhancement in antenna cavity as a function of antenna geometrical parameters has been proposed [START_REF] Ciracì | Quasianalytic study of scattering from optical plasmonic patch antennas[END_REF]. In this section, we will discuss antenna modeling using transmission line theory and coupled mode theory in brief and derive important parameters necessary to design efficient patch antenna for spectral sorting. [START_REF] Todorov | Optical properties of metal-dielectricmetal microcavities in the thz frequency range[END_REF][START_REF] Feuillet-Palma | Extremely sub-wavelength thz metaldielectric wire microcavities[END_REF]. At resonance, the field amplitude in the core of patch antenna can be much higher than the incidence field. The field enhancement factor (f ), which is the ratio of core field amplitude to incidence field, has to be maximized for optimal performance of an antenna [START_REF] Zohrabi | Electric field enhancement of gold tip optical antenna with special geometry[END_REF]. For an optical patch antenna, field enhancement factor can be evaluated using equivalent transmission line model as shown in figure 2.2(b). In the patch antenna, the ground plate produce an electromagnetic image of top metal CHAPTER 2. NUMERICAL STUDY OF OPTICAL PATCH ANTENNAS FOR INFRARED SORTING 13 patch. The antenna therefore is similar to cut wire pair structure [START_REF] Shalaev | Negative index of refraction in optical metamaterials[END_REF] in which the mode propagating within the plates are approximately TEM in nature [START_REF] Ciracì | Quasianalytic study of scattering from optical plasmonic patch antennas[END_REF]. This allows to formulate transmission line analysis of patch antenna as shown in figure 2.2 (b) where the quantities R , C , L are the series resistance per unit length, capacitance per unit length and series inductance per unit length and depends on material and geometry of an antenna. The transmission line is terminated at either side of patch with an effective radiation resistance R r of an antenna which could be calculated using induced voltage V and current I on the patch.

Modeling of patch antenna

λ r = 2W n g (2.1) (a) (b)
Assuming normal incidence of plane wave and polarized such that the magnetic field lies along x-axis, the peak voltage on patch antenna which occurs at the slot located at y = ± W 2 . With the knowledge of peak voltage, the field enhancement of the square patch antenna can be calculated as [START_REF] Ciracì | Quasianalytic study of scattering from optical plasmonic patch antennas[END_REF]:

f = 2 k 0 RrW gη 0 h (1 + 2 δ h ) g k 0 sin( gW 2 ) -i( W h ) Rr η 0 cos( gW 2 ) sin( gW 2 ) (2.2) 
Where, k 0 = 2π λ 0 is the free space wave vector, η 0 is the free space impedance, δ is the skin depth of metal and

g 2 = β 2 -ik 0 W h R η 0 (2.3) β = 2πn g λ 0 (2.4)
The resistance per unit length R depends on the geometric parameter and is given by: 

R = η 0 2hn g W κ (tanh( kxh 2 ) + kxh 2 ) ng 2 √ n 2 g -1 -ng 2 √ n 2 g - (2.5 
I 1 = π 0 π 0 cos 2 k 0 W 2 sinθsinϕ sin 3 θ sin 2 k 0 W 2 cosθ cos 2 θ dθdϕ (2.7)
Here, θ is taken from positive y-axis while ϕ is in xz-plane and taken from z-axis.

It can be seen from equation 2.2, that by appropriately choosing the material and dimensions of an antenna, the field in insulator core could be maximize, thus enabling the funneling of incidence light into sub wavelength region. For further information on transmission line model of patch antenna and calculation of field enhancement, readers are suggested to go through reference [START_REF] Ciracì | Quasianalytic study of scattering from optical plasmonic patch antennas[END_REF].

Antenna effective cross section area

In the previous section, we discuss that the SPP induced in metal-dielectric interface of patch antenna couples to core laterally creating a Fabry-Perot type resonator.

We also discussed the resonance condition and field enhancement factor to design an optical patch antenna. We find that by controlling antenna dimension, the field in insulator core could be maximized for optimal working of an antenna. However, patch antenna can also be optimized considering its scattering and absorbing behavior. Patch antenna acts as a scattering center for incident radiation. A portion of incident power is scattered and absorbed by an antenna. In this section we derive two fundamental parameters, mainly scattering cross section area σ scat and absorption cross section area σ abs that could be optimized to increase interaction of incident wave with an antenna using couple mode theory [START_REF] Hermann | Waves and fields in optoelectronics[END_REF]. The scattering cross section with amplitude s + is given by [START_REF] Hermann | Waves and fields in optoelectronics[END_REF]:

da dt = iω 0 a -( 1 τ abs + 1 τ rad )a + κs + (2.8) 
Where, a and κ are the mode amplitude in cavity and coupling coefficient of incidence wave s + to antenna respectively, ω 0 is the resonance frequency, 1 τ abs and 1 τ rad are the decay rate due to absorption and radiation respectively. Considering A e and A inc as effective aperture of an antenna and spot size of incidence wave, coupling coefficient κ can be expressed as:

κ = 2A e /A inc τ rad (2.9)
Using expression 2.9 in equation 2.8, the mode amplitude equation can therefore be written as: 

da dt = iω 0 a
a = 2Ae/A inc τ rad s + i(ω -ω 0 ) + ( 1 τ abs + 1 τ rad ) (2.11)
And energy stored in cavity can be calculated as:

|a| 2 = 2Ae/A inc τ rad (ω -ω 0 ) 2 + ( 1 τ abs + 1 τ rad ) 2 |s + | 2
(2.12)

Using expression 2.12 for stored energy in cavity, power dissipation due to scattering and absorption can then be calculated as:

P scat = 2|a| 2 τ rad = 4 Ae/A inc τ 2 rad (ω -ω 0 ) 2 + ( 1 τ abs + 1 τ rad ) 2 |s + | 2 (2.13) 
P abs = 2|a| 2 τ abs = 4 Ae/A inc τ rad τ abs (ω -ω 0 ) 2 + ( 1 τ abs + 1 τ rad ) 2 |s + | 2 (2.14)
Using the power dissipation due to scattering and absorption, the effective cross section area, σ = P ⁄I 0 can be calculated using relations

I 0 = |s + | 2
A inc as:

σ scat = P scat I 0 = 4 Ae τ 2 rad (ω -ω 0 ) 2 + ( 1 τ abs + 1 τ rad ) 2
(2.15)

σ abs = P abs I 0 = 4 Ae τ rad τ abs (ω -ω 0 ) 2 + ( 1 τ abs + 1 τ rad ) 2 (2.16)
Now, using the definition of quality factor Q = (ω 0 τ ) 2 , the effective cross section area at resonance ω = ω 0 can be written as: CHAPTER 2. NUMERICAL STUDY OF OPTICAL PATCH ANTENNAS FOR INFRARED SORTING 17

σ scat = P scat I 0 = 4A e Q 2 Q 2 rad
(2.17)

σ abs = P abs I 0 = 4A e Q 2 Q rad Q abs (2.18)
The sum σ ext = σ scat + σ abs gives the extinction coefficient of an antenna. Here we used the relation for total quality factor of resonator Q :

1 Q = 1 Q abs + 1 Q rad (2.19)
Where, Q rad and Q abs are quality factors corresponding to scattering and absorption respectively. The cross section areas derived in 2.15 -2.18 can be normalized to an antenna physical area (A p ) as:

σ scat = σ scat A p (2.20) σ abs = σ abs A p (2.21)
Using these normalized cross section area; we can have an overview of an extent of spatial area in which antenna interacts with incidence wave. Figure 2.4 shows the normalized absorption and scattering cross section area of an optical patch antenna with width W : 1.2µm and core thickness of h ins : 350nm resonating at 8.6µm.

Constant refractive index of 3.6 is considered for insulator core for the calculation.

It can be seen from figure 2.4 that the interaction area of the resonant antenna is much larger than its physical area. However, it can also be seen that the normalized cross section areas does not acquire same values with core thickness of h ins : 350nm

for investigated antenna. In previous section we discuss that the SPP excited in insulator-metal interface couples to core of an antenna. Since there are two metallic interface with core in patch antenna, the SPP from these interface could overlap.

However, at certain core thickness the overlapping of SPP could be minimized creating an optimal condition for an antenna to acquire same value of scattering cross section and absorption cross section area. When these two cross section areas σ abs and σ scat acquires same values, there will be no reflection (scattering) of incidence wavelength from an antenna, all of the incident power is transfer to resonating mode [START_REF] Tae | Radiation engineering of optical antennas for maximum field enhancement[END_REF]. The condition when σ abs and σ scat acquires same values is known as critical coupling.

Antenna absorption at resonance

In previous two sections, we studied different methods to model an optical patch antenna. The antenna could be optimized using different concepts, maximizing field enhancement or optimizing antenna dimensions to achieve critical coupling.

At resonance, we find that the incident power is absorbed by an antenna. The CHAPTER 2. NUMERICAL STUDY OF OPTICAL PATCH ANTENNAS FOR INFRARED SORTING 19 absorption (1 -R) at resonance can be related to field enhancement factor f and extinction cross section area σ ext = σ scat + σ abs of an antenna using coupled mode theory, [START_REF] Tae | Radiation engineering of optical antennas for maximum field enhancement[END_REF][START_REF] Joon | Engineering Optical Antenna for Efficient Local Field Enhancement[END_REF] as:

A = 1 -R = 2πV ef f A inc λ r Q abs f = σ ext A inc Q Q abs (2.22)
Where V ef f is the effective mode volume of the antenna, which quantify the electric field strength per unit photon [START_REF] Srinivasan | Cavity q, mode volume, and lasing threshold in small diameter algaas microdisks with embedded quantum dots[END_REF] . From equation 2.22, we can see that the absorption is proportional to field enhancement. In other form it is proportional to extinction coefficient and antenna absorption efficiency

( Q Q abs ).
All of these antenna properties are dependent on the geometrical parameters of the antenna. Therefore to achieve maximum absorption we can follow these simple steps:

1. Determine antenna width to make it resonate at wavelength λ r using equation 2.1.

With resonant wavelength (or width of patch antenna) fixed, optimize other

antenna parameter like top metal thickness, insulator thickness, ground metal plate thickness and material associated with different layers in antenna, to achieve maximum field enhancement f or critical coupling condition σ abs =

σ scat or Q rad = Q abs at which antenna absorption efficiency ( Q Q abs ) is maximum.
The antenna could be optimized by following either of one modeling methods discussed in previous sections, however in this thesis we follow cross section model to study the antenna and spectral sorting. The scattering cross section area and absorption cross section area gives more insight into the interaction area of antenna which leads to easy interpretation of spectral sorting. of detectors could be maximized even for small pixel dimension.

Numerical study of Single patch antenna

In this section, we first study the behavior of isolated patch antenna using finite difference time domain (FDTD) based software Lumerical FDTD. Perfectly matched layer (PML) boundary condition is used for study of an isolated patch antennas with different widths. Later we will discuss the periodic antenna array and its absorption properties. From the study of isolated patch antenna we can have an idea of the scattering and absorption cross section area and its effect on absorption characteristic of the antenna. The information could later be used to design spectral sorter. The readers are suggested to go thorough reference [START_REF] Capolino | Theory and phenomena of metamaterials[END_REF] for theory of FDTD method for electromagnetic simulations.
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We use CMOS compatible tungsten patch antenna with amorphous silicon (a-Si) spacer coated on tungsten ground plate. 

Antenna mutual coupling and its effect on absorption property

Two antennas or resonators positioned at different location can couple to each other [START_REF] Hermann | Waves and fields in optoelectronics[END_REF]. This spatial coupling of an antenna modify the absorption characteristics of an antenna depending on spatial separation and arrangement of the antennas. In this section, we study the effect of spatial separation and orientation of antenna arrangement on absorption property of an antenna. We further study the effect of antenna arrangement on absorption characteristics using two different antenna patch widths. 
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It can be seen that for small difference in patch width W , the absorption spectra is not affected by separation distance Sd for arrangement S2. While that for S3, spectral shift in absorption is observed when Sd is increased. Also broadening in spectral width is observed for shorter wavelength. For Sd : 1500nm the absorption shoulder at 8.8µm is still visible however it is not as distinct as for arrangement S2.

For higher W the spectra is not sensitive to the antenna arrangement as can be seen in figure 2.11 (d). It can be seen that it is advantageous to place the antennas with comparable dimensions diagonally rather than laterally since it minimize the coupling between the antennas even for smaller separation distance.

Spectral sorting and broadband absorption using patch antenna

In previous section, we study the individual patch antenna and its absorption properties. We found that for optimal spacer thickness the effective cross section area is much larger than its physical area. We also study the mutual coupling between the antennas. We found that it is advantageous to arrange the antennas with comparable dimensions diagonally to minimize the coupling and thus maximize the absorption of resonance wavelength. In this section we study the spectral sorting using the antennas with different patch width. We first study the absorption properties of limited number of antennas arranged to achieve spectral sorting at different spatial location. Later we study the absorption properties of periodic antenna array designed for multi spectral broadband absorption of incident wave.

Spectral Sorting using patch antenna array

We can take advantage of increased collection area of antenna and arrange them such that the collection area of individual antenna overlaps as described in section Since we use two patches of same width W 2 and W 4 the theoretical maximum is 0.5

for total absorption at resonance for these antennas. We see that the peak absorptions are much higher than that predicted by equation 1.5 at individual resonant wavelength of an antenna. This signifies the phenomenon of spectral sorting. To further confirm the sorting effect, the magnetic field maps were calculated at each resonant wavelength. As can be seen in figure 2.12 (c -e) the field is localized to the corresponding antenna when illuminated by its corresponding resonant wavelength. Using differently sized metal patch antenna we can therefore tailor multi spectral absorption with high efficiency. Moreover broadband absorption can be achieved using such antenna arrangement. For the practical applications we can use the periodic array of such antenna arrangement. In next section we will discuss the absorption properties of periodic array of antenna arrangement discussed in this section. We will also discuss the influence of various geometrical parameters in absorption properties.

Multi Spectral Absorption using periodic patch antenna array

In previous section, we studied the isolated antenna array to achieve spectral sorting.

Such array needs illumination spot size in micro meter range. However, for most of the practical applications the illumination spot size is much larger and could be approximated as plane wave excitation. Using periodic arrangement of antenna array described in previous section, the radiation pattern can be optimized to match plane wave excitation [START_REF] Tae | Radiation engineering of optical antennas for maximum field enhancement[END_REF]. It can be seen from the figure 2.15 that near perfect absorption could be achieved in multiple spectra for specific values of P l. However, with increase in P l the blue shift in absorption wavelength is observed for both antenna arrangements. The absorption tends to decrease when P l is higher than 3000nm. Moreover, for higher CHAPTER 2. NUMERICAL STUDY OF OPTICAL PATCH ANTENNAS FOR INFRARED SORTING 35 value of P l, the antenna array cease to work as multi spectral absorber. It is therefore, very important to choose the value of P l so that the antenna array still works as multi spectral absorber and has higher absorption efficiency. For 3CS the optimal value of P l is found to be 2000nm, while that for 4CS, 2250nm is calculated to be optimal value. As discussed in section 2.2.1, the spacer thickness determines the critical coupling of incidence wave to antenna and depends on the resonant wavelength of individual antennas in the array. However, from technological point of view, it is easier to fabricate the antennas with common spacer thickness. It is therefore necessary to find the optimal common thickness of spacer for all the antennas in the array. Using optimal values for local period, we now study the effect of a-Si thickness (h ins ) in antenna absorption. The other parameters h umet , and h gp were unchanged for the study. The absorption spectra of 3CS and 4CS using the optimal parameters are shown in figure 2.17. The local period P l, of 2000nm and 2250nm were used for 3CS and 4CS respectively, while a-Si spacer thickness of 350nm was used to calculate the absorption spectra. It can be seen in figure 2.17 (a) that the absorption spectrum for both TE and TM polarization is identical for 3CS. It is because the antenna array 3CS is invariant through the rotation of π 2 radians about z-axis and when illuminated under normal incidence, its behavior does not depends on the polarization of incidence light [START_REF] Fehrembach | Phenomenological theory of filtering by resonant dielectric gratings[END_REF]. While this is not the case for 4CS. It is therefore sensitive to the polarization of incident wave as can be seen in figure 2.17 (b). For shorter wavelengths the absorption spectra does not have distinct absorption peak unlike that for TM polarization. However, for longer wavelength of incidence wave, absorption is not sensitive to polarization as the absorption efficiency and wavelength of peak absorption is almost identical for both TE and TM polarization. We see that, using differently sized antennas in an array we can tailor near perfect absorption in multiple wavelengths. Following the Kirchhoff's law of thermal radiation, such array could also be used as multi spectral emitters. Such array could therefore have applications in bolometers, multi spectral thermal imaging, photovoltaic, environment sensing and other potential applications.

Angular response periodic patch antenna array

In previous section, we discuss the near perfect absorption using differently sized antennas in a periodic array. We used normal incidence of an incoming wave for an analysis. However, it is important that the absorption characteristic remains unchanged for different polar (θ) and azimuth (ϕ) angle of incidence. The polar and azimuth angles are defined as shown in figure 2.18 (a). In this section, we study angular response of differently sized antenna to various incidence angles. We use the optimal parameters for antennas 3CS and 4CS described in previous section for study. angles. The four resonant wavelengths appear to be independent to incidence angle for TM polarization. However, for TE polarization, as the polar incidence angle increases, spectral broadening of shorter wavelength is observed. For higher incidence angle θ > 40 o the absorption spectra of antennas resonating at shorter wavelengths overlaps as can be seen in figure 2. 19 (b). This makes the individual resonant absorption indistinguishable in spectral plot, instead we observe broadband absorption at those wavelength regions as can be seen in figure 2.19 (f).

For TM polarization of incident wave, the average absorption tends to decrease with increase in polar incidence angle. However, near perfect absorption could still be achieved for TE polarization even at higher incidence angles. It can be seen that for both cases: TE and TM, the resonance wavelength remains insensitive to both polar and azimuth incidence angle, for wide ranges of angular values. This indicates an omnidirectional behavior of antenna array.

Conclusion

In this section, we present the study of metallic patch antenna to achieve spectral sorting in different spatial location. We emphasized on the importance to effectively collect the incidence light and introduce the concept of absorption and scattering cross section area of an antenna. We point out the important parameters which plays crucial role for effective coupling of incident wave to antenna. We study an isolated patch antenna and array of patch antenna to achieve spectral sorting and high efficiency multi spectral absorption independent to incidence angles. We calculated the optimal antenna parameters to technologically realize such antenna array. In next chapter, we will discuss the fabrication and characterization of the antenna array discussed in this chapter.

Chapter 3

Fabrication and Characterization of optical patch antenna array

In chapter 2, patch antenna arrangement to achieve sorting were discussed. Optical Patch antenna is relatively simple and with differently sized antennas arranged to form an array, it was shown that multi spectral absorption could be tailored with high efficiency. Also it was shown that the incident wave with different energies could be localized in different spatial positions using such arrangement of antenna array. Use of patch antenna array is advantageous from technological point of view as it could be reproduced with high efficacy.

In this chapter, we will present the experimental results for differently sized patch antenna array to tailor multi spectral absorption. We will also present spectral response of an antenna array subjected to different issues and dimensional variation that could occur during fabrication process using numerical techniques.

Fabrication of optical patch antenna array

The antenna arrays 3CS with patch widths W 1 : 1600nm, W 2 : 1220nm,W 3 : to study their spectral response. In next section we will discuss the characterization of these fabricated antenna array and discuss the measured spectral response.

Characterization of antenna arrays

To characterize the spectral response of fabricated antenna array, the reflection between 7µm -14µm is measured using Fourier transform Infrared spectrometer (FTIR) from Bruker (IFS55). effect of dimensional variation on optical response could therefore facilitate the process variation. In this section, we will discuss the effect of dimensional variation on spectral response of the patch antenna array designed to achieve multi spectral absorption.

Variation in Patch size

In this section, we study the effect of patch size variation on spectral response of the periodic antenna array designed to achieve multi spectral absorption. The resonance wavelength of patch antenna varies linearly with patch width as given by relation 2.1. For the periodic array of differently sized antennas, variation in patch size could change the resonance wavelengths from desired values, given the core index does not changes.

We use the periodic antenna array 3CS, described in section 2. It can be seen that the wavelength of absorption peak (or resonance wavelength) of each antenna in array exhibits the common trend. As the antenna patch is gradually deformed from square into circle by increasing the radius of edge roundness, the wavelength at which antennas resonate blue shifts significantly.This blue shift of resonance wavelength on increasing the radius of roundness is attributed to the spread-out charge distribution on the edges and faces of metal interfaces [START_REF] Tv Raziman | Polarisation charges and scattering behaviour of realistically rounded plasmonic nanostructures[END_REF].It can be seen that the resonance wavelength blue shifts faster when scaling factor is higher (r > 0.5). Interestingly, in antenna array 3CS for specific scaling factors, overlap of resonance wavelength of two antennas in an array is observed as visible in figure 3.8 (a) for r ≥ 0.7. Therefore only two resonance absorption is observed for higher degree of edge roundness (r ≥ 0.7).Whereas for antenna array 4CS, when r > 0.7 absorption tends to decrease for longer wavelengths. It is shown that the edge roundness does affect the resonance of patch antenna and magnitude of absorption of resonant wavelengths. It is therefore important to consider this effect while modeling the multi spectral absorption using differently sized antenna array, to achieve better agreement with the experimental behavior.

Variation in antenna stack slope

Other non-idealities that could occur during fabrication process of patch antenna are non-vertical side faces of antenna stack. Due to the etching process of metal and a -Si, the side faces are generally slanted. The slope angle relative to surface normal of ground plate depends on the etching method, etching rate and chemical used.In this section we study the effect of slope angle in spectral response of an antenna array.
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For a patch antenna array we learned in previous sections that the antenna width determines the resonance wavelength. The ideal situation would be to be able to fabricate an antenna stack with same width of core material in both top metal patch interface and bottom ground plate interface. For simplicity, we would call the width of core material in the top metal patch interface, top width (W top ) and that in ground plate interface, bottom width (W bottom ). However, due to the non-idealities introduced by etching process, it is convenient to target either top width or bottom width of antenna stack to acquire the designed value. Many variations have to be considered to exactly model the effect of stack slope, for example the rounded edges and corners, different slope of top metal patch, index variation of core material has also to be included within the model to accurately match the experimental results.

However, the effect could be studied step by step starting with simple case and then introduce more non-idealities. We study the different cases to understand the effect of slope variations.

Target: Bottom width (W bottom )

First we consider the simple case where the bottom width is targeted to acquire designed width as shown in figure 3.9 (a). Figure 3.9 (a) shows the cross section of square patch in which shaded region is the materials that are etched during the process. The slope angle (θ) is considered relative to surface normal of ground plate at the edge of the patch as shown.
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W t = h ins tan(θ) (3.4) W m = (h ins + h umet )tan(θ) (3.5) 
λ θ=0 = 2n ef f W bottom (3.6)
For slope angle (θ = 0 o ), we assume resonance is determined by top width W top :

λ θ =0 = 2n ef f W top (3.7)
Where, n ef f and n ef f are the mode index of an antenna with vertical and slanted side faces respectively. Taking the ratio λ θ =0 to λ θ=0 and using relations 3. 

λ θ =0 λ θ=0 = n ef f n ef f 1 - 2h ins tan(θ) W bottom (3.8)
We see that the resonance of wavelength for antenna with slanted side face depends on two factors: the slope angle (θ) and the mode index ratio 

n ef f n ef f .
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It can therefore be said that the blue shift in absorption spectra as shown in figure 3.9 (b) and (c) is due to the decrease in top width of antenna stack when slope angle is increased. It can also be said that the resonance wavelength of an antenna is determined by the top patch width. To achieve better agreement in resonance condition between the numerical design and fabricated antenna array, one should therefore target the top width (W top )of antenna stack to acquire design value.

Target: Top width (W top )

We now study how the spectral response of patch antenna gets affected when the top width of antenna stack is targeted to acquire designed value. Figure 3.11 (a) shows the cross section of antenna stack in which the region shaded in green is the excess core material relative to the vertical side face. The region shade in red is the top metal which is etched during the process. We vary the stack slope angle (θ) relative to vertical side face as shown in figure 3.11 (a). The slope of excess core material and etched top metal patch is considered to have same value for the analysis.

For the given slope angle (θ), the bottom width (W bottom ) is larger and the top metal width(W t-metal )in superstrate-metal interface is smaller than the top width (W top )which are given by: Where W b and W m are dependent on slope angle: However, the absorption spectra red shifts slowly compared to blue shift due to decrease in top metal width discussed in previous section. From previous section we know that the top width of antenna stack determines the resonance wavelength.

W bottom = W top + 2 W b (3.9) W t-metal = W top -2 W m ( 3 
W b = h ins tan(θ) (3.11) W m = h umet tan(θ) (3.12)
The red shift in absorption spectra as seen in figure 3.11 (b) and (c) with fixed top width therefore should arise due to increase in effective index of the antenna array.

To validate this assumption, we follow the similar approach as in previous section to find the ratio of resonance wavelengths with slanted side face(θ = 0 o ) to that with vertical side face (θ = 0 o ):

λ θ =0 λ θ=0 = n ef f n ef f 1 - 2h ins tan(θ) W top + 2h ins tan(θ) (3.13)
Where n ef f and n ef f are the effective index of antenna array with and without slanted side faces respectively. Figure 3.12 shows the term inside bracket in right hand side of equation 3.13 and the ratio n ef f n ef f calculated for different antenna array with patch widths W top : 1200nm, 1300nm, 1400nm for various slope angles (θ) .

For fixed top width (W top ) it can be seen that the term in bracket in right hind side of equation 3.13 decreases with increase in slope angle (θ) as shown in figure 3.12 (a). Wtop+2h ins tan(θ) in equation 3.13 counteract each other and tries to keep the resonance wavelength at same position. However due to higher rate of change of ratio

n ef f n ef f compare to term 1-2h ins tan(θ)
Wtop+2h ins tan(θ) induce slight red shift of absorption spectra which is visible in figure 3.11 (b) and (c). Higher rate of change of ratio n ef f n ef f indicates that the mode index of antenna increases due to additional insulator material in the core compared to its vertical face antenna counterpart.

We can therefore allow the top width to be smaller than the designed value allowing slanted side faces of antenna stack to achieve better agreement between numerically calculated absorption spectra and that of fabricated antenna array. The new top width can be calculated using equation 3.13 knowing all other parameters. However, CHAPTER 3. FABRICATION AND CHARACTERIZATION OF OPTICAL PATCH ANTENNA ARRAY 61 finding new value of top width is non-trivial as the etching of material and thus the slope angles induced are purely dependent on process parameters. It can be seen that for fixed core slope of 20 o the wavelength of peak absorption does not changes significantly, when metal slope is increased to the value as large as 60 o . However for higher slope angle blue shift of absorption spectra is observed along with decrease in average absorption of the antenna array.This could be attributed to decrease in metal thickness at the edge of antenna patch as the metal slope increases. for calculating the ratio h umet humet . h umet is the metal thickness along the spatial position (x) for which the metal is etched away and has slanted face.

It can be seen that for higher slope angles, the metal thickness at the edges of antenna could be significantly less than the designed value. This could decrease the effective width of the patch which in turns results in blue shift of resonance wavelength of an antenna. Moreover, the lower thickness of the top metal edge for considerable width of top metal patch could induce the transparency for longer wavelength, broadening the spectral response, as is visible in figure 3.13 (b) for (θ m : 80 o ) . Interestingly, the absorption peaks do not vary significantly for the antenna array with core slope angle of 10 o compared to ideal antenna array. This indicates that even with larger portion of metal etched at the edges of top metal patch, slope of core material could be controlled to achieve accurate agreement between the designed and experimental resonance wavelengths.

Comparison of realistic antenna modeling and experimental result

As discussed in previous sections, the dimensional variation and variation in index of the material is expected while fabricating the designed antenna arrays. The designed dimensions for 3CS were, W 1 : 1600nm, W 2 : 1220nm,W 3 : 1400nm and that for 4CS were, W 1 : 1685nm, W 2 : 1240nm, W 3 : 1370nm and W 4 : 1150nm. While the a -Si spacer thickness (h ins )of 350nm, top metal patch thickness (h umet ) of 50nm and ground plate thickness (h gp ) of 200nm were designed for antenna arrays.

From the SEM images of the fabricated array, we find 1.25% increase in the top patch widths. While a -Si spacer thickness of 368nm, top metal thickness of 58nm and ground plate thickness of 105nm is determined. We also measured the total reflection from the antenna array 3CS using Bruker A 562-G with integrated sphere (see appendix C for schematic) and used A = 1 -R to find the absorption of an array. As can be seen in figure 3.16 (a) the absorption measured using integrated sphere has lower values than that measured using specular reflection from an array. The offset in the absorption as seen in figure 3.16 (a) is unusual. The experiment is repeated again, however each time the measurements showed the similar trend. Absorption calculated by measuring specular reflection is always higher than that calculated by measuring total reflection with integrated sphere.We assume the array is heated during the period of measurement. To check if there is any emission from the array, first we shine the infrared (2µm -14µm) light to the array without measuring the reflection. After, the source was blocked and the data was collected for 2µm-14µm. Assuming black body radiation (BBR) at 8µm from the array we numerically studied the absorption in antenna array. Figure 3.17 (a) shows the normalized black body radiation at 8µm along with 24% and 14% of the radiation. Incorporating, 24%

and 14% of the normalized radiation at 8µm with the computed absorption spectra using realistic model, we study how absorption would be affected. Figure 3.17 

Conclusion

In this chapter, we study the effect of dimensional variation of antenna stack array and analyzed the performance of the structure realized at CEA-Leti. We find that it is important to consider the slope and edge roundness of antenna stack to model antenna array more realistically. We find the spectral response of fabricated antenna array is in good agreement with the computed spectral response of realistic antenna model including the correction in slope of stack faces and refractive index of a -Sicore. We have experimentally shown that the differently sized antenna array could be used to achieve multi-spectral absorption with efficiency higher than 70%. However, the offset is observed in absorption calculated by measuring specular and total reflection from the antenna array. We assume, the offset is caused due to heating of antenna array which results in thermal emission from the array.

The temperature of antenna array could not be measured in real time during the reflection measurement; therefore our assumption of emission could not be validated by experimental methods. However, our numerical study shows that calculated and measured absorption fits when we incorporate black body radiation at 8µm.

Chapter 4

Sorting in Visible

Introduction

In visible imaging system, three different color filters mainly Red, Green, Blue (RGB) are arranged regularly in Bayer's pattern. The color filters are generally made with pigment based photo-resist [START_REF] Lee | Pigment-dispersed color resist with high resolution for advanced color filter application[END_REF]. In recent years, there has been various studies in metallic based color filters that could be integrated in CMOS imaging systems [START_REF] Palanchoke | Spectral filtering device in the visible and infrared ranges[END_REF][START_REF] Girard-Desprolet | Angular and polarization properties of cross-holes nanostructured metallic filters[END_REF][START_REF] Si | Reflective plasmonic color filters based on lithographically patterned silver nanorod arrays[END_REF][START_REF] Chen | High transmission and low color cross-talk plasmonic color filters using triangular-lattice hole arrays in aluminum films[END_REF][START_REF] Guo | Display device having plasmonic color filters and photovoltaic capabilities[END_REF]. However, as discussed in chapter 1, when the dimension of color pixel approaches the wavelength of light that has to be filtered, the optical performance decreases considerably.

The concept of compact single device to simultaneously generate three primary colors (red, green, blue) from white light has been proposed by [START_REF] Dammann | Color separation gratings[END_REF]. The compact device proposed by Dammann et al used the phase relief type grating to project primary colors in far field [START_REF] Dammann | Color separation gratings[END_REF]. In other study Knop et al [START_REF] Knop | Diffraction gratings for color filtering in the zero diffraction order[END_REF] propose binary phase gratings with deep rectangular grooves as transmission filter to project complementary colors, cyan, magenta and yellow in zero diffraction order. Recently, light splitting techniques using microscale plate like structure has been proposed [START_REF] Nishiwaki | Efficient colour splitters for high-pixel-density image sensors[END_REF]. Further more, photon sorter based on plasmonic structure has also been proposed [START_REF] Skauli | Plasmonic photon sorters for spectral and polarimetric imaging[END_REF] to increase optical performance of imaging pixels. However, 70

CHAPTER 4. SORTING IN VISIBLE

there exist limitation in the proposed solutions. For example, in the phase relief type grating and binary phase grating proposed in [START_REF] Dammann | Color separation gratings[END_REF][START_REF] Knop | Diffraction gratings for color filtering in the zero diffraction order[END_REF] , larger grating period has to be used for efficiently project white light to primary color in these structures.

Furthermore, the buffer layer between grating structure and detector has to be more than 10µm, resulting in bulky device. Even in the micorscale plate like structure proposed in [START_REF] Nishiwaki | Efficient colour splitters for high-pixel-density image sensors[END_REF] the buffer layer is atleast 5µm. The microscale plate structure used in [START_REF] Nishiwaki | Efficient colour splitters for high-pixel-density image sensors[END_REF] has aspect ratio (height of structure/width of structure) larger than 5, resulting in bulky device. In addition the angular tolerance of such devices is very small (±5 o ). The sorting structure base on SPP proposed in [START_REF] Skauli | Plasmonic photon sorters for spectral and polarimetric imaging[END_REF] requires higher number of gratings covering larger area. Since it is based on SPP, the device is angle sensitive. All of these proposed structures would cease to work with greater efficiency if the pixel size decreases below 1µm. As the pixel size continues to get smaller, different design methodologies has to be explored.

In previous chapters we discussed differently sized metallic patch antenna array to achieve sorting of infrared wave in different spatial location. Using such antenna array, we showed that the near perfect absorption could be achieved for multiple wavelengths. This could have different applications in multispectral and wideband infrared detections. Likewise, the sorting of visible light, mainly of the fundamental color lights red, blue and green could overcome the efficiency limit of traditional color filters used in color detection and imaging systems. In this chapter we will explore different ideas for sorting of visible light.

Metallic structures for sorting of visible light

We saw in previous chapters, that the metallic patch antenna can efficiently sort the incidence wavelengths in different spatial locations. In this section, we follow the similar approach to investigate if sorting could be achieved using Metal-Semiconductor-Metal (MSM) nanostructures. Here we test different design of MSM using RCWA method to study the sorting of visible light. is considered for the study. In MSM structure, silicon acts both as core and detector simultaneously. For ease we use nomenclature D1 and D2 for silicon in strip with width S1 and S2 respectively. In chapter 4 we find that tuning core thickness, maximum coupling of incidence light to the core of patch antenna could be achieved. To see if tuning the silicon core thickness could increase absorption in D1 higher than 50%, we varied the silicon thickness from 150nm-300nm for both stripes in an array. MSM layers with core thickness of 300nm for S1 : 45nm,S2 : 70nm,h met : 40nm, h buf f er : 10nm and P l : 150nm. Although, the absorption increases as the core thickness is increased, we find that the peak absorption in D1 does not get higher than 50%. for different core thickness. It can be seen that for strip with width S2 which absorbs the green spectrum of incidence wave, the losses in metallic layer decreases rapidly with increase in core thickness. However, for the strip width S1, the losses due to absorption in metallic layer changes slowly and fairly remain constant when core thickness is increased higher than 200nm. Because of its high absorption coefficient, the blue light is mostly absorbed in surface of silicon whereas the green light is absorbed in the bulk [START_REF] Palanchoke | Plasmonic effects in amorphous silicon thin film solar cells with metal back contacts[END_REF]. For higher core thickness, most of the light gets absorbed by silicon before it reaches bottom metal layer in MSM stack. It is because of this, for higher core thickness the top metal layer in the stack is responsible for loss arising due to absorption in metal. Therefore decrease in the total metallic loss could be observed for higher core thickness as viewed in figure 4.2 (c).

Metal-Semiconductor-Metal Array on transparent sub-

In addition to metallic losses arising in MSM stack, the transmission loss and reflection loss should also be considered to understand why the peak absorption in D1 limits to 50%. In figure 4.2 (d) the transmission and reflection spectra of MSM array for different core thickness is shown. Transmission dip in spectra could be seen around 570nm for all core thickness which corresponds to higher absorption of green light in D2, however such dip is not seen in blue region. For shorter wavelengths, it could be seen that the transmission loss ∼ 30% and reflection loss ∼ 20% are considerably higher compared to that in green spectra where transmission dip occurs for all the core thickness considered in the study.

From the study of different losses arising in MSM array, we can say that the transmission loss is more responsible to limit the absorption in D1 to 50%. While the metallic loss is inevitable in the stack, we have to find the way to reduce the reflection and transmission loss. At least redirect the transmitted light to array utilizing the reflector so that absorption could be increased in silicon core in MSM array.

In next section we will investigate the performance of MSM stack array with the reflector.

Metal-Semiconductor-Metal Array with reflector

In previous section we find that the transmission loss for shorter wavelength limits the absorption in silicon core in MSM stack. The light transmitted into substrate can however be reverted back to array utilizing reflector layer as shown in figure 4. 3 (a) where Aluminum layer of thickness h mirror : 100nm is used as a reflecting surface. The separation distance between reflector and MSM array is denoted as h cavity and will be called cavity length hereafter. For D2, it can be seen that the wavelength of peak absorption does not changes and peak value retains nearly same value as cavity length is increased. of MSM array, discussed in previous section, without using any reflector layer. The core thickness of h a-Si = 150nm is considered for both structures in comparison, while the cavity length of h cavity : 150nm was considered for structure utilizing reflector. It can be seen that using reflector layer, the peak absorption in D1 could be increased significantly. For this particular comparison, the peak absorption in D1 is increased by factor of 1.4 when reflector layer is used. It can also be noted that the absorption spectrum in D2 gets widen, while change in peak absorption value is almost negligible for the structure utilizing reflector layer.

We find that using reflecting layer the absorption in MSM core could be increased, however with additional metallic layer, we also increase the loss associated with absorption in the metal. It can be seen that the absorption in reflector is dominant in longer wavelengths (> 600nm). However, a glitch in the absorption curve around ∼ 450nm could be observed, which corresponds to ∼ 8% of total incident power for cavity length of 150nm. Even though the structures we presented for sorting visible light to efficiently detect fundamental colors are conceptually simple, the requirement of smaller dimensions and high aspect ratio of MSM stack might be for the moment technologically challenging. Furthermore, the detection of red light would be more challenging as a-Si:H has lower absorption coefficient in this spectra. This means thicker cores in MSM stack is required, which in turns only increases the aspect ratio of the stack. Metallic losses along with problem of charge extraction from detector, surface recombination of charge generated in silicon to metallic layer and other associated technological challenge thus limit the performance of spectral sorter discussed here.

It is therefore, necessary to investigate different design methodology without using metallic layers, to efficiently sort the visible light. In next sections, we will investigate the reflection property of silicon and study how simple two layer or multi-layer anti reflection structures could be utilized to achieve sorting of visible light.

Dielectric based structure for sorting of visible light

In this section we will investigate the dielectric based sorting structure for visible light. Using TMM we will study the antireflection behavior of simple one and two layer coating structure. We will use the information from reflection analysis to study the absorption efficiency of silicon when two antireflection structures are deposited periodically on top of silicon. Later we will apply effective medium theory of lamellar grating to the one of the coating layer to design grating based antireflection structure.

With grating based antireflection structure we then investigate the sorting of visible light.

80

CHAPTER 4. SORTING IN VISIBLE

Antireflection property of multilayer dielectric on Silicon

Silicon is widely used as the photo detecting material in visible imaging system [START_REF] Christian C Fesenmaier | Optical confinement methods for continued scaling of cmos image sensor pixels[END_REF][START_REF] Peter | Integrated color pixels in 0.18-< i> µ</i> m complementary metal oxide semiconductor technology[END_REF][START_REF] Peter | Optical efficiency of image sensor pixels[END_REF]. The color filters are generally used to separate white light into fundamental colors, red, green and blue colors. As discussed in previous chapters, the optical efficiency of filters deteriorates as the pixel size decreases. Furthermore as the pixel sizes in image sensor continues to shrink, more technological challenge to maintain higher optical efficiency, quantum efficiency of detector and the signal-to noise arises [START_REF] Peter | Optical efficiency of image sensor pixels[END_REF]. It is therefore necessary to find the alternative approaches to deal with such issues. In this section and next sections, we try to address and exploit the antireflection property of dielectric coatings on silicon which could be important to design sub-micron detectors with high optical efficiency and signal-to-noise ratio. However, the absorbed light is considerably wide band but not flat [START_REF] Palanchoke | Plasmonic effects in amorphous silicon thin film solar cells with metal back contacts[END_REF] because of its low absorption coefficient (α = 4πk λ )at longer wavelengths. Using dielectric layers on top of bulk silicon, selective antireflection or in other words selective absorption of specific wavelengths could be achieved. One such system using two layers of dielectric material is shown in figure 4. 7(a). In this study we will consider dielectric materials which are transparent at visible wavelengths. For simplicity first we will use constant value of refractive index without imaginary part for all the wavelengths in visible domain. and n IL : 2.0. The reflection dip at longer wavelength corresponds to primary anti-reflection, while the reflection dip at shorter wavelengths are first order antireflection.

We see that using two layers system and appropriately choosing the refractive indices and thickness of dielectric material we could tune the wavelengths at which antireflection occurs. However, in this study we focus that the layered system designed to anti reflect two or more different wavelengths should have same material in the first layer and same thickness for both first and second dielectric layers.

With these criteria, we can then arrange different layered structure on top of silicon in periodic manner. The unit cell of such arrangement is shown in figure 4.9(a), where the top layer for both systems has same material with refractive index defined as n gt and same thickness d 1 . The second layer for these systems has different materials with refractive index denoted by n IL-1 and n IL-2 but same thickness d 2 .

For this study, the layer structures which have reflection spectra shown in figure 4.8 and discussed previously are considered. The size of the layered structure arranged periodically were considered to have same sizes defined as P x which is visible in Using many different layers of different dielectric materials, the spectra could be made narrow band, however the normalized absorption would not be higher than 50%. We conclude here that using antireflection structure with homogenous layers only, the sorting of visible light could not be achieved even for sub-micron sized structures. However, we could exploit the effective medium theory of lamellar grating to replace the first homogenous layer in the structure with dielectric gratings. We will study in next sections how the grating structures could be in-cooperated to the antireflecting structures and simultaneously facilitate the sorting of visible light.

Grating based anti-reflection structure

Subwavelength gratings have been widely studied for the application in antireflective surface, polarization elements and homogenous birefringent materials [START_REF] Dale | Submicrometer periodicity gratings as artificial anisotropic dielectrics[END_REF][START_REF] Tyan | Design, fabrication, and characterization of form-birefringent multilayer polarizing beam splitter[END_REF][START_REF] Lalanne | Antireflection behavior of silicon subwavelength periodic structures for visible light[END_REF][START_REF] Kanamori | Broadband antireflection gratings fabricated upon silicon substrates[END_REF] using effective medium theory. In effective medium theory (EMT) the subwavelength grating with period smaller than half wavelength of incidence wave are treated as homogenous medium as shown in figure 4.10(a).

As shown in figure 4.10(a) the grating with subwavelength period P , and grating width W can be represented as a homogenous layer with effective refractive index n ef f . The effective refractive index of such grating can be estimated for TE polarization using second order EMT [START_REF] Sm Rytov | Electromagnetic properties of a finely stratified medium[END_REF] as: and grating material with refractive index 2.5. The refractive index of grating groove is considered to be 1.0 for the calculation. It can be seen that the effective index could be changed just by changing the width of the grating. Also, for the known refractive index of homogenous layer, corresponding grating parameters could therefore be calculated using effective medium theory. In this section we will apply the effective medium theory to the first dielectric layer used in multi layered antireflection system. For the two layers anti reflection system described in previous section, we replace the first dielectric layer with a grating structure as shown in figure 4.11 (a). The grating material and grating groove with refractive index 2.5 and 1.0 respectively are considered for the study. The grating height and thickness of homogenous second layer is both kept constant to 110nm as described in previous section, while the grating period of 250nm and grating width of 125nm is considered. Figure 4.11(b) shows the effective index of the grating calculated using effective medium theory. It can be seen that the index is higher for shorter wavelengths compared to homogenous layer with refractive index 2.1 that was considered in previous section. While for longer wavelengths the effective index of the grating is comparable to that of homogenous layer. This means the wavelength of antireflection at shorter wavelength red shifts for the structure with grating compared to layered structure with homogenous first layer. Also the grating period considered in this analysis is comparable to the half wavelength of blue and green light. The grating deposited on top of silicon respectively. The reflection spectrum is calculated using two different methods. First we use the TMM method, in which the grating layer is represented as the homogenous layer whose refractive index is calculated using effective medium theory. And secondly, we use RCWA method to study the effect of grating period on the reflection spectra at shorter wavelengths. For comparison the reflection spectra for the two layer system with homogenous first layer is also shown.

n (2) ef f = n (0) T E 2 + 1 3 P λ 2 π 2 f 2 (1 -f ) 2 n 2 g -n 2 0 1/2 (4.1) n (0) T E = (1 -f ) n 2 0 + f n 2
It can be seen that the reflection dip at shorter wavelengths red shifts when the grating is represented as homogenous layer with its calculated effective index, while that does not change for longer wavelengths. When the structure is studied more rigorously using RCWA method it can be seen that the reflection dip at longer wavelengths does not vary significantly, while at shorter wavelengths it red shifts significantly as can be viewed in figure 4.12 (a) and (b). It is interesting to see that the two reflection dips arises at 355nm and 420nm for the structure with grating first layer and homogenous second layer with refractive index 2.0. The reflection dip at 355nm matches that to the reflection dip corresponding to two layer system with homogenous layers with refractive index 2.1 and 2.0 as first and second layer respectively. We assume the red shift of reflection dip and the reflection dip at 420nm arises because of the reflection anomaly due to the grating.
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To check if this is the case, we replace the silicon substrate in our two layer system with homogenous material with constant refractive index 1.5 and calculated the reflection spectra of the new system. Since the new substrate has refractive index lower than the silicon, we expect the reflection maxima at the wavelengths where we observed reflection minima with silicon substrate.

The reflection spectra for new two layer system with grating on first layer and homogenous second layer with refractive indices 1.5 and 2.0is shown in figure 4.12 (c) and (d) respectively. For the reference, the reflection spectra of two layer systems with homogenous first layer are also shown (blue and green curves). The spectrum in blue represents the reflection of layered structure with homogenous first layer of refractive index 2.1, while that in green represents the reflection of layered structure in which EMT is applied to the grating.

Applying EMT to the grating, the reflection anomaly could not be observed. However, using more rigorous method (RCWA) for electromagnetic simulation such anomaly could be calculated for the layered system with gratings. An abrupt change in reflection could be observed at the wavelength of 420nm, for the layered system with grating first layer and homogenous second layer with refractive index 2.0 as visible in figure 4.12 (d). Such anomaly in reflection occurs when the guide mode is excited on the structure [START_REF] Popov | Theoretical study of the anomalies of coated dielectric gratings[END_REF][START_REF] Ildar F Salakhutdinov | Anomalous light reflection at the surface of a corrugated thin metal film[END_REF][START_REF] Pilozzi | Giant reflection band and anomalous negative transmission in a resonant dielectric grating slab: Application to a planar cavity[END_REF][START_REF] Popov | Diffraction anomalies of coated dielectric gratings in conical diffraction mounting[END_REF]. Similarly, the discontinuity in reflection spectra at the wavelength of 375nm could be observed for the system with grating first layer and homogenous second layer with refractive index 1.5 as visible in figure 4.12 (c). However, the strength of discrepancy in reflection spectra is relatively small. Comparing the reflection spectra of two layer system with grating first layer and different substrates, we can see that the reflection maxima corresponding to reflection anomaly of the system with low index substrate (n s = 1.5) coincide with reflection minima at 375nm and 420nm of system with silicon substrate. We can therefore say that the reflection dip at 375nm and 420nm for the system with silicon substrate arises because of reflection anomaly due to the grating.

In this section, we see that the sub wavelength grating could be incorporated in antireflection structure. We find that, for longer wavelength, the grating could be modeled as a homogenous layer. However more rigorous analysis should be considered to predict the reflection minima at shorter wavelengths as the grating period is comparable to the wavelength in this domain. In next section we will investigate how these antireflection structure with grating could be utilized to achieve sorting of visible light.

Grating assisted sorting of visible light

In section 6.2.2, we combined two different multi-layered structures periodically and study the absorption in silicon. We follow the similar approach in this section to is the phenomenon when the absorption in each detector is higher than 0.5 when it is normalized to total incident power in the unit cell. It can be seen that the absorption in Dt1 is below 0.5 even when the size is decreases down to 0.5µm.

While the absorption in Dt2 is higher than 0.5 at 420nm for detector size as large as 2.5µm. The absorption efficiency at 560nm in Dt2 remains near 0.5 even the size is increase from 0.5µm to 5µm. It is visible form figure 4.14 that using configuration C1, only the blue light could be detected with higher efficiency, meaning we could only sort the blue light while no sorting could be achieved for green light. remains lower than 0.5 for detector size as small as 1.0µm, however the absorption 94 CHAPTER 4. SORTING IN VISIBLE gets higher than 0.5 when detector size is decreased down to 0.5µm. For this size, the absorption efficiency is as high as 0.8 as can be viewed in figure 4. 15 (a). The absorption of blue light (420nm) in Dt1 for configuration C2 is much higher compared to that of configuration C1. It can be seen in figure 4. 15 (b), the absorption at 420nm is higher than 0.8 for the detector size of 0.5µm, while it remains higher than 0.5 for the detector size as large as 2.5µm. Moreover, the absorption in red also increases when detector size is decreased to 0.5µm as can be viewed in figure 4.15 (b).

From figure 4.14 and figure 4.15, we learned that the sorting of visible light with higher absorption efficiency is possible for submicron detector size using configuration C2 which has atleast one grating stub on top of second layer of each structure and one on top of junction of second layer. We assume the grating stub on top of the junction of homogenous second layer has a key role for sorting which results in high absorption efficiency at wavelength of 520nm and 420nm. We see from figure 4.15 and figure 4.16, that using simple two layer structure, we could achieve higher absorption efficiency for the detector size as small as 0.5µm.

We also find that for larger detector size, grating based layered system simply acts as antireflection structure with maximum absorption limited to 50% of the total power incident on the unit cell. Therefore, we conclude that these layered systems are most efficient when the detector size is less than 1µm. Such layered system can moreover be utilized to design the submicron color pixels which are difficult to achieve using conventional color filter technology. We can use the following simple steps to design submicron sized color detectors with high optical efficiency: 3. Periodically arrange antireflecting structure.

Constraint:

(a) One grating stub must lie on junction of two antireflection structure With the design guideline discussed previously, we investigate the three layer structure for sorting of visible light that could be used for color detection in imaging applications. Figure 4.17 We call the structure designed to antireflect green and red light as G2 and R1

respectively.

In section 6.2.3, we find that the sub wavelength grating structure could be modeled as homogenous layer with effective index determined by its period, width, and grating material and vice versa. We apply the effective medium theory to convert the first homogenous layer of the multilayer coating into the grating structure. The first homogenous layer of B1 and G1 is replaced by the periodic grating with period P g = 250nm and grating width W = 88nm. The thickness of this first layer is unchanged at d 1 : 60nm. Similarly the first homogenous layer of G2 and R1 is replaced by the grating with period P g = 250nm and grating width W = 125nm, while the grating thickness d 1 : 90nm is unchanged. For all cases, the grating material with refractive index 2.5 is considered. The grating groove is considered to be air in the study. wavelength of peak absorption it can be seen that the grating stub in the junction of second layer provides the channel to direct the incidence power at adjacent structure to Dt1 and Dt2. We find that using multilayered structure with grating; higher absorption efficiency in detector could be achieved at visible wavelengths. This could lead to development of submicron pixels for the imaging applications.

Conclusion

In this chapter, we studied the metallic and dielectric structures for sorting of visible light. Even though the metallic structures could sort the light, we found that the loss associated with metal is higher and limits the performance of the sorting structures.

We also studied the dielectric based antireflection coating for localize sorting of visible light. Beginning with simple antireflection coating we developed the concept to achieve sorting of visible light. We find that using grating as the first layer could help achieve the sorting of light which results in higher absorption efficiency of detectors. We study two layer and three layer system and showed that the absorption in detector could be much higher than 50% if the first grating layer is arranged in array such that one of the grating stubs lies in the junction of second homogenous layer. Using such structures, we show the possibility of designing optically efficient submicron pixels for imaging application.

Chapter 5 Conclusion

The pixel size continues to shrink as the demand for imaging system with high density imaging pixels increases. The shrinking of pixel dimension however deteriorates the optical efficiency and therefore impose the tradeoff between the performance and minimum achievable pixel size in the imaging system. As the pixel size continues to shrink and approach the dimensions comparable to the wavelength, the spectral separation techniques used in current generation imaging system should be revised and new design methodologies have to be explored. This dissertation explored different techniques that could be used to efficiently sort the band of different wavelengths in far-infrared (8µm -12µm)and visible (0.4µm-0.7µm) spectrum in different spatial locations.

First we review the phase relief gratings especially binary and multilevel phase grating (Dammann grating) to efficiently split the colored light to detect complementary and fundamental colors that could be used for imaging system. We found that these structures need gratings with high aspect ratio and larger buffer layer between detector and grating thus making imaging system bulky. This necessitated exploring different techniques to make imaging system more compact. We find the optical resonator system as a good candidate for this purpose as it has higher scattering and absorption cross section at resonance. We discussed the antenna fundamentals and antenna parameters for RF antenna which could also be applied to optical resonator system or optical antennas. We define the concept of spectral sorting based on normalized optical efficiency (N OE). For given number of pixels (N ) or detectors, we define the phenomenon of sorting if N OE of individual pixels, considering incidence power from all pixel domain, is greater than 1/N . We then numerically studied the optical patch antenna and found that arrangement of differently sized antenna could be utilized to efficiently sort the infrared light to different spatial locations. Using periodic array of such antenna arrangement we numerically and experimentally showed that the multi spectral and wide band absorption could be achieved with efficiency higher than 70%.

Finally, we analyzed the sorting of visible light. First we numerically investigated the Metal-Semiconductor-Metal (MSM) nanostructures in which semiconductor layer in the stack served as a detector. Depending on the width of MSM stripe the wavelength of absorption could be tuned to blue, green or red spectra of visible light.

Arranging two differently sized MSM stripes periodically, and calculating absorption in detectors for a unit cell, we found that the absorption higher than 50% could be achieved in individual detectors. This indicated that the sorting is possible using MSM structure in visible domain. However, we also found that the losses associated with metallic layers are also significant and inevitable. The requirement of smaller dimensions and metallic losses in MSM nanostructure is found to limit the achievable optical efficiency. This necessitated the investigation of dielectric based structure to achieve sorting and increasing optical efficiency of color detector.

To find the dielectric based sorting structure; we first investigated the antireflection property of multilayer dielectric coating on silicon. We then apply effective medium theory and replaced one of the homogenous layers in multilayer coating by subwavelength grating structure and showed that high optical efficiency could be achieved for visible detectors. We found that such structures are most efficient when the

µ - → H = ∇ × - → A (A.12) - → E = -∇ϕ -jω - → A (A.13)

A.2 Antenna Radiation Parameters

A.2.1 Radiation pattern

A Radiation pattern of an antenna is a spatial distribution of the radiation properties like radiation power density, radiation power intensity as a function of far field angles (θ, φ) at fixed radial location -→ r . For given antenna with largest dimension D the far field is defined as the region r ≥ (2D 2 ) λ where angular field distribution is independent of distance. Radiation power density is the most common quantity used to represent the radiation pattern. It characterizes the radiated power of an antenna. In frequency domain it is calculated using following relation:

-→ W = 1 2 Re - → E (θ, φ) × -→ H * (θ, φ) (A.14)
Where -→ E and -→ H * are electric field and complex conjugate of magnetic field respectively. The magnitude of -→ W represents the power radiated from an antenna per unit area in given direction. We can visualize the radiation pattern, by plotting

-→ W ( - → r )
as a function of elevation (θ) and azimuth angle (φ) for fixed r.

In Using B.2 it can be written as:

- → P = - ne 2 m(ω 2 + iγω) - → E (B.3)
Then electric displacement is given by:

- → D = - → P + 0 - → E = 0 (1 - ω 2 p ω 2 + iγω ) - → E (B.4)
Where, ω 2 p = ne 2 m 0 is the plasma frequency of free electron gas and 0 is the electric permittivity of free space. The dielectric function of a metal is then given by:

(ω) = (ω) + i (ω) = 1 - ω 2 p ω 2 + iγω (B.5)
The real and imaginary parts of dielectric function B.5 are:

(ω) = 1 - ω 2 p ω 2 + γ 2 and (ω) = ω 2 p γ ω 2 + γ 2 ω (B.6)
The metal behaves differently depending on the frequency of driving field [START_REF] Maier | Plasmonics: Fundamentals and Applications: Fundamentals and Applications[END_REF]. For ω γ, the metals are absorbing and field penetrates into metal. This effect is called skin effect. The characteristic depth of field penetration is called skin depth and is given by δ skin = 2ρ ωµ 0 , where ρ, µ 0 are resistivity and free space magnetic permeability respectively. When γ ω < ω p , the dielectric function is negative.

The refractive index is imaginary which means in this regime metals are highly reflective. In frequency regime ω > ω p > γ, the dielectric function is positive and the metal becomes transparent at this regime. The equation D.1 for calculating grating height still applies for period less than 2µm however for optimal diffraction efficiency optimization has to be done. Where L is the number of grating levels and q is the integer number. shows the efficiency of central diffraction orders as a function of incident wavelengths for normal incidence. It is calculated for three-level grating and TM polarization using rigorous coupled wave analysis. The grating period of 18µm is used for study.

The refractive index of n = 1.5 is used for grating and substrate. The incidence medium of air is considered. With q fixed to 2 in equation-D.3 to D.5, the groove height h k of 2100nm is calculated using equation-D.2 for designed wavelength of 550nm. It can be seen that the grating splits the white light into three color components blue, green and red into central diffraction orders of +1, 0, -1 respectively.

Using such grating, one can generate stripe of red, green and blue colors which could be used for color Liquid-crystal-spatial light modulator [START_REF] Layet | Stripe color separation with diffractive optics[END_REF], color imaging devices, wavelength division multiplexing [START_REF] Nishiwaki | Efficient colour splitters for high-pixel-density image sensors[END_REF] and other potential applications. TM illumination respectively. The groove height h k of 2100nm is considered for the study. For grating period higher than 20µm, the efficiency is quite stable, with highest efficiency (∼ 80%) achieved for light diffracted in zero order. For light diffracted in positive first order and negative first order, the maximum achievable efficiency using 3-level grating is 60%. However, for lower grating period, the diffraction efficiency could decreases to 40% as can be seen in figure D.7 (c). As shown in [START_REF] Nagayoshi | Design and evaluation of color separation grating using rigorous coupled wave analysis[END_REF], the efficiency can decrease to value as low as 10% for lower grating periods even with higher numbers of phase levels. Such grating can therefore be used for diffractive optic application which requires higher grating period.

We see that the two types of gratings, binary phase grating and multilevel phase grating, discussed in above sections could be used for efficient color separation to detect complementary color and fundamental color respectively for plane wave excitation. However, for binary phase grating, higher aspect ratio ( h f P ) is required for efficient color separation, if we use lower grating period. This could impose the technological challenge to build such grating structure. For color separation grating based on Dammann's method, the diffraction efficiency decreases as the grating period decreases. These gratings can therefore only be used for imaging system with larger pixel sizes (> 5µm).

Overall, the basic idea is to introduce phase delay to desired wavelength, which is diffracted into central diffraction order of the grating. This concept still applies if we use single grating ridge and shine that ridge with focused light using micro lens.

In case of single wavelength splitter similar to binary grating discussed above, the single grating ridge will introduce the phase delay (odd multiple of π) to incident wavelength which is then splitted into two components as it propagates toward detector. This concept has been applied by Seiji Nishiwaki et al to efficiently split colored light [START_REF] Nishiwaki | Efficient colour splitters for high-pixel-density image sensors[END_REF]. The color separation techniques utilizing binary phase grating, multilevel phase grating and single ridge with focused light separates the light efficiently given the right design. The color separation efficiency is highest for normal incidence; however there is a limit in incidence angle for which the colored light could be separated efficiently.

In figure D.9, we consider a single ridge of grating to calculate maximum acceptable incidence angle for efficient color separation, depending on ridge parameters. We consider the incidence and surrounding medium with refractive index n i and splitter index of n g . Within the small angle limit, we consider the light propagating from incidence medium to the splitter, which follows the Snell's law of refraction: 

θ imax = sin -1 n g n i (w/2) (d 2 + w 2 ⁄4) (D.8)
Equation D.8 gives the limit of maximum incidence angle which could split light efficiently within small angle approximation. The equation could be used to calculate the maximum acceptance incidence angle for the splitter which has sub-micron width. However for splitter with higher width the equation cannot be used to predict the acceptance angle. For the incidence angle larger than that predicted by equation D.8 the color separation equation given by equation D.1 does not strictly hold for designed wavelength and therefore light could not be splitted. For the binary grating with grating height 2880nm and grating width 400nm, the maximum angle of incidence that could split the blue light into positive first and negative first diffraction order is, 6 o . For the beam splitter with height 1200nm and width 280nm discussed in [START_REF] Nishiwaki | Efficient colour splitters for high-pixel-density image sensors[END_REF], the maximum incidence angle that can split blue light is ∼ 9 o which is in agreement with the results shown in [START_REF] Nishiwaki | Efficient colour splitters for high-pixel-density image sensors[END_REF]. Such kind of splitters can therefore be used only within small angle approximation, where splitter width is sub-micron in size. However, for practical imaging devices the acceptance angle should be as high as 30 o . Using splitter based on phase delay and phase grating, the requirement of higher acceptance angle could not be achieved. It is therefore To find the matrix formulation of multilayer structure, we relate the fields in leftand right-hand side of interface S and gradually move towards interface 1. At the interfaces, the tangential components of field should be continuous, therefore we can write at interface S: In above equations 2n 2 n 2 +n si and n 2 -n si n 2 +n si are the Fresnel coefficient of transmission and reflections for normal incidence. Representing these terms as t 2,S and r 2,S respectively and re-arranging the equations, we can find the matrix form to relate the fields in left-and right-hand side of interface S as:

E + 2S + E - 2S = E + S + E - S (E.
   E + 2S E - 2S    = 1 t 2,S    1 r 2,S r 2,S 1       E + S E - S    (E.5)
At interface 2, we can write: Where ϕ 2 = 2πd 2 n 2 λ is the phase difference between the wave in interface 2 and S.

E +
Substituting E.8 and E.9 in relations E.6 and E.7 and following similar procedure we used to find the relation between the fields at interface S, we get: Having calculated the reflection and transmission coefficient for multilayer system, the reflectance from the multilayer structure and transmittance to the substrate can then be calculated using relations: R = |r| 2 (E.18)
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 13 Schematic for top width target with different slope angle for core material and top metal patch (b) absorption as a function of wavelength of antenna array 3CS for various metal slopes(θ m : 40 o , 60 o , 80 o ) with fixed core slope (θ h : 20 o ) (c) metal thickness at the edge of antenna patch normalized to designed metal thickness (h umet )for various metal slopes (θ m : 20 o , 40 o , 60 o , 80 o ) . . . . . . . . . . . . . . . . . . . . . . . 3.14 Absorption as a function of wavelength of antenna array 3CS for various core slopes (θ h : 10 o , 20 o , 40 o ) with fixed metal slope (θ m : 70 o ) 3.15 (a) Cross section of antenna stack showing the slanted side faces of the stack, (b) Measured and computed absorption of 3CS with more realistic model including slant angles in faces of antenna stack, patch and stack dimension variation and a -Si refractive index error of -5% 3.16 (a) Measured, specular and total absorption and computed absorption spectra of 3CS with realistic model, (b) measurement from the antenna array when source is blocked . . . . . . . . . . . . . . . . . . 3.17 (a) Black body radiation (BBR) normalized to maximum radiation at 8m. 24% and 14% of normalized black body radiation is also shown. (b) Absorption spectrum fitted assuming black body radiation at 8m.
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 41111121 Figure 1.1: Pixel arrays (a) RGB Bayer's array in visible imaging system (reproduce from ref.[1] by Vladislav Jovan Jovanov), (b) bolometer pixel array in infrared imaging system
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 12 Figure 1.2: Trend of array format for different imaging technology for visible and infrared spectrum with respect to the complexity of silicon IC technology (taken from Ref. 2)

Figure 1 . 3 : 4 CHAPTER

 134 Figure 1.3: Incidence area considered for calculating NOE, (a) individual pixel (b) domain of two pixels
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 146 Figure 1.4: Reduction in pixel size
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 115 Figure 1.5: Spectral sorting of light incident on adjacent pixel to pixel of interest
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 10221 Figure 2.1: State of Art 1D MIM sorter (a)taken from [2] (b) taken from[START_REF] Le Perchec | Subwavelength optical absorber with an integrated photon sorter[END_REF] 
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 2 Figure 2.1 (a) shows the combination of two metal-insulator-metal (MIM) ribbons made with gold (Au) and ZnS. The metal strips of widths w 1 : 1.67µm and w 2 :

Figure 2 . 2 :

 22 Figure 2.2: (a) Patch antenna with metal ground plate, with insulator width W, and height h. top metal thickness greater than skin depth is considered for the analysis (b) equivalent circuit model of patch antenna
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 2 NUMERICAL STUDY OF OPTICAL PATCH ANTENNAS FOR INFRARED SORTING 15 area and absorption cross section area quantify the quality of interaction of antenna with incoming radiation.

Figure 2 . 3 :

 23 Figure 2.3: Schematic for modeling antenna with coupled mode theory
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 18224 Figure 2.4: Normalized cross section area of patch antenna resonating at 8.2µm

20 CHAPTER 2 .Figure 2 . 5 :

 20225 Figure 2.5: Two antennas with overlapped cross sections

Figure 2 .

 2 6 (a-b) shows the simulation domain, in which we vary the width (W ) of square patch antenna. The spacer thickness (h ins ) of 350nm, top metal patch thickness (h umet ) of 50nm and ground plate thickness (h gp ) of 200nm were considered for study. The refractive index of tungsten is adopted from Palik handbook of optical constants[START_REF] Edward | Handbook of optical constants of solids[END_REF], whereas the refractive index of 3.6 is used for a-Si. The antenna is illuminated with TM-polarized Total field scattered field (TFSF) source with illumination spot size of 4µm × 4µm. The fields scattered and absorbed by the antenna were recorded using scattered field monitor and absorption field monitor respectively. The absorption normalized to source power, wavelength of antenna resonance, scattering and absorption cross section area normalized to patch area are then calculated for different antenna width and is shown in figure2.6 (c-d). As can be seen in figure2.6(c ), that the resonance wavelength varies linearly with patch width as given by relation 2.1. Also the increase in absorption is observed as the patch width is increased.
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 2222262727242 Figure 2.6: (a) top view of simulation region (b) side view of simulation region (c) resonance wavelength and normalized absorption as a function of patch width (d) scattering cross section area and absorption cross section area normalized to patch area

Figure 2 . 8 :

 28 Figure 2.8: Absorption spectra of an antenna using optimal spacer thickness for given patch width (shown in inset). 4µm × 4µm illumination spot size is used for calculation.

CHAPTER 2 .Figure 2 . 9 :Figure 2 . 9 (

 22929 Figure 2.9: Patch antenna with patch width 1400nm arranged in different arrangement (a) single patch antenna at center (S1), (b) cross arrangement (S2), (c) plus arrangement (S3) with antenna-antenna separation distance Sd (d) absorption spectra of arrangement S1, S2 and S3

Figure 2 .

 2 9 (a) shows the single patch antenna while figure 2.9 (b-c) shows the cross arrangement and plus arrangement respectively with antenna-antenna separation distance Sd .For simplicity the arrangements are called S1, S2 and S3 respectively as shown in inset in figure2.9 (a-c).
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 22622102211 Figure 2.10: Absorption spectrum for different Sd (a) antenna arrangement S2 (b) antenna arrangement S3

Figure 2 . 2 .

 22 11 (a) and (b) respectively shows the arrangement S2 and S3, with central patch width W 1 and surrounding patch width W We first use W 1 : 1240nm and W 2 : 1150nm ( W : 90nm) to calculate the absorption spectra as shown in figure 2.11 (c). Later, we use W 1 : 1400nm and W 2 : 1200nm ( W : 200nm) and calculate the absorption spectra for S2 and S3 as shown in figure 2.11 (d). The solid line depicts the absorption spectra for S2, while dotted line shows the absorption for S3.
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 2 NUMERICAL STUDY OF OPTICAL PATCH ANTENNAS FOR INFRARED SORTING 29 2.2.1. One such arrangement is shown in figure 2.12 (a) where different antennas are arranged in square lattice with center to center distance denoted by P and individual patch width denoted by W 1, W 2, W 3, W 4 respectively.

Figure 2 .

 2 Figure 2.12 (b) shows the total absorption spectra for the antenna arrangement shown in figure 2.12 (a) with antenna width fixed to W 1 : 1600nm, W 2 = W 4 : 1220nm W 3 : 1400nm and P : 2000nm. We study the antenna array using Lumerical Solution. Total field scattered field (TFSF) source with illumination spot size of 5µm × 5µm and TM-polarization was used for study. The a-Si spacer thickness of 350nm was considered for the study. The metal thickness of 50nm and 200nmwere used for top tungsten patch and ground tungsten plate respectively. The absorption peaks at 8.5µm, 9.8µm and 11.5µm is observed, which are the resonant wavelengths of the antenna with patch width of 1220nm(W 2, W 4), 1400nm(W 3) and 1600nm(W 1) respectively. The red line in figure2.12 (b) shows the maximum absorption that can be achieved as predicted by equation 1.5 for each resonant wavelength if we use the filter arrays.

CHAPTER 2 .Figure 2 .Figure 2 . 32 CHAPTER 2 .

 222322 Figure 2.12: (a) patch antennas with different width arranged in square lattice with center to center distance P (b) absorption spectra of antenna array shown in (a) with W 1 : 1600nm W 2 = W 4 : 1220nm W 3 : 1400nm and P : 2000nm , magnetic field map corresponding to resonance wavelength of (c) W 2 and W 4(λ = 8.5µm), (d) W 3(λ = 9.8µm) and (e) W 1(λ = 11.5µm)

Figure 2 . 13 (

 213 b) shows the corresponding absorption spectra, where we can see the absorption at resonance are more than 0.25, indicating sorting effect.

Figure 2 .

 2 figure 2.13 (b). We see that the absorption spectra has a broadband characteristics in 7 -10µm with another absorption peak at 12µm.

Figure 2 .

 2 Figure 2.14: Unit cell of periodic antenna array considered for multi spectral absorption in 7 -14µm infrared range (a) three spectra, (b) four spectra

Figure 2 .Figure 2 . 16 :

 2216 Figure 2.15: Absorption as a function of local period P l (a) three spectra (b) four spectra.

Figure 2 .

 2 Figure 2.17: Absorption spectra for (a) 3CS (b) 4CS using optimal parameters

Figure 2 .

 2 Figure 2.18 (b) shows the absorption of antenna arrangement 3CS as a function of wavelength and polar incidence angle(θ) for azimuth angle ϕ = 0 o . The three resonant absorptions are clearly observed for incidence angle as large as 70 o . However, when incidence angle is further increased, slight blue shift in resonant wavelength is observed for shorter wavelengths, along with broadening of absorption spectra.

Figure 2 .

 2 Figure 2.18 (c) and (d) shows the absorption spectra for θ = 60 o and θ = 80 o respectively and azimuth angles ϕ = 0 o ,20 o ,40 o ,60 o ,80 o . It can be seen that the resonance wavelength is insensitive to azimuth angle as it is to polar incidence angle.

Figure 2 .

 2 Figure 2.19 (a) and (b) shows the absorption of antenna arrangement 4CS as a function of wavelength and polar incidence angle for azimuth angle ϕ = 0 o and TM and TE polarization of incident wave respectively.Figure 2.19 (c, d) and (e,

Figure 2 .Figure 2 .Figure 2 . 19 :Figure 2 .

 222192 Figure 2.18: (a) Representation of polar(θ) and azimuth (ϕ) angle of incidence, (b) Absorption of antenna arrangement 3CS as a function of wavelength and polar (θ) angle of incidence for an azimuth angle ϕ = 0 o , (c-d) Absorption spectra for various polar angles (c ) θ = 60 o (d) θ = 80 o and azimuth angles ϕ = 0 o , 20 o , 40 o , 60 o , 80 o

  1400nm and 4CS with W 1 : 1685nm, W 2 : 1240nm, W 3 : 1370nm and W 4 : CHAPTER 3. FABRICATION AND CHARACTERIZATION OF OPTICAL PATCH ANTENNA ARRAY 1150nm and a -Si spacer thickness (h ins )of 350nm, top metal patch thickness (h umet ) of 50nm and ground plate thickness (h gp ) of 200nm as described in chapter 2 have been fabricated in CEA-Leti platform in Grenoble. Because of confidentiality issue, the fabrication steps and process are not discussed in this thesis, however the fabrication steps is similar to the one shown in figure 3.1.
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 3143332 Figure 3.1: Basic fabrication Steps
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 34433334 Figure 3.3: Sketch of experimental setup used for characterization of antenna array

Figure 3 .Figure 3 . 5 : 46 CHAPTER 3 . 3 . 3

 33546333 Figure 3.5: Measured absorption spectra for different incidence angles: 20 o , 22 o and 25 o for TE and TM polarization, (a) 3CS, (b) 4CS

Figure 3 . 6 :

 36 Figure 3.6: (a) Unit cell of periodic antenna array 3CS ,(b) Conceptual diagram showing the patch size variation of individual patch antenna in periodic array 3CS ,(c) Absorption as a function of ∆ and wavelength for antenna array 3CS, (d) Absorption as function of wavelength for different ∆. The spectrum corresponds to the vertical cross cuts shown in (c).
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 323150337 Figure 3.7: (a) Individual structures which creates the rounded patch (b) Top view of rounded patch showing the center of cylindrical patch edge and its trajectory (c-d) top view of patch for different scaling factor r

Figure 3 .Figure 3 . 8 : 52 CHAPTER 3 .

 338523 Figure 3.8: Absorption as a function of scaling factor r and wavelength (a) for 3CS (c ) 4CS for TM polarization of incidence wave (e ) 4CS for TE polarization of incidence wave, Absorption as a function of wavelength for various scaling factor (r = 0, 0.5, and1)(b) for 3CS (d) 4CS for TM polarization of incidence wave (f) 4CS for TE polarization of incidence wave

Figure 3 .

 3 8 (b), (d) and (f) shows the absorption as a function of wavelength for various values of scaling factor (r = 0, 0.5, and1) corresponds to absorption maps shown in figure 3.8 (a), (c ) and (e ) respectively.

Figure 3 .

 3 Figure 3.9 (b) shows the absorption of antenna array with patch width W : 1400nm arranged periodically in square lattice with array period P : 2000nm for different slope angles (θ = 0 o , 10 o , 20 o). The a-Si core height (h ins ) and tungsten top metal thickness (h umet ) of 350nm and 50nm were considered respectively. It can be seen that the resonance wavelength blue shifts significantly along with in decrease in absorption when the slope angle is varied from 0 o -20 o . Similar trend can be seen for the antenna array 3CS as shown in figure3.9 (c) as the slope angle is varied. We assume this blue shift of resonance is due to decrease in top width (W top ) of antenna array as slope angle increases.
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 4563 FABRICATION AND CHARACTERIZATION OF OPTICAL PATCH ANTENNA ARRAY
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 33 Figure 3.10: (a) 1 -2h ins tan(θ) W bottom

Figure 3 .

 3 Figure 3.11: (a) Schematic for top width target (b) absorption as a function of wavelength of periodic antenna width patch width W : 1400nm and period P : 2000nm (c) absorption as a function of wavelength of antenna array 3CS for different slope angles

Figure 3 .

 3 Figure 3.11 (b) shows the absorption as a function of wavelength for an antenna array with patch width W : 1400nm arranged periodically in square lattice with array period P : 2000nm for different slope angles (θ = 0 o , 10 o , 20 o ). The a-Si core

60 CHAPTER 3 .Figure 3 .

 6033 Figure 3.12: (a) 1 -2h ins tan(θ)Wtop+2h ins tan(θ) and (b)n ef fn ef f as a function of slope angle (θ) for various patch widths (W : 1200nm, 1300, 1400nm)

3. 3 . 3 . 3

 333 Target: Top width(W top ), different angles for etched top metal and excess core materialIn the previous two cases, we targeted the top width (W top ) and bottom width (W bottom ) to acquire the designed value and introduce the slope for side faces of the antenna stack. In both cases the slope of top metal patch were considered to have same values as the slope of core material. However, the metal patch could have different slope angle compared to the slope of core material. In this section we consider different slope angles for core material and top metal patch of antenna stack while targeting the top width to acquire designed patch width.

Figure 3 .

 3 Figure 3.13 (a) shows the cross section of antenna patch, in which the region shaded in green is the excess core material relative to the vertical side face. The region shaded in red is the top metal which is etched during the process. We vary the core slope angle (θ h ) and metal slope angle (θ m ) relative to vertical side face as shown in figure 3.13 (a).Figure 3.13 (b) shows the absorption spectra as a function of

Figure 3 . 62 CHAPTER 3 Figure 3 . 13 :

 3623313 Figure 3.13: Schematic for top width target with different slope angle for core material and top metal patch (b) absorption as a function of wavelength of antenna array 3CS for various metal slopes(θ m : 40 o , 60 o , 80 o ) with fixed core slope (θ h : 20 o ) (c) metal thickness at the edge of antenna patch normalized to designed metal thickness (h umet )for various metal slopes (θ m : 20 o , 40 o , 60 o , 80 o )

Figure 3 .

 3 Figure 3.13 (c ) shows the metal thickness at the edge of antenna patch normalized to design metal thickness (h umet ) for various metal slope angles (θ m ) as a function of spatial position (x).The inset in figure 3.13 (c ) illustrate the parameters considered

Figure 3 . 14 :Figure 3 . 64 CHAPTER 3 .

 3143643 Figure 3.14: Absorption as a function of wavelength of antenna array 3CS for various core slopes (θ h : 10 o , 20 o , 40 o ) with fixed metal slope (θ m : 70 o )

Figure 3 .Figure 3 .

 33 Figure 3.15: (a) Cross section of antenna stack showing the slanted side faces of the stack, (b) Measured and computed absorption of 3CS with more realistic model including slant angles in faces of antenna stack, patch and stack dimension variation and a -Si refractive index error of -5%

Figure 3 . 66 CHAPTER 3 .

 3663 Figure 3.16: (a) Measured, specular and total absorption and computed absorption spectra of 3CS with realistic model, (b) measurement from the antenna array when source is blocked

Figure 3 .Figure 3 .

 33 Figure 3.16 (b) shows the measurement after the source was blocked. The measured data is normalized to reflection from gold mirror and therefore called reflection in figure 3.16 (b). The measurement in figure 3.16 (b) hardly provide any information on the emission from the array. It could therefore be considered as the noise margin of the detector. It would have been informative if the temperature of antenna array could be measured in real time when reflection measurement is carried out. However in our experiment it was not possible to measure the array temperature in real time.

68 CHAPTER 3 .

 683 (b) shows the measured (specular and total) absorption and calculated absorption incorporating the black body radiation. Using 24% of BBR the computed absorption fits with absorption calculated by measuring total reflection, while utilizing 14% of BBR the absorption fits with absorption calculated from specular reflection for TM polarized light as can be seen in figure3.17(b). Even though the calculations could not be validated with experimental methods, we assume the offset in measured absorption could be due to heating of an array. FABRICATION AND CHARACTERIZATION OF OPTICAL PATCH ANTENNA ARRAY

Figure 4 .

 4 Figure 4.1(a) shows one of the arrangements of differently sized MSM stripes used for the study. The MSM stripes with widths S1 and S2 are arranged periodically on SiO 2 substrate. We define the distance between edge of one strip to another as local period P l as shown in figure 4.1 (a). We use amorphous silicon (a-Si:H) as a semiconductor core with Silicon Nitride (SiN) of thickness h buf f er = 10nm as a buffer layer between core and Aluminum (Al) strips. The metal thickness of h met = 40nm

Figure 4 . 72 CHAPTER 4 .Figure 4 . 1 :

 472441 Figure 4.1 (b) shows the absorption in a-Si:H core as a function of wavelength and width S1, with S2 fixed to 70nm, core thickness to h (a-Si) = 150nm and local period to P l = 150nm . TM polarized plane wave is considered for the study. The absorption in D1 and D2 are normalized to the total power incident in unit cell. It can be seen that as the width of stripe S1 is increased the wavelength of absorption red shifts (350nm -500nm) following the equation 2.1, while the wavelength of absorption of stripe S2 remains constant at 570nm. It can also be noted that the

Figure 4 .

 4 Figure 4.1 (c) shows the absorption spectra for the MSM array with S1 : 45nm,S2 : 70nm indicated as D1 and D2 in blue and green curves respectively. Also shown are the total absorption of the MSM array (black curve) and absorptions in metallic layers of stripe with widths S1 and S2 indicated as M 1 and M 2 respectively.

Figure 4 . 2 :

 42 Figure 4.2: (a) Absorption in D1 and D2 as a function of wavelength for different core thickness, (b) Absorption as a function of wavelength for different MSM layers along with total absorption of MSM array with core thickness of 300nm and S1 : 45nm,S2 : 70nm ,h met : 40nm, h buf f er : 10nm and P l : 150nm, (c) Absorption in metal layers as a function of wavelength for different core thickness, (d) Total transmission and reflection spectrum of MSM array as a function of wavelength for various core thickness

Figure 4 . 74 CHAPTER 4 .

 4744 Figure 4.2 (a) shows the absorption as a function of wavelength in D1 and D2for different core thickness. It can be seen that the absorption increases as the

Figure 4 .

 4 2 (b) shows the absorption spectra for different

Figure 4 .

 4 Figure 4.2 (c) shows the total absorption on metallic layer of MSM layers in the array

Figure 4 . 76 CHAPTERFigure 4 . 3 :

 47643 Figure 4.3(b) shows the absorption in D1 and D2 as a function of wavelength and separation distance between reflector and MSM array for S1 : 45nm,S2 : 70nm,h met : 40nm, h buf f er : 10nm, h a-Si = 150nm and P l : 150nm. It can be seen that for lower value of h cavity the absorption in D1 is broad with no distinct absorption peaks. The absorption peak starts to appear for D1 as the cavity length increases. The cavity length determines the wavelength of light which is reflected back efficiently following the relation h cavity =

Figure 4 .

 4 3 (c) shows the absorption as a function of wavelength for different layer of MSM stack along with total absorption of the array for the cavity length of h cavity : 150nm. Also shown is the absorption loss associated with aluminum thin film used as reflector which is denoted as M ref in figure4.3(c). For appropriate cavity length, it can be seen that the absorption of blue spectra could be increased (> 50%)in D1.

Figure 4 . 4 :

 44 Figure 4.4: Comparison of absorption in silicon layer in MSM array with and without reflector

Figure 4 .Figure 4 . 5 :

 445 Figure 4.5: (a) Absorption in metal layers as a function of wavelength for different cavity lengths, (b) Comparison of absorption in metal layers of MSM array with and without reflecting surface. The dimensions considered for MSM array are: S1 : 45nm,S2 : 70nm,h met : 40nm, h buf f er : 10nm, h a-Si = 150nm and P l : 150nm

Figure 4 .

 4 5(b) shows the comparison of absorption in metallic layer of MSM stack with and without using reflector layer. It can be seen that the absorption increases significantly for MSM stack with width S2, while that for stack with width S1 the increment is significant only around ∼ 300nm -350nm.Weather we use reflector layer or not, the absorption in metal used in different layer of MSM stack to sort visible light is inevitable.

Figure 4 . 6 :

 46 Figure 4.6: (a) Reflection as a function of wavelength of bulk silicon, (b) Real and imaginary part of refractive index of silicon as a function of wavelength

Figure 4 . 7 : 82 CHAPTER 4 .

 47824 Figure 4.7: (a) Two layer dielectric structure on top of Silicon, with individual thickness of 110nm, Reflection as a function of wavelengths and refractive index of top layer (n gt ) with index of second layer (b) n IL = 1.5 and (c) n IL = 2.0

Figure 4 . 8 :

 48 Figure 4.8: Reflection of two layer system with index of first layer n gt 2.1 and different indices for second layer

figure 4 .Figure 4 . 9 :

 449 figure 4.9(a). We define the silicon below the layer structure with indices n gt and n IL-1 as Dt1 and that below the layer structure with indices n gt and n IL-2 as Dt2 for convenience.

g 1 / 2 ( 4 .2) 86 CHAPTER 4 .Figure 4 .

 1248644 Figure 4.10: (a) Homogenization of grating with subwavelength period. The effective index of homogenous layer is calculated using effective medium theory. (b) Effective index as a function of wavelength for different grating widths with grating refractive index of 2.5 and period 250nm

Figure 4 .

 4 Figure 4.10(b) shows the effective index as a function of wavelength when the grating width W is varied from 50nm-200nm in step of 25nm for grating with period 250nm

Figure 4 .

 4 Figure 4.11: (a) Two layer system with grating as first layer, (b) effective refractive index of the grating layer calculated using effective medium theory.

88CHAPTER 4 .

 4 SORTING IN VISIBLEcould therefore induce the reflection anomaly which could change the reflection minima of the system.

Figure 4 .

 4 Figure 4.12 (a) and (b) shows the reflection spectra of the two layer system with grating on first layer and homogenous second layer with refractive indices 1.5 and 2.0

Figure 4 . 12 :

 412 Figure 4.12: Comparison of reflection spectra for two layer system with homogenous first layer and grating first layer calculated using TMM model and RCWA method with homogenous second layer (a)n IL = 1.5 and (b) n IL = 2.0 deposited on silicon, (c) n IL = 1.5 and (d) n IL = 2.0deposited on homogenous material with refractive index 1.5

Figure 4 . 13 :

 413 Figure 4.13: Different configuration of grating based antireflection structures (a) with grating stub on top of second layer of each antireflection structure (b) with atleast one grating stub on top of second layer of each structure and one on top of junction of second layer

Figure 4 . 14 :Figure 4 . 15 :

 414415 Figure 4.14: Absorption as a function of wavelength for different structure sizes (P x : 0.5µm -5µm) in the silicon under(a) n IL-1 : 1.5 and (b) n IL-2 : 2.0 for configuration C1

Figure- 4 .Figure 4 . 16 :

 4416 Figure-4.16 (a) and (b) shows the electromagnetic power dissipation in the silicon at 520nm and 420nm respectively for the configuration C2 calculated using COMSOL RF module. It also shows the power flow time average in the unit cell. The detector size of 0.5µm is used for the calculation. It can be seen from figure 4.16 (a) that the grating stub on top of the junction of homogenous second layer directs the portion of incidence power at adjacent structure to silicon under n IL-1 at the wavelength of peak absorption of Dt1(λ : 520nm). Similarly, at 420nm, the grating stub on top of junction directs the portion of power incident at adjacent structure to silicon (Dt2) under n IL-2 as can be viewed from figure 4.16 (b). This can be viewed as an increase in absorption cross section area of silicon detectors Dt1 and Dt2 facilitated by grating stub on top of the junction of second layer.

1 . 96 CHAPTER 4 .

 1964 Design multilayer antireflection coating for Blue and Green or Green and Red colors. Constraints: SORTING IN VISIBLE (a) Same thickness for each layers (b) Same material for top layer 2. Apply effective medium theory to translate top homogenous layer to grating structure. Such grating has same period and grating width for both antireflecting structures (Blue and Green or Green and Red).

  (a) shows the three layer structure on top of silicon, considered for the study. The thickness and refractive index of first, second and third layer coating is denoted as d 1 and n 1 , d 2 and n 2 , d 3 and n 3 , respectively. First, we find the refractive index and thickness of each layers which could selectively antireflects blue and green light. The thickness of first, second and third layer coating is determined to be d 1 : 60nm, d 2 : 100nm and d 3 : 50nm respectively. The first and third homogenous layers of the structure antireflecting at blue and green light has same refractive index value of n 1 : 2.1 and n 3 : 1.5 respectively. Whereas the second layer of the structure designed to antireflect the blue light has refractive index value of n 2 : 1.5 and that for green light has refractive index value of n 2 : 2.0.

Figure 4 .

 4 17 (b) shows the reflection as a function of wavelength of the multilayer structure designed to antireflect blue and green light. For convenience, the layered system designed to antireflect blue and green light with these parameters will be called as B1 and G1 respectively.

Figure 4 .

 4 Figure 4.17: (a) Three layer structure for selective antireflection of light, in which the thickness and index of first, second and third layer is denoted as d 1 and n 1 , d 2 and n 2 , d 3 and n 3 , respectively (b) Reflection as a function of wavelength of the three layer antireflection structure designed for blue-green light, with d 1 : 60nm, d 2 : 100nm and d 3 : 50nm and n 1 : 2.1, n 2 : 1.5 for blue, n 2 : 2.0 for green light and n 3 : 1.5 (c) Reflection as a function of wavelength of the three layer antireflection structure designed for green-red light, with d 1 : 90nm, d 2 : 100nm and d 3 : 50nm and n 1 : 2.1, n 2 : 1.5 for green, n 2 : 2.0 for red light and n 3 : 1.5

Figure 4 .

 4 17 (c) shows the reflection spectra of the multilayer structure designed to antireflect green and red light. Both structures have the same material with refractive index n 1 : 2.1 and n 3 : 1.5 in first and third layer respectively. Whereas the second layer of the structure designed to antireflect the green and red light has refractive index value 98 CHAPTER 4. SORTING IN VISIBLE of n 2 : 1.5 and n 2 : 2.0 respectively. The thickness of first, second and third layer coating is determined to be d 1 : 90nm, d 2 : 100nm and d 3 : 50nm respectively.

Figure 4 .

 4 Figure 4.18 (a) shows the unit cell of B1 and G1 arranged periodically, with one grating stub on the junction of second layer. The second layer of B1 and G1 are represented as n 21 and n 22 respectively for convenience. The silicon used in B1 and G1 are represented as Dt1 and Dt2 as can be viewed from figure 4.18 (a). The size of P x : 0.5µm is considered for individual structure in the study.

Figure 4 .

 4 Figure 4.18 (b) shows the absorption in Dt1 and Dt2 as a function of incidencewavelength. It can be seen that the absorption peak in detectors Dt1 and Dt2 is higher than 50% (or0.5) at 480nm and 540nm which corresponds to the reflection minima of B1 and G1 respectively. The absorption is normalized to the total power incident on a unit cell.

Figure 4 .Figure 4 .CHAPTER 4 Figure 4 .

 4444 Figure 4.18 (c) and (d) shows the electromagnetic power dissipation along with time averaged power flow in the structure at 480nm and 540nm respectively. At

Figure 4 .

 4 Figure 4.19(b) shows the absorption in Dt1 and Dt2 as a function of incidence wavelength. It can be seen that the absorption peak in detectors Dt1 and Dt2 is higher than 50% (or0.5) at 540nm and 620nm which corresponds to the reflection minima of G2 and R1 respectively.

Figure 4 .

 4 Figure 4.19 (c) and (d) shows the electromagnetic power dissipation along with time averaged power flow in the structure at 540nm and 620nm respectively. At

Figure A. 3

 3 we can see some examples of antenna radiation patterns. Radiation pattern in figure A.3 (a) is an omnidirectional one in which the radiated field is constant in azimuth angles(φ). It can also be directional as shown in figure A.3 (b) in which the radiated field is concentrated in some directions. 116 APPENDIX B. DIELECTRIC PROPERTIES OF METAL: DRUDE MODEL The displaced electron in response to driving field induces a dipole leading to macroscopic polarization -→ P = -nex, where n is the number of electrons per unit volume.

Figure D. 3 :

 3 Figure D.3: Diffraction angle of first order diffracted light as a function of grating period

  Figure D.4(a) shows the diffraction efficiency of grating (G1) with period (P ) 800nm, and grating height (h) of 2884nm. For these grating parameters the blue light is diffracted into positive first order and negative first order with angle of 23 o , while yellow light is transmitted in zero order normally.

  Figure D.4(b) shows the diffraction efficiency of grating (G2) with period 1000nm and grating height of 3522nm. The green light is diffracted into positive first order and negative first order with angle of 22 o , while magenta light is transmitted in zero order. Similarly figure D.4(c) shows the diffraction efficiency for grating (G3) with period 1200nm and grating height of 4374nm.order, green (G) into zero order and blue (B) into positive first order, the phases corresponding to R, G, B should satisfy:

  Figure D.7 (a)

Figure D. 7 :

 7 Figure D.7: (a) Diffraction efficiency as a function of wavelength for central diffraction orders,-1, 0, and +1. Diffraction efficiency as a function of grating period, (b) TE illumination (c) TM illumination.

Figure D. 7 (

 7 Figure D.7(b) and (c) shows the maximum diffraction efficiency achievable for central diffraction orders for 3-level grating as a function of grating period for TE and

Figure D. 8

 8 Figure D.8 shows the principle used by Seiji Nishiwaki et al to split the specific wavelengths by using single grating ridge. The micro lens collects the ambient light and focuses on the top of beam splitter.Figure D.8 (a) shows the single ridge used

  Figure D.8 (a) shows the single ridge used to split single wavelength (λ 1 ), where the height of splitter d, introduces the phase shift (δ) of π (or odd multiple of π). The designed phase shift is experienced by this wavelength propagating through the splitter and through the surrounding volume 128 APPENDIX D. REVIEW: FAR FIELD SPECTRAL SORTING of the splitter. It is therefore splitted into positive first and negative first order,whereas other wavelengths (white-λ 1 ) are transmitted into zero order. Using only two such grating ridge which splits blue and red light into first order, Seiji Nishiwaki et al was able to obtain Red, Green, Blue colors using specific color combination described in[START_REF] Nishiwaki | Efficient colour splitters for high-pixel-density image sensors[END_REF].

Figure D. 8 :

 8 Figure D.8: (a) Single wave splitter (b) multiple wave splitter

nFigure D. 9 :

 9 Figure D.9: Maximum incidence angle for efficient color separation

thickness d 1

 1 and d 2 with refractive index n 1 and n 2 respectively on top of semiinfinite substrate with refractive index n s as shown in figure E.1. We consider the TE polarized coherent light propagation to z-axis. At the interface, the fields in leftand right-hand side are related by Fresnel's coefficient, while the field in right-hand side of each layer experiences the phase shift relative to field in left-hand side, due to propagation through the film. We can therefore relate the electric field E + 01 and E - 01 as shown in figure E.1 to electric fields E + s and E - s . The total reflection from the multilayer can then be evaluated using

10 ) 11 )Where ϕ 1 = 2πd 1 n 1 λ 1 P 1 I 1 , 2 P 2 I 2

 101111111222 Separating matrix coefficients for interface and thin film, equation E.10 can also be written as:Similarly for interface 1, the matrix form relating the fields can be derived as: is the phase difference induced due to film thickness d 1 . Using relations E.12, E.11 and E.5, the fields E +s and E - s can be related to E + 01 and E - 01 as:We define system transfer matrix M 0,S as:M 0,S = I 0,1 P 1 I 1,2 P 2 I 2,S = can be generalized for multiple layer system with N different layers of thin film and N+1 interface as: 0,1 P 1 I 1,2 P 2 I 2,S . . . P N I N,N +1 system transfer matrix, we can calculate the reflection and transmission coefficients as:

  

  

  

  

  

  

  

  The wave amplitude s + is normalized such that |s + | 2 represents the power carried by incidence wave where as |a| 2 represents the energy stored in resonator cavity. For the incidence wave with frequency ω, the response can be find from 2.10 as:
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	-(	1 τ abs	+	1 τ rad	)a +	2A e /A inc τ rad	s +	(2.10)

When the slope angle is introduced, the top width (W top ) and top metal width (W t-metal ) at superstrate-metal interface are smaller than bottom width (W bottom ).

These widths can be calculated as:

Where W t and W m are dependent on slope angle: 104 CHAPTER 5. CONCLUSION detector size is less than 1µm, enabling to shrink the pixel size comparable to wavelength. The comprehensive design strategy is derived that could be used as design guideline to achieve sorting of visible light. Using those guidelines, we then studied a three layer dielectric structure to achieve sorting of blue green and red colored light. We showed that even for pixel size as less as 0.5µm high optical efficiency could be achieved.

With the miniaturization of thermal and visible imaging system, different methodologies to achieve higher optical efficiency have been continuously studied. The spectral sorting devices discussed in this dissertation have several immediate paths to the application and improvements. The optical patch antenna based sorting structure could be integrated to bolometers. This could lead to new developments in the field of thermal imaging system and CMOS compatible micro bolometer. The investigation made on dielectric structure provides an understanding of how the grating based antireflection coating could be utilized to achieve sorting of visible light and high optical efficiency in submicron sized pixels. However, the technological issues of efficient charge extraction from such small pixel have yet to be resolved.

In the near future, we are convinced that these investigations will lead to optical and technological research dedicated to very high density pixel imaging system in visible domain.

Appendix A Antenna Fundamentals

Antenna is a transducer which confines the electromagnetic wave propagating in free space into small volume and converts to electrical signal and vice versa. In transmission mode, it converts the applied electrical signal into a propagating electromagnetic wave, whereas in receiving mode an antenna converts the electromagnetic wave into an electrical signal. The antenna theory has been successfully developed and applied for radio frequency (RF) spectrum; however the theory can also be used to understand the basic characteristics of optical antenna system.

In this chapter, we review the basics of antenna theory and key antenna parameters that are required to define the antenna characteristics. We will briefly review different types of antenna systems that are commonly used.

A.1 Antenna and Electromagnetic Radiation

The electromagnetic radiation is created by the system of charged particles, when the electric dipole moment or magnetic dipole moment is varied with time. For example, two charge particles separated by distance l with individual charges +q and -q that oscillates as q = q 0 cosωt (for which the corresponding dipole moment oscillates as 

With constitutive relationship: Using above sets of equation, we can find the wave equation for the electromagnetic wave propagating in source free environment as:

Where κ = ω c is the wave number and c = 1 √ µ is the speed of electromagnetic wave radiated from antenna. However, the common approach is to use the magnetic vector potential -→ A and electric scalar potential ϕ which satisfies the wave equations [START_REF] Balanis | Antenna theory: analysis and design[END_REF]:

And using Lorenz condition

The wave equation can be written simply as: 

The radiated fields -→ E and -→ H can then be computed using following relations: 

A.2.2 Antenna Directivity

Radiation power density -→ W can be normalized such that it represents the power per unit solid angle. This quantity is called radiation intensity and is given by:

The ratio of maximum radiation intensity of given antenna to radiation intensity of an isotropic antenna gives another important antenna parameter called directivity D(θ, φ). Isotropic antenna is an ideal antenna which radiates power equally in all direction for which radiation intensity is given by:

Using equation A.15 and A.16, directivity of an antenna can be calculated as:

Antenna Gain

Antenna gain is another important parameter which describes how efficiently the power fed into an antenna is radiated. For a given antenna it relates directivity and antenna efficiency as given in equation A. [START_REF] Le Perchec | Plasmon-based photosensors comprising a very thin semiconducting region[END_REF]. Antenna gain is basically the power radiated by an antenna relative to isotropic antenna which radiates all input power.

Here e t is the total antenna efficiency. It is the measure of how much input power is radiated in form of electromagnetic wave.

In equation A.19 R rad is the radiation resistance and R ohm is the Ohmic resistance of an antenna which can be expressed as:

Where I is the current fed in an antenna. All the antenna parameters discussed in previous sections are based on transmitting antenna, however because of reciprocity theorem; it also applies to receiving antennas. For example, the radiation pattern of a reciprocal antenna is identical to its reception pattern. In short, the reciprocity theorem for antenna implies that the response will be the same if we interchange the roles of transmitter and receiver antenna. Because of this reciprocity, we can predict the behavior of receiving antenna, with the information of its radiation characteristics when operated in transmitting mode. collection area is introduced to get an idea of how much power is collected by a receiving antenna. It is defined as the ratio of power absorbed by a receiving antenna to power density of the incident electromagnetic wave:

A.2.4 Friis transmission equation and antenna aperture

Consider the antenna system shown in figure A.4, in which transmitting and receiving antennas are separated by distance R. P t , G t , A t are the transmitted power, transmit gain and transmit aperture of a transmitting antenna, then the radiated power density at receiving antenna due to transmitting antenna is:

If A r is the effective collection area from which the incident power is captured by receiving antenna then the received power is given by:

Rearranging equation A.24, we get

If we interchange the role of transmitting and receiving antennas, then from reciprocity theorem we can say that the received power will be the same:

Rearranging equation A.26, we get

This gives the relation between the gain and effective absorption area of an antenna as:

Since we have considered arbitrary antennas for transmitter and receiver, and do not specify the type of antenna used for the analysis, the relation in equation A. [START_REF] Wang | Perfect selective metamaterial solar absorbers[END_REF] should hold for any kind of antenna. This means for any given antenna:

To find this constant, we consider an infinitesimal dipole antenna whose gain and aperture is already known to have values of 1.5 and 3λ 2 8π respectively. Then the constant in equation A.29 can be calculated:

APPENDIX A. ANTENNA FUNDAMENTALS Therefore the effective absorption area or aperture of any antenna can have maximum value of:

We can see that the aperture of given antenna is solely depends on gain of an antenna. From equation A.18 we see that gain is dependent on the directivity and total efficiency of an antenna. Therefore we can say that an antenna has maximum collection area if the radiation pattern or directivity of a receiving antenna is matched with that of incident wave or transmitting antenna.

A.2.5 Antenna Bandwidth and Quality factor

Antenna is designed to transmit or receive over specific wavelengths. The range of frequencies or wavelengths over which antenna works well to some specified standard like gain, efficiency, beam width is known as antenna bandwidth. If f max and f min are the maximum and minimum frequencies of operation for given antenna; bandwidth of an antenna is expressed as [START_REF] Balanis | Antenna theory: analysis and design[END_REF][START_REF] Arthur | Impedance, bandwidth, and q of antennas. Antennas and Propagation[END_REF][START_REF] Jen | Physical limitations of omni-directional antennas[END_REF]:

The quality factor (Q) of an antenna is another parameter to quantify the bandwidth of an antenna [START_REF] Arthur | Impedance, bandwidth, and q of antennas. Antennas and Propagation[END_REF][START_REF] Jen | Physical limitations of omni-directional antennas[END_REF][START_REF] David | Simple approximate formulas for input resistance, bandwidth, and efficiency of a resonant rectangular patch[END_REF], which is inverse of BW given in equation A.32:

Appendix B Dielectric Properties of Metal:

Drude model

Optical properties of a metal can be described using plasma model. Electrons are treated as quasi free particles of which equation of motion subjected to electric field -→ E is given by:

Where, m, γ and e are the effective mass, the collision frequency of free electron gas and electron charge respectively. Electron-electron interaction, inter band transition and lattice potentials are not considered in this model. For time harmonic field oscillating at angular frequency ω, E(t) = E 0 e -iωt the solution for equation of motion B.1 is given by x(t) = x 0 e -iωt , where x 0 is complex amplitude. Incorporating the phase shifts between driving field and response to applied field, the solution to B.1 can be written as:

Appendix C

Expiremental Setup-Total Reflection 

Where ϕ is either 0 (for 0 or 2π phase difference) or 1 2 (for π phase difference), and p is an integer.With ϕ = 1 2 , p = 1, and choosing λ 1 = 450nm, grating height of 1350nm is calculated using above equations.Wavelength dependent diffraction efficiency for normal incidence is then calculated for grating period of 10µm with filling factor f of 0.5. It can be seen that using binary grating which split blue light into first diffraction order, we get yellow( white minus blue) in zero order diffraction. Utilizing three different binary gratings which could split blue, green and red light into first diffraction order, we can achieve multicolor scheme of complementary colors cyan (white minus red), magenta (white minus green) and yellow (white minus blue) in zero order diffraction of the grating. However for larger grating period (P > 5µm) the angle for first order diffraction is less than 5 o as can be seen in figure D.3 .This sets the condition to have thicker buffer layer (> 50µm) between grating and detector.

For the grating period less than 2µm, the diffraction angle as high as 20 o could be obtained.This provides good spatial separation of diffracted first and zero order lights. It is therefore interesting to study and design the binary grating with period less than 2µm. However, more rigorous grating analysis is required for the analysis and design of binary grating in this region since the scalar grating theory cannot predict the accurate diffraction behavior of the grating structure [START_REF] Knop | Diffraction gratings for color filtering in the zero diffraction order[END_REF].

APPENDIX D. REVIEW: FAR FIELD SPECTRAL SORTING

In this case the red light is diffracted into first orders with diffraction angle of 23 o and cyan light is transmitted in zero order. The grating filling factor (f ) of 0.5 is used for all the gratings in this study. Since the diffraction angle for all three fundamental colors using these grating structures are nearly same (∼23 o ), the buffer layer thickness of 5µm between grating and detector is sufficient to spatially separate the separated lights. Where h is the groove height, λ design is the wavelength, ϕ is the phase and n is the refractive index of grating and substrate. To diffract red light (R) into negative first 131 necessary to find new structures which can separate light efficiently and has higher angular tolerance.

We present the binary phase grating and multilevel phase grating in prospect of color separation. We find that more rigorous analysis is required for the grating period below 5µm for both binary and multilevel phase grating used for color separation.

Even though the colored light could be separated using Binary Phase grating and multilevel phase grating , larger buffer layer is required for efficient spatial separation of these lights. We further made a brief review about the splitter based on phase difference discussed by Seiji Nishiwaki et al in [START_REF] Nishiwaki | Efficient colour splitters for high-pixel-density image sensors[END_REF]. We see that all the splitters discussed in this chapter can only be used within small angle limit. The splitter seizes to work for higher incidence angle. In addition,these structures require higher aspect ratio (heightof splitter/widthof splitter) and larger buffer size between splitter and detector, which makes the color separation device more bulky. Higher aspect ratio required for efficient color separation could also impose technological challenges for fabrication. It is therefore necessary to find alternative structures which is more compact and which could separate the lights efficiently and has higher angular tolerance. Optical resonator system which has higher effective scattering (or absorbing) cross section area compared to physical cross section at resonance could collect more amount of light in small area (volume). It is interesting to explore such system as it could lead to compact and efficient light collection system.

Appendix E Transfer Matrix Method

Transfer matrix method has been widely used [START_REF] Troparevsky | Transfer-matrix formalism for the calculation of optical response in multilayer systems: from coherent to incoherent interference[END_REF][START_REF] Os Heavens | Optical properties of thin solid films[END_REF][START_REF] Zhan | Transfer matrix method for optics in graphene layers[END_REF][START_REF] Ohta | Matrix formalism for calculation of electric field intensity of light in stratified multilayered films[END_REF] It can be seen that the reflection from the multilayer system depends on the layer thickness and the refractive index of each layers used. Using such multilayer system on top of silicon we can therefore design the antireflection coating for different wavelengths.