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ABSTRACT

KEYWORDS: Silicon Photonics, Silicon-on-Insulator, Waveguides, Integrated

Optics, Sub Wavelength Gratings, Optical Filters, Lab-on-chip

Sensor, Mach-Zehnder Interferometers, Thermo-optic Switch.

In the recent past, sub-wavelength grating (SWG) waveguide in silicon-on-insulator

(SOI) platform has emerged as an important component for silicon photonics technol-

ogy due to its flexibility in engineering the effective refractive index and dispersion

characteristics of the guided mode. Most of the demonstrations in SWG primarily

deal with improving the performance of the conventional silicon photonic devices like

wavelength independent directional couplers, high Q ring resonators, low loss waveg-

uide crossings, mode converters etc. by replacing the straight/bent waveguide sections

with SWG waveguides. Integrated SWG waveguides are also being investigated for

various applications like refractive index sensing, wavelength filtering, delay lines etc.

Nevertheless, most of the SWG based filters demonstrated till date have limited spec-

tral bandwidth and are suitable for narrow-band add-drop multiplexing. For improved

transmission capacity and spectral efficiency, it is desirable to have on-chip tunable op-

tical flat-top filters which can either switch, route or duplex a large bandwidth of optical

signal. In the field of refractive index sensing, SWG based integrated photonic sensors

reported so far are limited to wavelength interrogation mechanisms which require ex-

pensive equipment like spectrum analyzers. Integrated Mach-Zehnder interferometer

(MZI) is a less expensive alternative for sensing via intensity dependent interrogation.

However, there has been no demonstration of SWG integrated MZI sensors. This PhD

thesis intends to extend the prospects of integrated SWG waveguides in silicon photon-

ics platform for on-chip filtering and sensing applications that could address the pitfalls

in the existing state of the art and specifically cater to the recent advancements in this

field. All the devices are demonstrated using SOI substrate with device layer thickness

of 220 nm, buried oxide (BOX) layer thickness of 2 µm, and handle wafer thickness of
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500 µm; which is commonly used in silicon photonics foundries.

We first demonstrated an integrated optical ultra wide-band add-drop filter/switch

circuit designed by integrating two identical SWG waveguides in two arms of a 2 × 2

MZI. The circuit is designed such that successive stopband and passband can be sepa-

rated into the drop port and cross/bar port of the MZI, respectively. They are designed to

operate in TE-polarization with a well defined band-edge wavelength λedge ∼ 1565 nm

(roll-off> 70 dB/nm). The band-edge wavelength could be thermo-optically tuned with

a slope efficiency of 22 pm/mW. The passband switching between bar- and cross port

is demonstrated with more than 15 dB extinction and the measured switching power

Pπ ∼ 54 mW. Thermo-optic modulation is also demonstrated simultaneously at cross-,

bar- and drop ports for an operating wavelength λ = 1571 nm (slightly above λedge).

The rise-time and fall-time in thermo-optic modulation is recorded as ∼5 µs and ∼4

µs, respectively.

In addition, we have explored the capability of an apodized SWG waveguide to

achieve improved filter functionalities. The filter band-edge exhibits smooth roll-off

with a stopband extinction > 40 dB. The typical edge slope of ∼ 3.5 dB/nm is obtained

for SWG waveguide with grating length Lg = 70 µm and width Wg = 2.5 µm. The

position and slope of the band-edge can be engineered by tailoring SWG waveguide

width and length, respectively.

This is followed by the experimental demonstration of a refractive index sensor

device designed by integrating a SWG waveguide in one of the arms of a MZI. The

phase difference between guided lightwaves through the sensing and reference arms are

engineered to remain nearly constant for a desired range of wavelengths (at λ ∼ 1550

nm). The devices operating at these wavelengths exhibit a sensitivity of ∼ 5 dB/0.01

change in clading refractive index, which is again linearly scalable with the sensing arm

length of the proposed MZI.
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CHAPTER 1

Introduction

Sub-wavelength grating (SWG) is emerging as a promising waveguiding technology

for silicon photonics in realizing high performance and compact integrated photonic

devices and circuits for on-chip optical interconnects, quantum photonics and sensing

applications. SWG waveguide demonstrations till date are enriched with devices that

tailor the light properties for efficient power coupling, polarization control, phase en-

gineering, wavelength filtering etc. This PhD thesis intends to explore and extend the

capability of SWG waveguides by coming up with device demonstrations that can be

used to realize more complex photonic integrated circuits (PIC) with improved fea-

tures or new functionalities. In particular, the filtering and sensing prospects of SWG

waveguides are explored and the devices are designed keeping in mind the feasibility of

on-chip integration with the already demonstrated devices in our research group such

as broadband power splitters, efficient grating couplers, thermo-optic phase shifters etc.

All the devices discussed in this thesis are designed, fabricated and characterized using

the in-house facilities available at IIT Madras. In this introductory chapter, we present

the motivation for carrying out present research through an exhaustive literature review,

which eventually streamlines the objectives and a brief overview on the organization of

the remaining chapters.

1.1 Motivation

Silicon photonics is currently one of the most active disciplines in academia as well as

industry in view of its immense potential in bonding two technological areas that have

transformed the last century - electronics and photonics [1]. In pre-silicon-photonics

era, stand-alone photonic devices were realized in various material platforms; for ex-

ample, indium phosphide for lasers [2], lithium niobate for modulators [3, 4, 5] and Ger-

manium and III-V semicunductors for photodetectors [6, 7]. Naturally, the significant



portion of the final manufacturing cost for these devices arises from the photonic pack-

aging processes making them suitable for application specific fiber-optic systems. The

advent of CMOS compatible silicon photonics technology has opened up the feasibility

for large-scale photonics integration as well as futuristic co-integration with electronic

driver circuits and processors. The early works which served as key technology mile-

stones in the field of silicon photonics began in the mid of 1980’s when Soref et al. pro-

posed silicon as a material platform for integrated photonics [8, 9, 10]. As early as 1992,

Abstreiter conceived the concept of opto-electronic integrated circuits (OEIC) where he

envisioned the integration of photonic structures with advanced silicon microelectron-

ics on the same substrate [11]. This was extended by Soref in the following year by

proposing a visionary concept, which he named as ’superchip’ using silicon based op-

tical waveguides on a silicon bench, as shown in Figure 1.1 [12]. In the scheme, all the

Figure 1.1: Schematic illustration of Opto-Electronic Integrated Circuit (OEIC) "su-
perchip" envisioned by Soref [12]

fundamental blocks, photodiode, modulator, switch, laser diode, integrated waveguides

and couplers can be seen sharing a single platform. The design places fibers on etched

V-grooves of the substrate to butt-couple into the chip: which is still a challenging task.

Among the various substrate configurations studied, such as, silicon-on-sapphire (SOS)

[13], silicon germanium [14] and SOI [15], the SOI platform became the most popular

for silicon based waveguide systems. Since then, silicon photonics had no look back

and over the past few decades, the silicon photonics community has made tremendous

progress in developing a wide variety of photonic devices for building complex pho-
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tonic integrated circuits (PICs) such as low-loss optical waveguides [16], high speed

modulators [17, 18, 19, 20], high speed switches [21, 22, 23] and tunable or reconfig-

urable optical filters [24], etc. These research advancements paved the way towards the

evolution of photonic integration for realizing high performance systems on-chip. Mi-

croprocessor circuits that could communicate with other chips using on-chip photonic

devices were demonstrated in SOI substrate as shown on Figure 1.2 [25]. It comprised

Figure 1.2: Block diagram of optical memory system that uses optical links to commu-
nicate between two chips [25].

of 70 million transistors and 850 photonic components co-integrated using standard

microelectronics foundry process. In April 2018, two papers were published almost

simultaneously in Nature and Science journals reporting dense electronic-photonics co-

integration on a bulk chip [26] and large scale silicon photonics quantum circuit [27],

respectively. The former enabled the monolithic integration of photonic components

like optical waveguides, grating couplers, micro-ring modulators and avalanche pho-

todetectors into a CMOS chip which is housing analog and digital electronics as shown

in Figure 1.3. The photonic components are made of a thin layer of polycrystalline sil-

icon deposited on silicon dioxide islands in trenches within the bulk CMOS chip. This

integration approach enabled the addition of optical components to existing chips with

little modification of their designs. On the other hand, the on-chip quantum photonic

circuit demonstrates the on-chip generation and manipulation of entangled quantum

states having potential applications in information processing and quantum communi-

cations as shown in Figure 1.4. Approximately 550 photonic components are integrated
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Figure 1.3: (Top): Schematic illustration of the Electronic-Photonic chip with the pho-
tonic devices realized in polysilicon film (220 nm) deposited on a photonic
trench isolation. The numbers indicate the order in which fabrication pro-
cess steps are carried out. (Bottom): SEM images of various electronic and
photonic components in the monolithic platform [26].

monolithically on a single chip including 16 photon sources, 93 thermo-optic phase

shifters, 256 waveguide crossings, 122 MMI beam-splitters and 64 grating couplers.

It is evident from the demonstration of large-scale integrated optical devices that sili-

con photonics technology has become a matured platform to enable on-chip generation,

manipulation and analysis of multidimensional quantum systems. Significant research

effort has also been invested in developing short-reach optical interconnects, such as

data centers and high-performance computing in order to meet the demand for rapidly

increasing data transfer rate, owing to their inherent advantages over their electrical

counterparts in terms of bandwidth, distance, and power consumption [28]. Electronic

giant Intel recently announced that it had expanded its 100 G silicon photonics prod-

ucts from data centers to the 5G network edge. Intel’s 400G products are expected to

enter volume production in the second half of 2019 [29]. Acacia Communications has

recently released AC200-CFP2-LH module targeted for long-haul dense wavelength di-

vision multiplexing (DWDM) networks that can reach upto 2500 km [30]. Besides data

communication, silicon photonics integrated circuit technology has become a promis-
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Figure 1.4: Circuit diagram of the multifunctional silicon quantum photonic chip. The
inset shows the photograph of the fabricated device [27].

ing platform for realizing label-free optical sensors for point of care diagnosis [31, 32].

Apart from CMOS compatibility, the high refractive index contrast between silicon and

the surrounding media facilitates the development of multiple compact sensing devices

on a single chip. The major sensing mechanisms that are generally used in integrated

optical sensors are a) refractive index (RI) sensing [33]; b) absorption sensing [34];

and c) fluorescence sensing [35, 36]. Among these, silicon photonic bio-sensors rely

primarily on RI sensing wherein the evanescent field of the near infrared wavelengths

light confined within nano-meter scale silicon waveguides interact with the surround-

ing volume thereby creating an external RI sensitive region as shown in Fig.1.5 [37].

This change in effective refractive index is translated into a measurable quantity de-

Figure 1.5: Silicon photonic wire waveguide for bio-sensing [37].

pending on the device configuration, say, resonant wavelength in microring/microdisk
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resonators [38, 39, 40], photonic crystal cavity [41] or Bragg grating resonators [42]

and output power intensity in interferometric structures [43].

Silicon waveguide is the fundamental and indispensable framework for building any

silicon photonics device for the aforementioned applications. Significant research ef-

fort has been devoted in this area since its first report by Soref et al. in 1980s [8, 9].

The schemes of different kinds of waveguides realized in SOI platform is shown in Fig-

ure 1.6. The standard and conventional waveguides used for silicon photonics are strip

Figure 1.6: Schematic 3D view of various optical waveguides realized in SOI platform.

waveguide and rib waveguide, in which the light is confined primarily within the sili-

con region having higher refractive index based on the total internal reflection [16, 44].

In addition to the rib and strip waveguides, owing to the high refractive index nature

of silicon platform, other novel types of waveguides which rely on different guiding

mechanisms have been developed, such as slot waveguide, photonic crystal waveguide

(PhCW) and SWG waveguide. In slot waveguide, which is formed by a low index

(air/oxide) narrow slot region (few tens of nanometers) embedded between two rails

of high index (silicon) waveguides, the overlap of the evanescent tail of the high in-

tensity modes at the two interfaces of the slots leads to a greatly enhanced light field

confinement in the low-index slot region [45, 46]. Since the light is tightly confined in

the oxide/air slot region which has relatively less non-linearity compared to silicon, the

slot waveguide features reduced non-linearity and facilitates chip-scale optical intercon-

nects [47, 48, 49]. In addition to it, the slot region can be filled with an active material

or analyte leading to the combination of a huge confinement and a high overlap of the

optical field with the analyte making it a potential candidate for bio-sensing applications

[50, 51, 52, 53]. In PhCW, on the other hand, the guiding mechanism is based on the

photonic bandgap effect which was conceptually proposed by Yablonovitch and John
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in 1987 [54, 55]. PhC possesses a periodic dielectric structure and the light is confined

at the scale of optical wavelength in the channel waveguide surrounded with photonic-

crystal region [56, 57, 58, 59]. Due to their promising features like ultra compact size,

flexibility in design, high measurement sensitivity and suitability for monolithic inte-

gration, PhC based devices have been demonstrated for various applications like filters

[60, 61, 62], sensors [63, 64, 65, 66], modulators [67, 68], delay-lines [69, 70, 71] etc.

However, PhCW suffers from inherent polarisation and wavelength dependent losses.

Sub-wavelength grating (SWG) waveguide is a new type of photonic waveguide that

has attracted immense research interest in the recent past due to their low loss and flex-

ibility in tailoring the effective refractive index of the guided mode. A comprehensive

study on sub-wavelength gratings was first carried out by Rytov in 1956 where he pro-

posed to treat the grating as a homogeneous waveguide [72]. This was followed by the

detailed and comprehensive study of effective medium theory by Lallane [73, 74]. The

use of sub-wavelength gratings for integrated optics was first proposed in 1992 [75].

However, they found widespread applications in photonic integrated circuits in silicon-

on-insulator platform only in the 21st century after the development of high-resolution

lithography techniques [76]. A typical SWG waveguide consists of periodic arrange-

ment of high and low refractive index material with pitch smaller than one wavelength.

Waveguides with periodic perturbations behave differently in different frequency re-

gions. Figure 1.7(b) shows the frequency (ω) vs. wave-vector (k) relationship of a 1-D

uniform periodic grating formed by alternating layers of high refractive index n1 and

low refractive index n2 materials.The gratings are considered to have finite width and

device layer thickness. The black solid lines denote the allowed modes that are guided

through the periodic waveguide. The propagating modes lie between two lines with

slopes c/n1 and c/n2 which are called the lightlines. The phase velocity (Vph = c / neff )

of truly guided modes is always greater than c/n1 and less than c/n2. When the mode

is fully confined, it approaches the c/n1 lightline and when the mode is near the cut-off,

it approaches the c/n2 lightline where the wave is leaked to the outside cladding. Based

on the ratio of the grating pitch Λ to the operating wavelength λ, the periodic grating

can operate in three regions [77]:

Radiation region (Λ > λ), where the incoming beam scatters to different diffraction

orders
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(a) (b)

Figure 1.7: (a) Cross-section schematic of a 1-D periodic grating formed by alternating
layers of high refractive index n1 and low refractive index n2 materials. (b)
Corresponding dispersion curve (ω - k relationship) with dashed lines rep-
resenting the cladding light-lines and the solid lines representing the guided
modes. The yellow region denotes the band-gap where there are no allowed
solutions.

Reflection region (Λ ≈ λ), where the incoming beam completely reflects back into the

waveguide

Propagation region (Λ << λ) where the diffraction effects due to the periodicity is

suppressed and the wave propagates like a normal waveguide mode. In this region, the

grating structures can be approximated as homogeneous waveguides with equivalent

refractive index calculated using effective refractive index theory proposed by Rytov in

1956 [72]:

n|| =
[
n2

1.δ + n2
2.(1− δ)

]1/2

(1.1)

1

n⊥
=

[
δ

n2
1

+
(1− δ)
n2

2

]1/2

(1.2)

where n|| and n⊥ denote the zeroth order approximation of the equivalent refractive

index for the polarization along the x direction and z direction respectively. A brief

description on effective medium theory is given in Appendix-B. In silicon platform, the

SWG waveguide was first proposed and experimentally demonstrated by the National

Research Council of Canada (NRC) in 2010 [78] by interleaving the high refractive in-

dex silicon material with low refractive index air. Figure 1.8(a) shows the SEM image
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(a) (b)

(c) (d)

Figure 1.8: (a) SEM of a fabricated SWG waveguide with Λ = 300 nm, w = 250 nm
and duty cycle = 0.33 and (b) measured transmission loss as a function of
straight waveguide length for TE mode [78]; (c) SEM of SWG waveguide
crossings and (d) measured transmission loss as a function of number of
crossings [78, 79].

.

of their fabricated SWG waveguide with Λ = 300 nm, grating width Wg = 250 nm and

grating duty cycle δ = 0.33. The measured length dependent waveguide propagation

loss is shown in Figure 1.8(b) where the linear fit to the measurements yields a typical

propagation loss of 2.6 dB/cm for the TE mode with negligible polarization dependent

loss. The same group also demonstrated low loss waveguide crossings as shown as

SEM image in Figure 1.8(c) [79]. This demonstration is particularly important in the

current scenario since the feasibility to intersect waveguides with minimal cross-talk is

a prerequisite for designing complex high density PIC. Till then, waveguide crossings

mostly comprised of widened channels in the crossing region [80] and optimization of

the shape of the wide channel in the crossing area [81]. In both the cases, the measured

crossing losses were ∼ 0.2 dB and crosstalk of -40 dB or greater for TE polariza-

9



tion. However, when conventional waveguides are replaced by SWG waveguides in the

crossing region, there is relatively smaller overlap of the delocalized SWG waveguide

mode with the index perturbation caused by the intersecting waveguide. The loss per

crossing was measured for a series of crossings as shown in Figure 1.8(d) and a linear

fit resulted in 0.023 dB for TE and 0.037 dB for TM polarized mode with a crosstalk

greater than -40 dB. These results were much superior to the previously demonstrated

waveguide crossings. Since then, there due to their unique potential to engineer the

propagation of light in planar waveguides, SWG waveguides had no turnback. Two key

features that make them stand apart from their counterparts are their ultra-broadband

operation and the feasibility for dispersion engineering. Most of the demonstrations us-

ing SWG waveguide primarily deal with improving the performance of the conventional

passive silicon photonic devices like grating couplers [82, 83, 84, 85, 86, 87, 88, 89],

mode converters [90, 91, 92], directional couplers [93, 94, 95, 96], ring resonators

[97, 98, 99, 100, 101, 102, 103, 104], multimode interference couplers [105, 106, 107],

beam splitters [108, 109] etc. which can be used to develop complex photonic integrated

circuits. For example, directional couplers are mostly used in integrated optics as bus

waveguides to ring resonators [110], optical switches [111], demultiplexers [112] etc.

The main drawback of these devices are the inherent wavelength dependent coupling

coefficient which hinders from getting a broadband response [113]. To obtain improved

performance, often more complex and large footprint design solutions are proposed and

demonstrated. By replacing the traditional strip waveguides with SWG waveguides, a

compact broadband directional coupler was demonstrated [96]. Similarly, SWG based

ring resonators are gaining attraction in the field of sensing because of its unique prop-

erty to guide weekly confined modes with large mode field area, thereby enhancing

mode-analyte interaction. While conventional ring resoantor bio-sensors reported sen-

sitivity of ∼ 300 nm/RIU [50],the reported sensitivity of SWG rings have gone as high

as 500 nm/RIU with minimum detection limit of 10−7 RIU. Recently, the birefringence

of MMI coupler was engineered using SWG to demonstrate polarization beam split-

ters which had a compact device length of 100 µm [114]. In short, SWG waveguide

is emerging as an important building block for developing components for many next

generation silicon photonics applications specifically for optical communication and

bio-sensing applications. Here we briefly review some important device designs that
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have been demonstrated specifically in these areas.

1.1.1 Optical Interconnect Components/Devices

SWG waveguides in SOI platform are attracting strong research interest in the field

of optical communication, specifically in realizing optical filters, delay lines and dis-

persion compensators. A majority of the filters implemented using SWG waveguide

components are based on ring resonators [103, 97, 98] and Bragg gratings [103, 115,

116, 117] which operate for a narrow band of wavelengths. Figure 1.9(a) shows the

(a) (b)

Figure 1.9: (a) Schematic of SWG racetrack ring resonator and (b) measured through
and drop port response [103].

schematic of SWG based racetrack ring resonator in add-drop configuration. The mea-

sured through and drop response at λ = 1527.85 nm are shown in Figure 1.9(b) with

extinction ratio of 33 dB and 3 dB bandwidth of 1 nm. However, the maximum Q value

and extinction ratio reported till now in SWG based ring resonators is only around 6000

and 35 dB, respectively. SWG based Bragg gratings have also been explored for nar-

row band filtering applications. Figure 1.10(a) shows the schematic of a conventional

SWG waveguide and SWG based Bragg gratings. The Bragg grating is formed by in-

terleaving two SWG waveguides with different duty cycles such that one is used to

form the SWG waveguide and the second is set to operate in the Bragg regime. Figure

1.10(b) shows the transmission characteristics of the SWG waveguide and the SWG

Bragg filter/reflector. The latter one has a dip at 1547 nm with a 3 dB stop-bandwidth

of 0.5 nm due to Bragg reflection. As far as the wideband filters are concerned, few
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(a) (b)

Figure 1.10: (a) Schematic of the SWG based Bragg grating with interleaved SWG and
SWG tapers, and (b) Spectral response of a SWG Bragg grating waveguide
and a conventional SWG waveguide [103].

(a) (b)

Figure 1.11: (a) Schematic illustration of the SWG contra-directional coupler device
with zoomed SEM images of the coupling region and (b) Simulated and
experimental response of the broadband filter at the thru port and drop port.
The measured filter bandwidth is around 33.4 nm [118].

studies have been carried out employing grating assisted contra-directional couplers

[119, 120, 121, 118]. Figure 1.11(a) shows the SEM images of the fabricated broadband

add-drop filter using sub-wavelength grating assisted contra-directional couplers. A 3-

dB bandwidth of 33.4 nm is reported from experimental results (see Figure 1.11(b)). Its

bandwidth and filter response can be tailored by suitably engineering the SWG waveg-

uide parameters. However, it is very challenging to fabricate contra-directional couplers

with the gratings spaced with close proximity to one another.

Recently, SWG waveguides have been used to demonstrate optical true time delay-

line (OTTD) which is a basic building block for microwave photonic and optical pro-
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cessing systems [116, 71]. An OTTD performs important functions like phase shift

controlling, optical buffering, microwave filtering etc. to process broadband RF sig-

nals in microwave and radar systems. Optical delay lines are generally implemented

in two ways to generate time delay between optical pulses: length variable delay line

wherein the propagation length is varied and wavelength variable delay line wherein the

propagation group velocity is varied. The dispersion engineering flexibility of SWG

waveguide can be used to create group velocity variation for different wavelengths.

Apart from that, SWG waveguides provide compact devices that support broader RF

bandwidth. [116]. Figure 1.12(a) shows the schematic of a wavelength tunable time

Figure 1.12: (a) Wavelength tunable OTTD measurement set up; Phase frequency
curves for (b) Channel 2, (c) Channel 3 and (d) Channel 4 [71].

delay measurement setup which employs an on-chip 4 channel SWG waveguide with

different lengths for achieving different delays. The corresponding phase frequency

curves for each channel are shown in Figures 1.12(b)-(d). The time delays obtained for

Channel-2 (2-mm silicon strip waveguide with 1-mm SWG), Channel-3 (1-mm silicon

strip waveguide with 2mm SWG) and Channel-4 (3-mm SWG) are 94.43 ps, 115.63 ps,

and 194.9 ps, respectively. Further delay can be achieved by just increasing the length
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of the SWG waveguide region.

Thus there is a huge room for potential device demonstrations using SWG waveg-

uides that allow for demonstrating complex systems that can provide increased func-

tionality and performance in the field of RF/optical communication systems.

1.1.2 Sensing Devices

SWG waveguides are also emerging as potential candidates for sensing applications

because of their unique ability to guide weekly confined modes with larger mode field

area compared to conventional waveguides. This is possible due to the fact that the

effective refractive index of SWG waveguides is much smaller compared to the con-

ventional silicon wire waveguide. Figure 1.13(a) shows the 3D schematic of a SWG

waveguide with top cladding comprising of a lower index material such as oxide, water

or SU-8 [33]. Top-view and cross-sectional view of the electric field intensity distri-

(a) (b)

Figure 1.13: (a) 3D scheme of SWG waveguide : W - waveguide width, t - device
layer thickness, Λ - grating period, n1 and n2 - high and low refractive
indices. (b) Top view and cross-sectional view of the electric field intensity
distribution of an SWG waveguide [33].

bution in an SWG waveguide is shown in Figure 1.13(b). It can be observed that the

optical mode for an SWG waveguide is mostly concentrated in the lower index re-

gions which in turn enhances the cladding analyte and guided mode interactions. Thus,

compared to conventional waveguide geometries (interacts only with evanescent fields),

SWG waveguide based biosensors will exhibit superior sensing performance. The po-

tential of SWG waveguides for bio-sensing applications was first explored by Perez et
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al. in 2014 [122]. They employed full vectorial 3D FDTD simulations to analyze the

sensing performance and achieved theoretical sensitivity values of 0.83 RIU/RIU and

1.5 × 10−3 RIU/nm for bulk and surface sensing, respectively. This was followed by

a series of experimental demonstrations towards the development of SWG waveguide

based various biosensors in SOI platform [97, 100, 101, 102, 98, 123]. Among these

structures, SWG based integrated microring resonators are the most commonly used de-

vices for sensing with reported sensitivity as high as 383 nm/RIU with water cladding

and 270 nm with air cladding [97]. However, one major shortcoming was the relatively

low Q-value of SWG based microring resonators (∼ 6000), as mentioned earlier. Wang

et al. tried to solve this issue by using trapezoidal silicon gratings which can reduce

the bend induced loss by creating an asymmetric refractive index profile and thereby

achieving a higher Q value of 11,500 [100]. By utilizing this trapezoidal SWG based

MRR, a bulk sensitivity of 440.5 nm/RIU and a surface sensitivity of 1 nm/nm was

reported [101]. Recently, SWG based multi-box waveguide biosensors have been de-

veloped by merging slot and SWG waveguide as shown in Figure 1.14(a) [123]. Low

(a) (b)

Figure 1.14: (a) SEM image of a multi-box MRR; (b) Bulk sensitivities calculated for
three resonators at 25 ◦C: the TM mode microring, conventional SWG
microring and 5-row multi-box microring in the TE mode [123].

optical mode confinement is achieved by introducing gaps in between the silicon ele-

ments in the propagation as well as transverse direction thereby significantly reducing

the effective refractive index of the confined mode. The multi-box structure facilitates

more surface area for the analytes to attach to the silicon segments. This results in a bulk
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sensitivity of 580 nm/RIU (Figure 1.14(b)) which is higher compared to conventional

SWG waveguides (387 nm/RIU) and straight waveguides (228 nm/RIU).

Thus it is evident from the literature that a good number of SWG based devices

have been already demonstrated in the past decade utilizing the flexibility offered by

this technique of refractive index engineering in the silicon photonics platform. Their

unique potential to control light propagation opens up a lot of research prospects to re-

alize complex integrated circuits with increased performance or completely novel func-

tionalities. For example, most of the SWG based filters demonstrated till date have

limited spectral bandwidth and are suitable for narrow wavelength band add drop mul-

tiplexing. If SWG waveguides can be designed to function as broad wavelength band

filter, it can be used to switch, route or duplex large band of optical signal in optical

communication systems. For sensing applications, all the SWG based integrated pho-

tonic sensors reported so far are based on wavelength interrogation mechanism which

requires expensive equipment like spectrum analyzers. Integrated Mach-Zehnder in-

terferometer is a less expensive alternative for sensing via intensity dependent interro-

gation. However, MZI configuration needs to isolate the reference arm which adds to

a critical lithography step. Also, enhanced sensitivity is obtained for large footprint

usually in the order of millimeters. MZI structure integrated with SWG waveguides

in its arms pose a promising and compact solution to realize highly sensitive refractive

index sensors. Additionally, the reconfigurability aspect of SWG waveguide has not

been explored till date. The flexibility in effective index tailoring of SWG waveguides

and high thermo-optic coefficient of silicon (∼ 1.8 × 10−4K−1 at λ = 1550 nm) can

be combined to demonstrate highly efficient thermally tunable SWG waveguides. In an

attempt to address the above issues, we set forth the research objectives for this PhD

thesis as given in the next section.

1.2 Research Objective

The major objective of this thesis work was to explore and extend the prospects of

integrated SWG waveguides in SOI focusing primarily on sensing and filtering appli-

cations. It was broadly aimed to come up with potential device demonstrations that
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could address the pitfalls in the existing state of the art and specifically cater to the

recent advancements in this field. The first objective was to study in detail the critical

design parameters that are instrumental for the design of integrated SWG waveguides

in SOI platform for various applications. Thereby, to optimize design parameters of

SWG waveguides such that they could be adiabatically integrated with standard single-

mode photonic wire access waveguides for novel silicon photonics device demonstra-

tions (fabrication and characterizations) using CMOS compatible fabrication processes.

Once the critical grating design parameters are identified for stand-alone SWG waveg-

uides, our next objective was to design and experimentally demonstrate reconfigurable

broadband and high extinction demultiplexers by integrating SWG waveguides into the

arms of a Mach Zehnder interferometer (MZI). It was also planned to demonstrate on-

chip broadband filters with linear and smooth edge roll-off which are useful for single

side-band suppression in microwave photonics phase shifters. We also wanted to ex-

plore the possiblity of using SWG waveguide devices as a cost-effective refractive index

sensor platform by utilizing their tailorable dispersion characteristics and their unique

ability to guide weekly confined modes with larger mode field area. All the SWG

waveguide devices were planned to demonstrate using SOI substrate with device layer

thickness of 220 nm, buried oxide (BOX) layer thickness of 2 µm, and handle wafer

thickness of 500 µm; which is commonly used in silicon photonics foundries. It was

also kept in mind to design all the devices for broadband operation covering C+L bands

(1500 nm-1620 nm); equipment/components needed for device characterizations are

easily available.

1.3 Thesis Organization

The rest of this thesis is structured as following:

Chapter-2 deals with the design aspects of SWG gratings in 220-nm silicon-on-insulator

platform. The working principle and theory of sub-wavelength gratings are presented

first. This is followed by the rigorous simulation study of the critical parameters that are

instrumental in designing of SWG waveguides in SOI platform. Finally, the integration

aspects of SWG waveguide on SOI platform is studied by investigating optimal taper

designs for integrating SWG waveguides with access silicon waveguides.
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Chapter-3 discusses the design and demonstration of an ultra broadband add-drop fil-

ter/switch circuit by integrating a pair of SWG waveguides in a 2 × 2 Mach-Zehnder

interferometer configuration. The SWG waveguide is designed to act as a C/L wave-

length band filter. The device description and design principle of SWG waveguide are

discussed in detail first. This is followed by the fabrication and experimental demonstra-

tion which include passive as well as thermo-optic detuning. The chapter is concluded

by summarizing the figures of merit of the demonstrated device as a add-drop filter cir-

cuit/switch.

Chapter-4 is reserved for the design and demonstration of an integrated optical apodized

SWG waveguide exhibiting high extinction edge-filter characteristics with linear roll-

off in dB scale. The design aspects of the proposed device along with the critical param-

eters that decide the filter characteristics are discussed with the help of a semi-analytical

model as well as simulations. The experimental demonstration and theoretical valida-

tion are presented.

Chapter-5 discusses the design and experimental demonstration of an integrated opti-

cal Mach-Zehnder interferometer comprised of a sensing arm of SWG waveguide and

a reference waveguide arm insensitive to cladding refractive index change in silicon-

on-insulator platform for lab-on-chip sensing applications. Wavelength interrogation as

well as intensity interrogation aspects of the device are discussed in detail.

Chapter-6 marks the conclusion of the thesis with a brief summary of the research

work carried out and discussions about possible future research directions.
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CHAPTER 2

SWG Waveguide : Theory and Design

This chapter aims to carry out a general study of the design aspects along with the

challenges involved in integrating a SWG waveguide with single-mode access waveg-

uides. The discussions intend to serve as a reference for designing the SWG waveg-

uides for specific applications in the succeeding chapters. Figure 2.1 shows the 3-D

schematic illustration of a typical SWG waveguide integrated with input/output pho-

tonic wire waveguides via. adiabatic mode converters in SOI. A conventional pho-

tonic wire waveguide of same length is also shown alongside for reference. The access

Figure 2.1: 3-D scheme of an integrated SWG waveguide along with a typical pho-
tonic wire waveguide in SOI; top cladding is assumed to be air. Vertical
input/output grating couplers are used for device characterization through
standard single-mode fiber interfacings. BOX - buried oxide

waveguide width W and the SWG waveguide width Wg are assumed to be identical

and the waveguides are terminated on either sides with grating couplers (GC) for ef-

ficient coupling of light into and out of the devices via standard single-mode optical

fibers operating at λ ∼ 1550 nm. The design of an integrated SWG waveguide thus

includes the design of SWG waveguide parameters along with adiabatic tapers, access

photonic wire waveguides to ensure single mode guidance and grating couplers for ef-

ficient light coupling. The input/output single-mode photonic wire waveguides help to

excite/filter fundamental mode into/out of the SWG waveguide efficiently. Thus one

can be relaxed in SWG waveguide design for its single-mode guidance. An extensive

study on the optimal design parameters for single mode silicon waveguides and GCs in

SOI has already been carried out in our group [124, 125, 126]. The GC design has been



optimized to give broadband response in the wavelength range centering around λ ∼

1550 nm with minimum back reflections [124]. Therefore, only a brief description on

the working principle and optimized design parameters have been given in Appendix-A

for completeness. The cross-section scheme of a generic SOI waveguide with design

parameters (waveguide width W , device layer height H and slab-height h) is shown in

Figure 2.2(a). As mentioned earlier, the access waveguide geometry is in general de-

signed to be single mode guidance within given wavelength range of operation. How-

ever, the polarization of the guided mode is highly sensitive to waveguide dimensions.

While the device layer thickness is fixed (H = 220 nm),W and h are the two parameters

that can be varied to obtain single-mode guidance over a desired wavelength range (λ

∼ 1550 nm) for TE-like (dominant component of electric field along x-direction) and

TM-like polarization (dominant component of electric field along y-direction). Figure

(a) (b)

Figure 2.2: (a) Generic scheme of a silicon waveguide cross-section in SOI platform
(not to scale); the top cladding can be air/siO2/Si3N4, etc. W : Waveguide
width; h: slab layer thickness, H: device layer thickness, tBOX : BOX layer
thickness and (b) Allowed guided modes in W -h plane for H = 220 nm,
tBOX = 2 µm and λ = 1550 nm [126].

2.2(b) shows the supporting modes of a rib waveguide with air as top cladding calcu-

lated for waveguide width 300 nm ≤ W ≤ 700 nm and slab height 0 nm ≤ h ≤ 200

nm at an operating wavelength λ ∼ 1550 nm [126]. The number of guided modes and

the polarization of the mth order (m = 0,1,2..) guided modes are calculated using com-

mercial ’Finite Difference Eigen mode solver (FDE)’ of Lumerical MODE Solutions.

We observe that for W < 500 nm, the waveguide supports fundamental TE0 mode for
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any value of slab-height. However, as W increases beyond 500 nm, the slab-height cut-

off value increases steadily for maintaining single mode condition. The look-up graph

shown in Figure 2.2(b) has been used in the rest of the thesis to decide on the optimal

waveguide dimensions to be considered for various applications. Only the SWG waveg-

uide design is discussed here in details for its effective integration to realize functional

integrated optical devices in the light of various silicon photonics applications.

In the following sections, the dispersion characteristics of an infinitely extended

1-D periodic layered structure are discussed followed by the detailed analysis of the

critical parameters that are instrumental for the design of SWG waveguides in SOI

platform. Finally, optimal design solutions for overcoming the challenge of integrating

SWG waveguides with access photonic waveguides via. efficient mode-size converters

is addressed.

2.1 Wave Propagation in Periodic Layered Media

As discussed in Chapter 1, sub-wavelength grating is a structure with periodic modu-

lation of effective refractive index in one-dimension with the periodicity much small

compared to the wavelength of lightwave to be propagated. The lightwave in this peri-

odic structure can be described well using Bloch theorem which was developed similar

to electron wave propagation in crystals [56]. Before discussing the numerical tech-

niques used to design sub-wavelength grating waveguides with finite dimensions, we

consider the case of a simple periodic structure with alternating layers of refractive

indices n1 and n2 having thickness a and b respectively as shown in Figure 2.3. For

simplicity, we assume the materials that constitute the periodic layers to be isotropic

and non-magnetic. The refractive index profile of such a periodic medium is given by:

nz =

n2, 0 < z < b

n1, b < z < Λ

(2.1)

where

n(z) = n(z + Λ) (2.2)
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Figure 2.3: Schematic of a 1-D periodic layered media when lightwave propagates
along the grating vector (z-axis); Λ: Grating period, n1: high refractive
index, n2: low refractive index, a, b: thickness of layers having refractive
indices n1 and n2.

and a and b are the thickness of the layers with refractive indices n1 and n2 respectively

such that a + b = Λ. The z-axis is considered along the direction of periodicity.

Electric field vector of a wave propagating in such a periodic medium can be de-

scribed using Bloch theorem which is given by

E = EK(z)e−iKzei(ωt−kyy) (2.3)

where EK(z) is a periodic function with period Λ, i.e.,

EK(z) = EK(z + Λ) (2.4)

and ky is the wavevector component along y-direction, ω is the angular frequency and

and K is the Bloch wavenumber. The dispersion relationship between ω and K can be

obtained by combining the Bloch wave theorem and transfer matrix method described

in [127]. The analytical equations of dispersion relation for TE and TM polarization are

given by

cosKΛ =

cos k1za cos k2zb− 1
2

(
k2z
k1z

+ k1z
k2z

)
sin k1za sin k2zb, (TE)

cos k1za cos k2zb− 1
2

(
n2
2k1z
n2
1k2z

+
n2
1k2z
n2
2k1z

)
sin k1za sin k2zb, (TM)

(2.5)
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where

k1z =

√(n1ω

c

)2

− k2
y (2.6)

k2z =

√(n2ω

c

)2

− k2
y (2.7)

The range of frequencies for which
∣∣cos(KΛ)

∣∣ < 1 correspond to real value of K (prop-

agating Bloch waves in the periodic structure) and
∣∣cos(KΛ)

∣∣ > 1 correspond to imagi-

nary K (evanescent Bloch waves) which are called the photonic band gaps of the peri-

odic medium. The photonic band-edges are regions where
∣∣cos(KΛ)

∣∣ = 1. The disper-

(a) (b)

Figure 2.4: Calculated photonic band structures for (a) TE and (b) TM waves prop-
agating in a 1-D periodic medium. The blue colored zones are photonic
bandgap regions and the green colored zones are allowed photonic bands;
(n1 = 3.477, n2 = 1.45, λ0 = 1.55 µm, a = b = 0.15 µm).

sion curves calculated for TE and TM waves using Equation 2.5 are shown in Figure

2.4(a) and 2.4(b) respectively. We have considered n1 = 3.477, n2 = 1.45, λ0 = 1.55 µm,

a = b = 0.15 µm for the calculations. The blue colored zones are the photonic bandgap

regions where
∣∣cos(KΛ)

∣∣ > 1 and the green colored zones are the allowed photonic

bands where
∣∣cos(KΛ)

∣∣ < 1. Thus we can conclude that the dispersion curve and hence

the stop-band frequency range is different for TE and TM polarization. However, when

the light is incident at normal angle, i.e. along the length of the grating, then ky = 0

and we observe that the dispersion is polarization independent. The dispersion relation

between ω and K can be then written as

cosKΛ = cos k1a cos k2b−
1

2

(n2

n1

+
n1

n2

)
sin k1a sin k2b (2.8)

23



where k1 = (ω/c)n1 and k2 = (ω/c)n2. Figure 2.5 shows the dispersion relationship

plotted for normal incidence considering n1 = 1.45 and n2 = 3.4777 using equation 2.8.

The blue curves denote the real K values and the red curves denote imaginary K values.

Figure 2.5: Dispersion relation of a 1-D periodic medium at normal incidence. The
blue curves denote the allowed Bloch solutions and the red curves denote
the evanescent Bloch wave solutions.

When K is real, the intensities of the Bloch wave will be a periodic function of position

in the medium and propagate without loss (sub-wavelength range). Bloch wave be-

comes evanescent when the K values are imaginary. All the mathematical formulations

developed for periodic layered structure holds for SWG waveguide as well except for

the fact that the SWG waveguides have vertical as well as lateral mode confinement.

For a periodic layered medium with uniform material properties, analytical solutions

exists as discussed above, but not for the case of SWG waveguides which has index

guided modes and hence numerical tools should be utilized.

In the next section, we will analyze the bandstructure properties and transmission

characteristics of integrated SWG waveguides in SOI, which are confined to finite di-

mensions in all the three directions.
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2.2 SWG Waveguide Design

In this section, we will discuss the design aspects of uniform sub-wavelength gratings in

silicon waveguides. SWG is characteristically different from a conventional grating in-

tegrated along waveguide for distributed Bragg reflector (DBR). While DBR structures

have weak periodic perturbations in the waveguide leading to narrow-band notch filter

characteristics around Bragg wavelength, a typical SWG waveguide of finite width and

height has relatively stronger refractive index modulation resulting into guided modes

only above a cut-off wavelength. In this thesis, we focus on both the guided SWG pass-

band as well as the Bragg reflection region. The cross-sectional schematic of a typical

SWG structure in SOI is shown in Figure 2.6(a). The gratings are formed by alternating

(a) (b)

(c) (d)

Figure 2.6: Cross-sectional and top-view schematic of a periodic grating structure in
SOI (not to scale) for (a) h = 0 (b) h 6= 0 (c) d = Wg/2 and (d) d < Wg/2.
Λ: Grating period, δ = a/Λ: duty cycle Wg: Grating width, d: corruga-
tion width, h: slab height, H: device layer thickness, tBOX : BOX layer
thickness

layers of high refractive index silicon (n = 3.477) and low refractive index cladding,

air (n = 1) in this case. The duty cycle of this structure is defined as δ = a/Λ, where

Λ is the period of the grating. The grating thickness is defined by H − h which can
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be down till the BOX layer (h = 0 nm) as shown in Figure 2.6(a) or a smaller value

retaining a finite value of slab region (h 6= 0) as shown in Figure 2.6(b). A finite value

of slab height is often advantageous for SWG waveguides as it aids in fabricating slab

integrated microheaters which have relatively less thermal response time compared to

oxide integrated microheaters. Figure 2.6(c) and 2.6(d) show the top-view schematic

of two commonly used grating structures: ON-OFF grating with corrugation width d =

Wg/2 and side-wall grating with d < Wg/2, respectively. The grating width is denoted

by Wg.

We start the design by choosing Wg = 500 nm since a photonic waveguide of the

same width satisfies the single-mode condition for an operating wavelength around λ =

1550 nm (see Figure 2.2(b)). For a simple DBR grating structure with weak perturba-

tions, Couple Mode Theory (CMT) is sufficient to design the grating parameters [128].

The grating period can be estimated using the phase matching Bragg condition given

by

λB = 2neffΛ (2.9)

where λB is the phase matched Bragg wavelength and neff is the effective index of the

fundamental guided TE mode for W = 500 nm which can be calculated using Lumeri-

cal MODE Solutions. The incoming light-wave is strongly reflected around the Bragg

wavelength. The wavelengths that fall outside the Bragg region interfere destructively

and hence are allowed to propagate in the grating. The peak reflectivity of DBR at λB

and stop-band width around λB can be expressed as

R = tanh2(κL) (2.10)

and

∆λ =
λ2
B

neffL

{
1 +

(κL
π

)2}
(2.11)

where κ is the backward coupling coefficient of the guided fundamental mode. For a

rectangular grating modulation, κ is expressed as

κ =
n2
Si − n2

air

neff

(2

λ

)∫ x2

x1

∫ y2

y1

|E(x, y, z, λ)|2dxdy (2.12)
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where x1 = Wg − d ; x2 = Wg; y1 = h; y2 = H; E(x, y, z, λ) is the normalized trans-

verse field distribution of the mode and the integration limits denote the waveguide rib

height and modulation depth. κ can be improved by engineering the effective refractive

index contrast or the width of the grating. Thus the peak reflectivity at λB depends

on coupling coefficient, κ and length of the grating L, whereas the stop-bandwidth of

the reflected mode at λB depends primarily on κ. The stop-band edge of the grating

waveguide, λedge, which demarcates the sub-wavelength transmission regime and the

reflection regime can be approximated as

λedge ∼ λB +
∆λ

2
(2.13)

Thus we observe that engineering the effective refractive index neff of the guided mode

has significant impact on the deciding the Bragg wavelength, reflectivity and bandwidth

of the grating structure. neff in turn depends on various geometrical parameters such

as corrugation width, grating width and etch depth, duty cycle etc.

However, one thing to be noted here is that the CMT holds true only for weak grat-

ing perturbations [129]. In the cases of SWG waveguides, where the gratings operate in

a strong coupling regime, they no longer satisfy the slowly varying envelope approxi-

mation used in CMT. As a result, the analytic expressions of CMT which are derived for

weak coupling regime will not be valid for SWG waveguides. Thus although CMT can

be used to gain intuitive insights about the influence of each grating parameter on the

SWG waveguide response, we need to perform rigorous numerical simulations to pre-

cisely study their characteristics. In the following sections, we will discuss the effect

of variations in these design parameters that are instrumental in deciding the transfer

function of a uniform grating structure using Lumerical 3D-FDTD Solver.

2.2.1 Grating Period (Λ) and Duty Cycle (δ)

As given in Equation 2.9, the centre stop-band wavelength of the grating shifts towards

longer wavelengths with increase in either the grating period Λ or the duty-cycle δ.

In this sub-section, we investigate on the band-structure diagrams and transmission re-

sponses of the SWG waveguides, both for TE and TM polarized modes, calculated as
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a function of Λ and δ to study the range of wavelengths for which the grating acts as

SWG waveguide. The simulations are carried out by using Lumerical 3D-FDTD simu-

lator tool. For band-structure calculations, a single unit cell of the grating is considered.

(a) (b)

Figure 2.7: (a) Top-view and (b) cross-sectional view of the unit cell of sub-wavelength
grating structure (red-silicon, grey-oxide, black-air) with suitable boundary
conditions used for band structure calculation in Lumerical FDTD simu-
lation. Bloch boundary condition is used along x-direction (direction of
periodicity) and PML boundary condition is used along y- and z- directions

The top-view and the cross-sectional view of the simulation set-up is shown in Figure

2.7(a) and 2.7(b) respectively. Bloch boundary condition is used in the direction of pe-

riodicity (x-direction in this case) while symmetry boundary condition is used through

the middle of the grating and PML boundary condition is used in y- and z-directions.

The size of the simulation window is kept x×y×z = Λ × 2 µm × 2 µm and the mesh

resolution used is 20 nm × 20 nm × 20 nm. Periodic plane wave source is used to ex-

cite TE/TM polarized modes. A bandstructure analysis group that consists of randomly

placed time monitors collect the field distribution over time. Most of the fields decay

quickly due to destructive interference and the allowed modes of the structure continue

to propagate indefinitely. The resonance frequencies are obtained from summation of

Fourier transforms of the time domain fields from multiple monitors. The bandstructure

plot is obtained by plotting the resonant frequencies for Bloch wave-vectors k ranging

from 0.25*2π
Λ

to π
Λ

. Figure 2.8(a) and 2.8(b) show the band-structures calculated for TE
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and TM polarized modes respectively, assuming Λ = 300 nm, Wg = 500 nm, δ = 0.5

and h = 0 nm. The x-axis is the normalized Bloch wave-vector kΛ
2π

and y-axis is the fre-

(a) (b)

(c) (d)

Figure 2.8: Band-structure diagrams of SWG waveguide calculated for (a) TE polariza-
tion and (b) TM polarization on 220 nm SOI platform with air and SiO2

as top and bottom cladding respectively. Calculations are carried out using
Lumerical 3D-FDTD for period Λ = 300 nm, grating width Wg = 500 nm;
slab-height h = 0 nm and duty-cycle δ = 0.5; (c) and (d) Corresponding
transmission responses of the SWG waveguides as a function of Λ calcu-
lated using Lumerical 3D-FDTD.

quency in THz. The dashed lines in the band-structure calculations are the dispersion

curves of the air and oxide cladding which are called the air light-line and the oxide

light-line respectively. Modes with frequencies that fall above the light-line will radiate

its energy to the respective cladding, as discussed in Chapter-1. Thus a mode is said to

be truly guided only when it is below the lowest light-line, oxide light-line in this case.

The SWG guided mode is marked for both TE and TM cases in the dispersion diagrams
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given in the Figures 2.8(a) and 2.8(b). The corresponding wavelength dependent trans-

mission characteristics calculated as a function of Λ using Lumerical 3-D FDTD solver

are shown in Figure 2.8(c) for TE polarization and 2.8(d) for TM polarization. From

the band diagrams and the transmission responses, we observe that for the given set

of grating parameters, the SWG waveguide does not support TM-polarized mode in the

entire wavelength band. Even though the SWG waveguide supports TE polarized mode,

(a) (b)

(c) (d)

Figure 2.9: Band-structure diagrams of SWG waveguide calculated for (a) TE polariza-
tion and (b) TM polarization on 220 nm SOI platform with air and SiO2

as top and bottom cladding respectively. Calculations are carried out using
Lumerical 3D-FDTD for period Λ = 300 nm, grating width Wg = 500 nm;
slab-height h = 0 nm and duty-cycle δ = 0.7; (c) and (d) Corresponding
transmission responses of the SWG waveguides as a function of Λ calcu-
lated using Lumerical 3D-FDTD.

it can be observed that around λ = 1550 nm, the waveguide mode is a leaky mode and

is no longer supported in the waveguide. Upon increasing Λ from 300 nm to 350 nm,
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the left band-edge of the TE polarized SWG guided mode shifted to longer wavelengths

by ∼ 100 nm in the transmission spectra as predicted from Equation. 2.9. However,

there is no much change in the cut-off wavelength (right-side of the band) with increase

in the grating period. Next, we increased the duty-cycle δ from 0.5 to 0.7 and calcu-

lated the corresponding band-structure and transmission responses as shown in Figure

2.9. All the other parameters were kept unchanged. It is interesting to note that when

δ is increased to 0.7, TE polarized SWG guided mode is very well supported for wave-

lengths λ ≥ 1.23 µm. When Λ is increased to 350 nm, the band-edge shifts towards

longer wavelength (∼ 100 nm) resulting in a narrow-stop band (∆λ ∼ 22 nm) around

λ ∼ 1.33 µm. In this case also, we observe that there is no TM polarized SWG mode

guidance around λ∼ 1550 nm. Thus we observe that the transmission band-edge shifts

towards longer wavelengths with increase in the grating period or duty-cycle. This is

more evident from Figure 2.10(a) which shows the transmission response of the SWG

waveguide as a function of duty-cycle by keeping other parameters same. We also see

that the stop-band width ∆λ decreases steadily with increase in δ as shown in Figure

2.10(b). This is because, for a rectangular grating teeth, the coupling strength κ after

inserting the Fourier coefficient leads to [130, 127]

κ =
n2
Si − n2

air

neffλ
sin(πδ)

∫ ∫
corr.
|E(x, y, z, λ)|2dxdy∫ ∫
|E(x, y, z, λ)|2dxdy

(2.14)

Thus the influence of the duty cycle δ on the coupling coefficient κ is decided by the

term sin(πδ) in Eq.(2.14), according to which κ will be maximum when δ = 0.5 and

decreases with increase in δ from 0.5 to 1 as the gratings begin to disappear. The

decrease in κ will in turn result in the shrinking of ∆λ as given in Eq. 2.11. and as

shown in Figure 2.10(b).

For the rest of the chapter, we will be considering only TE polarized SWG guided

mode considering the grating parameters Λ = 300 nm and δ = 0.7 since it supports TE

mode around λ ∼ 1550 nm.
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(a)

(b)

Figure 2.10: (a) Transmission responses of the SWG waveguides as a function of δ for
TE polarization on 220 nm SOI platform with air and SiO2 as top and
bottom cladding respectively and (b) λedge and ∆λ dependence on duty-
cycle. Calculations are carried out using Lumerical 3D-FDTD for period
Λ = 350 nm, grating width Wg = 500 nm; slab-height h = 0 nm.

2.2.2 Corrugation width (d)

The next parameter to be considered is the corrugation width d which determines the

coupling constant of the grating and thereby the bandwidth as given in Equation 2.11.

The value of d can vary from 0 (no modulation) to Wg/2 (fully on-off grating) (see

Figure 2.6(d)). Assuming Λ = 300 nm, Wg = 500 nm, and δ = 0.7, the impact of corru-

gation width on center Bragg wavelength and bandwidth is illustrated in Figure 2.11(a)

and 2.11(b) respectively. It is calculated using Lumerical 3-D FDTD simulation of a
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(a) (b)

(c) (d)

(e) (f)

Figure 2.11: The dependence of (a) λB and (b) ∆λ of 1-D periodic gratings on side-
wall corrugation considering Λ = 300 nm; Wg = 500 nm; h = 0 nm and δ =
0.7 on 220 nm SOI platform with air and SiO2 as top and bottom cladding
respectively. (c)-(f) are the corresponding bandstructure diagrams calcu-
lated for 4 different points: A (d = 50 nm), B (d = 135 nm), C (d = 200
nm) and D (d = 250 nm).
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single grating unit cell of an infinitely periodic device as discussed in the previous sec-

tion. In this simulation, we are interested in the band-structure relationship towards the

stop-band edge, i.e. at wave vector k = π
Λ

which gives us the location of center Bragg

wavelength and the size of the bandgap. As shown in Figure 2.11(a), the center Bragg

wavelength shifts towards shorter wavelengths with increase in modulation depth which

is a consequence of reduction in effective index as given in Equation 2.9. However, if

we observe the behaviour of stop-band width, ∆λ as a function of d in Figure 2.11(b),

it can be seen that the ∆λ initially increases with increase in d up-to a point ’B’ and be-

yond that, the gratings exhibit an unusual reduction in band-width over a certain range

of dimensions. According to couple mode theory, with increase in d, the coupling con-

stant κ increases which in turn results in the increase of ∆λ as per Equation 2.11. This

intriguing phenomenon is depicted more clearly in Figures 2.11(c) - 2.11(f) where the

bandstructure diagrams are plotted at 4 different points in Figure 2.11(b). We see that,

initially as d increases, ∆λ increases (points A and B) and reaches a maximum at point

B (d = 135 nm). Beyond that, ∆λ begins to shrink and reaches a minimum value at

point C (d = 220 nm). On further increasing the corrugation width, the stop-band width

continues to increase again as shown as point D (d = 250 nm). In [131], Gnan et al. de-

veloped an in-depth theoretical analysis of this phenomenon and came up with a model

that could explain the reason for this bandgap closure. The "stop-band disappearance"

could be attributed to the combined occurrence of Bragg reflection and Brewster angle.

In other words, when the field which satisfies the Bragg reflection condition is incident

at the planar discontinuities at the Brewster angle, their reflectivity gets cancelled out in

spite of the strong refractive index contrast. This effect could be suitably used to design

integrated optical sensing devices.

2.2.3 Grating etch depth (H − h)

Grating etch depth plays a crucial role in deciding the transmission response charac-

teristics like center Bragg wavelength, stop-bandwidth etc. Increasing the grating etch

depth means decreasing the slab height thickness, h. We first studied the impact of slab

height thickness on the dispersion relation of the SWG waveguide. Figures 2.12(a) and

2.12(b) show the bandstructure calculations of a grating unit cell (Λ = 300 nm, δ = 0.7
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(a) (b)

Figure 2.12: Band-structure diagrams calculated for sub-wavelength gratings with slab-
height (a) h = 0 nm and (b) h = 60 nm on 220 nm SOI platform with air and
SiO2 as top and bottom cladding respectively. Calculations are carried out
using Lumerical 3-D FDTD for grating width W = 500 nm; grating period
Λ = 300 nm and duty-cycle δ = 0.7.

and H = 220 nm) with slab-height h = 0 nm (as shown in Figure 2.6(a)) and 60 nm (as

shown in Figure 2.6(b)) respectively. First thing to notice here is that when the slab-

height is increased, an additional light-line comes into picture (shown in Figure 2.12(b))

apart from the air and the oxide light-line. This lightline indicates that the frequencies

of the mode lying above this light-line will be leaked to the slab as slab modes and will

become lossy. Also, we observe that the allowed mode gets lowered in frequency with

increase in slab-height. This is expected since the effective refractive index of the mode

is increased now as a fraction of mode is now propagating through the slab region. Fig-

ure 2.13 shows the transmission spectra calculated for the SWG waveguide h = 0 nm,

30 nm and 60 nm keeping all the other parameters same. It can be observed that with

increase in the value of h from 0 nm to 60 nm, there is a huge red shift of 180 nm in the

first order band-edge λedge and a broad stop-band (∆λ ∼ 120 nm) is formed around λB

= 1.35 µm. This is due to the significant increase in the effective index value (Equation

2.9 and Equation 2.13). Since there is an additional slab region for the guided mode to

propagate, we observe that the SWG mode has significantly lesser insertion loss (IL ∼

1.5 dB) compared to the fully etched case (IL ∼ 5 dB).
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Figure 2.13: Transmission characteristics of the SWG waveguide calculated for h = 0
nm, h = 30 nm

and h = 60 nm. Calculations are done using Lumerical 3D-FDTD assuming Λ = 300
nm, δ = 0.7 and Wg = 500 nm on a 220 nm SOI platform with air and oxide as top and

bottom cladding respectively.

2.2.4 Grating width (Wg)

In order to analyze the effect of width variation in grating response, we chose a uniform

grating waveguide with Λ = 300 nm, δ = 0.7, h = 0 nm and H = 220 nm and used

Lumerical 3D-FDTD to simulate the transmission response for grating width Wg = 500

nm, 600 nm, 700 nm and 800 nm as shown in Figure 2.14(a).

The access waveguide width was designed to be 500 nm to ensure single mode

TE guidance and no taper was used in the waveguide-grating interface region. From

Figure 2.14(a), it can be observed that the transmission band-edge shifts towards longer

wavelength with increase in grating width. This is expected since the effective refractive

index of the guided mode increases with increase in waveguide width. Also, the red shift

in wavelength slows down for larger values of grating width since the neff increase

is initially large and saturates gradually for larger values of Wg, as shown in Figure

2.14(b). Another thing to note in Figure 2.14(b) is that the stop bandwidth also increases

with increase in grating width. This is due to the fact that increase in Wg leads to

increased optical confinement in the grating region and hence the average refractive

36



(a)

(b)

Figure 2.14: (a) Wavelength dependent transmission response of a uniform SWG
waveguide as a function of grating width and (b) λedge and ∆λ depen-
dence on Wg. Calculations are done using Lumerical 3D-FDTD assuming
Λ = 300 nm, δ = 0.7 and h = 0 nm on a 220 nm SOI platform with air and
oxide as top and bottom cladding respectively.

index seen by the optical mode in the grating region increases. This leads to increase in

κ and thereby increase in ∆λ (as per Eq.2.11 and Eq.2.12). There is significant mode-

mismatch loss (∼ 5 dB) as well as ripples in the transmitted wavelength band due to

abrupt transition between the access waveguide and the SWG waveguide. This can be

taken care by designing suitable spot-size converters that provide adiabatic and smooth

transition of the guided mode as discussed in the next section.
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2.3 Taper design

Widespread use of SWG waveguides in integrated optics is possible only with effi-

cient tapers that ensure smooth and adiabatic transition of guided mode from the access

waveguide to SWG waveguide and vice-versa. This is because the guided mode in the

input/output waveguide is significantly different compared to that of the Floquet- Bloch

mode in the SWG waveguide. As such, cascading them without any intermediate ta-

per will result in significant mode-mismatch loss. Designing of efficient SWG tapers

is however challenging and not straight-forward as the taper design itself can result

in local Bragg reflection zones thus resulting in back-reflections. To minimize these

back-reflections due to the intermediate taper, the design must ensure an adiabatic tran-

sition, while at the same time avoiding the Bragg regime at any point of the taper. All

the wavelength dependent transmission response studies carried out in this chapter till

now were without any intermediate tapers. Now for designing efficient tapers/spot-size

Figure 2.15: Schematic illustration of abrupt interface at the SWG-access waveguide
interfaces when (a) Wg = W ; (b) Wg >W ; and (c) and (d) the correspond-
ing taper profiles.

converters, we consider two possible scenarios: (i) when the access waveguide and the

SWG waveguide are of the same width (Wg = W ), as shown in Figure 2.15(a) and (ii)

when the grating width is larger than the access waveguide width (Wg > W ), shown

in Figure 2.15(b). In case (i), the abrupt transition can be circumvented by using a ta-

per profile wherein the width of the access waveguide decreases towards the center and

vice-versa as shown in Figure 2.15(c). This kind of taper acts as silicon bridge elements
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inserted between the gratings, so that the effective refractive index is adiabatically con-

verted from waveguide mode to match SWG mode and vice-versa. However, the period

of the gratings in the taper region, Λt should be carefully chosen so that the taper does

not add to any additional Bragg reflection zones. Figure 2.16 shows the wavelength

dependent transmission response of the SWG waveguide with Wg = W , calculated for

three different taper grating periods, Λt = 300 nm, 250 nm and 200 nm and Lt = 30 µm.

The taper width at the SWG end has been kept Wg = 100 nm keeping in mind the litho-

graphic limitations. The transmission charcateristics of SWG waveguide without any

input-output taper has also been included (dashed line) for comparison. As expected,

Figure 2.16: Wavelength dependent transmission response of a uniform SWG waveg-
uide withWg =W for different values of grating period in the taper region.
Calculations are carried out using Lumerical 3D-FDTD for grating width
Wg = 500 nm; slab-height h = 0 nm and duty-cycle δ = 0.7

SWG waveguide without taper is significantly lossy (∼ 4 dB) arising from the mode-

mismatch at the two interfaces. Now, when a linear taper with Λt = Λswg = 300 nm is

inserted between the access waveguide and SWG waveguide at the two interfaces, we

observe lot of oscillations and a lossy transmission response. This is because the tapers

at both the ends have higher effective refractive index compared to the SWG waveguide

at the center due to the additional silicon bridge elements. This results in the forma-

tion of localized Bragg zones in the taper region which makes the SWG waveguide act

like a cavity with the taper regions acting as mirrors thereby resulting in Fabry-Perot

39



response. This can be resolved by reducing the grating period in the taper region which

will in turn reduce the neff value. As seen in the Figure 2.16, when Λt = 250 nm, the

Fabry-Perot oscillations have relatively reduced, and when Λt = 200 nm, we get the

desired smooth transmission response in the wavelength range of interest with insertion

loss IL < 1 dB. Thus we can conclude that when Wg = W , the grating period in the

taper region should be significantly less than the grating period in the SWG region, i.e.

Λt < Λswg to enable smooth and adiabatic transition of the guided mode.

Next, when the grating widthWg is considerably higher than the input/output waveg-

uide (case ii), a linear or quadratic taper profile can be used for mode matching [132].

In this case, we have used a linear taper profile by linearly decreasing the access waveg-

uide width and linearly increasing the SWG waveguide width towards the center and

vice-versa as shown in Figure 2.15(d). Here also, we considered different grating pe-

riods in the taper region for reasons already discussed above. Figure 2.17 shows the

Figure 2.17: Wavelength dependent transmission response of a uniform SWG waveg-
uide withWg >W for different values of grating period in the taper region.
Calculations are carried out using Lumerical 3D-FDTD for Λ = 300 nm,
grating width Wg = 800 nm; slab-height h = 0 nm and duty-cycle δ = 0.7.

transmission response simulated using Lumerical 3-D FDTD for SWG waveguide with

Λswg = 300 nm, Wg = 800 nm, W = 500 nm and Λt as a variable parameter. We observe

that the increase in SWG grating width has shifted the transmission band-edge (λedge)

towards longer wavelengths. Also, for lower values of Λt, the transmitted wavelengths
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falling in the SWG regime (λ > 1600 nm) are nearly ripple-free and the insertion loss

is very less (< 0.2 dB). However, there are still significant ripples in the transmis-

sion/reflection band-edge which can be smoothened by suitable apodization technique

which is discussed in Chapter-4. It should be noted that a taper with linear grating width

profile is not always an appropriate solution and one can go for alternate taper geome-

tries which can effectively avoid the Bragg zones, at the same time provide adiabatic

mode transition [132].

2.4 Summary

In this chapter, we have discussed the theory of sub-wavelength gratings and carried

out a detailed study of different geometry parameters that are instrumental in designing

a sub-wavelength grating waveguide in a 220 nm SOI platform. This was followed

by the investigation of critical design parameters that influence the grating response

such as grating period (Λ), duty-cycle (δ), corrugation width (d), slab-height (h) and

grating width (Wg), which are summarized in Table 2.1. With the help of simulations, it

Table 2.1: Influence of different geometrical parameters on grating response when other
parameters are kept constant

Parameters λedge ∆λ ER
Grating period (Λ) X
Duty-cycle (δ) X X X
Corrugation width (d) X X X
Grating etch depth (H-h) X X X
Grating width (Wg) X X

has been established that the first order band-edge wavelength λedge will be affected no

matter which grating parameter is being changed. At the same time, the stop-band width

and extinction ratio (ER) of the grating response is primarily decided by the d, δ and etch

depth of the grating. For a shallow etch depth and fixed d, the stop-bandwidth can be

increased by increasing the value ofWg. Finally, we have investigated the integration of

SWG waveguides with the input/output photonic wire waveguides using efficient spot

size converters that ensure adiabatic mode transition. Thus we can suitably design the

grating parameters depending on the specific applications as discussed in the following
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chapters.
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CHAPTER 3

Broadband Add-Drop Filter/Switch

Optical add-drop filter is a key component for wavelength division (de-)multiplexing

and switching systems for high density data communications. For silicon photonics,

most of the optical filters demonstrated till date are based on microring resonators

[25, 133], arrayed waveguide gratings [134], photonic crystal cavities [135], distributed

Bragg reflectors [136] etc. These filters are suitable for single channel (or a comb of

narrowband frequencies) add-drop multiplexing. However, it is also desirable to have

on-chip tunable optical flat-top filters which can either switch, route or diplex a large

bandwidth of optical signals and/or channels. Optical add-drop filters with flat top re-

sponse have been explored before using contra-directional couplers [137], wideband

CROW filetrs [110, 138], 2D PhC waveguides [139] and MZI designed with SWG

and/or DBR structures [140, 141]. However, these devices have limited optical band-

width (BW ∼ 10 nm) but with a reasonable sideband suppression (∼ 35 dB).

In this chapter, we have proposed and demonstrated an integrated optical ultra wide-

band add-drop filter/switch circuit in SOI platform by integrating SWG waveguides in

two arms of a 2 × 2 MZI, which is designed by cascading two wavelength indepen-

dent directional couplers (WIDCs) [142] acting as 3-dB power splitters. The circuit is

designed to act as a C and L wavelength band splitter, i.e., the entire C band and L

band can be separated into the drop port and cross/bar port of the MZI, respectively.

The specially designed SWG structures and WIDCs are the key for the MZI to act as

an ultra-broadband wavelength de-multiplexer. Moreover, five different slab integrated

microheaters are used for thermo-optic tuning and/or switching. In the following sec-

tions, we will initially discuss about detail device description and design principle of

add-drop filter circuit along with functioning of each microheater. This will be followed

by the fabrication and experimental results.



3.1 Device Description and Design

The proposed device has been designed to be fabricated in a SOI substrate with de-

vice layer thickness of 220 nm, BOX layer thickness of 2 µm and substrate handling

wafer thickness of 500 µm. A topological optical circuit layout of the device has been

shown schematically in Figure 3.1. A balanced 2× 2 MZI is formed by cascading two

Figure 3.1: Schematic illustration of the proposed 2 × 2 MZI based ultra-broadband
add-drop filter device integrated with five microheaters (H1-H5) at different
locations.

WIDC 3-dB power splitters which offer uniform power splitting over a broad wave-

length span of ∼ 100 nm at operating wavelengths centering at λ ∼ 1550 nm. The

design of the WIDC is taken directly from Ref.[142] and only a brief description of the

same is given in the Appendix A for completeness. The WIDC waveguides as well as

the access waveguides are of same cross-sectional geometry (as shown schematically

in Figs. 3.2(a) and 3.2(b)), designed for single-mode guidance for TE-polarization over

a broad wavelength band centering at λ ∼ 1550 nm (W = 350 nm, GWIDC = 150 nm,

H = 220 nm, h = 160 nm). Two identical SWG waveguides are adiabatically integrated

in two arms of the MZI. Following the working principle of a balanced MZI, the in-

put light signal power is divided equally into two MZI arms and travel same optical

path length to reach SWG waveguides in both arms. The stop-band of SWG waveg-

uide is reflected back into the drop port whereas the cross port will have the same

spectral response as that of a transmission characteristics of a single SWG waveguide.

Since the MZI is formed by cascading two WIDCs (acting as 3-dB power splitters),

flat-top spectral responses are expected at both drop- and cross ports. As mentioned
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(a) (b)

Figure 3.2: Cross-sectional schematic of the (a) WIDC rib waveguide with typical pa-
rameters W = 350 nm; h = 160 nm; H = 220 nm; GWIDC = 150 nm; (b)
rib waveguide with integrated microheater in the slab region with typical
parameter values: GH = 3 µm, WH = 1.5 µm, tH = 100 nm.

earlier, five different slab integrated Ti strip microheaters (H1-H5) are placed at differ-

ent locations as shown in Figure 3.1 to actively tune the device characteristics. The

slab integrated configuration is chosen for thermo-optic phase shifting, in contrast to

the conventional microheater integrated over the top cladding oxide, due to its lower

switching time [126]. Figure 3.2(b) shows the cross-sectional scheme of a microheater

of ∼ 100 nm thickness integrated with the rib waveguide (WH = 1.5 µm, GH = 3 µm).

H1 microheater is capable of controlling transmission at all the three output ports via

corresponding phase detuning: switching passband output power from cross port to bar

port or vice-versa as well as maximizing the drop port response. H2 microheater plays a

vital role in tuning the power output at the bar port as well as cross port without affecting

the drop port power. H3 is a pair of micro-heaters placed adjacent to the two identical

SWG waveguides which are probed together to tune the band-edge to the desired wave-

length. H4 and H5 are auxiliary microheaters to tune the transmission response of the

two SWG waveguides individually. Since the WIDC and microheater designs are de-

tailed elsewhere [142, 143, 144], we will focus only on the design of SWG waveguides

to be integrated with the MZI arms and thermo-optic tuning of SWG waveguide in the

following subsections.
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3.1.1 SWG waveguide design: C/L band splitter

The proposed SWG waveguide design is intended to have the transmission band-edge

around λedge ∼ 1565 nm such that the entire L band (1565 nm - 1625 nm) is transmitted

through the waveguide and the C band (1530 nm - 1565 nm) is reflected back to the

input. We have chosen the SWG design parameters such that the entire MZI structure

including input/output grating couplers can be defined by a single-step lithography and

subsequent single-step dry etching process. Since the WIDCs were being used as broad-

band 3-dB power splitters in the MZI circuit, the slab height of the SWG waveguides

were also kept same as that of the WIDCs, i.e. h = 160 nm. The next task was to fix the

SWG waveguide width Wswg and grating period Λ so as to have the λedge around 1550

nm and ∆λ around 50 nm. Taking insights from Chapter-2, the bandstructure calcula-

tions were carried out for different combinations of Wswg and Λ keeping the duty-cycle

δ constant (0.5), as shown in Table 3.1. Since the SWG waveguides are shallow etched,

a larger width is required to obtain stronger effective index contrast in the grating re-

gion to achieve broadband reflection as given in Equation 2.11. It was observed that

Table 3.1: SWG waveguide design parameters

Λ Wswg λedge ∆λ
300 nm 1 µm 1600 nm 46 nm

2 µm 1639 nm 80 nm
285 nm 1 µm 1546 nm 1492 nm

2 µm 1565nm 65 nm

SWG waveguide with Wswg = 2 µm and period Λ = 285 nm with duty cycle δ = 0.5

had transmission band-edge around λ = 1565 nm with ∆λ > 50 nm. At the same time,

the SWG waveguide should be designed to be integrated adiabatically in the balanced

MZI arms constructed using WIDC based 3-dB power splitters. For this, we included

10-µm long tapered waveguides between WIDC access waveguides and SWGs by lin-

early decreasing/increasing the rib waveguide width and linearly increasing/decreasing

the SWG waveguide width; such a taper design offers low loss as discussed in Section

2.3 of Chapter-2. The width of WIDC access waveguides (W = 350 nm) are adiabati-

cally converted into SWG waveguides. The 3D view of the proposed SWG waveguide

with input out tapers is shown in Figure 3.4. Longer the taper length, smaller would be

the insertion loss for the SWG waveguides as well as reduction in unwanted lobes at
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the band-edges. Again for a given Wswg, longer the SWG length higher is the stopband

Figure 3.4: 3-D schematic view of the SWG waveguide with the input/output tapered
access waveguides.

extinction. However, shorter length of SWG (45-µm) is used for simulation to reduce

computational budget. Table 3.2 lists the summary of the design parameters chosen

for demonstrating SWG waveguide as a C/L band splitter. Figure 3.5(a) shows the

simulated (Lumerical 3D-FDTD) transmission and reflection characteristics of a SWG

waveguide with design parameters given in Table 3.2. It clearly exhibits a passband or

Table 3.2: Optimized SWG waveguide design parameters

Choice of parameters Value Remarks
d 60 nm Allows single step lithography for device

fabrication including grating couplers and
access waveguides for TE-mode guidance

Wswg 2 µm Broadband reflection (exceeding 50 nm)
Λ, δ 285 nm, 0.5 Transmission band-edge around 1565 nm

with stronger extinction
Lswg+2Lt 45 µm Decides the filter extinction ratio

fundamental stopband edge at λedge ∼ 1565 nm (separating C and L bands). A broad

stopband (1500 nm . λ . 1565 nm) is reflected back into the input side whereas an

ultra-broadband (λ & 1565 nm) is transmitted with a nearly flat-top response. However,
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(a)

(b)

Figure 3.5: (a) Simulated transmission characteristics (Lumerical 3D FDTD Solutions)
of a 45-µm-long SWG waveguide (including 10-µm tapers at both ends)
for TE-polarized guided modes and (b) the corresponding band-structure
calculation. See text for design parameters.

stopband is reflected with a relatively higher amplitude than that of transmission band.

This is expected as the field amplitude within stopband decays as soon as it starts prop-

agating through the SWG waveguide, whereas the field amplitude in transmission band

will experience diffraction limited losses through the entire SWG waveguide length.
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However, this loss is found to be < 0.2 dB. The higher order transmission band at

λ < 1500 nm experiences even higher loss because of coupling to substrate modes.

This is clarified by simulating the corresponding bandstructure diagram for the SWG

waveguide as shown in Figure 3.5(b). Due to a finite slab height of 160 nm, there is a

slab-lightline in addition to the cladding lightline as discussed Section 2.2.3 in Chapter-

2. Since the higher order transmission band (λ < 1500 nm) lies above the slab lightline,

it is being coupled to substrate modes. Figure 3.6 shows the electric field distribution of

the guided SWG mode for λ = 1575 nm lying in the pass-band (top) and for λ = 1550

nm lying in the reflection band (bottom). At λ = 1575 nm, the fundamental TE polar-

(a)

(b)

Figure 3.6: Electric field distribution of the guided SWG mode for (a) λ = 1575 nm
lying in the pass-band and (b) for λ = 1550 nm lying in the reflection band.

ized index guided mode from the input access waveguide gets adiabatically expanded

via the SWG waveguide taper lies, propagates through the periodic medium as Bloch

modes and gets converted back to the index-guided mode at the output waveguide via

the output SWG waveguide taper (see Figure 3.6(a)). On the other hand, when λ = 1550

nm, the incoming lightwave undergoes destructive interference in the forward direction
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and gets completely reflected back into the input waveguide (see Figure 3.6(b)). Next,

we analyze the sensitivity of the SWG waveguide to different grating parameters. As

discussed in Chapter-2, the dependence of λedge with Λ and effective index (neff ) of a

guided mode at λ ∼ λedge can be approximately modeled from the knowledge of 1st

order Bragg condition (λB = 2neffΛ) for a given set of design parameters (Wswg, H, h

):

∆λedge u 2(neff∆Λ + Λ∆neff ) (3.1)

where,

neff ≡ neff (Λ, δ, λ, T ) (3.2)

and

∆neff ≡
∂neff
∂Λ

∆Λ +
∂neff
∂δ

∆δ +
∂neff
∂λ

∆λ+
∂neff
∂T

∆T (3.3)

using first order approximation in Taylor’s series. In the above equation, the last term
∂neff

∂T
is the thermo-optic co-efficient for SWG waveguide at a given operating tempera-

ture T . It has been shown earlier that the value of ∂neff

∂T
for a conventional single-mode

photonic wire/rib waveguide with top air cladding is slightly lower (1.79 × 10−4K−1)

than that of bulk Si (1.86 × 10−4K−1) [145]. Since the proposed SWG waveguide is

shallow etched and width Wswg is relatively large (2 µm), its thermo-optic coefficient is

found to be nearly same as that of bulk silicon. Figure 3.7(a) shows the 3D FDTD sim-

ulated transmission characteristics for two different values of Λ (275 nm and 285 nm)

keeping δ = 0.5 and h = 160 nm. It can be observed that for grating period detuning of

∆Λ = 10 nm, there is a significant shift in band edge, ∆λedge ∼ 38 nm. We also studied

the sensitivity of SWG waveguide to small variations in δ, Wg and h. Figure 3.7(b),

3.7(c) and 3.7(d) show the same for two different values of δ (0.5 and 0.6), Wg (2 µm

and 2.1 µm) and h (160 nm and 170 nm) respectively, keeping Λ = 285 nm. There is

no much significant change in band-edge position (∼ 1 nm) when Wg is increased by

100 nm. However, when δ and h are increased, the effective index of the SWG waveg-

uide increases and the transmission band-edge (λedge) red shifts by 10 nm. Also, small

variations in slab height significantly affect the coupling coefficient thereby changing

the stopband width. This shows that the SWG waveguide response is very sensitive to

even small variations in grating parameters. Though the grating period can be defined

accurately in mask design, the accuracy in duty cycle and slab height is highly depen-
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(a) (b)

(c) (d)

Figure 3.7: Simulated transmission characteristics (Lumerical 3D FDTD Solutions) for
TE-polarized guided mode: (a) λ = 275 nm and 285 nm for δ = 0.5, Wswg =
2 µm and h = 160 nm, (b) δ = 0.5 and 0.6 for Λ = 285 nm, Wswg = 2 µm and
h = 160 nm, (c) Wswg = 2 µm and 2.1 µm for λ = 285 nm, δ = 0.5 and h =
160 nm and (d) h = 160 nm and 170 nm for λ = 285 nm, δ = 0.5 and Wswg

= 2 µm.

dent on fabrication related process controls. Nevertheless, the band-edge λedge of any

fabricated device can be red-shifted actively to a desired value via thermo-optic effect.

By integrating microheaters in the proposed integrated optical circuit, one can not only

detune λedge, but also detune/compensate for the phases of MZI arms for switching

applications.

3.1.2 Design of Thermo-Optic Phase-Shifter

As discussed earlier, the integrated optical MZI is designed with shallow-etched waveg-

uide with slab thickness of h = 160 nm. This in fact enables us to integrate resistive
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metal microheater (e.g. Ti strip of width ∼ 1.5 µm, thickness ∼ 100 nm) of length

LH , directly on the slab and parallel to waveguide axis but at a safe distance so as to

avoid unwanted absorption of the guided mode through evanescent field [143]. Typi-

Figure 3.8: The fundamental mode propagation profile (TE-polarized) in the proposed
SWG waveguide of length 45-µm (including input/output tapers of length
10-µm each); the simulation results are obtained using Lumerical 2.5D
FDTD simulation tool.

cally, ∼3±0.5 µm separation between microheater and waveguide axis is considered to

be a safe distance [126]. This is reconfirmed by visualizing the lateral field distribution

of the guided fundamental mode (TE-polarized) in the SWG waveguide as shown in

Figure 3.8; the evanescent field is insignificant beyond 3-µm from the SWG waveguide

edge. This result was obtained using Lumerical 2.5D FDTD simulation of the proposed

SWG waveguide of length 45-µm including input/output tapers of length 10-µm each.

The planar temperature profile (120 nm above Si-SiO2 interface) of a microheater dis-

sipating an electrical power of PE = 15 mW has been shown in Figure 3.9. This planar

Figure 3.9: 2D temperature profile of the proposed SWG waveguide microheater (LH =
45 µm) at 120 nm above the Si-SiO2 interface. This profile was extracted by
3D computation using COMSOL Multiphysics Simulator in which 15 mW
of electrical power was assumed to be dissipated as heat uniformly along
the waveguide
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temperature profile was extracted from a 3-D temperature profile of the microheater

of length LH = 45 µm (same as that SWG waveguide length) computed by COMSOL

Multiphysics. The estimated temperature rise is∼ 18.5K (∆T ) above room temperature

along SWG waveguide axis (and nearly uniform). However, for microheater waveguide

phase-shifters (H1 and H2) of same length (LH = 45 µm) and same electrical power

consumption (PE = 15 mW), the value of ∆T is found to be relatively higher (∼ 22K).

This is expected due to their closer proximity to waveguide axis as shown in Figure

3.10. Even though GH is same in both the cases, the effective heat experienced by

(a) (b)

Figure 3.10: Cross-sectional schematic of metal microheaters integrated adjacent to (a)
rib waveguide and (b) SWG waveguide.

the center region of SWG waveguide (Figure 3.10(b)) is less compared to that of the

access rib waveguide (Figure 3.10(a)) due to its higher width and hence lesser proxim-

ity. Figure 3.11 shows the calculated ∆T as a function of distributed electrical power

consumption pH (mW/µm), for a SWG waveguide and a phase-shifter rib waveguide.

Their linear characteristics can be defined as:

∆T = SH · pH (3.4)

where SH measures the waveguide microheater sensitivity which may be expressed in

K-µm/mW. Thus for the given microheater design, we obtain the SH values for SWG

waveguide (SswgH ) and rib waveguide (SribH ) as ∼ 56K-µm/mW and ∼ 65 K-µm/mW,

respectively. The resulting phase change (at an operating wavelength λ) in a rib waveg-

uide phase-shifter integrated with a microheater of length of LH can be expressed using
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Figure 3.11: Calculated ∆T as a function of pH (mW/µm) for a SWG waveguide and a
rib waveguide used in the proposed MZI based add-drop filter.

Equation 3.3 (ignoring thermal expansion):

∆Φ ≈ SribH ·
(

2π

λ
· ∂neff
∂T

)
· PE (3.5)

where PE = pH · LH . Similarly, for a designed value of Λ, the band-edge of the SWG

waveguide can be detuned as a function of PE and is derived from Equation 3.1 as:

∆λedge ≈ SswgH ·
(

2Λ

LH
· ∂neff
∂T

)
· PE (3.6)

It must be noted that this band-edge detuning is directly proportional to the differ-

ential change in SWG waveguide temperature. However, we need to ensure uniform

heating along the SWG waveguide to maintain thermo-optically tuned band-edge pro-

file intact. Thus if identical SWG waveguide microheaters are integrated in both arms

of the MZI, there won’t be any phase imbalance between them at any operating wave-

length; passband transmission at both bar- and cross ports remain unaltered for equal

electrical power consumption by both microheaters. All other microheaters (except the

microheaters adjacent to SWG waveguides which are of same length as SWG waveg-

uides) can be as long as possible so that desired thermo-optic phase change can be

achieved at lower operating temperatures. For example, only a temperature rise of ∼
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45 K is required for π phase-shift in a 100-µm-long waveguide microheater (LH = 100

µm). For all our fabricated devices to be discussed in next section, the SWG waveguide

length is 90 µm to obtain sharper band-edge and to integrate longer microheater (LH =

100 µm) for its thermo-optic tuning at low temperatures.

3.2 Experimental Results and Discussion

All the devices were fabricated using the in-house facilities available in IIT Madras.

The devices were fabricated in a commercially available 220 nm thick SOI substrate

(2-µm BOX (SiO2) layer thickness and 500-µm handle wafer thickness) using elec-

tron beam lithography (RAITH 150 TWO) and inductively coupled plasma reactive ion

etching (OXFORD PlasmaLab System 100). The detailed fabrication process flow and

experimental measurements are described in the following sections:

3.2.1 Device fabrication

Two samples S1 and S2 were fabricated; Sample S1 was fabricated to demonstrate the

broadband wavelength filtering characteristics of SWG waveguide as well as the add-

drop filtering characteristics of the MZI circuit. S2 was customized for carrying out

thermo-optic tuning and switching studies. The details regarding the list of devices

in each sample and the respective design considerations are listed in Table 3.3. The

Table 3.3: List of fabricated devices for active and passive characterization

Sample Devices in each set Design parameters Remarks
S1 D#1: Ref. rib waveguide Lswg = 90 µm, Wswg = 2 µm

D#2: Ref. SWG waveguide Λ = 285 nm, 275 nm, δ = 0.5 Passive
12 sets D#3: Ref. MZI device LDC = 4 µm, 4.5 µm, 5 µm characteristics

D#4: Add-drop filter GDC = 150 nm
S2 DH#1: Ref. rib waveguide Lswg = 90 µm, Wswg = 2 µm

DH#2: Ref. SWG waveguide Λ = 285 nm, δ = 0.5
12 sets LDC = 4.5 µm, GDC = 150 nm

DH#3: Add-drop filter LH = 100 µm (SWG) Active
(with microheaters) LH = 400 µm (waveguide) characteristics

WH = 1.5 µm, tH ∼ 100 nm
GH = 3 µm
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subscripts of D## means the set number and the device number in that particular set

respectively, i.e. D12 means the device 2 in set-1. In sample S2 which is used for

thermo-optic characterization, the devices are labelled as DH## which in order denote

the heater sample, set number and device number. All the devices in S1 and S2 were

integrated with rib waveguides (W = 350 nm, H = 220 nm, and h = 160 nm) and ter-

minated on either sides with grating couplers for efficient coupling of light. Figure

3.12(a) shows the mask layout of a typical set of devices in sample S1 designed using

Raith Nanosuite software. It consists of the reference rib waveguide (D#1), reference

(a)

(b) (c)

Figure 3.12: (a) Typical mask layout of a set of devices to be fabricated along with the
alignment marks; A zoomed-in view of (b) the grating coupler region and
(c) SWG spot-size converter integrating the photonic wire waveguide and
the SWG waveguide.

SWG waveguide (D#2), a balanced MZI device (D#3) and the proposed add-drop filter

circuit (D#4). The masks were designed in GDS II format using RAITH Nanosuite

software. The grating coupler is designed (period - 610 nm, duty-cycle - 0.5) for the

fiber-to-chip light coupling over a broad wavelength range (3-dB bandwidth ∼ 70 nm)

centering at λ = 1550 nm. Figure 3.12(b) shows the zoomed-in view of the grating

coupler region defined in the mask file. The gratings are gradually tapered towards

the access waveguides via a 12 µm × 12 µm taper structure over a length of 100 µm
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to match the fiber mode with the waveguide mode. The overall length (input grating

coupler to output grating coupler) of all fabricated devices (including reference waveg-

uides) is kept fixed at 5 mm. Further details regarding the design parameters of grating

couplers are given in Appendix A. The length of all the fabricated SWG waveguides

is kept same Lswg = 90 µm, which include input/output tapers of length 10 µm each.

Lateral distance between the grating couplers of successive devices were kept 300 µm.

The maximum radius of the access bend waveguides is kept 180 µm to avoid the bent

induced coupling loss [126]. The grating couplers, taper region and sub-wavelength

gratings were defined as conventional elements where the electron beam expose over

the pattern within a write-field. However, for stitch free patterning, the photonic rib

waveguides including directional couplers are defined using fixed beam moving stage

(FBMS) exposure scheme. A brief description on FBMS and conventional patterning

strategies is described in Appendix-C. A zoomed view of the SWG waveguide region

integrated with the input waveguide via. an adiabatic mode converter is shown in Figure

3.12(c).

The passive device structures were defined using single step electron beam lithog-

raphy (EBL) and subsequent inductively coupled plasma reactive ion etching process.

A summary of the fabrication process steps in electron beam lithography using HSQ as

resist mask is given in Figure 3.13. The SOI sample was initially cleaned to remove the

Figure 3.13: Schematic illustration of the process steps used for fabricating the device
structures

traces of any organic and inorganic impurities. The detailed cleaning procedure is out-
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lined in Appendix C. The cleaned sample was then dehydrated at 1800C for 10 minutes

Table 3.4: Optimized spin coating parameters for obtaining ∼ 100 nm thick HSQ resist
on SOI.

Spin parameters Thickness
Step-1 (spread)
Speed : 100 rpm
Acceleration : 100 rpm/s 100 nm
Time : 10 s

Step-2 (coat)
Speed : 3000 rpm
Acceleration : 1500 rpm/s
Time : 30 s

on a hot plate. It was then coated with negative tone e-beam resist (HSQ -Hydrogen

silsesquioxane) with the spin parameters listed in Table 3.4. The spin coating proce-

dure is detailed in Appendix C. The resist coated sample was then post-baked at 1800C

for 2 minutes. This was followed by the patterning of the devices using EBL system

(Raith 150 TWO) with the optimized patterning parameters as given in Table 3.5. Post

Table 3.5: EBL system parameters and patterning parameters optimized for conven-
tional and FBMS patterning on HSQ resist.

Column parameters Patterning parameters
Acceleration voltage : 20 kV Area dose : 300 µC/cm2

Aperture : 20 µm FBMS dose : 400 µC/cm2

Working distance : 10 mm Area step size : 9.4 nm
Write field : 100 µm × 100 µm

lithography, the samples were developed using commercially available developer so-

lution (MF-319) for 7 minutes and then post-baked at 300◦C. This was followed by

etching (etch depth ∼ 60 nm) of the patterns using optimized ICP-RIE recipe (Fluorine

chemistry) given in Table 3.6. SF6 was used as the silicon etchant and CHF3 was used

for passivation of sidewalls during the etching process. The gas phase and the surface

reactions that happen using plasma etching process is given below:

Gas phase reaction:

SF6 + e− → SF5 + F + e− (3.7)

Surface reaction:

F + Si→ SiF4 (3.8)
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The sample was etched for 8 seconds to obtain the desired etch depth of ∼ 60 nm.

Figure 3.14(a) shows the SEM image of a set of fabricated devices (D1 - reference rib

Table 3.6: Optimized ICP-RIE recipe for silicon etching

Parameter Value
Gas flow rate SF6:CHF3 :: 5:18 sccm
RF power 30 W
ICP power 1000 W
Pressure 15 mTorr
Temperature 20◦C

waveguide, D2 - reference rib waveguide integrated with SWG waveguide, D3 - refer-

ence MZI device and D4 - proposed add-drop filter). A zoomed SEM image of a rib

waveguide to SWG waveguide transition taper region, directional coupler region and

grating coupler are shown in Figures 3.14(b), 3.14(c) and 3.14(d) respectively. Table

3.7 compares the experimentally obtained parameters with the design parameters ob-

tained using simulation. It can be seen that the SWG waveguides and the add-drop

filter circuit is very much fabrication tolerant. Sample S2 was fabricated to carry out

Table 3.7: Comparison of the designed and experimentally obtained device dimensions.

Parameter Designed Measured
SWG period (Λ) 285 nm 285 nm
SWG duty cycle (δ) 0.5 0.5 ± 0.1
Grating width (Wg) 2 µm 2 µm
Rib width (W) 360 nm 370 ± 10 nm
Slab height (h) 160 nm 160 nm ± 10 nm
DC gap (GDC) 150 nm 150 nm ± 20 nm
GC period (ΛDC) 610 nm 610 nm
GC duty cycle 0.5 0.5 ± 0.1

the thermo-optic switching and tuning studies. It consists of 12 sets of devices, each set

consisting ofDH1 - reference rib waveguide,DH2 - reference SWG waveguide andDH3

- add-drop filter /switch circuit along with the microheaters and contact pads. The mask

layout of 1 set of devices is shown in Figure 3.15. The length of the MZI arms were

kept longer in this sample (5 mm) to accommodate for the micro-heaters. The length

of microheaters used for SWG tuning is 100 µm which is longer than the length of

SWG waveguides (Lswg = 90 µm), whereas length of other microheaters used for phase

tuning is 400 µm. The overall length of the devices were kept same, i.e. 5 mm. The
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(a)

(b) (c) (d)

Figure 3.14: (a) SEM image of a set of fabricated devices : D1 - reference rib waveg-
uide, D2 - reference rib waveguide integrated with SWG waveguide, D3 -
reference MZI device, D4 - proposed add-drop filter device; zoomed SEM
image of (b) an adiabatic spot-size converter between rib waveguide and
SWG waveguide; (c) directional coupler region and (d) grating coupler
region.

Figure 3.15: Mask-layout of one set of devices to be fabricated for carrying out thermo-
optic measurements.

passive device structures were initially defined using EBL and ICP-RIE as discussed

for sample S1. The microheaters were defined in two cycles of metalization followed
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by lift off processes: aluminum for the contact pads and titanium for the heaters [126].

Titanium microheaters were used for thermo-optic phase shifting and band-edge detun-

ing because of its high melting point, high resistivity and absence of electro-migration

at elevated temperatures when compared to other metals like gold, aluminium etc. The

schematic flow charts describing the process steps for aluminium contact pads and ti-

tanium microheaters are illustrated in Figure 3.16 and detailed in the PhD thesis of

Ramesh [126]. The windows for the contact pads and microheaters were defined us-

Figure 3.16: Schematic of the fabrication process flow for Aluminium contact pad and
Titanium microheater integration

ing EBL using PMMA A8 resist with thickness ∼ 300 nm (thrice the thickness of the

metal to be deposited). Aluminum was deposited using thermal evaporation technique

(HPVT-305G) for a thickness of 100 nm whereas titanium was deposited by electron
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beam evaporation technique (Hind Hi Vac BC-300T) for a thickness of 80 nm. The

spin coat parameters and the optimized EBL parameters for patterning the windows for

contact pads and microheaters are described in Appendix C. Figure 3.17(a) shows the

zoomed SEM image of the fabricated device along with all the microheaters (H1 - H5).

A zoomed SEM image of the SWG waveguide region with Titanium microheaters on

(a)

(b) (c)

Figure 3.17: Zoomed SEM image of the (a) MZI region along with the fabricated mi-
croheaters, (b) SWG waveguide region with metal microheaters on either
sides and (c) rib waveguide with the adjacent metal microheater.

either sides is shown in Figure 3.17(b). Zoomed-in view of the rib waveguide with the

adjacent metal microheater is shown in Figure 3.17(c). The measured gap between the

microheater and the rib waveguide is approximately 2.9 µm. Table 3.8 draws a compar-

ison between the designed and experimentally obtained microheater parameters.

The average line resistance of fabricated microheaters is measured as rH ∼ 27

Ω/µm and the total resistance in both side flaring regions is RFH ∼ 1.3 kΩ (includ-

ing probe contact resistance); these values are highly sensitive to thickness and quality
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Table 3.8: Comparison of fabricated and designed device dimensions

Parameter Designed Measured
WH 1.5 µm 1.4 ± 0.2 µm
tH 100 nm 80-90 nm
GH 3 µm 2.9 ± 0.1 µm

of deposited Ti thin film. For thermo-optic tuning, individual microheaters are probed

with a current source meter unit (SMU). Since our microheaters are long (H1, H2 = 400

µm and H3, H4, H5 = 100 µm), the differential temperature required for π phase-shift

does not exceed 11K (44K) for LH = 400 µm (100 µm). The electrical power con-

sumption by a microheater (PE) can be estimated for a current IH flowing through it is:

PE = I2
H(rHLH +RFH).

3.2.2 Thermo-optic characterization set-up

A schematic illustration of the thermo-optic characterization set-up used to do the pas-

sive as well as active device characterization is shown in Figure 3.18(a). A four probe

set-up was used: two fiber optic probes for input to output light coupling via grat-

ing couplers; and two electrical probes for driving the microheaters. x-y-z micro-

positioners are used for traversing and precisely positioning the fiber and electrical

probes over the sample. The experimental set-up is equipped with a high resolution

APEX 2043-B optical spectrum analyzer (OSA) with a minimum resolution bandwidth

of 0.04 pm and in-built broadband tunable laser source with a power of 125 µW over

wavelength range 1520 nm ≤ λ ≤ 1630 nm. The device is held firmly on a sample

holder using a vacuum pump. Fiber-optic output from the laser source excites TE-

polarized guided mode at the input of the device under test via grating couplers. Trans-

mitted output is collected again with a standard single-mode fiber via output grating

couplers. The input and output single mode fibers are aligned at 10◦ vertically to the

GCs for maximum coupling efficiency [124]. The electrical probes from the contact

pads are connected to a source measure unit (Keithly). For transient characteristics

measurement, a square wave signal from a function generator is used to modulate the

output of the SMU. The optical output is then detected using a photodetector (Thorlabs,

PDA10CS InGaAs) and sent to a digital storage oscilloscope (Keysight-DS). The entire
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(a)

(b)

Figure 3.18: (a) A schematic illustration of the experimental set-up used for device
characterizations: TLS -Tunable Laser Source, OSA - Optical Spectrum
Analyzer, SMF - Single Mode Fiber, PC - Polarization Controller, DUT
- Device Under Test, SMU - Source Measurement Unit, FG - Function
Generator, PD - Photodetector, DSO - Digital storage oscilloscope); and
(b) photograph of the electrical and fiber-optic probe station used for de-
vice characterizations.

set-up is controlled using LabVIEW programs. A photograph of electrical-cum fiber-

optic probe station used for device characterizations is shown in Figure 3.18(b). The

characterization results of the fabricated devices S1 and S2 have been discussed below

in two sub-sections.
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3.2.3 Passive Filter Characteristics

The passive characteristics were studied using sample S1 which consisted of the set of

devices listed in Table 3.3. Only 6 sets out of the 12 sets (D1# - D6#) were having

less insertion loss as the remaining 6 sets (D7# - D12#) were very lossy due to over-

dose issues while patterning. In this section, we will discuss the experimental results

of some of the best devices we had obtained. The measured transmission response of

a fabricated reference rib waveguide (D11) along with a reference SWG waveguide of

Λ = 285 nm adiabatically integrated with rib waveguide of same length (D12) is shown

in Figure 3.19. Since the rib waveguides were designed for single-mode guidance (TE-

Figure 3.19: Passband transmission characteristics of SWG waveguide (Λ = 285 nm)
(D12) along with transmission of a reference rib waveguide (D11).

polarization) for entire S+C+L bands and beyond, the observed wavelength dependent

transmission characteristics for reference rib waveguide is due to the bandwidth limi-

tation of input/output grating couplers [145]. The grating couplers were characterized

with an average coupling loss of ∼ 6 dB (coupling loss/facet). The red curve shows

the passband of SWG integrated waveguide which is exactly following the grating cou-

pler transmission characteristics. The stop-band and pass-band of SWG waveguide is

clearly evident in D12 with a sharp band-edge at λ ∼ 1567 nm. As expected, the ex-

tinction exceeds well above 35-dB. It must be noted that there is no significant excess

loss for the pass-band of SWG waveguide when compared with the transmission of ref-
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erence rib waveguide, < 1 dB. The measured edge roll-off for D12 is > 70 dB/nm. For

Figure 3.20: Passband transmission characteristics of SWG waveguide (Λ = 285 nm)
(D12) with and without adiabatic tapers at the SWG waveguide interfaces.

comparing the efficiency of the adiabatic taper used in the SWG waveguide, we had also

fabricated a SWG waveguide with abrupt termination at either sides. Figure 3.20 shows

the passband transmission characteristics of both the cases. It can be clearly seen that

the SWG waveguide without any spot-size converter (red curve) suffers from signifi-

cant mode mismatch loss (∼ 5 dB insertion loss) and ripples in the passband (∼ 8 dB).

Also, there is a 20 dB improvement in the stopband suppression of SWG waveguide

integrated with adiabatic tapers. The robustness and fabrication tolerance of the fabri-

cated SWG waveguides were evaluated by measuring the transmission characteristics

of SWG waveguides of five sets (D12-D52) with same design parameters and integrated

with rib waveguides of same length as shown in Figure 3.21. The stopband extinction

at the output of all SWG waveguides are found to be exceeding 35 dB. As expected

from the simulation results, the experimental values obtained for λedge are 1569 ±1 nm

(see inset of Figure 3.21). This variation is mainly due to the variation in δ from device

to device, which was around 0.5 ± 0.03. The normalized transmission characteristics

(with respect to rib waveguide transmission) of a fabricated SWG waveguide with Λ =

275 nm has been compared with one of the above mentioned SWG waveguides with

Λ = 285 nm as shown in Figure 3.22. The observed band-edge shift of ∆λedge ∼ 37

nm is again closely agreeing to simulation results (∼38 nm) discussed earlier corre-
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Figure 3.21: Normalized passband transmission characteristics of SWG waveguides
from five different sets (D12 - D52) with same design parameters (Λ = 285
nm). Inset shows the variation in the band-edge wavelength from device
to device. The measured edge roll-off is > 70 dB/nm.

Figure 3.22: Measured wavelength dependent transmission characteristics of two SWG
waveguides with Λ = 275 nm and 285 nm, respectively.

sponding to same differential periodicity of ∆Λ = 10 nm. The wavelength independent

transfer function of the reference MZI device (D33) has been shown in Figure 3.23 for

both bar and cross ports. The result ensures the wavelength independent 3-dB power

splitting of fabricated directional couplers. The measured excess loss is typically <

2.4 dB. Finally, the normalized transmission characteristics of the proposed add-drop
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Figure 3.23: Normalized transmission characteristics of a reference wavelength inde-
pendent MZI with balanced arm (D33).

filter (D34) is shown in Figure 3.24. All the add-drop filter devices were fabricated with

SWG waveguides parameters as Λ = 285 nm, δ ∼ 0.5 and Lswg = 90 µm. The input

Figure 3.24: Transmission characteristics of fabricated add-drop filter (D34) at cross
port, bar port and drop port, respectively; each transmission is normalized
with the transmission characteristics of straight reference waveguides.

laser light of λ & 1565 nm appears at the cross port and λ . 1565 nm appears at the

drop port with nearly flat-top responses. The normalized pass-band transmission in bar

port exhibits > 7 dB extinction as compared to cross port transmission. The insertion

loss in the cross port is about 1.5 dB which is nearly uniform over the entire passband,

whereas the insertion loss at the drop port is exceeding 3-dB which can be attributed to

additional 180o bend waveguide loss. Nevertheless, the 3-dB bandwidths of the spec-

68



tral responses in the stopband and passband exceeds 40 nm. While we observe all the

fabricated filter devices to exhibit λedge ∼ 1565 nm and stopband extinction exceeding

35 dB (same as SWG waveguides discussed earlier), the band extinction in any of the

output ports is highly sensitive to undesirable phase mismatch between two arms of the

MZI. The filter characteristics of some of the fabricated devices shown in the Figure

(a) (b)

(c) (d)

Figure 3.25: Transmission characteristics of the add-drop filters at cross port, bar port
and drop port respectively with phase mismatch in the MZI arms; (a) De-
vice D24, (b) D44, (c) D54 and (d) D64. Each transmission is normalized
with the transmission characteristics of a straight reference waveguide.

3.25 prove that the insertion losses at the cross port, the bar port and the drop ports

vary significantly from device to device. For example, while the power appearing at

the cross-port is more than that in the bar port for devices D24 (Figure 3.25(a)) and

D54 (Figure 3.25(c)), the bar port sees higher power output for the devices D44 (Fig-

ure 3.25(b)) and D64 (Figure 3.25(d)). The SWG passband in the device D64 (Figure

3.25(d)) eventually appears at the bar port with more than 12 dB extinction at the cross
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port. At the same time, we see that SWG stopband reflected back into drop port with

uniform insertion loss ∼ 2.5 dB (nearly same as WIDC losses for two passings). These

results clearly indicate that there is a phase mismatch of about π between the MZI arms

only for passband (i.e.,∼ π phase difference due to the asymmetry in waveguides on

the right side of SWGs in MZI arms). Apart from the insertion loss difference in all the

output ports, the filter responses shown in Figure 3.25(a) and 3.25(b) are highly wave-

length dependent. This indicates that the WIDCs acting as 3-dB power splitters are

not exactly wavelength independent. All these errors are introduced due to fabrication

Table 3.9: Deviation in the experimentally measured results from device to device

Parameter Value
Band-edge position (λedge) 1565 nm ± 2 nm
Band-edge extinction (ER) 35 ± 5 dB
Cross port to bar port (vice-versa) extinction (ERbc) 0 dB - 15 dB

process uncertainties. Table 3.9 gives an overview on the deviations in the experimen-

tally measured results from device to device. The phase-mismatch issues in the MZI

can be mitigated by integrating microheaters at different locations in the MZI arms as

discussed in the next section.

3.2.4 Thermo-Optic Tuning/Switching

For thermo-optic tuning and/or switching experiments, sample S2 was fabricated wherein

the add-drop filter devices were integrated with microheaters at different locations as

shown in Figure 3.1. We had fabricated a set of 12 devices with each set containing the

devices listed in Table 3.3. We had observed that the λedge values of the SWG waveg-

uides in S2 were matching with that of the ones in S2 (1569 ± 2 nm). For the detailed

discussions on how different microheaters impact the filter response, we will be taking

forward only one of the devices (DH33) for which the normalized passive filter char-

acteristics at cross-, bar- and drop ports are as given in Figure 3.26. In this particular

device, it can be seen that the bar port as well as the cross port have same extend of

passband power level with insertion loss of about 4-dB each. The SWG stopband at the

drop port is about 10-dB down from the bar/cross port response level in the passband.

Since the SWG and WIDC designs are relatively robust and fabrication tolerant, it is
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Figure 3.26: Passive transmission characteristics of DH33 (normalized to the transmis-
sion of a reference straight waveguide) at cross-, bar- and drop ports

highly possible that the undesirable power levels in all three output ports are most likely

due to phase mismatch between MZI arms. In the rest of this section, we will discuss

how each microheater aids in tuning/switching the add-drop filter response.

H1 microheater

We carried out a thermo-optic tuning by the microheater H1 (see Figure 3.1) which can

simultaneously influence transmission at all the three output ports. Figs. 3.27(a) and

3.27(b) are the transmissions at three output ports corresponding to two different op-

timum switching states, respectively. The passband transmission is maximized at bar

port and stopband is maximized at the drop port simultaneously for an electrical power

consumption (by H1) of PH1 = 18 mW (as in Figure 3.27(a)). By further increasing

the electrical power dissipation to ∼ 72 mW at the same microheater H1, the passband

transmission is maximized at cross port and stopband is maximized again at the drop

port simultaneously (as in Figure 3.27(b). This observation is due to the position of mi-

croheaterH1 in the MZI circuit; the power required for one cycle of stopband switching

between drop port and input port is same as that of half-cycle switching of passband be-

tween bar port and cross port. Thus the estimated switching power (for π phase-shift)

for microheater H1 is ∼ 54 mW. This has been reconfirmed by recording transmissions

at three different outputs as a function of electrical power dissipated by H1 (see Figure
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(a) (b)

Figure 3.27: Thermo-optic switching characteristics of a fabricated device DH33: (a)
passband transmission maximized at the bar port and simultaneously stop-
band transmission maximized at the drop port using microheater H1; and
(b) passband transmission maximized at the cross port and simultaneously
stopband transmission maximized at the drop port using microheater H1.

3.28). The dotted lines show the corresponding theoretical fit of the transmissions (in

Figure 3.28: Transmission at bar/cross ports (at λ = 1572 nm) and drop port (at λ =
1550 nm) of device DH33 as a function of electrical power dissipated by
the microheater H1 (PE). Dotted lines correspond to the theoretical fit
using Eqns.3.9, 3.10, 3.11 and 3.5.

dB scale) at bar-, cross-, and drop ports of the MZI as given by following expressions:

Pbar = Pb.sin
2(∆Φ/2 + ζ1) (3.9)
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Pcross = Pc.cos
2(∆Φ/2 + ζ1) (3.10)

Pdrop = Pd.cos
2(∆Φ + ζ2) (3.11)

where Pb,c,d are normalized peak transmission (with respect to a reference waveguide)

at bar-, cross-, and drop ports, respectively; and fitting parameters ζ1,2 are accounted

for the phase-mismatches between interfering waves at bar-/cross-ports and drop-port,

respectively, which may occur due to fabrication imperfections. The experimental re-

sults are fitted with the theoretical expressions given by Eqns. 3.9, 3.10, 3.11 and 3.5.

Thus the sensitivity of the fabricated waveguide microheater is extracted as SribH = 79K-

µm/mW (along with ζ1 = 0.33π rads and ζ2 = 0.75π rads). This value is slightly higher

than that of COMSOL Multiphysics calculations (∼ 65K-µm/mW), which may be at-

tributed to the change in microheater proximity to the rib waveguide of our fabricated

devices.

H2 microheater

The passband switching between cross- and bar ports without affecting the drop port

transmission is carried out by thermo-optic tuning of microheater H2; corresponding

transmission characteristics at different electrical power levels at H2 have been shown

in Figures 3.29(a) and 3.29(b), respectively. The results indicate a switching power

of Pπ ∼ 54 mW the power required to switch the pass-band maxima from bar port to

cross-port or vice-versa), same as that of microheater H1 which is expected because

of their identical lengths LH = 400 µm. These results have been replotted in Figure

3.30 to better understand the change in Pbar and Pcross with respect to PE . When PE

= 0 mW, both Pbar and Pcross are at the same power level. When PE is increased to

20 mW, Pcross becomes maximum while Pbar becomes minimum. On further increas-

ing PE , Pcross (Pbar) starts to decrease (increase) sinusoidally and reaches a minima

(maximum) at PE = 75 mW. The maximum extinction ratio measured for the demon-

strated devices is limited to 20 dB due to unequal splitting ratio of directional couplers.

Also, the cross/bar port transmission characteristics exhibit ripples of about ± 0.5 dB,

whereas for drop port it is about ± 1 dB. Such ripples may be attributed to power fluc-

tuations in the light source as well as the detection sensitivity of the optical spectrum

analyzer used in experimental setup.

H3 microheater
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(a) (b)

Figure 3.29: Thermo-optic switching of the passband between the cross port and the
bar port without affecting the drop-port: (a) passband transmissions at the
cross port for different electrical power levels consumed by microheater
H2; and (b) passband transmissions at the bar port for different electrical
power levels consumed by microheater H2 (Device : DH33).

Figure 3.30: Transmission at bar/cross ports (at λ = 1572 nm) of device DH33 as a
function of electrical power dissipated by the microheater H2 (PE).

Finally, the microheater H3 (LH = 100 µm) is used for thermo-optic tuning of band-

edge λedge. Fig 3.31(a) shows the band edge detuned transmission characteristics at

the cross port for different power levels in H3. We could red-shift the band-edge up to

∼2.5 nm for an applied power of ∼ 112 mW. Thus we observe a thermo-optic tuning

efficiency of ∼ 22 pm/mW. It is interesting to note that there is no much variation in

the insertion loss and the flat-top pass-band is well preserved. Figure 3.31(b) shows

the band edge shift (∆λ) as a function of applied electrical power. It can be observed

that the wavelength shift is linear to the power consumed by microheater H3. The only
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(a) (b)

Figure 3.31: (a) Transmission spectra showing the band-edge tuning of the device with
respect to dissipated power in microheater H3; (b) band-edge detuning as
a function of dissipated power in microheater H3 (Device : DH33).

limitation to the tunability of the band-edge is the breakdown current of the microheater

H3. Figure 3.32 shows the SEM image of a microheater adjacent to the SWG waveg-

uide which was heated beyond its breakdown limit thus resulting in the malfunctioning

of the microheater.

Figure 3.32: SEM image of a burnt metal microheater which was driven beyond its
breakdown point.

H4 and H5 microheater

The auxiliary microheatersH4 andH5 were not utilized for this device as the band-edge

observed at cross- or bar ports of the MZI is found to be as good as the transmission

characteristics of isolated SWG waveguides, except a band-edge shift of about 5 nm
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(λedge ∼ 1570 nm).

3.2.5 Transient characteristics

We have studied the transient response of the device DH33 at three output ports using

microheater H3 and by launching laser light operating at little higher than the band-

edge (λ = 1571 nm) but not completely falling in the flat-top passband region. A 12

Figure 3.33: Simultaneous thermo-optically modulated light output powers in arbitrary
units (measured by a photodiode) at bar-, cross-, and drop ports for an input
laser light operating at λ = 1571 nm (slightly above λedge): (a) square pulse
electrical signal (at 12 kHz) applied to the microheater H3; (b) bar port;
(c) cross port; and (d) drop port (Device : DH33).

kHz square wave of amplitude 2.8 V was applied from a function generator to drive the

microheater H3 and the time-domain optical response in all the three output ports were

collected using a photodetector (THORLABS PDA10CS InGaAs photodetector) and

recorded in a digital storage oscilloscope. They are shown in Figure 3.33; exhibiting an

average rise time of ∼5 µs and fall time of ∼4 µs. The modulation of applied electrical

power to microheater H3 results into a red-shift modulation of band-edge. The bar

port and the cross port follow the same transient characteristics, whereas the drop port

response is complimentary to the bar/cross port transient response. Thus the device

is capable of converting electrical signal into optical signal in triplicate. Thus if the
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microheater H3 is replaced by a high-speed p-n junction diode, then it can be used as a

high-speed optical modulator with two identical signal stream and one complimentary

signal stream at three different output ports.

3.3 Summary

In summary, an ultra broadband add-drop filter/switch circuit is designed and demon-

strated in SOI substrate. The integrated optical circuit is basically a 2×2 balanced MZI

designed by cascading two wavelength independent directional couplers acting as 3-

dB power splitters. Two identical SWG waveguides are adiabatically integrated in two

arms of the MZI. They are designed to operate in TE-polarization with a well defined

band-edge wavelength λedge ∼ 1565 nm (roll-off> 70 dB/nm) dividing its fundamental

stopband (λ < λedge) and guiding passband (λ > λedge). The stopband and passband of

the SWG could be filtered efficiently at the drop port and cross/bar port of the MZI, re-

spectively. Table 3.10 draws a comparison of the demonstrated add-drop filter with the

Table 3.10: Comparison with recently demonstrated devices (MZI with Bragg gratings)

Literature ER (dB) BW (nm) Insertion loss (dB)
Drop port Bar port

Wang et. al.[146] 40 5 5 13
Saber et. al. [140] 25 7 2 4.2
This work 35 40 2 2

recent demonstrated devices in literature. It is clear that the broadband SWG add-drop

filter demonstrated by us is relatively superior to the existing technologies in terms of

reflection bandwidth and insertion loss. Five different microheaters are also integrated

at different locations of the MZI for phase correction and switching applications. The

band-edge wavelength could be thermo-optically tuned with a slope efficiency of 22

pm/mW. The passband switching between bar- and cross port is demonstrated with

more than 15 dB extinction; measured switching power Pπ ∼ 54 mW. Thermo-optic

modulation is also demonstrated simultaneously at cross-, bar- and drop ports for an

operating wavelength λ = 1571 nm (slightly above λedge). The rise-time and fall-time

in thermo-optic modulation is recorded as ∼5 µs and ∼4 µs, respectively. The lower

switching time could be accomplished because of the integration of microheater directly
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on the silicon slab (in contrast to the conventional microheater integrated over the top

cladding oxide). In future, this thermo-optic microheater can be replaced by a p-n junc-

tion waveguide for high-speed switching and perhaps for high-speed modulator circuit.

Moreover, the optical insertion loss of the device can be reduced by introducing deeply

etched access waveguide bends [142] and switching power, Pπ (microheater sensitivity,

SH) can also be reduced (increased) by trench isolation and may be with an improved

design of microheater (e.g., meander configuration).
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CHAPTER 4

Linear-edge Filter

In the previous chapter, we discussed about the design and demonstration of on-chip

broadband filters using SWG waveguides. While these filters exhibit significant out-of-

band suppression (> 35 dB), a major shortcoming is the lack of a smooth band-edge and

the existence of significant side-lobes/ripples in the reflection and transmission spectra.

The recent advancements in integrated silicon photonics call for the need of broadband

(both stopband and passband) and high-extinction filters with a linear and smooth edge

roll-off; especially in non-linear optical and microwave photonic signal processing ei-

ther for residual pump rejection or for unwanted side-band suppression [147, 148]. A

suitably designed edge filter with a linear roll-off can also be potentially used in lab-

on-chip optical sensors where a wavelength-encoded measurement can be translated to

a cost-effective readout mechanism similar to earlier demonstrations using fiber optics

[149]. A recent demonstration of a rectangular edge filter using a multi-moded asym-

metric side-wall grating reported an edge-extinction of> 40 dB at the rate of 118 dB/nm

[128]. But, it also had significant side-lobes and ripples in the transmission spectra.

The side-lobe amplitudes and the rolloff-slope characteristics of a filter depend upon

the form of the perturbation-amplitude envelope κ(z) [150]. By appropriately choosing

a κ(z) envelope, one can reduce the sidelobe level by several orders of magnitude while

maintaining high peak reflectivity without degrading the roll-off rate. Thus, the shape

of the reflection spectrum depends on Sκ and the shape of the function κ(z). Adopting

the ’window’ function concept from traditional digital filter theory, Cross et al.[151] es-

tablished that the reflection spectrum of a grating reduces to the Fourier transform of the

perturbation-amplitude envelope κ(z) along the length of the grating. Thus, a suitable

κ(z) function which has low-transform sidelobes are favorable candidates to produce fil-

ters with low-reflection sidelobes. Various apodization techniques have been explored

for κ along the grating length to remove side-lobes and thereby smoothen edge roll-off

in filtering characteristics [152, 153, 154, 155]. However, all these demonstrations are



focused on DBR structures (weaker perturbations) and hence aim at smoothening the

edges of narrow-band notch filter responses (bandwidth < 10 nm).

In [155], apodized sidewall gratings in SOI rib waveguides was first demonstrated

to reduce the side-lobe levels in the transmission spectra. The apodization was achieved

by linearly increasing the sidewall grating width towards the center of the waveguide. It

was proved that a linear variation in sidewall grating width gives rise to a raised cosine

apodization of κ thus resulting in a filter response with minimal side-lobes. Though

this technique of width tapering is relatively more fabrication friendly with standard

lithography techniques, the devices were mostly designed for narrow-band applications.

In this chapter, we present a robust design and demonstration of a compact apodized

SWG waveguide in SOI substrates for broadband applications. We use the linear apodiza-

tion technique of the grating so as to obtain raised cosine κ(z) apodization. The filter

exhibits a ripple-free broad passband followed by a linearly rolled-off, highly extin-

guished ultra-broad stop-band around the Bragg wavelength.

4.1 SWG waveguide design

Fig. 4.1 shows the schematic illustration of the proposed integrated optical SWG-based

device to be realized in the 220-nm SOI platform (with the buried oxide (BOX) layer

of 2 µm) for the demonstration of the desired edge-filter characteristics operating in

the optical C+L bands. The desired apodization is achieved by linearly modulating the

Figure 4.1: Schematic 3-D view of the apodized SWG waveguide along with the in-
put/output access waveguides

SWG waveguide width Wg(zi) and the rib width W0(zi) towards the center (from both
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sides) given by the following expressions:

Wg(zi) = W0 +
Wm −W0

L0

(L0 − |zi|) (4.1)

W0(zi) = W ′
0 +

W0 −W ′
0

L0

|zi| (4.2)

where zi = zi−1 + Λ (i = 1, 2, 3, ....N ;Lg = 2NΛ), Wm and W ′
0 are the widths of

the grating and rib waveguide at the center respectively, W0 is the width of the access

waveguides and 2L0 = Lg is the total length of the SWG waveguide. The period Λ

and the duty cycle δ may be maintained constant throughout the length of the device

to keep the design as simple as possible. The width-dependent average effective index

neff (zi) and the coupling strength κ(zi) of the ith cell for a particular wavelength in the

stop-band can be estimated using Effective Medium Theory (EMT) and Lumerical 2D

MODE Solutions. Initially, the shallow-etched SWG layer is treated as a homogeneous

waveguide medium with the weighted average refractive index estimated using EMT

for transverse electric (TE) polarization operating at λ (wavelength in free space) given

by [72]:

n||(zi, λ) = [fA(zi)n
2
Si(λ) + {1− fA(zi)}n2

air(λ)]1/2 (4.3)

where fA(zi) is the fractional area occupied by silicon in the top grating layer of the

ith cell (see Fig. 4.2(a)). The effective index neff (zi, λ) of the guided mode is then

(a) (b)

Figure 4.2: (a) Top view of ith cell of the grating showing width parameters Wg(zi) and
W0(zi); and (b) cross-sectional view of the equivalent rib waveguide of the
ith cell with refractive index estimated using effective medium theory.

evaluated for an optical equivalent waveguide with the rib or grating layer refractive
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index of n||(zi, λ) and the bottom silicon slab height h with nsi(λ) as shown in Fig.

4.2(b), using Lumerical MODE Solutions. The wavelength-dependent refractive indices

of bulk silicon and the BOX layer are considered according to Sellmeier’s equations in

this calculation. The calculated effective index neff (zi, λ) and locally normalized mode

field distribution E(x, y, zi, λ) of the ith cell are then used to evaluate the backward

coupling coefficient κ(zi, λ) for the guided fundamental mode as given by [156, 128]:

κ(zi, λ) =
n2
Si(λ)− n2

air(λ)

neff (zi, λ)

(
2

λ

)
Γ(zi, λ) (4.4)

where Γ(zi, λ) =
∫ x2
x1

∫ y2
y1
|E(x, y, zi, λ)|2dxdy; x1 = W ′

0(zi)

2
; x2 = Wg(zi)

2
; y1 = h and

y2 = H (device layer thickness). We have studied two different apodization schemes

with W ′
0 = W0 = 450 nm and W ′

0 = 100 nm, respectively (keeping all other parameters

unchanged) to compare the filter characteristics. The SWG waveguide is designed (Λ =

285 nm; duty cycle δ = 0.5; Wm = 2.5 µm) to transmit wavelengths above λedge ∼ 1550

nm (Chapter-2). The etch depth of the SWG waveguides is kept unchanged (60 nm)

as that of the access waveguides (rib width = 450 nm and slab height, h = 160 nm) to

support the fundamental TE-polarized mode over a wavelength span 1525 < λ < 1625

nm (C + L bands). We have considered Lg = 2L0 = 50 µm in both the cases.

(a) (b)

Figure 4.3: Comparison between two different apodized SWG waveguides with W ′
0 =

100 nm and 450 nm, respectively using EMT: (a) calculated neff (zi) pro-
files; and (b) calculated κ(zi) profiles. The calculations are carried out for
TE polarization operating at λ = 1550 nm (Lg = 50 µm, Wm = 2.5 µm).

Figures 4.3(a) and 4.3(b) are showing the calculated neff (zi) and κ(zi, λ) along the

length of the SWG waveguide calculated at λ = 1550 nm for two different values of W ′
0
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(100 nm and 450 nm). Thus the proposed apodization structure ensures smooth transi-

tions of the effective index of the guided fundamental mode from the SWG waveguide

to the input/output access waveguides. The transition is smoother and more adiabatic

for W ′
0 = 100 nm (< W0) compared to that of W ′

0 = 450 nm (W ′
0 = W0). More im-

portantly, the profiles of κ(z) in both cases are closely resembling to a raised cosine

window function which will eventually ensure filter responses with reduced side-lobes

[155]. However, the magnitude of κ(z) is higher for smaller values of W ′
0 (< W0).

Thus we have shown with numerical simulations that with a linear width apodization of

a given SWG waveguide (keeping all other parameters fixed), one can easily obtain the

desired apodization profile of κ to reduce the side-lobes of the Bragg stop-band. With

the knowledge of neff (z) and κ(z) profiles of the device, one can approximately eval-

uate the center wavelength λcsb of the stop-band (Bragg wavelength), its spectral width

∆λsb (stop-band) and the stop-band-to-passband extinction ratio (ER) for an apodized

grating as [127]:

λcsb ≈
(

Λ

Ls

)
Sg (4.5)

∆λsb ≈
1

π

(
Λ

Ls

)2

SκSg (4.6)

ER(λ ∈ ∆λsb) = 10 log10[1− tanh2(Sκ)] (4.7)

where we have introduced two parameters Sg (effective optical path length) and Sκ

(effective backward coupling) given by:

Sg =

∫ +Ls

−Ls

neff (z, λ
c
sb)dz (4.8)

Sκ =

∫ +Ls

−Ls

κ(z, λcsb)dz (4.9)

In the above equations, we assumed the effective length of the Bragg grating LB = 2Ls

(which is smaller than the device length Lg) contributing to the Bragg reflection at λcsb.

For a given device length Lg, the value of LB depends on its apodization profile (can

be correlated with Fig. 4.3(a)). We have considered Ls as a fitting parameter which can

be extracted either from numerical simulations or from experimental results for a given

device of length (Lg) and apodization function. Thus it is clear from equations (4.5) -

(4.7) and Fig. 4.3(a) that the parameter Sg can be engineered significantly by controlling
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the value of W ′
0 alone. However, the minimum value of W ′

0 is fixed by the lithography

resolution limit and process-related reproducibility. Also, Sκ is larger in the case of the

device withW ′
0 = 100 nm leading to larger stop-bandwidth and out-of-band suppression.

The detailed transmission and reflection characteristics of the proposed devices can be

(b)

Figure 4.4: 3D-FDTD transmission (solid line) and reflection (dashed line) character-
istics (for TE-polarization) of the device for (a) W ′

0 = W0 = 450 nm and (b)
W ′

0 = 100 nm; See text for other parameters.

computed more accurately using 3D-FDTD and the corresponding simulation results

for W ′
0 = 450 nm and W ′

0 = 100 nm are shown in Figure 4.4(a) and 4.4(b) respectively.

The reflection characteristics were obtained by placing a frequency monitor behind the

mode source. The side-lobes are significantly suppressed in the transmission as well

as reflection spectrum at the right (long-wavelength) edge of the stop-bands for both

the device structures. However, side-lobes/ripples are still present at the left short-

wavelength edges which are due to the positive slopes of the apodization functions

[157]. Following the predictions from couple mode theory, the FDTD simulations also

reveal that SWG waveguide with W ′
0 = 100 nm has broader and deeper stopband with

linear band-edge roll-off due to higher value of κ(zi, λ). Again smaller value of W ′
0

results into stronger κ(z) modulation. However, we have used W ′
0 = 100 nm for rest of

our studies considering lithography limit and fabrication reproducibility in our labs. The

extinction of the stopband can be enhanced by increasing the device length Lg without

altering any other parameters. Figure 4.5(a) shows the transmission response of the

apodized SWG waveguides of three different lengths (Lg = 30 µm, 50 µm and 70 µm)

with Wm = 2.5 µm. The results clearly exhibit flat-top passbands for λ > λedge ∼ 1570
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(b)

Figure 4.5: (a) 3D-FDTD transmission response and (b) calculated neff (zi) profiles (for
TE-polarization) of the device with Wm=2.5 µm and W ′

0 = 100 nm for three
different values of Lg. See text for other parameters.

nm with smooth edge roll-off. As expected, the longest device (Lg = 70 µm) exhibits the

highest stopband extinction of ∼ 60 dB. However, the SWG passband edge wavelength

λedge remains nearly same for all Lg values. This is due to the fact that the peak effective

index of the device is independent of Lg when all other parameters remain unchanged.

This is evident from the length dependent interpolated neff (zi) profiles shown in Figure

4.5(b). Even though the rate of change of neff becomes smaller with increase in Lg, the

peak value of effective index and hence the pass-band edge remains unaltered. However,

the slope of the band-edge becomes steeper with increasing Lg. The desired value of

(b)

Figure 4.6: (a) 3D-FDTD transmission response and (b) calculated neff (zi) profiles (for
TE-polarization) of the device with Lg = 70 µm and W ′

0 = 100 nm for four
different values of Wm. See text for other parameters.
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λedge can be obtained by engineering the maximum width of SWG waveguide at the

center (Wm). The transmission characteristics for apodized SWG waveguides with Lg

= 70 µm simulated for a set of Wm values are shown in Figure 4.6(a). The red-shift in

band-edge wavelength with the increase of Wm is a direct result of differential changes

in Sκ, Sg and LB which can be approximated as:

∆λedge =
d

dWm

[
λcsb +

∆λsb
2

]
∆Wm (4.10)

It is evident that the λedge could be detuned significantly with Wm. However, this red-

shift slows down for larger values of Wm. This is expected since the neff increase is

initially large and gradually saturates for larger values ofWm as shown in Figure 4.6(b).

4.2 Experimental Results and Discussion

The integrated edge filters with input/output photonic wire waveguides and terminated

with grating couplers were fabricated in 220 nm SOI substrate (BOX layer - 2 µm, han-

dle wafer - 500 µm). The input/output access waveguides (and reference waveguides)

were designed with W0 = 450 nm and h = 160 nm to ensure TE polarized single mode

guidance (as discussed in Chapter-3). All the fabricated devices are 3-mm long (mea-

sured between input and output grating couplers) and fabricated by e-beam lithography

(using negative tone HSQ resist) and subsequent dry etching (ICP-RIE). The same fab-

rication process steps described in Chapter-3 have been followed here also. For a given

waveguide cross-sectional geometry with fixed period and duty-cycle, we have fabri-

cated four sets of devices to study the influence of apodized grating length Lg and width

Wm on band-edge position, roll-off and extinction ratio of the edge filter. The details

of the fabricated device (sample S3) are given in Table 4.1 and the corresponding mask

file is shown in Figure 4.7. Some devices were found to be defective due to fabrication

induced errors and overdose issues. We will be reporting the results of some of the best

devices below: Figure 4.8(a) shows the SEM image of the fabricated SWG waveguides

of lengths Lg = 30 µm, 50 µm and 70 µm integrated with input/output rib waveguides

along with a reference waveguide. The grating width Wm is fixed as 2.5 µm. Figure

4.8(b) shows the SEM image of the 30 µm long SWG waveguide along with zoomed
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Table 4.1: List of fabricated devices on sample S3 for Λ = 285 nm and δ = 0.5.

Set no. Device type Device No. Device parameters
Wm Lg

1 Straight wg D1 - -
SWG wg D2, D3 1 µm 30 µm
SWG wg D4, D5 1 µm 50 µm
SWG wg D6, D7 1 µm 70 µm

2 Straight wg D8 - -
SWG wg D9, D10 1.5 µm 30 µm
SWG wg D11, D12 1.5 µm 50 µm
SWG wg D13, D14 1.5 µm 70 µm

3 Straight wg D15 - -
SWG wg D16, D17 2 µm 30 µm
SWG wg D18, D19 2 µm 50 µm
SWG wg D20, D21 2 µm 70 µm

4 Straight wg D22 - -
SWG wg D23, D24 2.5 µm 30 µm
SWG wg D25, D26 2.5 µm 50 µm
SWG wg D27, D28 2.5 µm 70 µm

Figure 4.7: Mask layout of the fabricated devices made in GDS II format using Raith
Nanosuite software.

image of the central region of SWG indicating little rounding effects along the grating

edges. Besides, the grating duty cycle is found to be slightly higher than 50% (δ > 0.5).

The optical characterization set-up used is same as the one described in Chapter-3. The

normalized transmission characteristics of the devices (D23, D25 and D27) for different

values of Lg with same width Wm = 2.5 µm are shown in Figure 4.9. As expected, the
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(a) (b)

Figure 4.8: SEM images of the fabricated devices: (a) SWG waveguides with differ-
ent apodization lengths along with a reference rib waveguide; (b) zoomed
section of a 30-µm-long apodized SWG waveguide.

Figure 4.9: Normalized transmission spectra of the fabricated devices (D23, D25 and
D27) for different values of Lg with same width Wm = 2.5 µm.

values of λcsb (∼ 1560 nm) and ∆λsb (∼ 56 nm) are found to be unchanged for all the

three devices. However, the most important observations are a flat-top SWG waveguide

transmission at longer wavelengths (λ > λedge ∼ 1580 nm) with negligible insertion

loss (< 0.5 dB) and a smooth band-edge roll-off as predicted in simulation results. The

values of ER (> 40 dB) and of band-edge slope (3-4 dB/nm) are increased with the

device length. The lower values of ER, ∆λsb and longer values of λcsb obtained from

the experimental results compared to those obtained from the FDTD simulations may

be attributed to the underestimation of the experimental ER values and deviations in
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δ (> 0.5) for fabricated devices as described earlier. Oscillations are observed within

Figure 4.10: Comparison of the transmission spectra of the above devices (D23, D25

and D27) with their respective copies (D24, D26 and D28).

the stop-band of the fabricated devices, which is mainly due to the noise-level detec-

tion limit of the characterization setup. The typical insertion loss between the input

and output grating couplers of a reference waveguide exceeds 15 dB. This results in a

transmitted power level of< -30 dBm in the SWG passband for the wavelength-tunable

laser source used in our characterization setup and hence the stop-band power level re-

duces to < -70 dBm for a 40 dB extinction. The undesirable noise modulations towards

the longer wavelengths is due to the poor coupling efficiency of input/output grating

couplers. Figure 4.10 shows the comparison of the transmission spectra of the above

devices (D23, D25 and D27) with their respective copies (D24, D26 and D28). It can

be seen that the values of λcsb and band-edge slope are nearly same from device to de-

vice. Further we analyzed the edge filter characteristics of the devices D6, D13 and D20

for different values of Wm keeping Lg as a constant parameter (Lg = 70 µm). We ob-

served that λedge shifts towards longer wavelengths with increasing Wm (see Fig. 4.11).

Though the wavelength shift trend follows the simulation results, the simulated and ex-

perimental band-edge values do not exactly match. Also, the ripples in the roll-off edge

range from ±0.2 dB for Wm = 1 µm to ±2 dB for Wm = 2.5 µm. All these deviations

may be attributed to the fabrication-induced edge rounding and δ variations in the SWG

waveguides with larger Wm as described earlier. This can be visualized in the inset of

Figure 4.11 which shows the SEM images of the grating structures having Wm = 1 µm
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Figure 4.11: Normalized transmission spectra of the fabricated devices (D6, D13 and
D20) for different values of Wm with same length Lg = 70 µm.

and 2.5 µm. While the former one has a duty-cycle of 0.5, the duty-cycle of the latter

has increased to 0.8. Thus apodization length and width of the grating are the two major

factors that decide the filter characteristics like band-edge wavelength, extinction ratio

and edge roll-off.

4.3 Summary

In summary, an integrated optical edge filter is designed and demonstrated using an

apodized SWG waveguide in the SOI platform. The filter band-edge exhibits a smooth

roll-off with a stop-band extinction of > 40 dB. The transmission band-edge (λedge) of

the proposed device can be positioned by setting appropriately the value of Wm, while

keeping the grating period Λ and all other waveguide parameters unaltered. The typical

edge slope of∼ 3.5 dB/nm is obtained for a SWG waveguide with Lg = 70 µm and Wm

= 2.5 µm. The slope of the filter edge can be engineered by tailoring SWG waveguide

length Lg. It is worth mentioning that increasing the etch depth and thus increasing

the contrast will also strongly enhance the band-edge slope, which we have not consid-

ered in this thesis. Such a filter design can be potentially used for various integrated

silicon photonics functions, e.g., band rejection, switching, modulations, wavelength-

dependent delays and lab-on-chip sensing.
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CHAPTER 5

Refractive Index Sensor

Integrated label-free optical sensors have immense potential to be employed in many

fields such as medical science, food quality control, defense applications, environmen-

tal safety, etc. Immunity to electromagnetic interference, fast response, high sensitivity,

compactness and robustness are some of the key factors which bring photonic sensors

into the spotlight [158]. Most of the integrated photonic sensors demonstrated so far are

based on evanescent field sensing, i.e., these devices facilitate interaction between the

analyte and the evanescent tail of the guided mode to induce a change in the effective in-

dex of the mode. This change in effective index is translated into a measurable quantity

depending on the device configuration, say, resonant wavelength in a ring resonator or

photonic crystal cavity, output power intensity in a Mach-Zehnder interferometer etc.

Furthermore, they offer the capability of being incorporated in lab-on-chip diagnos-

tics that is proficient to perform point-of-care (P-O-C) measurements at an affordable

cost. Various photonic label-free sensors have been developed in silicon photonics plat-

form to deliver accurate diagnostics, such as ring resonators [38, 39], photonic crystal

cavities [41], DBR gratings [42] etc. However, a high resolution optical spectrum anal-

yser (OSA) and tunable laser source (TLS) are often required to operate these devices

thereby making it a costly affair. On the other hand, transmitted intensity or power

read out optical sensors neither require expensive TLS nor a high-end OSA [43]. The

Mach-Zehnder Interferometer (MZI) based configuration has proven to be an excellent

sensing platform and there has been considerable research interest in demonstrating

MZI sensors that facilitate increased light-matter interaction such as MZI with slow-

light photonic crystal in one arm [159], porous silicon MZIs [160], MZIs with slot

waveguides [161] etc. However, these configurations suffer from some challenges like

the need for a separate interaction window for the sensing arm of MZI which adds to a

critical lithography step and a large footprint, usually in the order of several millimeters.

Also, the sensitivity and limit of detection (LOD) of an MZI based optical sensor rely

on how efficiently the sensing arm interacts with cladding analytes.



In this chapter, we investigate an integrated optical MZI device in SOI platform

whose phase difference between the two arms can be suitably engineered to act as a

wavelength / intensity interrogation sensor for a range of wavelengths (λ ∼ 1550 nm).

This is achieved by using SWG as a sensing waveguide in one of the MZI arms. We

first carry out the step by step design and analysis of each component in the MZI cir-

cuit, namely, sensing arm (SWG waveguide), reference arm (straight waveguide), 3 dB

power splitters etc. It is followed by the sensitivity calculation of the MZI device by

simulating the wavelength dependent phase response and transfer function of the MZI

as a function of different cladding refractive indices (nc). Finally, MZI based refractive

index sensor is fabricated and tested using the optimized design parameters obtained

from simulation results.

5.1 Device Design and Simulations

Figure 5.1 shows the schematic illustration of the proposed integrated optical MZI sen-

sor in SOI platform. One arm of the MZI which is integrated with SWG waveguide

acts as the sensor arm and the other acts as the reference arm. The interferometer uses

Figure 5.1: Schematic 2D illustration of the proposed integrated optical MZI sensor
with SWG waveguide in signal arm and a straight waveguide in the refer-
ence arm.

3 dB power splitter/combiner on either sides and is accessed by photonic wire waveg-

uides which are designed for single mode TE polarization guidance and terminated with

grating couplers for fiber to/from chip light couplings. When the interferometer input

is excited by a light signal, it is equally divided into two arms, propagate through the

signal arm and reference arm and get combined at the output after passing through the

3-dB combiner. The output spectrum is modulated by the difference in the phase shifts
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experienced by the light propagating through the two arms. The wavelength dependent

power transfer function of an MZI can be mathematically expressed as

T (λ) =
Pout
Pin

=
1

2
[1 + cos ∆Φ(λ)] (5.1)

where Pout, Pin are the output and input power, ∆Φ(λ) is the phase difference between

the two arms given by

∆Φ(λ) =
2π

λ
∆neff (λ)Lg (5.2)

where Lg is the length of the SWG waveguide and ∆neff (λ) is the effective refrac-

tive index difference between the signal arm and the reference arm at an operating

wavelength λ. The wavelength dependent response of the transfer function can be cus-

tomized to the desired shape by designing the SWG parameters in the signal arm, width

of the reference arm, 3-dB coupler and length of the MZI arms. In the following sec-

tions, the design of each component will be discussed and finally come up with an

optimal MZI design to act as an integrated optical sensor with high sensitivity.

5.1.1 SWG Waveguide: Sensitivity Studies

In this section, we will discuss the potential of using SWG waveguide as a sensing plat-

form by investigating its capability to tailor dispersion characteristics and spatial mode

field distribution thereby enhancing the light-matter interaction. Due to the air-gaps

between the gratings, the electric field gets delocalized and hence the field is enhanced

at the side-walls as well as between the silicon blocks. This improved light-matter in-

teraction is the seed for high sensing capability of SWG waveguides. Figure 5.2 shows

the 3-D schematic representation of a SWG waveguide used for sensing applications.

The top cladding has refractive index nclad, which is generally a low index material

(bio-receptor/analyte). Typically, the sensitivity of a waveguide is denoted in two ways:

change in the waveguide mode effective index neff as a function of change in refractive

index of the top cladding nclad (bulk sensitivity, Sb) or as a function of increase in the

adsorbed layer thickness (surface sensitivity, Ss) [162]:

Sb =
∂neff
∂nclad

RIU/RIU (5.3)
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Figure 5.2: Schematic 3D view of the SWG waveguide for bio-sensing in silicon on
insulator platform.

and

Ss =
∂neff
∂t

RIU/nm (5.4)

where t is the thickness of the adsorbed layer. Figures 5.3(a) and 5.3(b) show the

schematic illustration of how a 2-D SWG waveguide can be utilized for bulk sensing and

surface sensing respectively. In the bulk sensing scenario, the refractive index change

occurs over the entire sample whereas in the case of surface sensing, the change in

refractive index occurs over a small area above the sensor region. Aqueous base (DI

water: nc ∼ 1.31) is often used as the solvent medium for the analyte in bulk sensitivity

measurements. Whereas for surface sensitivity calculations, where biomolecules are

often grown on the sample, one needs to consider the cladding refractive index of the

specific bio-molecule in the design. In this thesis, we limit our discussions to bulk

sensitivity case only.

(a) (b)

Figure 5.3: Schematic illustration of (a) bulk sensitivity and (b) surface sensitivity.
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In order to realize sensors with higher sensitivity and lower limit of detection, it is

important to study the influence of different geometrical parameters of the grating such

as etch depth, period (Λ), width (Wg), duty-cycle (δ) etc. In this study, we consider

fully etched SWG waveguides (H = 220 nm) to facilitate improved interaction of the

cladding analyte with the delocalized mode in the grating gaps. We analyze the bulk

sensitivity of the SWG waveguide by assuming the upper cladding to be DI water (nc ∼

1.31 at λ = 1550 nm). The SWG waveguide can be designed to operate in the 1550 nm

regime by suitably choosing the grating parameters to ensure that no Bragg reflection

occurs, i.e., the device always operates in the SWG guidance regime. We first discuss

(a) (b)

(c) (d)

Figure 5.4: The band-structure diagrams calculated for sub-wavelength gratings with
(a) Wg = 500 nm (λedge = 1.12 µm), (b) Wg = 1 µm (λedge = 1.26 µm),
(c) Wg = 1.5 µm (λedge = 1.31 µm) and (d) Wg = 2 µm (λedge = 1.33 µm)
keeping Λ = 250 nm, δ = 0.5, nc = 1.31 and TE polarization.

the dependence of the SWG waveguide sensitivity on the grating width Wg assuming

all other parameters fixed. For this, it is essential to ensure that the SWG waveguide
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operates in the 1550 nm regime for all the grating widths. Figure 5.4 shows the band-

structure diagrams calculated for sub-wavelength gratings with Λ = 250 nm, δ = 0.5,

nc = 1.31 and Wg = 500 nm, 1 µm, 1.5 µm and 2 µm. The band-structure diagrams

were calculated by using 3-D FDTD simulator tool as described in Section-2.2.1 of

Chapter-2. We observe that when Wg increases from 500 nm to 2 µm, the band-edge

shifts down in frequency due to increase in the effective refractive index (Equation-

2.9). It is evident that in all the cases, the operating wavelength λ ∼ 1550 nm is far

away from the band-edge, i.e. in the deep SWG waveguide regime. Now we study the

wavelength dependent effective index variation of the fundamental TE polarized Bloch

mode forWg = 500 nm (black), 1 µm (red), 1.5 µm (blue) and 2 µm (green) as shown in

Figure 5.5. For each grating width, two cladding indices have been considered: nclad =

Figure 5.5: Wavelength dependent effective index variation of SWG waveguide as a
function of grating width Wg for nclad = 1.31 (solid lines) and 1.32 (dashed
lines).

1.31 (solid lines) and nclad = 1.32 (dashed lines). When the grating width is increased,

the effective index of the fundamental Bloch mode increased significantly which is

expected due to the increased silicon material. Also, the shift in effective refractive

index as a function of change in cladding index is reducing with increase in the grating

width. When W = 500 nm, Sb is relatively high and the sensitivity drops to smaller

values with increase inW . This can be clearly understood by visualizing the mode field

distribution in the silicon center and gap center for various grating widths calculated
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at λ ∼ 1550 nm as shown in Figure 5.6. The lateral cross-section of the mode fields

(a) (b)

(c) (d)

Figure 5.6: The cross-sectional TE mode profiles |E(x0, y, z)| at λ = 1550 nm for SWG
waveguides at center of silicon segment (left) and center of gap region
(right) for Wg = 500 nm (top) and Wg = 2 µm (bottom) at Λ = 250 nm
and δ = 0.5.

shown on the left hand-side are those in the center of silicon segment whereas those on

the right are the center of gap regions. When Wg = 500 nm, it is evident that the field

is mostly delocalized and significant amount of mode is present towards the sidewalls

of the grating region (Figure 5.6(a)) as well as the gap region (Figure 5.6(b)). This

facilitates the enhanced interaction of the analyte in the cladding region with the guided

mode of the SWG waveguide. However, when Wg = 2 µm, the mode is mostly confined

towards the center of the silicon segment (Figure 5.6(c)) and gap region (Figure 5.6(d))

97



thereby reducing the mode-analyte interaction and hence sensitivity.

Figure 5.7: Bulk sensitivity of SWG waveguide as a function of duty cycle calculated
for TE polarized fundamental mode at λ = 1550 nm for different grating
widths.

Another important design parameter that decides the sensitivity of the SWG waveg-

uide is the duty-cycle δ. Figure 5.7 shows the dependence of bulk sensitivity of SWG

waveguide on duty-cycle for different grating widths. For sensitivity studies, the re-

fractive index of the cladding, nc is varied from 1.31 to 1.32. Ideally, a reduction in

duty-cycle should delocalize the mode field from the silicon blocks and hence increase

the sensitivity. However, we observe that when Wg = 500 nm, the sensitivity increases

initially with increase in duty-cycle, reaches a maximum value around δ = 0.7 and then

drops down. When the grating width is increased to 750 nm, the maximum sensitivity

shifts towards lower duty-cycle and for Wg = 1 µm and 2 µm, sensitivity is maximum

when the duty-cycle is minimum. This trend can be explained if we have a look at the

SWG waveguide mode field behaviour in the silicon blocks and gap region as a function

of duty-cycle as shown in Figure 5.8 for TE polarization at λ = 1550 nm. The left hand

side shows the mode field distribution at the center of silicon grating cross-section while

those on the right corresponds to the center of the gap region. WhenWg = 500 nm and δ

= 0.3 (Figures 5.8(a) and 5.8(b)), two effects occur simultaneously due to the relatively

higher refractive index of the underlying BOX layer (1.45 as compared to 1.33): the

mode volume in the gap region increases thereby enhancing the sensitivity, at the same

time, the mode gets displaced to the BOX layer thereby reducing the sensitivity. Hence,
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(a) (b)

(c) (d)

Figure 5.8: The cross-sectional TE mode profiles |E(x0, y, z)| at λ = 1550 nm for SWG
waveguides at center of silicon segment (left) and center of gap region
(right) for δ = 0.3 (top) and 0.7 (bottom) at Λ = 250 nm and Wg = 500
nm.

maximum sensitivity is obtained at a point where both the effects reciprocate, i.e. at δ =

0.7 as shown in Figures 5.8(c) and 5.8(d). However for larger grating widths, the sensi-

tivity drops with increase in duty-cycle as the mode gets more confined into the silicon

block with increase in duty-cycle and hence has less overlap with the cladding. Thus

we can conclude that the sensitivity of SWG waveguide is higher for narrow waveguide

widths due to increased interaction of the mode field with the cladding. However, if the

width of the waveguide is less, the duty cycle needs to be higher to ensure maximum

sensitivity. In a recent paper, it has been reported that though the bulk sensitivity of
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SWG waveguide is more for smaller values of Wg, larger widths yield more consis-

tent sensing results when the analyte concentration is low [163]. This is expected since

larger grating width implies more silicon region and hence more robust to variation in

molecular locations. Thus we decided to go ahead with SWG grating width Wg = 2

µm to have a robust device at the same time reasonable sensitivity. According to the

constraints of the fabrication process, the grating width and duty-cycle can be optimally

chosen to obtain a reasonably high sensitivity.

5.1.2 Reference arm design

The reference arm which is comprised of a straight waveguide is to be designed to op-

erate for single mode TE polarization. The length of the reference arm is fixed to be

the same length as the SWG waveguide in the signal arm. Another important criteria is

that if the reference arm is designed such that it is immune to changes in the cladding

index nc, we can avoid the need for a separate interaction window for the signal arm,

thus making the fabrication of the device easier and less critical. The reference arm

can be made insensitive to cladding index by increasing the waveguide width. Figure

Figure 5.9: Change in effective refractive index δneff of the TE-guided fundamental
mode in reference arm of the proposed MZI as a function of cladding re-
fractive index (nc) with waveguide width as a parameter (calculated for λ ∼
1550 nm).

5.9 shows the change in effective refractive index δneff of the TE-guided fundamental
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mode in reference arm of the proposed MZI as a function of cladding refractive index

(nc) with waveguide width as a parameter (calculated for λ ∼ 1550 nm). It can be ob-

served that for a waveguide width W > 2 µm, there is negligible change in the effective

refractive index in response to change in cladding index. Hence we fix the reference

waveguide width to be 2 µm for further studies. Single mode guidance can be ensured

by integrating adiabatic taper into and out of the input/output photonic wire waveguides.

5.1.3 3-dB coupler design

A 1×2 multi-mode interferometer (MMI) is used for the MZI configuration to act as

broadband 50:50 splitter and combiner. Compared to WIDC described in Chapter 3,

MMI power splitters are robust to fabrication errors [164]. The schematic of a 1 × 2

MMI beam splitter is shown in Figure 5.10. The multi-mode waveguide section consists

Figure 5.10: Schematic diagram of a 1 × 2 MMI optical power splitter.

of a core region having width WMMI and length LMMI . Initially, we fix the wavelength

λ = 1550 nm, which means the MMI splitter is designed to have maximum power output

at a wavelength of 1550 nm. Next we decide the width of the MMI core region, WMMI .

While deciding the MMI width, two factors need to be considered. First, the two output

waveguides of 1 × 2 MMI are placed at WMMI

4
with respect to the center of MMI. So,

there should be sufficient distance between the centers of output waveguides to ensure

fabrication tolerance. The second critical factor is that the multi-mode core should

support at least three optical modes for proper interference to take place. We chose the

MMI core width, WMMI to be 4 µm to ensure compact dimensions. Lumerical MODE

Solutions was used to calculate the number of supported modes λ = 1550 nm to ensure

the multi-mode guidance of the MMI core. Next we need to design the length of the
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MMI, LMMI . We first determine the beat length between the first two lowest order

modes given by [165]:

Lπ =
4neffW

2
MMI

3λ0

(5.5)

where neff = 2.82482 is the effective index of the fundamental mode in the multi-mode

core region at free-space wavelength λ0 = 1550 nm and WMMI = 4 µm. This yields Lπ

= 38.88 µm. The required length for a 1 × 2 MMI to form a 2-fold image is given by

L3dB =
3

8
Lπ (5.6)

In our case, the optimal length for 3-dB splitting is L3dB = 14.6 µm. In addition, 10 µm

long tapers are integrated at the input as well as output ports to ensure adiabatic mode

transition between the MMI section and the access waveguides. Figure 5.11(a) shows

the transmission response at one of the output waveguides of MMI coupler calculated

using Lumerical 3D FDTD.

(a) (b)

Figure 5.11: (a) The transmitted power of the TE fundamental guided mode at one of
the output ports of the MMI coupler calculated as a function of wavelength
using Lumerical 3D FDTD and (b) the visualization of the field propaga-
tion through the MMI region by placing a mode field monitor.

The MMI response is highly wavelength dependent with maximum power output

at λ = 1550 nm. Each of the output waveguides show about 0.49 of the input power.

The difference from the ideal value of 0.5 could be attributed to the small numerical

errors in the simulation. The mode propagation through the MMI region is visualized

in Figure 5.11(b) by placing a mode field monitor along the length of the MMI in the

102



Lumerical 3D FDTD.

5.1.4 Wavelength independent interference

Now that the individual components for the MZI based intensity interrogation sensor

are designed, we will discuss the wavelength dependent phase response of the MZI as a

function of SWG waveguide (signal arm) width. Our motive is to obtain a wavelength

independent phase response over the desired range of operating wavelength for utilizing

it as an intensity interrogator. We fix the reference arm width to be 2 µm as discussed

in Section 3.1.2 so that it is relatively insensitive to change in cladding refractive index.

The phase difference between the signal arm and reference arm of the MZI is given by

∆Φ(λ) = 2πLg
∆neff (λ)

λ
(5.7)

where ∆neff (λ) is the change in effective refractive index of the signal arm and refer-

ence arm. From the above equation, it is evident that for a fixed grating length Lg, the

phase response of the MZI circuit depends primarily on ∆neff (λ)/λ. Figure 5.12 shows

the phase response curve per unit length of the MZI, ∆Φ(λ)/Lg calculated as a function

of wavelength for grating widths Wg = 750 nm, 1 µm and 2 µm. Solid and dashed lines

correspond to Λ = 250 nm and 260 nm respectively and the cladding index is assumed to

be nc = 1.31. It is clear that the phase response is nearly independent of wavelength for

a certain range of wavelengths. This wavelength independent response shifts towards

longer wavelengths with increase in grating width. When the period of the grating is in-

creased from 250 nm to 260 nm, wavelength independent phase response slightly shifts

towards longer wavelengths. We fix the grating period Λ = 260 nm for further studies

since it was giving nearly wavelength independent response around λ = 1550 nm when

Wg = 2 µm and nc = 1.31. Another factor to be noted is that the peak phase difference

values decrease with increase in grating width. However, we had already discussed in

the previous section that larger values ofWg yield more consistent sensitivity values due

to its inherent robustness to variations in molecular locations. The phase response per

unit length of the MZI as a function of wavelength for cladding indices nc = 1.31, 1.315

and 1.32 (∼ water cladding) were simulated using 3-D FDTD (Lumerical Solutions,
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Figure 5.12: Calculated phase response curve per unit length of the proposed MZI as
a function of wavelength for different grating widths. Solid and dashed
lines correspond to Λ = 250 nm and 260 nm, respectively and the cladding
index is assumed to be nc = 1.31.

Inc.) for Wg = 1 µm and 2 µm as shown in Figures 5.13(a) and 5.13(b) respectively.

In both the cases, the increase in cladding index nc decreases the difference ∆neff (λ)

(a) (b)

Figure 5.13: Calculated phase difference (per unit length) between SWG arm and ref-
erence arm of the MZI for (a) Wg = 1 µm and (b) Wg = 2 µm for different
cladding refractive indices (nc ∼ water). Other parameters are Λ = 260
nm, duty cycle δ = 0.5 and etch depth = 220 nm and Wref = 2 µm.

thereby reducing the phase difference between the two arms. In the wavelength band

of interest to us (1525 nm ≤ λ ≤ 1625 nm), this drop in phase response with respect to

cladding analyte is falls in the wavelength dependent phase response curve for Wg = 1

µm. On the other hand, when Wg = 2 µm, this corresponds to a wavelength indepen-
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dent vertical translation of the nearly flat phase difference region as observed in Figure

5.13(b). Thus, we can utilize the same MZI device as an intensity interrogator as well as

wavelength interrogator for a given wavelength range of operation by just engineering

the width of the grating.

Another critical design parameter in sensitivity calculations is the length of the signal

arm (SWG waveguide length) and reference arm. From Equations 5.1 and 5.2, it is clear

that the sensitivity of the MZI device increases just by increasing the length of both the

arms. Because of the sinusoidal dependence of the output intensity on the phase differ-

ence between the two arms of the MZI, the estimation of device sensitivity is dependent

on the operating point. The length of the SWG arm should be designed such that for a

chosen range of cladding indices, the interferometer is tuned to the linear region of the

transmission curve, i.e.

Lg =
(4m+ 1)λ

4∆neff
(5.8)

where m is an integer (0, 1, 2, 3, ..). Taking all the above mentioned factors into ac-

count, Figure 5.14 shows the schematic of the proposed integrated optical MZI sensor

in SOI platform. The signal arm of the MZI is comprised of a SWG waveguide with

Figure 5.14: Schematic 3D view of the proposed integrated optical MZI sensor in SOI
platform.

SWG tapers on both sides to reduce the impedance mismatch. The SWG waveguide is

designed to operate in the 1550 nm regime by suitably choosing the grating period Λ

= 260 nm, duty cycle δ = 0.5 and etch depth = 220 nm. The reference arm, comprised

of a straight waveguide with the same length as that of the signal arm, is designed to

operate for single mode TE polarization by integrating adiabatic taper into and out of
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the I/O photonic wire waveguides. The reference arm is kept 2 µm wide so that it

is nearly immune to changes in the cladding index (nc). The MZI uses 50:50 MMI

splitter and combiner with 150 µm long and 25 µm wide s-bends on either sides. The

interferometer is accessed on either sides by photonic wire waveguides (500 nm × 220

nm) which are designed for single mode TE polarization (as shown in Figure 2.2(b))

and terminated with grating couplers for efficient light coupling. Figure 5.15 shows

the transfer function of this MZI device calculated as per Equation 5.1 using MATLAB

for cladding refractive indices around water (nc = 1.31, 1.315, 1.32, 1.325 and 1.33).

Both the SWG arm and reference arm are designed for length, Lg = 100 µm (m = 43)

Figure 5.15: Calculated transmission (T ) of the proposed MZI as a function of nc for
Wg = 2 µm. Other parameters are Λ = 260 nm, duty cycle δ = 0.5 and etch
depth = 220 nm, Wref = 2 µm and Lg = 100 µm.

to get a linear sensitivity response. The interference spectrum exhibits sinusoidal be-

havior except in the 1.5 µm to 1.6 µm region where the interference pattern exhibits

a wide free spectral range (FSR). This wide FSR region corresponds to the range of

wavelengths for which ∆Φ is nearly wavelength independent. As a result, in this re-

gion, the intensity translates from maxima to minima with increase in nc independent

of wavelength. For wavelengths shorter than 1.5 µm, the interference patterns are red

shifted with increase in nc, while for wavelengths longer than 1.6 µm, blue shift is ob-

served. Thus, the MZI can be used as an intensity interrogation based refractive index

sensor around λ = 1550 nm as shown in Figure 5.15. The sensitivity of the MZI is cal-

culated based on the change in intensity at the output of the MZI device with respect to

106



cladding refractive index nc for a specific wavelength. A sensitivity of 6 dB/0.01 RIU

change in nc is observed in the linear operating region. The same MZI can be used as

a wavelength interrogator based refractive index sensor if we operate around λ = 1630

nm. The bulk sensitivity of the MZI around nc is calculated to be∼ 900 nm/RIU. These

sensitivity values are much high compared to the existing wavelength based integrated

optical refractive index sensors reported in literature.

5.2 Device Fabrication and Experimental Results

5 sets of the proposed MZI sensor was fabricated on a commercially available 220 nm

SOI platform using EBL and ICP-RIE. Table 5.1 shows the list of devices to be fabri-

cated in each set and their design considerations for carrying out the refractive index

sensing experiments. Each set contains a reference strip waveguide (D1), reference

Table 5.1: List of fabricated devices for sensing experiments

Sample Sample details Design parameters
D1: Reference waveguide Lg = 100 µm

S4 D2: SWG waveguide Wswg = 2 µm
D3: MZI device Wref = 2 µm

SWG waveguide (D2) and MZI device (D3) with SWG as one of the sensing arms.

Two-step lithography-etch cycle was adopted to fabricate the devices since the grating

couplers were designed for shallow etching and the MZI device and reference waveg-

uides were designed for deep etching. Figure 5.16(a) shows the mask layout of the

sensor device designed in GDS II format using RAITH Nanosuite software. The total

length of the SWG-strip waveguide structure between the input/output edge coupler was

5 mm and the devices were placed 300 µm apart. Figure 5.16(b) shows the zoomed-in

view of the adiabatic transition tapers (20 µm long) integrated at the interface of SWG

waveguide and access waveguides for mode matching. The schematic illustration of the

two-step fabrication process flow adopted for realizing the MZI device is shown in Fig-

ure 5.17. All the spin coating, patterning and etching parameters used for fabricating

both the steps are detailed in Table 3.4, 3.5 and 3.6 of Chapter 3. After cleaning the

SOI sample using the procedure outlined in Appendix C, the entire set of devices was
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(a)

(b) (c)

Figure 5.16: (a) Mask layout of the MZI device along with the reference SWG waveg-
uide, straight waveguide and alignment marks designed using RAITH
Nanosuit; A zoomed-in view of the (b) SWG spot-size converter and (c)
GC region along with the masking layer for second step EBL.

patterned using EBL with HSQ negative tone resist and etched down to ∼ 60 nm using

ICP-RIE. In the second step, without removing the HSQ mask of the previous step, the

device was coated with a second layer of HSQ to mask the grating coupler regions. The

mask structure shown in Figure 5.16(c) was critically aligned over the sample using

the three-point alignment procedure available in RAITH Nanosuite software. Due to

inevitable fabrication issues like beam current fluctuations and stage drifting, a mis-

alignment of ≤ 70 nm was observed after patterning. The GC mask is designed such

that it acts as an adiabatic taper connecting the shallow etched GC and the fully etched

access waveguide. The masked regions were then fully etched down to the BOX layer

and the residual HSQ was removed by dipping the sample in HF solution for 10 seconds

followed by DI water rinse. A schematic illustration of the GC region after 2 step etch-

ing is shown in Figure 5.18. Figure 5.19(a) shows the optical micro-graph of the center

portion of the MZI device with SWG waveguide in signal arm and straight waveguide in

reference arm. A reference straight waveguide is also shown on the top. Figure 5.19(b)

to 5.19(e) show the zoomed-in SEM images of 1 × 2 MMI splitter, SWG region with

taper, adiabatic slab taper in the GC region after two-step etching and GC close-up

view respectively. Table 5.2 draws a comparison of the designed and measured device

108



Figure 5.17: 2-step fabrication process flow (left) and 3D schematic (right) of the MZI
device along with the reference SWG waveguide and straight waveguide
on 220 nm SOI platform using electron beam lithography and ICP-RIE.

Figure 5.18: 3-D schematic of the shallow etched grating coupler region adiabatically
tapered into a fully etched photonic wire waveguide.

dimensions of SWG waveguide, I/O photonic wire waveguide and grating coupler re-

gion. The deviations in measured values from the design parameters may be attributed

to fabrication related errors like electron beam current fluctuations, proximity effects,

etching non-uniformity etc. The fabricated devices were characterized using the fiber-

optic probe station described in Chapter-3. A schematic and photograph of the same are

shown in Figures 5.21(a) and 5.21(b) respectively. For sensing experiments, we have
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(a)

(b) (c)

(d) (e)

Figure 5.19: (a) Optical micro-graph of the fabricated MZI device and reference waveg-
uide; Zoomed-in SEM images of (b) 1 × 2 MMI splitter; (c) SWG region
with taper; (d) Adiabatic slab taper in the GC region after two-step etching
and (e) GC close-up view.

used commercial refractive index liquids which are procured from Cargille Labs. The

sensing experiments are carried out by carefully dispensing a drop of analyte liquid on

to the sample via a syringe as shown in Figure 5.21(b). We will discuss the transmission
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Table 5.2: Comparison of the designed and measured device dimensions

Parameter Designed Measured
Duty-cycle 0.5 0.6
PhWW width 500 nm 600 nm
Etch depth 60 nm (step-1)

220 nm (step-2) ± 10 nm
GC duty-cycle 0.5 0.48-0.55

(a) (b)

Figure 5.21: (a) Schematic and (b) photograph of the characterization set-up used for
sensing experiment; TLS: Tunable Laser Source, OSA: Optical spectrum
analyzer, DUT: Device under test, SMF: Single mode fiber, GC: Grating
coupler [124].

characteristics of one set of devices (D1, D2 andD3) in the following section to demon-

strate the proof of concept. Figure 5.22 shows the measured transmission spectra of a

fabricated reference waveguide D1 (black curve) along with a reference SWG waveg-

uide D2 (red curve) integrated with access waveguides via 10 µm long adiabatic tapers
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on either sides. The wavelength dependent response of the rib waveguide is due to the

Figure 5.22: Transmission spectra of 100 µm long SWG waveguide (D2) integrated
with access waveguides and the reference waveguide (D1).

bandwidth limitation of input/output grating couplers. The SWG waveguide response

shows ripples (± 2 dB) over the desired wavelength range. This is due to the sidewall

roughness in the gratings and access waveguides as a result of deep etching. However,

there is no significant excess loss for the SWG waveguide when compared with the

transmission of reference rib waveguide (IL< 1 dB). We then measured the wavelength

dependent transmission of the MZI sensor device (D3) with cladding refractive indices

nc = 1.31, 1.32 and 1.33 to compare with the simulated results. Figure 5.23(a) shows

the measured transmission spectra obtained for the integrated SWG-MZI device for air

as top cladding (black curve) as well as for different values of nc. The transmission

response of MZI with air cladding shows a broadband response as expected with negli-

gible insertion loss. The MZI response also shows significant ripples in the spectrum as

that of the SWG waveguide. It can be observed that there is an evident drop in the inten-

sity upon increasing nc from 1.31 to 1.33. The wavelength range from 1570 nm to 1580

nm is zoomed and showed in Figure 5.23(b) to clearly show the drop in intensity with

respect to cladding refractive index. Approximately 5 dB/0.01 RIU change in nc was

observed for an MZI with signal arm and reference arm length of 100 µm. This is close

to the obtained simulation results for a 100 µm long signal arm and reference arm (6

dB/0.01 RIU). However, experimental results show that the device lies within the linear

operating regime for nc ranging from 1.31 to 1.33. This is in contrast to the theoretical
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(a) (b)

Figure 5.23: (a) Measured transmission spectra of the MZI (D3) for cladding indices
1.31, 1.32 and 1.33 and (b) the zoomed in spectra to show the drop in
intensity upon increasing the nc.

calculation (Figure 5.15) where the transmitted power dropped down by ∼ 30 dB upon

increasing nc from 1.32 to 1.33 indicating that the device is no longer operating in the

linear operating regime. We also observe that the nearly wavelength independent phase

translation is occurring around λ ∼ 1575 nm (designed to occur around λ ∼ 1550 nm).

These differences in the theoretical and experimental calculations could be attributed

to the fabrication related imperfections in the MZI device thereby altering the ∆neff

between the signal arm and reference arm and hence the required length to tune the

interferometer to the linear region of the transmission curve (see equation 5.8). These

results are preliminary investigation results and more optimization runs are required

for efficient sensor demonstration. Nevertheless, the results are quite encouraging and

a comprehensive study in this area can lead to the demonstration of refractive index

sensor devices by using simple broadband LED sources.

5.3 Summary

In summary, we have demonstrated a SWG based asymmetric MZI sensor designed for

operating at a wavelength λ ∼ 1550 nm. The phase difference between the signal arm

and reference arm of the MZI is engineered to obtain a nearly wavelength independent

response around λ ∼ 1550 nm. The potential of the SWG waveguide as an effective

113



sensor platform is explored through simulations by varying different grating parameters.

We have used SWG waveguide with Wg = 2 µm to obtain a refractive index sensor

which is robust at the same time shows high sensitivity. The reference arm of the device

is designed to avoid the need for a separate isolation window for the sensing arm. The

device has a length dependent scalable sensitivity. The calculated sensitivity was around

6 dB/0.01 RIU for cladding indices nc around 1.31 (water). The experimental results

show a measured sensitivity of 5 dB/0.01 RIU for a sensing arm of length 100 µm.

The deviation of the experimentally measured sensitivity from the designed one can be

attributed to fabrication imperfections. This translates to a bulk sensitivity of 8 × 2π

rad/ RIU for an active sensor length of 100 µm. Few of the conventional silicon based

interferometric sensors using photonic wire waveguides reported in literature report a

bulk sensitivity of 460 × 2π rad/ RIU for an active sensor length of 2 mm [166] and

300× 2π rad/ RIU for an active sensor length of 1.5 mm [167]. However, these devices

employ conventional photonic wire waveguides for interferometry and hence require

arm length in the order of millimeters to achieve the desired sensitivity. Also, they use

an additional lithography step to mask the reference arm. To the best of our knowledge,

MZI with a signal arm of SWG waveguide in SOI has not been demonstrated for sensing

applications till date. The design flexibility of SWG waveguide parameters provide

lot of room for optimisation and further improve the device sensitivity. The obtained

results are highly encouraging and provide useful insights for efficient sensor design

and demonstration in the future.
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CHAPTER 6

Summary and Conclusions

The major contribution of this PhD research is the design and demonstration of inte-

grated optical sub-wavelength grating waveguide based silicon photonics devices for

sensing and filtering applications. The major research outcome has been described in

preceding five chapters. The entire thesis work and future scopes of research have been

summarized in this concluding chapter.

6.1 Thesis Summary

In the introduction chapter, an overview on the evolution of silicon photonics tech-

nology was given starting from the pioneering works that served as key technology

milestones in the field to the advanced and high performance silicon photonic quantum

photonic circuits. We then discussed about various types of silicon waveguides which

are imperative for any integrated optical device. Thereafter, the concept and work-

ing principle of SWG waveguide was introduced followed by a comprehensive review

of the SWG based device designs that have been demonstrated in the field of optical

communication and sensing. The challenges in the existing application specific device

designs were identified and a set of research objectives were defined.

In chapter 2, the theory of sub-wavelength gratings was discussed and a detailed

study was carried out on the different geometry parameters that are instrumental in

designing SWG waveguides in a 220 nm SOI platform. It was concluded that the grat-

ing period (Λ), corrugation width (d), slab-height (h), grating width (Wg) are the key

design parameters to be considered while designing a SWG waveguide for a specific

application. Finally, we also investigated various taper designs that can ensure smooth

and adiabatic transition of the guided optical mode from the feeder waveguide to SWG

waveguide and vice-versa.



In chapter 3, an ultra broadband add-drop filter/switch circuit is designed and demon-

strated using a 2× 2 balanced MZI designed by cascading two wavelength independent

directional couplers acting as 3-dB power splitters. Two identical SWG waveguides

are adiabatically integrated in two arms of the MZI. They are designed to operate in

TE-polarization with a well defined band-edge wavelength λedge ∼ 1565 nm (roll-off

> 70 dB/nm) dividing its fundamental stopband (λ < λedge) and guiding passband

(λ > λedge). The stopband and passband of the SWG could be filtered efficiently at

the drop port and cross/bar port of the MZI, respectively. Five different microheaters

are also integrated at different locations of the MZI for phase correction and switch-

ing applications. The band-edge wavelength could be thermo-optically tuned with a

slope efficiency of 22 pm/mW. The passband switching between bar- and cross port

is demonstrated with more than 15 dB extinction; measured switching power Pπ ∼

54 mW. Thermo-optic modulation is also demonstrated simultaneously at cross-, bar-

and drop ports for an operating wavelength λ = 1571 nm (slightly above λedge). The

rise-time and fall-time in thermo-optic modulation is recorded as ∼5 µs and ∼4 µs, re-

spectively. The lower switching time could be accomplished because of the integration

of microheater directly on the silicon slab (in contrast to the conventional microheater

integrated over the top cladding oxide).

In chapter 4, an integrated optical edge filter is designed and demonstrated using

apodized SWG waveguide. The filter band-edge exhibits smooth roll-off with a stop-

band extinction of > 40 dB. The typical edge slope of ∼ 3.5 dB/nm is obtained for a

SWG waveguide with Lg = 70 µm andWm = 2.5 µm. The slope of the filter edge can be

engineered by tailoring SWG waveguide length Lg. More importantly, the transmission

band-edge (λedge) of the proposed device can be precisely positioned by appropriately

setting the value of Wm, while keeping the grating period Λ and all other waveguide

parameters unaltered.

In chapter 5, we have designed and demonstrated a SWG based asymmetric MZI

sensor engineered such that the phase difference between the light propagating through

two arms of the MZI are nearly flat over a range of wavelengths (λ ∼ 1550 nm). We

first studied the potential of using SWG waveguide as a sensing arm by investigating the

influence of different grating parameters. It was concluded that smaller grating width
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resulted in improved sensitivity but at the cost of robustness and repeatability. The

reference arm width was designed to be 2 µm to make it immune to changes in cladding

index. The calculated phase sensitivity of such a device is 6 dB/0.01 change in nc.

The device has a length dependent scalable sensitivity and does not require a separate

interaction window for the sensing arm thereby reducing the fabrication complexity.

The experimental results show a measured sensitivity of 5 dB/0.01 change in nc.

6.2 Future Scopes

The detailed study and demonstration of integrated SWG waveguides for sensing and

filtering applications opens the gateway to many interesting avenues of research for var-

ious silicon photonics applications. For example, the broadband add-drop filter/switch

circuit demonstrated in chapter-4 can replace the conventionally used off-chip high ex-

tinction filters in quantum photonic circuits. Figure 6.1 shows the schematic of the

experimental set-up used for on-chip photon pair generation using spontaneous four

wave mixing [168]. Once the photon pair generation happens in the coupled resonator

Figure 6.1: Schematic of the experimental set-up for photon pair generation using spon-
taneous four-wave mixing [168]

.

oscillator waveguide comprising of 11 cascaded microrings and the pump signal is sup-

pressed, the generated signal and idler photons are initially separated using an off-chip
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C/L band splitter followed by a series of narrow band filters. The off-chip filters which

are being currently used display high passband to stopband extinction exceeding 150 dB

but suffer from relatively large coupling loss and packaging expenses. Contrary to this,

an on-chip C/L band splitter could potentially provide a compact and energy efficient

solution by providing higher integration density and display better performance.

The linear edge filter discussed in chapter-5 can be designed for an improved roll-

off factor which could make it potentially useful as an on-chip passive optical filter for

RF modulated single sideband suppression in microwave photonic phase shifters [147]

and for single-sideband PAM-4 intensity-modulation circuits [148]. The band-edge

roll-off can be improved either by further increasing the grating length or by increasing

the etch depth of the grating [169]. Figure 6.2(a) shows the topological layout of an

(a) (b)

Figure 6.2: (a) Schematic topology of the broadband photonic microwave phase shifter
and (b) the output of the SSB modulation circuit along with the frequency
response of the optical filter used in the phase shifter (dashed line) [147].

ultra broad microwave photonic phase-shifter circuit, the details of which have been

discussed in [147]. An optical filter with frequency response as shown in dashed line in

Figure 6.2(b) can be designed to suppress the undesired left sideband of a hybrid SSB

modulation circuit over a wide frequency range. The minimum edge roll-off required

for such a filter is ∼ 120 dB/nm which can be achieved by increasing the length of the

apodized SWG waveguide. The same linear edge filters can also be potentially used in

lab-on chip optical sensors where a wavelength encoded measurement can be translated

to a cost-effective readout mechanism similar to what was demonstrated earlier using

fiber optics [149]. The schematic of an intensity interrogation sensor circuit is shown

in Figure 6.3 [170]. The light from the broadband source (BBS) passes through the

3-dB coupler and reach the a fiber Bragg grating (FBG) filter which acts as the sensing
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Figure 6.3: 2D schematic layout of the proposed intensity interrogation sensor using
linear edge filter

element. The narrow wavelength band reflected from the FBG reaches the linear edge

filter. By measuring the intensity change of the edge filter output with respect to the

shift in the FBG response, the wavelength shift induced by the measurand is obtained.

By taking a ratio of the signal intensity to the reference intensity, the circuit can be

made immune to power fluctuations from the light source.

Having said all these, it is important to mention that this thesis work has completely

focused on devices that operate for TE polarization. It would be highly desirable to

design SWG waveguides that are polarization independent because the optical fibers

generally do not conserve the polarization state of light. Also, TM polarized light is

always a good choice for conducting sensing experiments due to the increased light-

analyte interaction. Another challenging task is to design and demonstrate compact

linear edge filters with steep edge-profiles (> 100 dB/nm) which is very much essential

for the upcoming quantum and RF photonics research fields.
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APPENDIX A

MZI circuit components

In this section, we discuss the design and working principle of grating coupler and

wavelength independent directional coupler used in this thesis.

A.1 Grating Coupler : Working principle

Grating coupler has been used throughout this PhD thesis to couple light from standard

single mode fiber (SMF) to photonic wire waveguides and vice-versa. The advantage of

using grating coupler is that it can be fabricated along with other devices and eliminates

the need for additional steps like end facet preparation as in the case of conventional end

fire coupling mechanisms. Grating coupler also facilitates light coupling to and from

any location on the chip being tested. However, the bandwidth can be limited due to the

dispersive operating principle of the grating couplers. The grating coupler design used

in this thesis has been adopted from the PhD thesis of Sujith [124]. Figure A.1(a) shows

the schematic of the grating coupler assisted SMF to waveguide coupling. The grating,

(a) (b)

Figure A.1: (a) Schematic illustration of the grating coupler region along with the in-
put fiber tilted at an angle and (b) Cross-sectional schematic of the grating
coupler region.

which couples light from an out-of-plane SMF into the planar silicon waveguide, is



followed by an in-plane taper to couple to a single-mode photonic wire waveguide.

Cross-sectional schematic of the gratings along with the waveguide region is shown in

Figure A.1(b). When light with a wavevector k is incident on the waveguide from a

SMF, it undergoes diffraction and a suitable combination of grating period, coupling

angle and wavelength cause a fraction of the diffracted light to be coupled to the guided

mode in the waveguide using the phase matching condition given as:

β − kz =
2π

Λ
(A.1)

where β = 2π
λ0
neff is the propagation constant of the guided mode of the waveguide,

kz = k sin θ = 2π
λ0

sin θ is the z component of the wavevector k and Λ is the grating

period. Using Eq. A.1, for a grating coupler in a 220 nm SOI to operate in the 1550 nm

wavelength region, the optimal grating period is calculated as Λ = 610 nm with duty-

cycle δ = 0.5 and slab height ∼ 160 nm. The measured 3-dB bandwidth of the above

grating coupler was observed to be ∼ 70 nm around λ = 1550 nm and typical insertion

loss was around 6-dB per facet.

A.2 Directional Coupler : Working principle

The directional coupler design used in this thesis has been adopted from the PhD thesis

of Ramesh [126]. Directional coupler is a 2× 2 passive power coupling/splitting device

consisting of two waveguides spaced closely to each other as shown in Figure A.2.

Depending on the length of the coupling region (LDC) and the gap between the two

Figure A.2: Schematic 2D illustration of the directional coupler in SOI.
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waveguides (G), exchange of power happens between the guided modes of the two

adjacent waveguides. The coupling of modes between the two parallel waveguides can

be explained either using coupled-mode theory or super-mode theory [129]. In super-

mode analysis, the coupled waveguides are considered as a composite structure that can

support higher order modes. In a coupled waveguide system, if the two single mode

waveguides are identical, the evanescent fields of the guided modes in the gap overlap

with each other and two supermodes are formed: symmetric (fundamental mode) and

anti-symmetric modes (first order mode), which can be expressed as

Es(x, y, z) = Es(x, y)e(jβsz) (A.2)

Ea(x, y, z) = Ea(x, y)e(jβaz) (A.3)

where Es and Ea are the electric field profiles of the symmetric supermode and anti-

symmetric supermode respectively with propagation constants βs and βa given by

βs =
2π

λ
nseff (λ) βa =

2π

λ
naeff (λ) (A.4)

Since naeff > nseff , both the modes travel with different phase velocities and the phase

difference between them, ∆Φ = (βs − βa)z determines the fraction of power coupled

from one waveguide to another at any distance z.

Pb(λ) = cos2κLDC · Pin(λ) = |t|2(λ) (A.5)

Pc(λ) = sin2κLDC · Pin(λ) = |k|2(λ) (A.6)

where t is the self coupling coefficient and k is the cross coupling coefficient expressed

as

t = cos(κLDC) k = e−jπ/2sin(κLDC) (A.7)

where e−jπ/2 denotes the phase difference between the field amplitudes. The coupling

strength κ, which is defined as the fraction of electric field amplitude per unit length

exchanged between the waveguides is expressed as

κ(λ) =
βs(λ)− βa(λ)

2
=
π∆n(λ)

λ
(A.8)
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In general, the transfer function of a 2 × 2 DC is expressed as

TDC(λ) =

 cos[κ(λ)LDC ] −jsin[κ(λ)LDC ]

−jsin[κ(λ)LDC ] cos[κ(λ)LDC ]

 (A.9)

and the 3-dB coupling length of the DC is given by

L3dB(λ) =
(2m+ 1)π

4κ(λ)
(A.10)

where m = 0,1,2,3... The value of ∆Φ(λ) can be engineered appropriately by optimizing

the waveguide parameters.

A.2.1 Condition for wavelength independent coupling

The free spectral range (FSR) of the transmitted waves at the bar and cross port can be

derived from Eq. A.4 and A.5 as

∆λ =
−λ2

LDC∆ng
(A.11)

where

∆ng(λ) = ∆n(λ)− λ d

dλ
[∆n(λ)] (A.12)

where ∆ng is the differential group index of the supermodes. If a DC is designed such

that the differential group index is 0, the FSR becomes infinity, i.e. DC will exhibit

wavelength independent transmission characteristics. In other words,

dκ(λ)

dλ
= − π

λ2
∆ng(λ) ∼ 0 (A.13)

Hence the condition for WIDC is given by

∆ng(λ) = 0⇒ κ(λ) constant for all λs (A.14)

Using the above equations, the WIDC with optimized waveguide parameters (W =

350 nm; h = 160 nm) on a 220 nm SOI exhibits broadband uniform coupling over a
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wavelength range 1525 nm ≤ λ 1625 nm. for TE polarization. The 3-dB coupling

length was designed to be LDC = 4 µm. In addition to the DC design, one needs to take

care of the bend-induced losses and additional coupling incurred by the S- bends also.

The proposed WIDC geometry is designed with S-bends of radius 180 µm to suppress

the effect of bend region in coupling length and coupling characteristics.
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APPENDIX B

Effective medium theory for SWG waveguides

Light propagation in a sub-wavelength periodic structure can be described by the ef-

fective medium theory according to which different materials periodically arranged at

a sub-wavelength scale can be approximated as a homogeneous effective medium [72].

Consider a SWG waveguide comprising of alternating layers of materials with refrac-

tive indices n1 and n2 respectively. The periodicity Λ is designed to be Λ < λ (max

n1, n2)) which ensures the suppression of incident light (of wavelength λ) diffraction

independent of the angle of incidence. The effective refractive index of a wave with

electric field parallel to the plane of incidence (TE polarization),is approximated as

n|| = (fn2
1 + (1− f)n2

2)1/2 (B.1)

and electric field perpendicular to the plane of incidence (TM polarization),

n⊥ = (fn−2
1 + (1− f)n−2

2 )−1/2 (B.2)

where f = a/Λ is the volume fraction of the material with index n1. The effective re-

fractive index of the guided mode in a SWG waveguide is thus a polarization dependent

weighted average of the bulk indices of the constituent materials.



APPENDIX C

Additional Information on Fabrication

C.1 Silicon Cleaning Procedure

Table C.1: Standard silicon cleaning procedure

Steps Chemical used Procedure

Organic impurities removal Trichloroethylene . Ultrasonic agitation for 2 minutes

. Heating at 80 ◦C till bubbles come

TCE residues removal Acetone . Ultrasonic agitation for 2 minutes

. Heating at 80 ◦C till bubbles come

. Rinse under running DI water

. Blow dry with nitrogen gas

Oxide layer formation Nitric acid . Heating at 60 ◦C till fumes come

. Rinse under running DI water

. Blow dry with nitrogen gas

Oxide layer removal HF . Dip in dilute HF (HF:DI water::1:10)

for 40 seconds

. Rinse under running DI water

. Blow dry with nitrogen gas

C.2 Spin coating procedure

1. Dehydrate the SOI sample over a hot plate at 1800C for 10 minutes. Let the
sample cool down to room temperature.

2. Place the sample over the vacuum chuck in the spin coating unit and do a dummy
run with the optimized coating parameters.

3. Blow dry the sample with nitrogen air-gun to remove any dust remaining on the
sample



4. Pour 3-4 drops of resist (HSQ/PMMA) on to the sample using a fresh syringe and
filter if required.

5. Once the spin coating is over, remove the resist using Acetone from the corner of
the sample which is to be clamped on the sample holder. This is to ensure proper
conductivity between the sample and the clamp.

6. Prebake the sample on a hot-plate at 1800C for 2 minutes.

C.3 Electron beam lithography : Writing strategies

Raith-150 TWO electron-beam lithography system facilitates two patterning techniques:

(a) Conventional patterning and (b) Fixed Beam Moving Stage (FBMS) patterning.

C.3.1 Conventional patterning

Here, the patterning area is divided into small squares called write fields and the patterns

are written in each write field in a sequential order. The stage which holds the sample

is positioned such that the electron gun is fixed at the middle of the first write field

and the electron beam deflects throughout the write field area. The stage then moves

to position the next write field below the electron gun and the patterning continues

in a sequential manner. The main drawback of this patterning technique is that a small

misalignment in the stage positioning between adjacent write-fields may cause stitching

error between the write fields. Practically, there will always be a positioning error of

± 100 nm which makes it unsuitable for patterning long structures such as waveguides

which have lengths in the order of millimeters. This issue can be overcome using FBMS

technique.

C.3.2 Fixed Beam Moving Stage

In FBMS patterning technique, the beam remains fixed and the stage moves continu-

ously as per the mask design. This facilitates stitch-free patterning of longer structures.

The width of the FBMS line can be predefined though it cannot be changed within a
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single component. The photonic waveguides, which span to several millimeters are of-

ten defined as FBMS paths since their width remains the same throughout. Aligning

the FBMS patterns with the conventional patterns is critical due to the stage positioning

error which is inevitable.

C.4 Micro-heater fabrication details

The microheaters were defined in two cycles of metalization followed by lift-off pro-

cesses: aluminum for the contact pads and titanium for the heaters [126]. The win-

dows for the contact pads and micro-heaters were defined using EBL. Aluminum was

deposited using thermal evaporation technique whereas titanium was deposited by elec-

tron beam evaporation technique. The details of the process steps are given below:

C.4.1 Aluminium contact pad integration

1. Resist coating: For opening the windows for metalization, positive PMMA A8
resist was spun coat on the SOI substrate which already contained the passive
devices. The spin coating parameters used are given in Table C.2.

Table C.2: Optimized spin coating parameters of PMMA A-8 resist to obtain 300 nm
resist thickness

Spin parameters Thickness
Speed : 600 rpm
Acceleration : 7000 rpm/s 300 nm
Time : 40 s

2. Electron beam lithography: Windows for the Aluminium contact pads (250 µm
× 200 µm) are patterned over the PMMA A-8 resist using Electron beam lithog-
raphy (Raith 150 TWO) and developed using MIBK:IPA developer solution. The
optimized patterning and developing parameters are given in Table C.3.

3. Aluminium deposition: Aluminium layer of about 100 nm thickness was de-
posited over the sample using thermal evaporation unit (HPVT-305G).

4. Lift-off process: Aluminium is lifted off along with the underlying resist layer
from regions outside the windows by ultrasonic agitation in Acetone at 600C for
10 minutes followed by cleaning in DI water.
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Table C.3: Optimized EBL parameters for patterning and developing the windows for
the contact pads and microheaters

Column parameters Patterning/Developing parameters
Acceleration voltage : 20 kV Area dose : 150 µC/cm2

Aperture : 30 µm Development : 30 sec in MIBK:IPA (1:3)
Working distance : 10 mm and 10 sec in IPA
Write field : 100 µm × 100 µm

C.4.2 Titanium microheater integration

The resist coating and the lithography parameters used for patterning Titanium micro-

heater lines are the same as those used for Aluminium contact pads, as detailed in Table

C.2 and Table C.3. However, thermal evaporation was used to deposit Titanium (Hind

Hi Vac BC 300T) of ∼ 80 nm thickness. The lift-off process was carried out using

ultrasonic agitation in Acetone at 600C for 2 minutes. Ample care was taken to prevent

the re-deposition of Titanium metal flakes over the devices.

129



APPENDIX D

DOCTORAL COMMITTEE

CHAIR PERSON : Prof. Anil Prabhakar

Professor

Department of Electrical Engineering

Indian Institute of Technology, Madras

GUIDE : Prof. Bijoy Krishna Das

Professor

Department of Electrical Engineering

Indian Institute of Technology, Madras

CO-GUIDE : Prof. Nandita DasGupta

Professor

Department of Electrical Engineering

Indian Institute of Technology, Madras



MEMBERS : Prof. Enakshi Bhattacharya

Professor

Department of Electrical Engineering

Indian Institute of Technology, Madras

: Dr. Ananth Krishnan

Assistant Professor

Department of Electrical Engineering

Indian Institute of Technology, Madras

: Dr. Manu Jaiswal

Assistant Professor

Department of Physics

Indian Institute of Technology, Madras

131



APPENDIX E

List of Publications Based on Thesis

Journals
1. Sumi R., N DasGupta and B. K. Das, "Integrated optical linear edge filter using

apodized sub-wavelength grating waveguide in SOI", IEEE Photonics Technol-
ogy Letters, Vol. 31, No. 17, pp. 1449 - 1452, September 2019.

2. Sumi R., R. K. Gupta, N DasGupta and B. K. Das, "Ultra Broadband Add-Drop
Filter/Switch Circuit using Sub-Wavelength Grating Waveguides", IEEE Journal
of Selected Topics in Quantum Electronics (2019), Vol. 25, No. 3, pp. 1 - 11,
May/June 2019.

3. B. K. Das, N. DasGupta, S. Chandran, S. Kurudi, P. Sah, R. Nandi, R. K. Gupta,
Sumi R., et. al, "Silicon Photonics Technology : Ten Years of Research at IIT
Madras", Asian Journal of Physics, Vol. 25, No. 7, pp. 923 - 955, 2016.

Conference (Presentations / Proceedings/Symposium)
1. Meena B, Sumi R. and B. K. Das, "Fabry-perot cavity resonances in apodized

sub-wavelength grating waveguides.", International Conference on Fibre Optics
and Photonics, Optical Society of America, 12-15 December 2018, Delhi, India
(poster).

2. Sumi R., Nandita DasGupta, and Bijoy K Das, "Integrated optical edge filter us-
ing apodized sub-wavelength grating waveguide in SOI, European Conference on
Integrated Optics (ECIO-2018), May 30 - June 1 2018, Valencia, Spain (poster)

3. Sumi R, R K Gupta, Nandita DasGupta, and Bijoy K Das, "Integrated Opti-
cal Ultra-Broadband Add-Drop Filter in Silicon-On-Insulator Platform." Opti-
cal Fiber Communications Conference and Exposition (OFC), Optical Society of
America, 11 - 15 March 2018, San Diego, USA (oral).

4. Sumi R., Nandita DasGupta, and Bijoy K Das, "Integrated optical Mach-Zehnder
interferometer with a sensing arm of sub-wavelength grating waveguide in SOI,
IEEE Sensors - 2017, October 29 - November 1 2017, Glasgow, UK (poster).

5. Sumi R., Nandita DasGupta, and Bijoy K Das, "Integrated silicon photonics peri-
odic nanostructures for sensing applications", Symposium on Photonic Crystals:
30 Years of Photonic Crystals - the Indian Scenario, 21 - 23 September 2017, IIT
Kanpur (poster).



6. Sumi R., P. Sah, and Bijoy K Das, "Integrated 1D photonic crystal devices with
SOI waveguides", Symposium on Photonic Crystals: 30 Years of Photonic Crys-
tals - the Indian Scenario, 21 - 23 September 2017, IIT Kanpur (invited).

7. Sumi R., Nandita DasGupta, and Bijoy K Das, " Demonstration of integrated
optical 2D photonic crystal waveguides in SOI for sensing applications.", Inter-
national Conference on Fibre Optics and Photonics, Optical Society of America,
04 - 08 December 2016, Kanpur, India (oral).
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