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ABSTRACT

In this dissertation, a novel single-layer subwavelength High-Index-Contrast Grating (HCG)
is presented, which provides new and promising platform for integrated optoelectronics
having applications in lasers, modulators, detectors. Broadband Reflector in near IR range
using High Index Contrast Grating is proposed which provides large reflection (>98.5%)
over a wavelength range of 1.31-1.76um with large fabrication tolerance. HCG not only
reduces the size of optical devices but also enhances their performance. Various applications
of HCGs in optoelectronic devices, including vertical-cavity surface-emitting lasers
(VCSELs), high-Q optical resonators, and hollow-core waveguides are discussed. HCG
based narrowband Transmission filter is proposed at slightly off normal incidence angle (5%)

which is closer to surface normal incidence.

Also a simple design of a broadband terahertz absorber consisting of a High-index
Contrast Grating (HCG) on a Silicon-on-insulator (SOI) chip is proposed. A large absorption
(98.4%) over a frequency range of 3.57 - 4.54 THz is obtained with large fabrication
tolerance (14um period tolerance for grating height of 2.6um). The absorption remains high
(~ 98 %) for wide range of angle of incidence from 0° (Normal incidence) to 60°. The
bandwidth of high absorption (~ 98 %) is also large over a wide range of angles of incidence.
The proposed broadband terahertz absorber also exhibits the design flexibility for the
realization of polarization insensitivity with respect to the incident light with arbitrary
polarizations. The proposed structure is easy-to-fabricate with a large fabrication tolerance
which may provide a desirable broadband absorption for practical applications in terahertz
devices. The proposed absorber is designed using Rigorous Coupled Wave Analysis
(RCWA) and the results are in good agreement (with maximum difference of 0.6%) with
those obtained with Finite difference time domain (FDTD) method. The proposed
characteristics of the device arise from the broadband nature and wavelength scalability of
the HCG.



TABLE OF CONTENTS

LIST OF FIGURES

LIST OF ACRONYMS

1.
1.1
1.2
1.3
1.4
1.5
1.6

2.

3.

On-chip Optical Grating for Integrated Optoelectronics

Integrated Optoelectronics

Role of Grating in Optoelectronics

High Index Contrast Grating

1.3.1 Fundamentals

1.3.2 Applications of High Contrast Grating

Importance of High Contrast Grating on Silicon-on-insulator Chip

Terahertz Absorbers

Purpose and Outline Of Work

Literature Review

Proposal and Analysis of High Index Contrast Grating as a Versatile

Optical Reflector

3.1

Structure of HCG Based VCSEL

3.11

3.1.2

3.1.3

3.1.4

3.15

3.1.6

HCG as a Broadband Mirror

HCG as a Narrowband Mirror

Large Fabrication Tolerance of HCG
Transverse Mode control for VCSEL

Near Field Characteristics for VCSEL

HCG as a Tunable Multi-wavelength VCSEL

Page no.

Vi- iX

1-17

13
15
17

18-24

25-39

25
26
28
28

30
30

32



3.2 HCG Based Narrowband transmission filter at Mid —IR 34

Proposed Structure of Narrowband Transmission Filter using

3.2.1 HCG 36
Proposal and Analysis of Broadband Terahertz Absorber on SOI Chip 40-48
4.1  Structure of Absorber 40
4.2  Absorption Characteristics 41
4.3 Polarization Dependence 46
4.4 Validation of Results with FDTD 48
CONCLUSION AND FUTURE SCOPE 49-50

REFERENCES 51-55



LIST OF FIGURES

Figurel.1 | Model of hypothetical optical system. 1

Figurel.2 | Two main types of laser (1) Transverse edge emitting laser 2
structure (2) Vertical cavity surface emitting laser structure.

Figurel.3 | Schemetic of two possible designs of photodetectors (a) Resonant 3
Cavity photodetector (b) Fabry Perot Filter Detector.

Figurel.4 | Schematic of space-parallel (x) electronic to wavelength-parallel (1) 4
photonic translation using microring modulators. Dashed outlines
depict doping regions, solid lines shows photonic waveguides, and
dotted lines represent electronic links.

Figurel.5 | Structure of the input and output gratings. 5

Figurel.6 | Schematic of an optical grating depicting the phase relationship 7
between diffracted rays from the adjacent grooves.

Figurel.7 | Diffraction Grating and HCG. 8

Figurel.8 | Schematic of Hollow Optical Waveguide incorporating HCG as top 9
mirror and DBR as bottom mirror with phase matching layer on top
of DBR.

Figurel.9 | (a) Schematic side-view of out-coupler on SOI. ty is grating- 10
thickness with Si-thickness ts. A is the period of grating ; (b) field
propagation in out-coupler.

Figurel.10 | (a) Schematic of HCG high-Q resonator. (b) Schematic of middle 12
HCG grating with three Ing.GaggAs quantum wells embedded
inside the grating layer. (c) Schematic of side mix-DBR grating
mirror, which is a combination of first-order and third-order DBR
gratings.

Figurel.11 | Cross-sectional structure of a VCSEL with HCG as a top mirror 13
and 4 pairs of DBRs.

Figurel.12 | Schematic design of Silicon on Insulator (SOI). 14

Figurel.13 | Diagram of Electromagnetic Spectrum. 16

Vi




Figure3.2

Simulated reflectivity spectra for surface normal incident TM
polarized light on SOI HCG structure using RCWA method with
grating period (p) = 0.7 um, thickness of dielectric (t) =0.8 pum
,grating height (h)= 0.46 pm, duty cycle (n) =75%.

27

Figure3.3

Simulated Narrow-band reflected spectra for TE- HCG with
grating period (A) = 0.8um, thickness of dielectric ()= 1 pm,
grating height (h)=550 nm, duty cycle (n) =74%

28

Figure3.4

Simulated angular dependence characteristic of HCG for the
transverse mode control at fixed wavelength of 980nm with grating
parameters: grating height = 290nm, thickness of dielectric =
500nm, period=455nm ,duty cycle= 0.68(solid line) and 0.75
(dotted line)

29

Figure3.5

Measured optical near-field characteristics of the TM-HCG for
VCSEL incorporated with HCG as top mirror. The output beam
emitted from HCG has Gaussian profile.

30

Figure3.6

Fabrication tolerance for HCG thickness, which is more than
160nm for (>99%) reflectivity. Duty cycle is 0.75 and period is
fixed at 0.7 um. Thickness of dielectric layer below the grating is
0.8 pm.

31

Figure3.7

Fabrication tolerance for HCG period, which is more than 50nm for
(>99%) reflectivity. Duty cycle is 0.75 and Thickness of dielectric
layer below the grating is 0.8 um, grating height is kept fixed at
0.46 pm.

31

Figure3.8

Schematic of Multiwavelength VCSEL Array.

32

Figure3.9

Simulated multipeak spectra using HCG at normal incident for TE
wave having period=0.6pm and varying duty cycle.

33

Figure3.10

Simulated reflectivity multiwavelength spectrum of HCG with
grating period (p) =600nm, grating height (h) =450 nm, duty cycle
(n) =85%, for normal incident TE polarized light.

34

Figure3.11

A line plot of transmittance as a function of increasing wavelength
for TM polarized wave incident at an angle 6 = 5°.Grating height is
3um and thickness of middle layer (air) is 4.6 um. Period and Duty
cycle are 5 um and 0.72 respectively.

35

Vii




Figure3.13

Simulated response of the optimized suspended silicon grating with
period=5 pum, ff=72%, t= 4.6um , h= 3um (a) Magnetic field
profiles, on first resonance showing the supported modes at ©=5°
(b) Single period of HCG (c) Magnetic field profiles, Hz, on
second resonant peak showing the supported modes at ©=5°.

37

Figure3.14

A line plot of transmittance as a function of increasing wavelength
at incident angle ©= 5° using silica as middle layer of thickness
5.4pum.Grating height is 4.1 um. Incident light is TM polarized and
incident at an angle of 5° with the surface normal direction.

38

Figure3.15

Simulated response of the optimized suspended silicon grating with
period=5 pm, ff=70%, t= 5.4um , h= 4.1um (a) Magnetic field
profiles, on first resonance showing the supported modes at ©6=5°
(b) Single period of HCG .

38

Figure4.1

(@) Schematic of the broadband and wide-angle terahertz absorber
with high-index contrast grating. A thin dielectric separates a
silicon substrate and a silicon/air high-index contrast grating. The
incident light is TM polarized at different angle of incidence from
0° to60° (b) Field propagation in grating region of the terahertz
absorber simulated using CAMFR simulation tool when TM
polarized light is normally incident on it.

40

Figure4.2

High-index Contrast Grating Schematics, The blue arrow shows
incident wave and black arrows corresponds to E-field Direction in
both TE/TM polarizations of incidence. w is width of the Silicon
stripe and a is width of air gap. The grating height (h) is taken in z
direction

41

Figure4.3

Variation of terahertz absorption with grating height and grating
period. Duty cycle of the grating is 0.72 at fixed wavelength of 74
pum. The height of grating and the thickness of dielectric are 2.6 um
and 4.8 pum respectively.

44

Figure4.4

Effect of grating period on absorption bandwidth at duty cycle =
0.72 and h=2.6 um and t=4.8 um. The fabrication tolerance of the
absorber is large as the absorption remains large over a wide range
of values of grating period.

44

Figured.5

Absorption spectra for HCG on SOI with Grating parameters-
period, duty-cycle, thickness of dielectric 27 um, 0.72, 4.8 um
respectively. Grating height is 2.6 um.

45

viii




Figure4.7

(a) Absorption spectra for TE (dotted line) and TM (solid line)
polarizations with grating height 2.6 um and dielectric thickness
4.8 pum with period 27 pm and duty cycle 0.72; (b) the effect of
variation of grating period on polarization dependent absorption
(PDA) at fixed dielectric thickness of 3 pm and operating
wavelength of 54 um. Duty cycle is kept at 0.72.

47

Figure4.8

Absorption spectra for TE (dotted line) and TM (solid line)
polarized light with grating height 2um and dielectric thickness
3um with period 20 um and duty cycle 0.72.

48

Figure4.9

Validation of RCWA designed absorber with FDTD method,
absorption versus grating period using RCWA and FDTD at duty
cycle =0.72, grating height = 2.6 um and thickness of dielectric =
4.8 um at fixed wavelength of 74 um.

48




HCG

DBR

VCSEL

FP

RCE

MA

THz

RCWA

FDTD

DWDM

LIST OF ACRONYMS

High Contrast Grating

Distributed Bragg Reflector

Vertical Cavity Surface Emitting Laser
Fabry Perot

Resonant Cavity Enhanced
Metamaterial Absorber

Terahertz

Rigorous Coupled Wave Analysis
Finite difference Time Domain

Dense Wavelength Division Multiplexing



Chapter

1 Optical Grating
for Integrated Optoelectronics

1.1 Integrated Optoelectronics

Integrated Optoelectronics, in which devices such as detectors, lasers, and modulators are
integrated with different electronic or optical devices on a single semiconductor chip,
becomes key technology in flourishing future optical communication systems[1]. This is
because of its essential benefits in realizing high-versatility, high-performance and high-
functionality in optoelectronic devices, which have been developed partially due to the
restricted use of conventional discrete devices and assembly techniques. A generalized
optical system, to model the required performance of an optical system is shown in
Figurel.1l. Optoelectronic integrated transmitters and receivers[2] play an important role in
light wave communication and interconnection applications. The monolithic integration of
optical devices with electronic devices on a single semiconductor chip becomes the
promising candidate for the realization of cheap and compact modules.

Transmitter
circuit

.(f
P *
H Optical WG 'I%

” :L\
O Oooo O
Rhotodetector
| aser Receiver
— circuit \
Optical /’ EF: _@
F F,

Coupler
o 00 OO
%ptical modulator

Figure 1.1 Model of Generalized Optical System [1].
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Optoelectronic integration provides various optical processing functions on a single
semiconductor chip and thus improves the properties of optoelectronic devices. Optical
devices based on integrated light sources and also circuits based on waveguides for
wavelength division multiplexing and optical heterodyne detection are its suitable examples.
Optoelectronic integration is attractive not only for high data rate communication but also for
computing and switching. Nowadays, Intra-chip communications [3] by means of integrated
on-chip devices overcome the constraints of broadband signal transmissions between the
inflexible integrated circuits. As the number of on-chip communicators increases, and as the
programmers start utilizing the chips’ parallel resources efficiently, the communication

throughput increases to maintain global performance.

() Semiconductor Lasers

A laser is a device that emits light by the stimulated emission of electromagnetic radiation
through the process of optical amplification. Lasers are unique from other optical sources due
to their coherence[4]. Semiconductor lasers depends upon the gain media of the cavity,
where gain is normally obtained by stimulated emission of radiation under the condition of
population inversion (large carrier concentration in the conduction band as compared to the
valence band at inter-band transition), which is achieved by the process called pumping.
There are two main types of laser shown in Figure 1.2 Edge emitting laser with lateral optical

feedback cavity and Surface emitting laser with longitudinal optical feedback cavity [5].

@) @) optical output

Upper el : Reflection mirror
4+ Oxide film

P-type clad layer

Active layer \\‘

N-type clad layer

N-type substrate =

'/
Y ,/

" Optical output Lower electrode

Figure 1.2 Two main types of laser (1) Transverse edge emitting laser structure (2) Vertical cavity surface

emitting laser structure[5].
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Due to large size of the cavity resonator in edge emitting lasers, the optical output is very
high but provides multimode operation. Single mode oscillations are the major requirement
in optical sources. So in order to obtain single mode operation in edge emitting lasers,
Distributed Feedback(DFB) laser and Distributed Bragg Reflector (DBR) laser [6] structures
in which gratings are integrated are utilized. In contrary, surface emitting lasers provide

single mode operation and thus do not require any mode selection.

(b) Photodetector

Photodetectors are the devices that are used for the detection of light. The two possible
designs of detectors are Resonant-cavity-enhanced (RCE) photodetectors[7, 8] and Fabry
Perot (FP) photodetectors[9]. The structure of RCE photodetector is similar to other
conventional photodetectors, but resonances in the optical cavity of RCE detectors enhances
the optical field, and thus makes these photodetectors thinner and faster, and simultaneously
increases the quantum efficiency at the resonant wavelengths. Figure 1.3 (a) shows the
schematic drawing of the Resonant-cavity-enhanced photodetector that works on the
principle that p-i-n detector having thin i-layer in the resonant cavity. The light is passed
multiple times through this i-region to get absorbed and make this layer very thin in order to
get fast output response. When the gap is moved, energy inside the cavity decreases and the
mirror reflectance power changes, which further changes the cavity Q factor. The detector
shows non-uniform response over wavelength tuning, even though it can be very efficient at

some values of wavelengths [10].

l"/ Input —, l

Mirror 11| | Mirror 1
Absorption 0
region | Mirror 2
Absorption

Mirror 2]

region

(a) (b)

Figure 1.3 Schemetic drawing of two possible designs of photodetectors (a) Resonant Cavity photodetector (b)
Fabry Perot Filter Detector [10].


http://en.wikipedia.org/wiki/Optical_cavity
http://en.wikipedia.org/wiki/Quantum_efficiency

Figure 1.3 (b) shows the schematic drawing of the Fabry-Perot (FP) tunable detector. The FP
filter detector is less sensitive to cavity Quality factor, though it can also have the air gap as
the cavity because responsivity depends on the matching between two mirrors and does not
change significantly over wavelength tuning. Moreover, FP detector is easy to fabricate as
filter and detector can be optimized independently due to its decomposition into two different

devices.

(c) Optical modulators

Silicon optical modulators convert data in electrical domain to optical domain. It provides
low-loss integration and cheap fiber packaging due to its high speed of operation and CMOS
compatibility[11]. Modulators are used in intra-chip photonic communication. Ideally optical
modulators are fast, reliable, scalable, low power and small in size. Typically, data capacity
of electronic links can be enhanced by increasing the number of parallel wires in a bus.
Alternatively, optical signal capacity can be enhanced by increasing the number of parallel
wavelengths on a single waveguide. Therefore, the electro-optic translating device should
convert between wavelength parallel photonics and space-parallel electronics in much
simpler way. Micro-ring resonator based modulators comprising of a ring waveguide coupled
to a single straight waveguide which provides space parallel electronic to wavelength parallel
photonic translation is shown in Figure 1.4. Dashed outlines depict doping regions, solid

lines shows photonic waveguides, and dotted lines represent electronic links.

Figure 1.4 Schematic of space-parallel (x) electronic to wavelength-parallel (1) photonic translation using

micro-ring modulators[11].



Modulators based on thermo-optic effect [12] and free-carrier effect [13] suffers from many
limitations. To avoid the limitation provided by these two structures, resonator based devices
can be employed which provides high-speed modulation with low power consumption. The
major advantage of ring modulator is that it modulates light at resonant wavelength of ring
resonator and allows all other wavelengths to pass through it. As a result, the micro-ring
resonator based modulators show attractive performances in terms of speed, size, and power

consumption.

1.2 Role of grating in Optoelectronics

Gratings are always preferred when light of different wavelengths are to be separated with
high resolution. It consists of large number of closely spaced parallel slits which provides
very sharp and narrow intensity peak and provides very high resolution for numerous
applications like spectroscopy, imaging, micro-chromators, wavelength division multiplexing
devices. Such gratings can be either transmissive or reflective [14]. Figure 1.5 shows the
binary blazed grating scheme for arrayed waveguide grating demodulation integration micro
system. Gratings which modulates phase instead of amplitude of the light wave incident are
produced with the help of holography[15].

Input Grating Output Grating

Substrate: Si ns

Figurel.5 Structure of the input and output gratings[16].

As the information industry is growing very rapidly throughout the world, the demands for
the communication networks with high speed and larger capacity is also increasing. The
optical fiber communication system plays an important role in modern communication

networks. Normally, the transmission loss, dispersion, and the nonlinear effects are the main
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obstacles faced by the optical fiber communication system. Transmission losses can be
overcome by the use of the erbium doped fiber amplifier (EDFA) [16]; Nonlinear effects can
also be suppressed by introducing some dispersion. Therefore, dispersion becomes the major
difficulty in refining the optical fiber communication system. But with the advancement in
optoelectronic devices, dispersion can also be compensated to provide high speed optical
fiber transmission system. One such device is optical grating that plays a crucial role in the
compensation of dispersion. By optimizing the fabrication process of Chirped Fiber Bragg
Grating[17] many difficult problems i.e. the ripple of the time delay, loss due to cladding
mode, fabrication repetition have been solved.

Gratings play an attractive role in Dense Wavelength Division Multiplexing (DWDM)
optical networks. It increases the system performances in terms of selectivity and crosstalk
between adjacent channels[18].

1.3 High Index Contrast Grating

1.3.1 Fundamentals

Optical grating has been extensively utilized in wide range of applications like holography,
spectroscopy, lasers, modulators, detectors and many other optoelectronic devices. Optical
gratings are the periodic structure comprising of a large number of equally spaced grooves.
When light wave is incident onto the grating, it can be reflected or transmitted by these
grooves. In Figure 1.6, a plane wave is incident at an angle 6; with respect to the grating
surface normal direction. For the light diffracted with an angle 6y, the optical path difference
between two adjacent grooves can be expressed as[19]

A sinG; —A4sinby (1.2)
where A is the period of the grating. When this optical path difference equals to an integral
multiple of the incident light wavelength, the light will interfere constructively in phase.

ASinG; — Asinfy = mn (1.2)

for m=0,+1,%2,...
At some set of angles, the light scattered from grooves will be in phase and constructively
interfere. At these angles, the reflectance of light is increased, while there would be

destructive interference for all other angles[14]. The above analysis shows that gratings can



diffract incident light wave in a unique set of angles. This property of grating can be
expressed as grating equation:

SiNBq m - Sind = mA/A (1.3

for m=0,+1,%2,...

where 6; is the angle between the incident light and the grating surface normal direction, and
B4m IS the angle between the m-th order diffraction light and the grating surface normal
direction respectively. The integer m denotes diffraction order and A is the operating
wavelength. The above equations hold only for monochromatic and perfectly collimated light
wave [19, 20].

Figure 1.6 Schematic of an optical grating depicting the phase relationship among diffracted rays from the
adjacent grooves[19].

Most diffraction gratings have grating period larger than the optical wavelength. However,
when the period of grating becomes lesser than the operating wavelength, the grating will
exhibit many exotic and unattainable properties[20]. A subwavelength grating is a grating
having period lesser than the operating wavelength. If light is incident normally onto a
subwavelength grating, only the 0™ order mode propagates and all other higher order modes
are the evanescent modes. The grating will act as a simple reflective mirror.

Figure 1.7 shows the two gratings: one in which period is much larger than the wavelength
(Diffraction Grating) and other in which period is less than the operating wavelength (High
Contrast Grating).
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Figure 1.7 Diffraction Grating and HCG [20].

1.3.2 Applications of High index contrast Grating

(a) Polarization Insensitive Hollow Optical Waveguide

Attenuation and nonlinearities are faced when light interacts with the high refractive index
material of the core in conventional dielectric waveguides, but this can be evaded when the
light propagates in low index core having highly reflective walls[21]. A number of
applications of hollow core optical waveguides are in sensing, optical communications,
environmental applications, and spectroscopy. Temperature insensitivity and wide tuning
range are two major characteristics of hollow waveguides (HWGS) [22] which can be utilized
to create widely tunable photonic devices without the requirement of sensors that control
temperature. At narrow air core, the HWGs are polarization dependent because it offers large
tuning in propagation constant.

To reduce this dependence on polarization, the HCG mirror can be introduced which
provides lateral periodicity in hollow waveguide [23]. Figurel.8 shows the design of
polarization independent HWG. The overall polarization dependence of HWG is diminished
by introducing a phase-matching layer in DBR and by optimizing the grating thickness of
HCG mirror. The waveguide contains both vertical and lateral periodicity. It consists of a
high index contrast grating acting as a top reflective mirror and DBR as bottom mirror of
HWG. Light can be confined vertically in air-core due to the high reflectivities of DBR and
HCG. A phase matching layer made of Si at the top of DBR is used to control the orthogonal
polarizations[23]. The upper side of waveguide comprises of a high refractive index contrast

(between air and silicon) grating. The net refractive index of the mode guided in the core



below the HCG is higher than that in the other two lateral parts of core where HCG is absent.
The high index below HCG provides lateral optical confinement originating from a great
phase change under HCG. The thickness of the high contrast grating and phase matching
layer of DBR is optimized to alter the propagation characteristics of the orthogonal
polarizations. These hollow waveguide are attractive for applications in polarization

insensitive photonic devices [24] for photonic networks.

—_——

Si/Si0, DBR (5 pairs)

Figurel.8 Schematic of Hollow Optical Waveguide incorporating HCG as top mirror and DBR as bottom mirror
with phase matching layer on top of DBR [21].

(b) Broadband Out-Coupler

Conventional Gratings offer small coupling strength therefore larger size gratings are to be
used but they provides an out coupled beam which is much larger than the fiber mode. As a
result, an additional lens is needed to couple to a fiber or, alternatively, a curved grating can
be utilized that efficiently couples the light into a fiber. Due to large dimensions and low
refractive index contrast, integrated optical devices allow a few functions to be incorporated
on a chip. Nano-photonic circuits[25] on silicon-on-insulator (SOI) plays a crucial role in
large-scale photonic integration because of the high refractive index contrast between Silicon
and Silicon dioxide. The strong optical confinement is another characteristic of SOI photonic
circuits. For many applications, there is a strong requirement of integrating electronic and
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photonic devices on a single SOI chip. One of the challenges is to easily couple light into and
out of SOI waveguides. Grating plays a great role in coupling light into an optical fiber when
placed out of the plane of the waveguide, as it allows optical Inputs/outputs to populate any
area of a planar light wave circuits instead of being restricted to just one edge of a chip.
Optical gratings are the prime candidates to interact with on-chip optical components for
coupling the light into the optical fibers or on/off chip devices for further optical processing
[26]. High index contrast grating coupler maximizes the interaction of such gratings with the
optical modes of the integrated optical devices. The schematic drawing of the out-coupler on
SOI chip is shown in Figure 1.9 (a). The SOl waveguide comprises of silicon layer mounted
on the top of the layer of silicon dioxide on a silicon substrate. A high-index contrast grating
known as HCG is etched onto the top of the silicon layer. The thickness of SiO, has a major
impact on the guiding characteristics of the grating [27]. The radiated wave coming
downwards reflects partially at the dielectric-substrate interface. Figure 1.9 (b) shows the
field propagation of light wave when incident from sideways in the z direction. The oxide
thickness should be so chosen that the reflected wave interferes constructively with the
directly upward radiated waves so as to enhance the coupling strength. The device can find
applications in broadband high-Q resonator to effectively couple a wide band of wavelengths
of light.

(z:’) v
2 Light out o
fA+ [ Si-air grating air
: tin#‘U‘U‘U‘u‘\fé‘IIU‘U;\_.'[tﬁIu V.
\ Si0; g S A A S A S e S |
Light dovm\ Si Substrate i
Si Substrate

Figure 1.9 (a) Schematic side-view of out-coupler on SOL. tg is grating-thickness with Si-thickness t;; . A is the

period of grating ; (b) field propagation in out-coupler [27].
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(c) High Q resonator

A high-Q resonator with surface-normal emission is used in numerous applications, such as
lasers, optical filters, detectors and sensors. In-plane high contrast grating is used to develop
high-Q resonator, and to couple light in the surface-normal direction. The attractive property
of high-Q resonator with surface normal emission is required, as it will facilitate 99%
accuracy with large coupling efficiency for optical fibres[28]. This property is eminent for
creation of filters, lasers and good throughput sensor arrays. The Q-factor of the resonator is
obtained by placing the simulated reflectivity spectra with the Fano-Resonance equation
given below [30]

R = r2(w—wg)?+t%(1/1)%- 2rt(w—w()(1/7) (1.4)

(w—wo)?+ (1/7)?

The Q factor is given by Eq.1.5

Q=wyT (1.5)
Where wyand Tt are the centre frequency and reso are the centre frequency and resonance

lifetime respectively, r and t are are reflectivity and transmittivity coefficients of a uniform
slab.

Figure 1.10 shows HCG based high Q resonator. To avoid leakage of light from all four
symmetric directions, i.e. £x and %z, the structure consists of distributed Bragg reflectors at
the +x ends and below the HCG. The HCG grating comprises of gratings with large number
of periods and 3 Ing2GaggAs quantum wells placed between Algg Gag4As layers. The end-
DBRs are a collection of 1% and 3 order DBR gratings to ease fabrication process. The air
spacing has a width of A/4, and the semiconductor bar width is 3A/4. The bottom-DBR
comprises 20 pairs of A/4-thick AlAs/GaAs layers grown on the substrate to reflect the -z
emission light [28]. A TE-polarized (electric field parallel with the grating) light is excited
in the center of the HCG resonator for a short period of time. Energy can be well confined
inside the HCG resonator and the output light only emits in the surface normal direction.

Further increasing the size of the HCG can result in the improvement of the Q-factor.
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Figure 1.10 (a) Schematic of HCG high-Q resonator. (b) Schematic of middle HCG grating with three
Ing2GaggAs quantum wells embedded inside the grating layer. (¢) Schematic of side mix-DBR grating mirror,

which is a combination of first-order and third-order DBR gratings [28].

(d) HCG VCSELS

Semiconductor diode lasers play a crucial role in wide range of applications including
telecommunication, sensing, solid-state lighting, display and printing. Among various
structures, vertical cavity surface emitting lasers (VCSELSs) [30-34] are most encouraging,
which provides efficient light extraction. The VCSEL has its output light emission
perpendicular to the wafer surface and to the plane of the active layers, with the optical
feedback provided by distributed Bragg reflectors (DBRs) comprising of many layers of
alternating high and low refractive indices. VCSELSs have very small gain length, so very
high reflectivity (>99%) is required in the DBRs[35]. Due to small index contrast, numerous
pair of DBRs is desirable to provide very high reflectivity. The most critical congestion for
the realization of VCSELSs in large wavelength regions is the availability of materials for
making such highly reflective DBRs. With the advancement of optoelectronic devices DBRS
are succeeded by a mirror which consists of a single layer of 1-D subwavelength grating
made of materials with a high refractive index contrast, known as high-contrast grating
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(HCG). This mirror provides many unexplored and unexpected properties that cannot be
found earlier in nature[36].

Figure 1.11 shows the schematic of a typical HCG-VCSEL. The device comprises of n-DBR
mirror that are semiconductor based, an operating wavelength cavity layer with the active
region, and an HCG acting as a top mirror. The top mirror consists of two sections: a p-doped
DBR and a HCG which is freely suspended. The p-DBR helps in spreading current into the
active region and preserving the cavity layer during the fabrication process. These p-DBR
pairs can be reduced or expelled out because a single-layer HCG alone is capable of
providing very high reflectivity (R >99.9%) as the VCSEL top mirror. Electric current is
injected through the top and bottom contact. An aluminum oxide aperture lies on the upper

side of the cavity layer, provides both optical and current confinement [37].

Top Mirror e

i Oxide Layers
(99.0% Reflective) =~

Laser Cavity _—
T~ Gain Region

Bottom Mirror
{99.9% Reflective)

A

Figure 1.11 Cross-sectional structure of a VCSEL with HCG as a top mirror and 4 pairs of DBRs [37].

1.4 Importance of High Contrast Grating on Silicon-on-Insulator

Silicon-on-insulator (SOI) circuits basically comprises of three elements; an insulating layer
(Silicon dioxide, Sapphire, etc.) at the bottom, Silicon layer above it and a final cladding
layer on the top. The cladding layer can be Silicon dioxide, air or any other low refractive

index material as shown in Figure 1.12. The high index contrast of Silicon (~3.5) and Silicon
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dioxide (~1.44) or Air (1.00) permits optimal transmission of electromagnetic waves and
reduction of size of photonic devices to great extent. SOI technology [40-42] leads to the
decrease of capacitance because of isolation from the silicon substrate that ameliorates power
consumption at matched performance. It also lowers leakage current of SOI devices due to
isolation, thereby improving the performance of the device. The selection of insulator
depends largely on purposive application, with sapphire being used for radiation dependent
applications and high performance radio frequency (RF), and silicon dioxide for declining
short channel effects in the optoelectronics devices.

Integrated nanophotonics, especially on silicon on insulator (SOI) platform, has recently
concede the successful realization of various on-chip nonlinear optical devices. This
technology confines the light within sub micro-sized silicon nanowires [43] to increase the
optical energy density and allows optical nonlinear effects to occur at diminished input
powers. In Silicon photonics, the sandwiched crystalline silicon layer is used to manufacture
optical waveguides along with some other passive optical devices such as racetrack
resonators, optical multiplexers and demultiplexers. Because of aforementioned differences
in the index of refraction, and the fact that Silicon is transparent to infrared light with
wavelengths above 1100nm, electromagnetic waves are confined in the waveguides by total

internal reflection phenomena.

Silicon Layer
Insulating Layer

Silicon Substrate

Figure 1.12 Schematic design of Silicon on Insulator (SOI).
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The main barrier in the implementation of SOI is the radical increase in cost of the substrate,
which further increases the total manufacturing costs. SOI offers high speed, reliability and
hardness beyond conventional technologies. Functional structures are developed within the
thin crystalline layer, placed over an insulator layer. SOI technology becomes a prime
candidate for implementation of hardy, tough and robust circuits for high-temperature
operation [42]. Silicon fabrication techniques (CMOS) have become increasingly refined
over the past couple decades, motivated by increasing power and efficiency. Currently, SOI
technology is not fully developed and is being explored as an alternative to electrical circuits
in a variety of applications. It may start replacing CMOS technology once the fabrication

cost decreases.

1.5 Terahertz Absorbers

Terahertz range lies in between the microwave and far infrared frequencies; it possesses
properties from these regions. Figure 1.13 shows the electromagnetic spectrum. Like
microwave, THz waves can penetrate through large number of non-conducting materials like
clothing, wood, plastic, paper. Many devices operating in THz range and used for sources,
lenses, switches, modulators and detectors do not exist. Also many conventional materials do
not respond to this range. THz modulators based on semiconducting structures have
broadband nature so they can be used for THz interconnects, but they are only able to
modulate a few Percent and usually require cryogenic temperatures[44, 46].

The development of devices and structures with functionality in the terahertz (THz) portion
(0.1 t010 THz) of the electromagnetic spectrum is of great importance because of increasing
number of applications in sensing and imaging in the THz range, including molecular
spectroscopy and medical imaging, short-range wireless THz communication or ultrafast
THz interconnects. One of such devices is a THz absorber that has the ability to absorb THz
radiation with specific characteristics, including polarization, wide angle, large bandwidth, or
multiband capability [47]. THz radiation can be absorbed by some molecules such as DNA
and water and these are non-ionizing in nature. These characteristics make THz waves very
suitable for numerous applications like environmental monitoring of Earth, medical imaging,
and semiconductor electrical property determination and remote sensing of explosives.

However, conventional microwave technology cannot measure and detect THz radiation.
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Figure 1.13 Diagram of Electromagnetic Spectrum[45].

Electromagnetic (EM) metamaterials (MMs) are usually defined as a class of artificial media
comprises of sub-wavelength metallic or dielectric elements and exhibit exotic EM properties
which cannot be found in conventional materials [47]. Essentially, MM is logic concerned
with manufacturing of material design, and its capability to obtain non-conventional
interactions with EM wave. Metamaterial absorber comprises of the electrical resonator with
three or more layers of coupling structures[48]. The electric response in the MA can be
achieved from excitation of electric field applied externally by electric resonators, and the
magnetic response is obtained from anti-parallel currents on the two sides of the substrate.
Thus, the perfect absorption mainly evolved from the strong electric and magnetic
resonances simultaneously in an exclusive frequency regime, and provides perfect impedance
matching to space based upon the well-known effective media theory. It is feasible to tune
frequency range and absorbing characteristics of the Absorber by considering EM properties
of dielectric and metallic layers, substrate thickness and shape of the structure. Especially, for
THz applications, it is essential to utilize THz absorber with its high performance without
compromising with the thermal properties. Thus, the research of the THz Metamaterial
Absorber is very attractive [49]. Owing to the perfect absorption of Metamaterial Absorber
and its applications, the realization of THz MA with broadband nature is important.
However, certain complications are faced in the fabrication of broadband Metamaterial

Absorber and is comparatively inaccurate than single layer planar Metamaterial Absorber.
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1.5 Purpose and Outline of Work

The purpose of the work is to design and analyze a versatile optical reflector and Terahertz
absorber using high index contrast grating on Silicon-on-Insulator (SOI) Chip. Prime focus
of the work will be on Silicon-on- Insulator (SOI) based on-chip photonics devices. In this
dissertation, design of Broadband Reflector over large wavelength range (1.31-1.76um) with
high Reflectivity (~99%) and Polarization insensitive Broadband Absorber with high
Absorption (~98.5%) is proposed that are based on High Index Contrast Grating. Both the
designs show large fabrication tolerance. The simulation is done using Rigorous Coupled
Wave Analysis method and further validated using OptiFDTD method. This dissertation is
divided into following sections.

Chapter 2 discusses survey on the research work done in the High Index Contrast Grating
for various practical applications.

Chapter 3 discusses our results on the proposal and analysis of the High Index Contrast
Grating structure as a versatile reflector to demonstrate various properties of HCG for
VCSELs, including transverse mode control and fabrication tolerance.

Chapter 4 discusses the proposal and analysis of the High Index Contrast Grating based
Broadband terahertz Absorber. The structure may serve as a broadband terahertz absorber,
which is polarization insensitive and can be used in various practical applications.

Chapter 5 summarizes the whole dissertation with some closing remarks and presents the
scope of HCG in near future.
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Chapter
2 LITERATURE SURVEY

Papers on Fundamentals of HCG - 2

Papers on HCG based VCSEL - 6

Papers on HCG based Reflector and Mode Control of VCSELS - 6
Papers on HCG based THz Absorber - 7

High-contrast gratings for integrated optoelectronics-2012 [14]

Chang-Hasnain and Yang presented analytical formulation of TE/TM polarized surface
normal incidence light on high index contrast grating (HCG) and discussed about phase
selection rules of HCG. Some exotic properties of HCG had been discussed which showed
that it had created a new platform for novel compact optical devices and facilitated their
integration. Characteristics of HCG based VCSELs at 850nm and 1550nm had also been
discussed.

Polarization insensitive hollow optical waveguide-2012 [23]

Mukesh Kumar presented polarization insensitive hollow optical waveguide. The propagation
characteristics of different modes in the hollow optical waveguide were effectively controlled
to provide polarization insensitivity by modifying the HCG thickness and introducing the
phase matching layer. The two mirrors-a high-index contrast grating (HCG) mirror and a
distributed Bragg reflecting (DBR) mirror were provided on either side of an air-core. A low

polarization dependence loss and modal birefringence were achieved.

Low Birefringence and 2-D Optical Confinement of Hollow Waveguide with
Distributed Bragg Reflector and High-Index-Contrast Grating-2009 [24]

Mukesh Kumar, et al. presented a design of hollow optical waveguide in which light was
confined in an air gap between a bottom mirror as distributed Bragg reflecting (DBR) and a
top mirror as high-index-contrast grating (HCG). Because of the combined effect of

periodicity of both the mirrors, the proposed hollow waveguide showed a small modal
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birefringence at narrow air core and also provided strong 2-D optical confinement. The

acceptable propagation loss of TE mode had also been presented.

A novel ultra-low loss hollow-core waveguide using subwavelength high-contrast
gratings-2009 [29]

Ye Zhou, et al. presented a novel design of low loss hollow core waveguide using high
contrast grating, which would serve as a building block in many on-chip photonic devices
including optical sensors, delay lines, interconnects. Low propagation loss could be achieved
using both RCWA and FDTD. HCG-HW reduced non linear effects and dispersion in

transmitted data and thus becomes the prime candidate for on-chip communication.

A surface-emitting laser incorporating a high-index-contrast subwavelength Grating-
2007 [30]

Michael C.Y. Huang, et al. demonstrated VCSELSs incorporating high contrast grating as a
top mirror. The versatility, wavelength scalability and flexibility of the single-layer HCG
design could provide numerous advantages when fabricating surface normal optoelectronic
devices, such as high-brightness LEDs, detectors and photovoltaic cells, micro-
electromechanical and optical filters (MEMS) tunable devices, for a wide range of
wavelengths. Low threshold current, polarization insensitivity and single transverse mode in
VVCSELs had been observed.

Size effect of high contrast gratings in VCSELs -2009 [32]

Christopher Chase, et al. showed through simulations and experiments the variation of the
size of HCG incorporated in tunable VCSELSs. The properties of VCSELS were shown to be
independent of size of HCG. This helped in increasing the tuning speed of optical devices
which enabled attractive applications in wavelength tunable optoelectronic devices, detectors

and filters.

1550 nm high contrast grating VCSEL -2010 [33]
Christopher Chase, et al. demonstrated VCSEL operating at 1550nm incorporating high
contrast grating(HCG) which was electrically pumped (HCG) and exhibits proton
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implantation to form electrical apertures. At room temperature it has >1mW output power.
The structure provided single mode operation with large apertures and there would be no
degenerate polarization modes. These found attractive applications in optical communication
systems. Dielectric mirror deposition or additional re-growth was not needed for the

fabrication of the devices rather it required monolithic epitaxial growth.

High-Contrast Grating VCSEL-2009 [34]

Connie J. Chang-Hasnain et al. presented recent advancements in HCGs. The design of
HCG based VCSEL, its fabrication, optical properties, transverse and polarization mode
control of VCSELs has been discussed. The basic concepts and characteristics of tunable
VCSEL were demonstrated. Tunable VCSELs integrated with HCG as a reflectivity mirror
had led to decrease in the tunable mirror size and improvement in tuning speed. This would

help in monolithic integration of HCG in optoelectronic devices for large wavelengths.

Long-Wavelength High-Contrast Grating Vertical-Cavity Surface-Emitting Laser-2010
[35]

Werner Hofmann, et al. presented a novel design of vertical-cavity surface-emitting laser
(VCSEL) integrating HCG as the output mirrors and hybrid reflector as a bottom mirror for
high speed modulation. The structure provided polarization stability and single mode
operation by suppressing higher order modes at longer wavelengths in an elegant way. This
found interesting applications in high speed data transmission in optical domain mainly for

passive optical networks.

Large Fabrication Tolerance for VCSELSs Using High-Contrast Grating-2009 [36]

Ye Zhou, et al. demonstrated experimentally a large fabrication tolerance of single-layer,
highly reflective HCG incorporated in vertical cavity surface emitting lasers as a top mirror.
Both uniform and non uniform geometries of gratings had been investigated. For non
uniform grating geometry, larger variations in the dimensions of HCG could be accepted.
This made the devices suitable for WDM applications and decreases the cost of optical

devices.
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High-Index-Contrast Grating (HCG) and its Applications in Optoelectronic Devices-
2009 [37]

Ye Zhou, et al. presented recent advancements and various applications of HCGs in optical
devices, including VCSELs, modulators, tunable VCSELs, high-Q optical resonators,
detectors and low-loss hollow-core waveguides (HWs). HCGs could function as broadband,
high-reflectivity (>99%) mirrors for surface-normal incident light, shallow angle reflector
which was useful to replace conventional distributed Bragg reflectors in optical devices and
helped not only in reducing the size of optoelectronic devices but also increased their

performance.

High-contrast gratings as a new platform for integrated optoelectronics-2011 [38]

Connie J Chang-Hasnain discussed the manipulation of light by high index contrast grating
to obtain exotic properties. Various designs to achieve broadband high reflectivity mirrors
and high Q- resonator with surface normal or oblique emission were discussed to replace
heavy and discrete optics. A number of applications were discussed in optoelectronic devices
including low loss hollow core waveguides, VCSELs, Tunable VCSELs. HCG based low
loss, planar, high-numerical aperture, focusing reflectors and lenses were presented which

could be incorporated in a variety of integrated photonic and electronic devices.

Enhanced absorption and optical force in a sandwiched grating at the terahertz band-
2013 [44]

Yong Zhang, et al. presented a design of multiband terahertz absorber with multiple high
absorption peaks over a wide range of incident angles in the terahertz frequency regime (0.1-
10 THz). The structure showed strong positive or negative electromagnetic force induced by
resonances in grating that can be tuned by modifying the grating parameters. This effect
could be utilized in a variety of applications including mechanical oscillation of terahertz

devices and thus increases the opto-mechanic coupling in the THz regime.

Engineering heavily doped silicon for broadband absorber in the terahertz regime-2012
[45]

Mingbo Pu, et al. presented the design of a broadband terahertz absorber using silicon grating
which is heavily doped by boron. Doping might change the concentration of charge carriers
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in grating semiconductor material which leads to tunable structure with THz excitations. To
increase the operating bandwidth, the period of grating was so well chosen that zero and first
order diffraction came nearer in frequency. The design could be readily extended to higher
frequencies by only varying the properties of the subwavelength grating by changing the

doping concentration.

Highly flexible wide angle of incidence terahertz metamaterial absorber: Design,
fabrication, and characterization-2008 [47]

Hu Ta, et al. presented the design, and characterization of a metamaterial narrowband
absorber with high absorption at terahertz frequencies i.e. an absorption of 97% at 1.6 THz
could be obtained. The main advantage of the device was its small size which found
attractive use in non- planar applications. Metamaterial absorber provided large absorption

over a wide range of incident angles for both TE and TM configurations.

Perfect Metamaterial Absorber-2008 [49]

N.I. Landy, et al. presented the design of metamaterial absorber using two metamaterial
resonators with very high absorption over a narrow frequency range. Absorption was
achieved due to the ability of the meta materials to absorb electric and magnetic components
of incident light. The design was polarization sensitive which limits its usage in various
optoelectronic devices. Metamaterial absorber application in bolometer had been discussed.
It had been shown that metallic absorption was inappropriate in comparison to dielectric

absorption or any other losses.

Wide-angle perfect absorber/thermal emitter in the terahertz regime-2009 [51]

Marcus Diem, et al. demonstrated perfect absorber using metallic nanostructures which
exhibited very high absorption over a wide range of angles. The structure could be tuned by
modifying the dimensions of nanostructure. It also demonstrated the stability of the device
with respect to the change in material parameters with the change in temperature. This device

could be used for microwave experiments as it avoided reflections.
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Broad-Band Mirror (1.12-1.62 um) Using a Subwavelength Grating-2004 [54]

Carlos F. R. Mateus, et al. demonstrated a novel design of broadband mirror using single-
layer subwavelength grating (SWG) over a wide reflection spectrum ranges from 1.12—1.62
pm and provided very high reflectivity (98.5%) under normal incident. This subwavelength
grating was scalable for different wavelengths by modifying the grating parameters, which
facilitated monolithic integration of optoelectronic devices over a wide range of wavelengths.
The structure provided application for active and passive devices including tunable VCSELSs,

microelectromechanical devices and focal plane arrays.

Narrow band, large angular width resonant reflection from a periodic high index grid
at terahertz frequency- 2012 [57]

Olivier Parriaux et al. presented ultra-narrow band reflector with large angular width in the
terahertz frequency range on a single-crystal silicon grid using a thin silicon grating of
definite depth and width under normal incidence. THz time-domain experimental
demonstration of narrow band reflection was presented. It had been experimentally proven
that zero transmission leads to 100% reflection. Resonant reflection effect based on modes

propagating up and down the grating slits had been analyzed.

Narrow band resonant grating of 100% reflection under normal incidence 2006 [58]

N. Destouches, et al. presented a narrow band reflector with very high reflection using
multilayer sub mirror (DBR) and a waveguide sub mirror (HCG) that provided zero
transmission. The structure exhibited very narrow linewidth, polarization insensitivity and
low propagation loss which made the device to be used in disk lasers. Different applications
of resonant mirrors were also presented. Methodology had been provided which enabled the
design of various optical devices that operated at different wavelengths and made from
different materials.

Transverse Mode Control of VCSELSs Using Angular Dependent High-contrast Grating
Mirror-2013 [60]

Junichi Kashino, et al. demonstrated the transverse-mode control of VCSELSs at 980nm using
HCG mirrors. The fabricated Silicon HCG showed the large angular dependence of

reflectivity, fundamental mode propagated at very small angles with very high reflectivity
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whereas higher order modes propagated at larger angles with much lower reflectivity. So by
using the angular dependence property of HCG transverse mode control of VCSELs had

been achieved.

Polarization Mode Control in High Contrast Subwavelength Grating VCSEL-2008 [61]

Michael C.Y. Huang, et al. demonstrated polarization mode control in VCSEL incorporating
a single-layer high-index-contrast subwavelength grating as a top mirror under both CW and
pulsed operation. HCG not only provided high reflectivity but also provides mode selectivity
in VCSELs which further decreases the polarization dependent noise in optical links that
were based on VCSELSs.

Monolithically integrated multi-wavelength VCSEL arrays using high-contrast
gratings-2010 [62]

Vadim Karagodsky, et.al. presented novel design of multi-wavelength array of HCG based
VCSEL. A range of VCSEL cavity wavelengths could be obtained by altering only the
period and filling factor of the high-contrast gratings, without changing the epitaxial layer
thickness. This novel design could easily accommodated the entire Erbium-doped fiber
amplifier bandwidth which could be applied to fabricate multiwavelength filters and
detectors. There was no restriction on physical layouts for emitted wavelengths.

Theoretical Investigation of Broadband and Wide-Angle Terahertz Metamaterial
Absorber-2014 [64]

Ben-Xin Wang, et al. demonstrated metamaterial broadband terahertz absorber with very high
absorption (>99%) over a large range of incident angles up to 50°. The broadband absorption
originated from longitudinal coupling of modes between stacked layers which could be
further enhanced by increasing the number of layers. This could be extended to other higher
frequency regimes to increase its usage in various applications like solar cell, detection and

imaging.
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Chapter Proposal and Analysis of
High Index Contrast Grating as a Versatile

3

Optical Reflector

3.1 Structure of High Index Contrast Grating

Subwavelength gratings having a large refractive index contrast give rise to a new class of
planar optics. This subwavelength grating is known as High Contrast Grating (HCG). The
schematic of the subwavelength high index contrast grating based on SOI is shown in Figure
3.1. The structure consists of air/silicon grating (a high index media surrounded by low index
media) on top of SOI chip. The three important design parameters are: grating height, duty
cycle and grating period which are denoted as 4, n and p respectively. Duty cycle is ratio of
width of the high index bar to the grating period. The TE/TM polarized light is incident onto
the Air/Silicon grating at different angle of incidence. Simulations are done by using RCWA
(Rigorous Coupled Wave Analysis) and CAMFR (Cavity Modeling Framework) [52].

SifAir grating

Figure 3.1 Schematic of subwavelength high index contrast grating based on a silicon-on-insulator (SOI) chip.

The incident light is TE/TM polarized which is incident at surface normal direction.

This extremely simple structure provides exotic properties and it is as thin as 15% of
operating wavelength. It is fabricated to reflect or transmit partially or completely depending

on the application with specific optical phase over various incident angles. Spatially chirped
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HCGs serve as an excellent focusing reflectors and high numerical aperture lenses. Not only
at surface normal direction but also at oblique angles of incidence, HCG shows remarkable
properties. HCG resembles DBR and 1D photonic crystals by its physical structure. But the
uniqueness of HCG comes from the interaction of waveguide array modes.

HCG Reflectivity matrix R can be obtained from Eg.4.1 which is common in transmission
line theory:[53]

R = (Zin + 1)_1(Zin —1) (4-1)

where Z;,, is the normalized input impedence matrix similar to constant in transmission line

theory:

Zin =E(U + @pp)( — ppp) *H™? (4.2)

p is the reflection matrix which relates the two coefficient vectors of E or H field and ¢ is the
HCG propagation matrix which contains the accumulated phases of HCG mode. E and H are
the electric and magnetic field profiles respectively. The HCG reflectivity and transmission,

and the relation between the two in the subwavelength regime, are given by Eq. 4.3
HCG Reflectivity = |R[?
HCG Transmittivity = |T|?
For SubwavelengthGratings where p <X
RI*+ T =1 (4.3)

Simulations At Near Infrared Range(0.9um-10um)

3.1.1 HCG as A Surface Normal Broad-Band Mirror (1.31-1.76um)

BROAD-BAND mirrors[54] with very high reflectivity (>99%) are crucial for many
practical applications, including telecommunications, imaging, surveillance, and sensors. The
DBR, which comprises of many layers of alternating materials having periodic variations of
indices, is widely used as high-reflectivity mirror in most surface-emitting lasers. Due to
small index contrast, numerous DBR pairs are required to achieve high reflectivity that can

be achieved by using only single layer of HCG due to its high index contrast. Large number
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of DBR pairs led to epitaxial growth challenges in many material systems. Metal mirrors
have high absorption losses so they are not suitable for the production of transmission
devices. HCG is scalable for different wavelengths by modifying only the grating parameters,
which facilitate on-chip integration of devices over a wide range of wavelengths. The
dielectric layer below the grating is important for the mirror effect[55]. The higher the index-
contrast, larger the reflection bandwidth can be obtained. The HCG mirrors have attractive
applications in many active and passive devices like visible and infrared wavelength
VCSELSs, micro-electromechanical tunable devices, and reconfigurable planar arrays.

The design parameters for the simulation of structure includes the materials involved (index
of refraction (n)), thickness of the dielectric layer below the grating (t), period (p), grating
height (h), and duty cycle. Figure 3.2 shows the reflectivity spectra of HCG when TM
polarized light is incident on the grating from surface normal direction and the optimized
parameters are: Si substrate having index n=3.48 (Si), low index material has refractive index
=1 (air), nj= 1.47 (SiO,), h = 0.46um, thickness of dielectric (t)=0.8 pum. The period and duty
cycle are taken as 0.7 um and 0.75 respectively. A very high reflectivity (>99.5%) spectrum,
ranging 1.31pum to 1.76um is obtained using RCWA method.
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Figure 3.2 Simulated reflectivity spectra for surface normal incident TM polarized light on SOl HCG structure
using RCWA method with grating period (p) = 0.7 um, thickness of dielectric (t) =0.8 pm ,grating height (h)=
0.46 pum, duty cycle (n) =0.75 .
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3.1.2 HCG as A Narrow-band Mirror

HCG can also be designed to act as a narrow-band mirror or a high-Q resonator[56-58] by
properly choosing the dimensions such that the average energy in the propagation direction is
nearly zero at both the front and rear interfaces of the grating. A narrow-band mirror
designed for 1550 nm is presented here. The grating high-index material has refractive index
as 3.48 at 1550 nm. The low-index material is taken as 1. The grating is designed for TE-
polarized light. The HCG parameters are grating period (A) = 0.8um, thickness (t) = 0.55
pum, and duty cycle (i) = 0.74. The reflectivity spectrum of the HCG structure is simulated
using CAMFR[52], as shown in Figure 3.3. A reflectivity graph having a sharp asymmetric
line shape with reflection varies from 0 to 1 for a narrow wavelength range is achieved. The
high reflectivity under normal incidence and narrowest reflection peak at 1.55um with 100%
reflectivity is achieved in order to choose a single longitudinal mode. This function is

required in second harmonic generation and interferometer.
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Figure 3.3 Simulated Narrow-band reflected spectra for TE- HCG with grating period (A) = 0.8um, thickness of
dielectric (t) = 1 um, grating height (h)=550 nm, duty cycle (1) = 0.74.

3.1.3 Transverse Mode Control Using HCG
To achieve high performance in optical communication systems, a single mode operation
with a fundamental transverse mode is essential [59-61]. In order to achieve single mode

operation with high output power, extra loss structures (passive antiguide region, photonic
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crystal defects and shallow surface relief) can be introduced to suppress the higher order
transverse modes from lasing. But these methods increase the structure complexity and
decreases fabrication tolerance.

Due to its engineered angular dependence, HCG is used to suppress higher order transverse
modes and helps in achieving a single mode, hence enhances the performance of optical
devices by providing high output power. Figure 3.4 shows the reflectivity of HCG when TM
polarized light is incident at different angle of incidence. Figure 3.4 also shows that the
transverse angle for each transverse mode is different; a fundamental mode has the smallest
transverse angle with much larger reflectivity (~99%) while the high-order modes have larger
angles and provides low reflectivity (~40%). Thus it is easy to select only a fundamental
mode using the highly angular dependence nature of HCG. This avoids all the higher-order
modes to propagate and enhances the light output. The optimized parameters in this
simulation are: height of grating and dielectric thickness is 290 nm and 500 nm respectively.
Grating period is 455 nm, a duty cycle is 0.68 (solid line) and 0.75 (dotted line) at fixed
wavelength of 980nm.
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Figure 3.4 Simulated angular dependence characteristic of HCG for the transverse mode control at fixed
wavelength of 980nm with grating parameters: grating height = 290nm, thickness of dielectric = 500nm,
period=455nm, duty cycle= 0.68(solid line) and 0.75 (dotted line)
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3.1.4 Near Field Characteristics

Figure 3.5 shows the near field optical characteristics of the light wave emitted from HCG
when TM polarized light is normally incident on it. Despite the fact that the grating is
rectangular, the emitted light wave remains symmetrical, and possesses Gaussian profile for
the fundamental mode. The beam is measured to be about 2pum, which is characterized by the
width of the 99% decrease in intensity. The near field intensity distribution for a TE-HCG is
similar to TM-HCG.
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Figure 3.5 Measured optical near-field characteristics of the TM-HCG for VCSEL incorporated with HCG as

top mirror. The output beam emitted from HCG has Gaussian profile.

3.1.5 Large Fabrication Tolerance

The fabrication tolerance of different parameters in the HCG structure is simulated using
RCWA method. The contour plot in Figure 3.6 shows the fabrication tolerance of HCG in
terms of grating height, where wavelength is varied from 1.25 um to 1.8 um while other
design parameters period, thickness of dielectric layer, duty cycle is kept fixed at 0.7um,
0.8um and 0.75 respectively. The HCG structure can have grating height variation from 300
nm to 460 nm, and still provides high reflectivity (>99%). Figure 3.7 shows the fabrication
tolerance of period of HCG when wavelength is varied over a large range. The other
parameters i.e. grating height and duty cycle are kept fixed at 0.46 um and 0.75 respectively.
A 50-nm variation in grating period (~10% of the design period of 450 nm), while still
providing very high reflectivity (>99%) for the wide range of wavelengths for the VCSELSs to
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lase if used in it as a top mirror. This leads to the large fabrication tolerance in HCG-VCSEL
fabrication. The large fabrication tolerance of the HCG structure originates from its
broadband nature and wavelength scalability. By modifying the dimensions of HCG, the
reflectivity spectrum of the HCG can be scaled accordingly to obtain a high reflectivity for a
particular wavelength. So HCG is a covetable broadband reflector with high reflectivity and

having large fabrication tolerance for VCSEL applications.
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Figure 3.6 Fabrication tolerance for HCG height, which is more than 160 nm for (>99%) reflectivity. Duty cycle
is 0.75 and period is kept fixed at 0.7um. The thickness of dielectric layer below the grating is 0.8 um.
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Figure 3.7 Fabrication tolerance for HCG period, which is more than 50nm for (>99%) reflectivity. Duty cycle

is 0.75 and Thickness of dielectric layer below the grating is 0.8 um, grating height is kept fixed at 0.46 pum.
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3.1.6 HCG as a Multiwavelength VCSEL Array at Near IR (1.0um-1.8um)

High contrast gratings have been employed in many optoelectronic devices. It has been
integrated in VCSELs as a reflectivity mirror. The light weight of HCG provides fast
electromechanical structure actuation for tuning the wavelength. The increasing demands of
high bandwidth applications, such as real-time video conferencing or online video streaming
have become motivation for high capacity data networks. Wavelength Division Multiplexing
(WDM) offers best way to hold high bandwidth of an optical fiber while using existing
electronics. Figure 3.8 shows the schematic of multiwavelength VCSEL array.
Multiwavelength and monolithically integrated sources [62] are extremely covetable for wide
range of applications including optical displays, optical trace-gas sensing etc. The phase of
HCG reflectivity is dependent on dimensions of grating which leads to wide range of its

emission wavelengths.

v ]

High-contrast Gratings with
different lateral Dimensions
but identical Layer Thickness

Figure 3.8 Schematic of multiwavelength VCSEL array [62].

Figure 3.9 shows the reflectivity spectra of HCG structure at different duty cycles. It shows
that at duty cycle 0.85 multiple peaks are obtained with very high reflectivity (>99%) and
this makes the device tunable for wide range of wavelengths. At duty cycle 0.8, a broadband
spectrum is obtained and at duty cycle 0.95, less number of peaks with very high reflectivity
is obtained. Figure 3.10 shows the multiwavelength nature of HCG, which depicts that it can

be well tuned for wide range of wavelengths. Simulation is done using CAMFR. The
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optimized parameters in this simulation are: Si substrate (n=3.48), (p) = 0.6um, low index
material having index=1 (air), nj= 1.47 (SiO,), h = 0.45 um and duty cycle =0.85. Thickness

of dielectric is 1 pum.
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Figure 3.9 Simulated multipeak spectra using HCG at normal incident for TE wave having period=0.6pum and

varying duty cycle.

The VCSEL wavelength is determined by round-trip 2w phase condition as in any Fabry-

Perot cavity:

L.
4m Camty/ + Ouce + Pppr = 2mn (4.4)

lasing

Leavity 1s the length of the cavity, 4;45n4 is the lasing wavelength. @yccand @ppg are the

reflectivity phases of HCG and DBR mirrors respectively and m is any integer. To obtain a

large wavelength range in 44,4 , design of HCG is required whose @y is varied with

period and duty cycle.
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Figure 3.10 Simulated reflectivity multiwavelength spectrum of HCG with grating period (p) =600nm, grating
height (h) =450 nm, duty cycle () =0.85, for normal incident TE polarized light.

Simulations At Mid Infrared Range (10um-100um)

3.2 HCG as a Narrowband Transmission Filter at Mid IR (8um-14um)

The principle of reflectance is that the incident light is coupled to the guided modes in the
dielectric grating waveguide, where strong coupling corresponds to broadband response and
weak coupling corresponds to narrowband response. This physical principle is used to realize
a narrowband transmission filter[63] using a single-layer dielectric grating. This
characteristic of HCG is useful for filtering applications including military surveillance,
remote sensing. The optimized parameters in the simulation shown in Figure 3.11 are: Si
substrate (n=3.48), (p) = 5um, h =3 um and t = 4.6 um. Period and duty cycle are 5 um and
0.72 respectively. 0 is the incident angle with the surface normal direction to the grating.
Figure 3.11 also shows the two narrow peaks, first peak having transmittivity (~60%) and
second first peak is having transmittivity (~72%) for angle of incidence as 5°. Figure 3.12
shows the Transmittance as a function of increasing wavelength when light is incident at
surface normal direction on HCG. Single Transmittance peak is obtained with very low value
of transmittivity (~50%) means broadband reflection can be obtained at surface normal

incident. Grating Parameters are same as above.
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Figure 3.11 A line plot of transmittance as a function of increasing wavelength for TM polarized wave incident
at an angle 6 = 5°.Grating height is 3um and thickness of middle layer (air) is 4.6 um. Period and Duty cycle are
5 pm and 0.72 respectively.
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Figure 3.12 A line plot of transmittance as a function of increasing wavelength at Surface normal Incident.
Grating height is 3um and thickness of middle layer (air) is 4.6 um.Period and Duty cycle are 5 pum and 0.72

respectively.
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Figure 3.13 (a) ,(c) shows the Magnetic field profiles associated with each transmission band
on each resonance peak that are shown in Figure 3.11, depicting the supported modes at
0=5° By introducing the off normal incidence, the response of broadband reflector has
changed. The off-normal response exhibits well-defined transmission bands, within the
broadband. Figure 3.13 (b) shows the single period of high index contrast grating. First
resonant peak obtained in Figure 3.11 is having comparatively less transmittance so more
light is confined in the grating region as shown in Figure3.13 (a), while second peak is
having high transmittance so less light is confined in grating region as shown in Figure 3.13
(©).

Due to large Fabrication tolerance of HCG, the variations in the grating height and dielectric
thickness as 4+0.5 um and 4 + 0.2um respectively can be tolerated. Although the filter is
simulated in the thermal emission spectrum (8 - 14 um), the same principle is also valid at
higher frequencies, including the optical regime, in which the desired frequency range is

selected by modifying the grating dimensions.

3.2.1 Improved Structure for Narrowband Transmission Filter Using HCG

In the above case, air is taken as dielectric between silicon grating and substrate. But
practically it is very much difficult to fabricate the device with air as dielectric as grating
which is suspended in air. In the proposed design silica is used in place of air. This structure
is not only easy-to-fabricate but also increases the transmittance to 96% whereas in earlier
case it is only 70%.

The optimized parameters in this simulation are: Si substrate (n=3.48), (p) = 5um, n=3.48
(Silicon), low index material is having the index =1 (air), nj= 1.0 (air), h = 4.1 pum and duty
cycle (ff) = 0.70 and middle layer thickness (t) =5.4um and 6 is angle of incident with the
surface normal direction of the grating. The incident wave is TM polarized and incident at 5°
with the surface normal direction. Figure 3.14 shows the three transmission peaks with high
transmittivity at an incident angle 6= 5°. Figure 3.15 depicts magnetic field profile associated
with the transmittance peak occur at wavelength of 11.3 pum. Less light is confined in the

grating region due to large transmittivity at this wavelength.
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Figure 3.13 Simulated response of the optimized suspended silicon grating with period=5um, ff=0.72, t=
4.6pm , h=3um (a) Magnetic field profiles, on first resonance showing the supported modes at 6=5° (b) Single

period of HCG (c) Magnetic field profiles, H,, on second resonant peak showing the supported modes at 6=5°.
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Figure 3.14 A line plot of transmittance as a function of increasing wavelength at incident angle 6= 5° using

silica as middle layer of thickness 5.4um. Grating height is 4.1 um. Incident light is TM polarized and incident

at an angle of 5° with the surface normal direction.
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Figure 3.15 Simulated response of the optimized silicon/Air grating with period=5 um, ff=0.70, t= 5.4um, h=

4.1um (a) Magnetic field profiles, on first resonance showing the supported modes at 6=5° (b) Single period of
HCG.



Summary of the Chapter

In this Chapter, the broadband property and fundamental physics related to the working of
high index contrast grating (HCG) is discussed. More than 98.5% reflectivity has been
demonstrated by simulation over a large wavelength range of 1.31-1.76um, which is
desirable in many optoelectronic devices. Additionally, HCG can serve as narrowband mirror
at telecom wavelength and multiwavelength device having large fabrication tolerance, thus
helps in monolithic integration of many photonic devices. Narrowband Transmission filter

using HCG with transmittivity larger than 97% has been simulated.
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Chapter

4 Proposal and Analysis of
Broadband Terahertz absorber on SOI Chip

4.1 Structure of Absorber

The schematic of the proposed absorber design is shown in Figure 4.1(a). It consists of a
silicon/air high-index contrast grating (a high index media surrounded by low index media)
on top of a SOI chip. The two important design parameters that control the absorptivity are:
grating height and grating period which are denoted as h and p respectively. Another design
parameter is duty cycle which is the ratio of width of the high index bar to the period of
grating. It is noticed that the high absorption at a particular wavelength results in trapping of
the resonant light in the structure due to FP resonances and thus decreases reflectivity and
increased absorptivity. After the absorption of the incident terahertz radiation the proposed
engineered SOI chip guides the terahertz waves in the grating region in form of in-plane
oscillations as shown in Figure 4.1(b). The field propagation on the SOI chip is computed
using CAMFR (CAvity Modelling FRamework) tool [50].

60°- 0°/_\ Si/Air grating
p Air
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Figure 4.1 (a) Schematic of the broadband and wide-angle terahertz absorber with high-index contrast grating.
A thin dielectric separates a silicon substrate and a silicon/air high-index contrast grating. The incident light is
TM polarized at different angle of incidence from 0° to 60° (b) Field propagation in grating region of the

terahertz absorber simulated using CAMFR simulation tool when TM polarized light is normally incident on it.
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4.2 Absorption Characteristics

HCG is a subwavelength grating i.e. period is much smaller than the operating wavelength,
so only zeroth order mode will propagate and all higher order modes are evanescent modes.
Due to its 1-D periodic nature, HCG is polarization sensitive. When light is incident on the
grating, large number of eigen-modes get excited and start propagating towards the bottom of
grating interface with different phase velocities. At the exiting plane, due to a strong
mismatch (index contrast) to the existing plane wave, the waveguide modes reflect back and
also couple with each other. Similar mode coupling happens when modes guides and arrives
back to the incident plane. The reflectivity is obtained by considering modes through one
complete round. The HCG parameters are well chosen that these modes get destructively
interfere at the bottom of grating interface. This yields zero Transmission coefficient [60] and
the incident light gets absorbed if there is no reflection.

All the design analysis are performed with RCWA [38] which analyses the diffraction of
an electromagnetic plane wave incident on subwavelength grating which is surrounded by
two different media. Figure 4.2 shows that the grating is periodic and infinite in y direction
and uniform and infinite in x direction. In the z-direction it is divided into three regions:
upper region of grating is Region 1 having refractive index n1, grating region is Region 2 and
lower region of the grating is Region 3 having refractive index n,.

TE M
y
‘ A} \9_. Region 1
W
Re;n'nnl
—7=h

Region 3

Figure 4.2 High-index Contrast Grating Schematics, The blue arrow shows incident wave and black arrows
corresponds to E-field Direction in both TE/TM polarizations of incidence. w is width of the Silicon stripe and a
is width of air gap. The grating height (h) is taken in z direction.
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As the grating periodicity is in y direction, diffracted wave vector in y direction is given by
[19]

. 2T

Ki,y = Kiny + l? (4.1)

Where K, ,, is incident wave vector, k, is wave vector in vacuum, K is grating wave number
given by (2?”) .When TE polarized light is incident onto the grating at angle (8) with the
normal, the normalized incident electric field vector is

Ey = exp(—jkon,(ysinf + zcos@)) 4.2)

The diffracted magnetic and electric field from the grating

Hy = ek — %% (RH, etV (4.3)

E; = Ey + YR exp[—j(Kyiy- K1,ziz)] (4.4)
H; = X7, TiH;,i(x)e_jYi(Z_h) (4.5)

Ey =¥ Ti e xp{—j[Kyiy — Koi(z — D]} (4.6)
Ky = Ky[n;sinf — i(Ap)] 4.7)

Where i is diffraction order number, R; and T; are reflection and transmission coefficients, y;
Is propagation constant, K,;is y component of i-th wave vector, K; ,; is z component of i-th
wave vector in Region 1. E; and E; are diffracted electric field from the grating in Region 1

and Region 3 respectively. The magnetic field and Electric field in Region 2 is given by

Hy = Yi’o H;,i () [ae™/*@=h) — petikz=h) (4.8)
E; = i Sxi (2)exp(—jKyiy) (4.9)
V2E, + (?T/ )% € (,2)E; = 0 (4.10)

a; and b; are the coefficients of the forward (+z) and backward (-z) propagating constants
respectively.
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A is free space wavelength. S,; is normalized amplitude of i-th wave vector in Region 2 that
can be obtained by substituting Eq. (4.1- 4.9) in wave Eq. (4.10).The solution of Eq. (4.10)
can be obtained in terms of eigen-values and eigen-vectors. The reflection and transmission
coefficients can be obtained from Eq. (4.11) and (4.12) respectively. The coefficients C,, can
be determined by matching tangential electric and magnetic fields at the two boundaries (z=0
and z=h). w;,, is the m-th element of row in matrix [w], that consists of all eigen vectors
corresponding to i-th wave. Absorption can be achieved by using Eq. (4.10)

R+ 80 = X Cnwim (4.11)

T; = Zm CnWim epr(QmC - €2i(h)] (4-12)

The Absorption coefficient of i-th wave vector A; is given as

where 6;yis kroneckar delta function, g,, is m-th eigen value, &,; is positive real for

propagating wave and negative imaginary for evanescent wave and C is coupling coefficient.

The results are obtained using RCWA where the proposed structure is illuminated by a
normally incident polarized plane wave. To enhance the absorption, the period of the grating
structure should be 2.5% of the wavelength used, so that only the zeroth order mode may
propagate and all others are the evanescent modes [62]. The T is very close to zero as the
thickness of the dielectric is much larger than its skin depth; A may approach unity i.e.
perfect absorption can be achieved when R is close to zero.

Figure 4.3 shows the effect of grating height h and period p on the absorption of incident
terahertz radiation. The absorption remains high, more than 90%, over a long range of
grating period from 20 pum to 45 um where the operating wavelength is 74 um and the
grating duty cycle is 0.72. The grating height from 2 pum to 3.5 um provides absorption of
larger than 90% over a long range of grating period from 20 um to 45 um. It is to be noted
from the Figure 4.3 that the fabrication tolerance of the absorber is quite large in terms of
grating height and grating period. The absorption remains large over wide range of both the
design parameters. At h = 2.6 um and p = 27 um, a high absorption of 98 % is achieved.
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Figure 4.3 Variation of terahertz absorption with grating height and grating period. Duty cycle of the grating is
0.72 at fixed wavelength of 74 um. The height of grating and the thickness of dielectric are 2.6 um and 4.8 pm.

Figure 4.4 depicts the effect of grating period on the absorption-bandwidth of HCG based
SOI chip. It is to be noted that the bandwidth of high absorption (from 90 % to 98 %) is quite
large over a wide range of values of grating period. The grating height (h) is 2.6 um and
thickness of dielectric (t) is 4.8 um and duty cycle is 0.72. The absorption is high (~98%)

over a long range of period from 12 pum to 35 pm.
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Figure 4.4 Effect of grating period on absorption bandwidth at duty cycle = 0.72 and h=2.6 um and t=4.8 pm.
The fabrication tolerance of the absorber is large as the absorption remains large over a wide range of values of

grating period.
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The grating period is the most critical parameter while fabricating a grating. The reflection
properties of a grating are sensitive to any change in grating period. To increase the
fabrication tolerance of the grating based device it is necessary to make the output
characteristics of the device unchanged for a wide range of grating period. It is also clear
from Figure 4.4 that the fabrication tolerance of the proposed absorber is large enough (14pum
period tolerance for grating height as 2.6 um) for practical applications. Figure 4.5 shows the
broadband absorption spectra where a high absorption above 98% is achieved over a
wavelength range of 66um-84pum with grating height 2.6 pm and dielectric thickness 4.8 pum.
Period and Duty cycle are 27 um and 0.72 respectively. At p = 27 um the bandwidth of high
absorption (>98%) from 66 um to 84 um is achieved.
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Figure 4.5 Absorption spectra for HCG on SOI with Grating parameters- period, duty cycle, thickness of
dielectric are 27 um, 0.72, 4.8 um respectively. Grating height is 2.6 pum.

In many applications, electromagnetic wave is incident onto the absorber with an oblique
incident angle, so it is desirable to make device which can operate on a wide range of
incident angles [63]. An absorber with narrow accepted angles has limited usage in practical
applications. Figure 4.6 shows the behavior of the proposed structure at different angle of
incidence on absorption spectra. It shows that the broadband absorption (greater than 98%) is
not limited to normal incidence (0°) but can be extended to 60°. Thus, the designed absorber
provides large absorption over a wide range of incident angles [64]. A high absorption

(>98%) over a wide range of incident angles from 0° (normal incidence) to 60° is obtained.
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This wide angle broadband characteristic arises from the wideband nature of HCG. The
grating height is 2.6 um, dielectric thickness is 4.8 um, period is 27 um and duty cycle is
0.72.The light incident on the grating is TM polarized.
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Figure 4.6 Dependence of absorption spectra on angle of incidence, design parameters are h = 2.6um, t = 4.8

pum, duty cycle = 0.72, p = 27 um.

4.3 Polarization Dependence

The propagation characteristics of the two orthogonal polarizations (TE: E-field parallel to
the grating lines and TM: E-field orthogonal to the grating lines as shown in Figure 4.2) in
the absorber are effectively controlled in simulation to provide polarization insensitivity by
transfiguring the parameters of the structure. Flexibility in designing an HCG helps in
fabricating large number of photonic devices [62-64]. Figure 4.7 Shows absorption of two
orthogonally polarized waves at different wavelengths. Dimensions are same as that of
broadband absorber i.e. h = 2.6 um and t = 4.8 um. Period (p) is 27 um and duty cycle is
0.72. Here the polarization dependent absorption PDA (the difference in absorption of TE
and TM mode) is large (~31%). For perfect polarization independence of a terahertz
absorber, the PDA must be small enough. Presence of HCG on SOI can make it possible to

reduce the polarization dependence resulting from the high-index contrast in the grating and
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strong in-plane alterations of the guided waves in the grating [62]. To reduce the PDA for the
realization of polarization insensitivity of the absorber, the grating height, thickness of
dielectric and period values are optimized. The duty cycle is kept same i.e. 0.72. Figure 4.7
(b) shows the effect of varying period on Polarization dependent Absorption (PDA) when
thickness of the dielectric is taken as 3 um at fixed wavelength 54 um. Duty cycle is 0.72.
The PDA is lowest (0.1%) at grating thickness 2um when period is varied from 20 um to 25
pm and it is also low for h = 0.5 pum. Figure 4.7 (b) also shows large fabrication tolerance of
the device by providing low PDA when grating height is varied from h=0.5 um to h=2 pm.
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Figure 4.7 (a) Absorption spectra for TE (dotted line) and TM (solid line) polarizations with grating height 2.6
pm and dielectric thickness 4.8 um with period 27 um and duty cycle 0.72; (b) the effect of variation of grating
period on polarization dependent absorption (PDA) at fixed dielectric thickness of 3 um and operating
wavelength of 54 um. Duty cycle is kept at 0.72.

Figure 4.8 shows absorption spectra for both TE and TM polarized light after minimizing the
difference between the two modes i.e. after realization of low PDA (0.1%) to make the
device polarization insensitive. To minimize the difference between two orthogonal
polarizations, the grating height, dielectric thickness and period are altered and taken as 2
pm, 3 um and 20 pm respectively. This is necessary to achieve polarization insensitivity
because some optical components change the polarization state of transmitted light in an
uncertain manner and sometimes the optical source of radiation itself emits an unpolarized

light.
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Figure 4.8 Absorption spectra for TE (dotted line) and TM (solid line) polarized light with grating height 2um
and dielectric thickness 3um with period 20 pum and duty cycle 0.72.

4.4 VValidation of Results with FDTD

The design of the proposed terahertz absorber is validated with the FDTD method. Figure 4.9
shows the absorption of terahertz waves as a function of grating period. The results are
calculated using RCWA as well as using FDTD. The grating parameters are: duty cycle is
0.72, grating height is 2.6 um and thickness of dielectric is 4.8 pm. Wavelength is kept fixed
at 74 pum. The results obtained with the RCWA are in good agreement (with maximum
difference of 0.6% in absorption) with those obtained with FDTD. Figure 4.9 also clarifies
the large fabrication tolerance of the proposed design i.e. 8um period tolerance with ~98%

absorption.
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Figure 4.9 Validation of RCWA designed absorber with FDTD method, absorption versus grating period using
RCWA and FDTD at duty cycle =0.72, grating height = 2.6 pm and thickness of dielectric = 4.8 um at fixed

wavelength of 74 pm.
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Chapter

Conclusion and

5

Future Scope

This dissertation targets at the design, simulation and analysis of a single layer
subwavelength high-index contrast grating on silicon-on-insulator chip. In this proposed
work, it has been shown that by modifying the three basic parameters i.e. grating height,
period, duty cycle of HCG, many useful and yet previously unobtainable properties can be
achieved. It discusses how HCG can manipulate light and behave as Broadband reflector and
Absorber over a large frequency range with very large fabrication tolerance. This shows that
HCG can be readily incorporated in a variety of integrated optoelectronic and photonic
devices. HCG can serve as a Broadband reflector over a wavelength range of 1.31-1.76um,
narrowband Reflector at 1550 nm with very high reflectivity i.e. 99%. The simulation results
are presented to demonstrate many desirable characteristics of HCG for VCSELSs, including
polarization selection, near field characteristics, large fabrication tolerance and transverse
mode control.

Lastly, the design of an efficient terahertz absorber on an engineered SOI platform based on a
1-D high-index contrast grating is presented. The design and analysis are carried out using
RCWA. A high absorption (> 98.4%) over a frequency range of 3.57 - 4.54 THz is obtained
with large fabrication tolerance (14um period tolerance for grating height of 2.6um). The
absorption remains high (~ 98 %) for wide range of angle of incidence from 0° (Normal
incidence) to 60°. The results obtained by RCWA are in good agreement (with maximum
difference of 0.6%) with that obtained by FDTD. Results shown by this simple geometry are
the wealth of its interesting properties. The presence of HCG on SOI can make it possible to
reduce the polarization dependence resulting from the high-index contrast in the grating and
strong in-plane modifications of the guided waves in the grating region. The large fabrication
tolerance originates from the wavelength scalability of HCG. The structure may serve as a
broadband terahertz absorber, which is polarization insensitive and can be used in various

practical applications. By adjusting the physical dimensions of subwavelength Febry perot

49



cavity, the absorption can be achieved over a larger terahertz spectrum. This simple device
may provide a desirable absorption method and operation to select frequency band in high
frequency region for many useful applications in realizing terahertz devices. A further
broadening of the absorption bandwidth is also possible (by using doped silicon instead of
bare silicon) to readily extend it to other frequency regimes for a host of applications for

imaging, micro-electro-mechanical tunable devices and stealth technology.
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