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ABSTRACT

KEYWORDS: Silicon Photonics, Silicon-on-Insulator, Waveguides, Integrated
Optics, Distributed Bragg Reflector, Integrated Bragg Grating,
Rectangular Edge Filter, Optical Filter, Photonic Passband.

Various integrated optical distributed Bragg reflector (DBR) structures are investi-
gated in a search for new wavelength filter devices which might be useful for futuristic
multi-functional integrated silicon photonics. Starting from intuitive concepts to novel
device designs, their fabrication process optimization, and characterizations of these
devices have been carried out with in the scope of this thesis. The design parameters
are studied/optimized following the trend of CMOS compatible silicon photonics tech-
nology in silicon-insulator substrate with device layer thickness of 220 nm and 250 nm
(BOX layer thickness: 2-3 um, handle wafer thickness: 500 pm). However, for all
experimental demonstration, we have used only the device layer thickness of 250 nm
(procured from Soitec, France). The DBR structures were defined by periodic modu-
lation of waveguide width; enabling both waveguide and DBR structures to be defined

simultaneously using single lithographic step.

Initially, DBR and DBR cavity were designed in a single mode waveguide with
gratings at both side walls with waveguide width 560 nm, slab height 150 nm, grating
modulation 50 nm (each side), cavity length 145 nm and grating length 500 ym. The
experimental results for the DBR devices fabricated with these parameters are: R >
99 %, Q-factor = ~ 10° at Az ~ 1600 nm for A = 290 nm, which is in close agree-
ment with theory noting that Cg‘—AB ~ 5.5 nm/nm. After successful demonstration of
DBR and DBR cavity, a novel design of integrated optical design of razor-edge filter
device was demonstrated with a multi-mode waveguide (supporting at least two modes)
with asymmetric side-wall grating, which is adiabatically interfaced with input/output
single-mode waveguides. The input/output access waveguides are terminated with grat-

ing couplers for optical characterizations. Design parameters are optimized for a sharp
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razor-edge filter response in optical C-band (1530 nm < A.45. < 1565 nm). The sub-
micron features and the entire footprint of the devices were defined with a single-step
e-beam lithography process using negative-tone resist and subsequent dry etching of ~
100 nm using an inductively coupled reactive ion etching system. All the fabricated
devices exhibit a razor-edge filter response at \.qg. ~ 1560 nm with an edge-extinction
of > 40 dB at the rate of 118 dB/nm. The razor-edge step is followed by a broad pass-
band of ~ 40 nm till the first order Bragg reflected wavelength of A% ~ 1600 nm in
the transmission characteristics obtained for 1520 nm < A < 1620 nm. Tunability of
a razor-edge filter is verified with cladding refractive index change and the observed
refractive index sensitivity of the edge is ~ 18 nm/RIU. The limit of detection for 1-dB
transmitted power extinction at A.4. Of a typical fabricated device is estimated to be

5.3 x 1074 RIU.

Finally, a photonic passband filter device is designed with a multi-mode waveguide
with side wall grating, which is adiabatically interfaced with input/output single-mode
waveguides. We have demonstrated first time the optical passband filter in transmission
port of waveguide. The pass-bands are bounded by two highly extinguished stop-bands
(with an extinction of > 35 dB with edge roll-off of > 70 dB/nm) of A\, > 15 nm.
The existence of two stopbands is due to two Bragg phase-matching conditions. As the
filter response is in the transmission, flat-top is naturally achieved however passband
ripple were further minimized within ~ 1 dB by providing an adiabatic taper at input
and output interfaces of DBR grating. The bandwidth is further narrowed down by
cascading two gratings with detuned parameters. A semi-analytical model is used to
analyze the filter characteristics (1500 nm < A < 1650 nm). The pass bandwidth of
waveguide devices integrated with single-stage gratings are measured to be ~ 24 nm,
whereas for the device with two cascaded gratings with slightly detuned periods (AA =
2 nm) exhibit pass bandwidth down to ~ 10 nm. The characterization results are found

to be consistent with theoretical predictions.

The special filter characteristics of the above mentioned DBR devices may find
potential applications such as refractive index sensor, thermo-optic switching, intensity

modulator, noise filter for nonlinear devices and/or Raman spectroscopy.
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CHAPTER 1

Introduction

Modern world in its technical context has been exponentially growing in optical telecom-
munication technology for several decades. Fiber optics communication fulfilled the
market demand for high speed, high capacity and long-haul data communication with
cost-effectiveness and reliability over time [1, 2, 3, 4, 5, 6]. Besides long-haul commu-
nication, short-haul rack-to-rack, system-to-system, and chip-to-chip communication
have been realized by using stand-alone integrated optoelectronics devices fabricated
on substrates like glass, GaAs, InP, LiNbO3, etc. [7]. However, none of these substrate
materials has been found to be suitable for large-scale integrated optical circuit appli-
cations. Since the beginning of this millennium, integrated silicon photonics is evolved
not only for stand-alone devices but also to overcome electrical interconnect bottle-neck
in integrated CMOS electronics to sustain Moor’s Law [8, 9, 10, 11]. Researchers are
now trying to co-integrate electronics driver circuitry with photonics components using
advanced CMOS technology for low-cost and high-speed optical transceiver. Alterna-
tively, integrated photonics chip is fabricated independently using CMOS technology
and flip-chip bonded with the electronics IC to accomplish electrical-optical-electrical
(E-O-E) conversion [12]. Till date, many individual components and functional circuits
have been demonstrated in silicon-on-insulator (SOI) platform using so-called CMOS
compatible silicon photonics technology [13, 14, 15]. As fiber Bragg grating played a
vital role in developing many products starting from health-care to sensing application
to high-speed optical networks [16, 17, 18, 19], integrated optical Bragg gratings in
SOI substrate also bears a huge research potential for on-chip optoelectronic applica-
tions. This thesis work was intended to investigate various aspects of distributed Bragg
reflector (DBR) in SOI for conventional as well as futuristic novel on-chip/off-chip
applications. In following three sections, we will discuss thesis motivation, research

objective, and organization of the thesis chapters, respectively.



1.1 Motivation

The real motivation behind this thesis work was the state-of-the-art research progress
around the globe, industry interests and after all research opportunity in the area of sil-
icon photonics at IIT Madras. We present here first a detail literature review on silicon
photonics research highlighting state-of-the-art research progress and then prospects of
DBR based devices for various silicon photonics application. Along with huge suc-
cess in the advancement of CMOS technology, the demand of large data storage and
high-speed data routing in the modern electronic world has put a bottleneck in intercon-
nect delay produced by metal interconnects within electronic chips, microprocessors,
and devices in order to achieve ultra-high scale integration [20]. Silicon-based optical
interconnect on the other hand allows ultra-high bandwidth at ITU frequencies provid-
ing solutions for inter- and/or intra-chip routing of the electrical signal via Electrical-

Optical-Electrical (E-O-E) conversion.
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Figure 1.1: Block diagram of the optical memory system demonstrated in 2015 [21].

Many individual integrated optical components or combinations of optical compo-
nents (small-scale integration) were proposed and implemented using CMOS compat-
ible silicon photonics technology. For instance, the US based first silicon photonics
company Luxtera announced the world’s first 40 Gigabit Optical Active Cable (OAC)

in 2007 [22]. Intel demonstrated their 4x12.5 Gbps condensed wavelength division mul-
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tiplexing (CWDM) silicon photonics link using integrated hybrid silicon lasers [23, 24]
in 2010. IBM unveiled the holey optochip to transfer information at Terabit per second
speed in 2012 [25]. Integrated microprocessor circuits were demonstrated on a single-
chip that communicates directly using light (see Fig. 1.1). This represents an excellent
example of photonics integrated with electronics using bulk silicon CMOS technology.
It is comprised of 850 photonics components for optical interconnect and 70 x 10°
transistors for on-chip memory and logic. 2D image data was communicated between

two chips via light.

Recently, an ideal silicon photonics chip has been proposed for quantum computers
and secured communication [26]. Fig. 1.2 for instance, shows the proposed schematic
of CMOS-compatible integrated silicon photonics platform for quantum communica-
tion applications. It shows how a single photon could be generated, routed and de-
tected on a single silicon chip. It includes almost all integrated optical components
e.g., grating couplers, multimode interference coupler, directional coupler, microring
resonator, Mach-Zehnder interferometer, thermo-optic phase-shifter, and of course dis-

tributed Bragg reflector.

Figure 1.2: A schematic of integrated silicon photonic chip for quantum application.
It includes photon sources, pump-removal filters, passive and active optics,
single-photon detectors, and control and feedback electronics (moving from
left to right on circuit). Besides various devices such as microring resonator,
Mach-Zehnder interferometer, thermo-optic phase-shifter, DBR is also pro-
posed for filtering application [26].

The research success of above mentioned integrated silicon photonics chips are ob-
vious because of: (i) optical transparencies of silicon crystal at communication windows
(A ~ 1.3 pm and ~ 1.55 pm); (ii) availability of high-quality optical-grade SOI wafers
[27, 28]; (ii1) higher refractive index of silicon allows tighter confinement of optical

mode(s) permitting compact devices in the scale of some tens of nanometers [29], (iv)
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well established CMOS based planner technology allows integration of different func-
tional group on single chip [27], (v) availability of third order susceptibility allowing it
suitable for non-linear optics and/or quantum optic applications [30, 31]. The silicon
photonics gains its popularity by not only integrating many optical functional devices in
a single chip but also allowing thermo-optic and electro-optic controllability [32, 33],
integrability of III-IV and IV-V element group [34], and presence of third-order nonlin-
earity [31]. With the discovery of electro-optic effect in silicon, active tuning of spectral
and spatial characteristics of the photonics devices has become possible, hence opening
new horizon of research by setting new possibilities in silicon photonics [32, 35]. The
integrability of micro-heater with the optoelectronics devices in silicon provides another
degree of freedom which not only facilitate active tuning but also are able to compensate
fabrication related unwanted errors in device parameters [33, 21]. The nanoscale inter-
rogation and manipulation using integrated microheater were demonstrated in many
research articles as [36, 37]. Also, integrability of III-IV and IV-V element group fu-
els the (i) on-chip laser fabrication, although it is in its infantry stage of evolution at
present and (ii) on-chip photo-detector fabrication, serving as a receiver circuit [34, 38].
Furthermore, the presence of third order nonlinearity in silicon is being utilized in four-
wave mixing, Raman spectroscopy and frequency up/down conversions [30, 31]. Many
optical functions such as modulation, splitting, multiplexing, de-multiplexing, filtering,
switching, sensing etc.[39, 15, 40, 41] have been investigated in silicon-on-insulator
(SOI) platform using a variety of integrated optical components such as multi-mode in-
terference coupler (MMIC) [42, 43], directional coupler (DC) [44, 45], Mach-Zehnder
interferometer (MZI) [46], microring resonator (MRR) [47], arrayed waveguide grating
(AWG) [48], distributed Bragg reflector (DBR) grating [49, 50, 51, 52, 53] etc. The
SOI waveguide integrated with DBR of sub-wavelength grating period have broad area
of application such as optical modulator [54], add-drop MUX/DEMUX filter, refrac-
tive index sensors, spectroscopy, dispersion engineering [55, 56], optical cloaking [57],
broad-band grating coupler [58], narrow line-width DBR filters [59, 60], high-Q Fabry-
Perot resonator [61], DBR laser [62] etc. For instance, in Fig. 1.2, the component iv.
Bragg reflector pump removal filter and (vii) wavelength-division multiplexer (WDM)

shown on the chip can be implemented using DBR.
Group velocity and chromatic dispersion can be engineered using a chirped and
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an apodized Bragg grating structures. This helps to model active delay line in opti-
cal communication [63, 64]. For example, unwanted side lobe ripple reduction and
usable bandwidth maximization were demonstrated in SOI in [65]. Sub-wavelength
grating (SWGQ) is the fully etched gratings with a grating period lesser than the Bragg
wavelength. It has been used to engineer the effective refractive index of the guiding
medium by changing the value of its grating pitch [66, 67, 68]. Using sub-wavelength
grating, a large number of waveguide crossings with low loss is shown in [69, 70]. By
integrating SWG with micro-ring resonator [71, 72], it was shown that the confinement
of light in the waveguide core decreases in SWG ring, hence increasing the sensitivity
of the resonator to sense cladding refractive index. Coupling of light from the opti-
cal fiber to the integrated silicon waveguides is a great challenge as it suffers coupling
loss due to mode mismatch between fiber mode and integrated waveguide mode due
to a mismatch in their cross-sectional area. For device characterization purposes at the
laboratory level, grating coupler integrated along with waveguide gives better solutions
among all other coupling methods. Very high-efficiency grating couplers have been
designed and demonstrated by different research groups [73, 74, 75]. Thus a plenty of
literature already available demonstrating DBR features for silicon photonics applica-
tions. Some of them are briefly reviewed here describing some important device designs

and their working principles

Add-Drop Multiplexer

An optical add-drop multiplexer is an important component in the optical communica-
tion system. The multiplexer and demultiplexer circuit help to add and drop a wave-
length channel carrying data. Integration of DBR with a directional coupler, MZI and
MMI help to separate add port, drop port and through port channels. In each case re-
flected wave is being separated out from the incoming wave via drop port [76, 77, 78,
79, 80]. For instance, Tsao et. el. in 2002 introduced an MMI based OADM in SOI.
The corresponding schematic diagram of the wavelength-selectable optical add-drop
multiplexer (OADM) in SOI is shown in Fig. 1.3. The DBR is integrated on an MMI
coupler and, n-type, p-type poly-Si are integrated along the side of the MMI to pro-

vide electron-hole concentration as well temperature. By applying voltages at p and n



contact of V, =0.8 V and V}, = -0.8 V, the wavelength switching of 0.9 nm was shown
by FDTD simulation. Thus any channel can be dropped at the Drop Port by applying
corresponding voltage. However, the circuit is complex and so many device parameters

have to be controlled for implementing as practical application.

Electrode pads

p-type poly—S‘i_,

W,=600 £t m

1.8 um

02pm

04 pum

Lg=7800 £ m

100 m

44— (V,,V,)=add/drop voltage for A,
4 — - — = (V,,V,)= add/drop voltage for A3

Figure 1.3: Schematic diagram of a proposed wavelength-selectable optical add-drop
multiplexer [77].

P-N Junction Modulator

Modulating optical wave with the electrical signal carrying data is an important function
to encode electrical data bit into an optical signal. A high-speed optical modulator is in
market demand nowadays. Using free carrier plasma dispersion effect by integrating p-
n or p-i-n diode across the DBR device and applying an electrical modulating signal, the
wavelength characteristic of the DBR devices can be shifted in wavelength. The shift
occurred in the Bragg wavelength provides intensity modulation as on-off switching.
The extinction ratio, 3 dB optical bandwidth, insertion loss and other properties of the
modulator depends upon the device geometry and mode of operations of the p-n/p-i-n

diode [82, 81, 83]. For instance, Caverley et.al. in 2015 demonstrated quarter-wave
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Figure 1.4: (a) The quarter-wave phase-shifted Bragg grating modulator scheme (top)
and its cross-section view (bottom); and (b) measured transmission charac-
teristic with various reverse-bias voltages applied to the device [81].

phase-shifted Bragg grating modulator on SOI for the first time. It resulted in the data
rate of 32 Gb/s in the open eye diagram. The Schematic of the quarter-wave phase-
shifted Bragg grating modulator, including a zoomed-in view of the region near the
phase-shift, is shown in Fig. 1.4(a). Sidewall DBR is integrated in 220 nm device layer
waveguide. A p-n diode integrated with the BDR with applied voltage provides the

wavelength shift in the spectral characteristic. A continuous wave light signal operating



at Bragg wavelength gets its intensity modulated when a negative voltage is applied
across the p-n junction. However, there is the need to improve the performance further
by achieving higher Q-factor and higher extinction ratio of the DBR cavity resonance

as the Q-factor achieved is 6 x 10® which is lower for an efficient modulator.
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Figure 1.5: (a) Schematic of DBR based broadband filter device. The wavelength re-
flected at the first contra-directional DBR is reflected again by an identical
contra-directional DBR. The metal heaters control both contra-DCs; (b) re-
flection characteristic of the device for different temperatures applied to
only one contra-DC; and (c) spectral response with the heat applied to both
contra-DCs [78].

Another application of DBR is as wavelength filter device. The band pass, band re-
ject, low pass high pass, comb and notch filters can be designed using DBR [84, 85, 76,
86, 87, 63, 61, 88]. Different kind of DBR are sub-wavelength grating, phase shifted
grating [89], chirped and apodized grating, phase mismatched grating, directional cou-
pler assisted grating, slot waveguide assisted grating, sidewall gratings etc. For instance,
St-Yves et. al. in 2015 demonstrated the broadband tunable DBR filter in SOI (see Fig.

1.5).The device spectral characteristic shows the out-of-band contrast as high as 55 dB,
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bandwidth tuning of 670 GHz, wavelength tunability with unlimited FSR. Fig. 1.5(a)
shows the schematic of a pair of a contra-directional coupler (DC) based DBR filter,
both operating at drop port. The temperature tunability of the bandwidth and central

wavelength is shown by heating only one contra-DC and both contra-DCs respectively.

High Q Fabry-Perot Resonance Filter

A phase shifted grating is the DBR with a cavity and it works as a Fabry-Perot resonator
where DBR acts as the reflecting mirror with very high reflectivity [90]. A conventional
uniform Bragg grating shows stopband in transmission spectrum at Bragg wavelength,
but using phase shifted DBR, the narrow transmission peak(s) can be obtained in the
stopband centered at Bragg wavelength. The narrower bandwidth of the transmission

peak makes it suitable for many sensing and communication applications.

Based on cavity length one or many transmission peaks can be observed in the trans-
mission stopband of a DBR. If the cavity length is exactly equal to a quarter wavelength,
it resonates at only one wavelength [92, 85, 81, 89]. For instance, Zhi Zou et. al. in
2016 demonstrated the phase shifted grating integrated in SOI strip waveguide (of 60
nm thickness) in a spiral shape to increase the grating length up to 2 mm. Fig. 1.6 shows
the corresponding device design and transmission characteristics. Such a long grating
length provides very high DBR reflectivity, hence increasing the Q-factor as high as 1 x
10°. The wavelength tunability is also demonstrated by integrating a TiN based micro-
heater on the top of the grating. The device was tuned to work as stopband filter as well
by applying suitable power to microheater. However, the spiral bend would introduce

loss in the grating and it also increases the device footprint.

Lab-on-Chip Sensor

Compact, high sensitivity, reliable and cost-effective integrated sensor finds wide range
of applications as in biomedical science to detect biomolecule (tumor cells or diseased
cells), in defense (as for example night detector), in industry (as for example in bridge,
transformer etc), in material science, in environment science (to detect pollution level

of air, water, gas composition) etc. Integrated DBR in SOI-based sensors because of its
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high Q-factor, high reflectivity, compact size and an active tuning possibility of silicon,
become a good choice for various sensing applications. Phase-matched wavelength (or
Bragg wavelength) resulting due to periodic structures can be either shift in wavelength
and/or its intensity can be modulated by the variation of its surrounding cladding ma-
terial. The cladding material with different molecular structure, physical and chemical
properties like concentration, refractive index etc, hence can be sensed by the use of
grating structures [52, 93]. The sensitivity of DBR based sensor can be improved by
designing gratings to obtain high Q-factor resonance, high reflectivity at lower waveg-
uide and cavity losses. For example, Prabhathan et. al. in 2009 presented an integrated
biosensor based on the phase shifted vertical side wall grating in SOI. Fig. 1.7(a) shows
the corresponding schematic diagram of the integrated biosensor. A fluidic channel in-

troduced using the PDMS layer allows the fluid of unknown refractive index to flow over
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Figure 1.7: (a) The schematic of the integrated biosensor with phase shifted vertical
side wall grating, and (b) spectral response of two-phase shifted grating for
different channel fluid refractive indices [52].

the grating. As the fluid become top cladding, the waveguide effective index changes.
The change in refractive index offers the corresponding shift in wavelength. Thus by
properly calibrating the Bragg wavelength shift with respect to a fluid of known re-
fractive index, an unknown fluid can be detected. The detection limit for the refractive
index in this example was reported as high as ~ 5 x 1075, The detection limit can be
further improved by increasing the Q-factor of the phase-shifted DBR cavity resonance

filter.

Thus from the literature survey, it is evident that integrated optical DBRs can be de-
signed for all most all on-chip silicon photonics applications. Till date, a good number
of Ph.D. thesis have been produced investigating different aspects of DBR designs and

application in SOI Platform. However, all these DBR designs are integrated in single-
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mode SOI waveguides and mostly defined with periodic modulation of waveguide width
symmetrically. To our knowledge, DBR structures with asymmetric waveguide width
modulation (grating defined in one side-wall) and also DBR structures in multimode
waveguides were not given much attention. With the view of this, we outlined a set of

research objectives which is discussed in the following section.

1.2 Research Objective

As it is revealed from our literature survey, a variety of novel devices have been demon-
strated earlier using DBR structures in SOI substrate for various applications. However,
to our knowledge, none of them studied integrated optical DBR structure by asymmetric
waveguide width modulation. As we intuitively realized the potential of such DBR grat-
ing in a multimode waveguide in terms of spectral features, we set following research
objectives to be studied in chronological order:

1. To design and demonstrate integrated optical DBR and DBR cavity with symmet-

ric waveguide width modulation. This is for self-understanding of critical design
parameters and to optimize in-house fabrication process parameters.

2. To investigate integrated optical DBR defined by asymmetric waveguide width
modulation. The performance of such structure is to be understood first by semi-
analytical simulation results and then validated with numerical finite difference
time domain (FDTD) simulations. Finally, the demonstration of a filter device
with optimized design parameters which could be potentially useful for many
aforementioned silicon photonics applications.

3. To explore cascaded DBR structures with asymmetric waveguide width modula-
tions for a resonance-free bandpass filter with higher side-band suppressions.

Feasibility of the intuitive research objectives discussed above can be established
by a qualitative discussion. The last two objectives are set to investigate novel and
application specific filtering characteristics of integrated optical grating structures in
silicon photonics platform. A cartoon representing the wavelength characteristics of
the DBR device is shown in Fig. 1.8 to illustrate objective number 2. A wide band
of wavelength with flat intensity is being launched in the DBR device integrated with

multimode waveguide from the single-mode input waveguide. The fundamental mode,
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Figure 1.8: A cartoon to represent rectangular edge filter using DBR integrated with
a multimode waveguide interfaced with single-mode input/output waveg-
uide (at middle). Input-output wavelength characteristics are also shown (at
left/right).

first lower order mode propagating in backward direction couples to forward propagat-
ing fundamental mode at two different phase-matched wavelengths in the DBR region.
The rectangular-edge results at the lower phase-matched wavelength. Other higher or-
der non-confined slab modes propagating in backward direction also couple to forward
propagating fundamental mode at different phase-matched wavelengths in the DBR re-
gion. Their stopbands overlap to give flat and approximately zero transmission to the
left side of the rectangular-edge filter. Thus, the output transmission characteristic re-
sults into rectangular edge filter. To the left side of the rectangular edge is the wide
stopband arising due to wavelength radiating to the slab. Thus, in this objective the

desired wavelength characteristic should have the following criteria:

1. It should result in a steeper filter edge.

2. It should stop a large band of wavelength without reflecting them back into the
source.

3. The larger passband should result in transmission spectrum and,

4. Higher order mode coupled in backward direction should not reach to the source.

A cartoon representing the wavelength characteristics of the cascaded DBR device
is shown in Fig. 4.2 to illustrate objective number 3. A wide band of wavelength with
flat intensity is being launched in the cascaded DBR device with a different periodicity,
integrated with a multimode waveguide. The wider and wavelength-shifted passbands
in the transmission of the individual DBR (with period A; and A,) overlap to result in
the relatively narrower delay-free passband. Thus, the output transmission characteris-
tic results into the desired passband filter. Thus, the transmission characteristic of the

cascaded DBR structure should have the following criteria:

13
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Figure 1.9: A cartoon to represent a cascaded DBR (DBR; and DBRj) of different peri-
odicity (A; and A») integrated with a multimode waveguide, and interfaced
with single-mode input/output waveguide (at middle). The expected input-
output wavelength characteristics are also shown (at left/right).

1. has narrower passband in transmission spectrum
2. has wider stopbands on both sides of the passband in transmission spectrum
3. has high passband to stopband extinction ratio

4. the bandwidth of the passband can be engineered by controlling device parameter.

1.3 Thesis Organization

Within the scope of this thesis work, we have systematically studied based on above-
mentioned research objectives. The entire research outcome has been discussed in four

chapters; they are discussed here in brief.

In Chapter 2, we have included the SOI waveguide, DBR and quarter phase-shifted
DBR cavity by symmetric waveguide width modulation. Waveguide is studied using
numerical mode solver for confined mode field distributions and their effective indices
to explain single mode and multimode region of the waveguide, wave polarization and
waveguide dispersion. DBR and quarter phase-shifted DBR cavity integrated in a sin-
gle mode waveguide using symmetric sidewall grating have been discussed with the
help of phase matching condition, coupled mode theory and transfer matrix method to
study its wavelength characteristics. The DBR devices were designed, fabricated and

experimentally analyzed for high reflectivity and better Q-factor.

In Chapter 3, we have presented a novel design of a rectangular edge filter (REF)

device by integrating asymmetric side-wall DBR in a multimode SOI waveguide. The

14



theoretical modeling of the device was counter validated with FDTD simulation results.
The transmission spectrum of the fabricated device shows the rectangular-edge shaped
characteristics with steep edge. Tuning of the spectral characteristics has been presented

in the contest of heat and cladding index variation.

In chapter 4, the photonic passband is studied by integrating asymmetric side-wall
DBR in a multimode SOI waveguide. We mention the limitation of band-pass narrow-
ing in single stage grating which can be overcome by the cascaded grating of two dis-
similar periods. Therefore, the cascaded grating and its effect on band-pass narrowing
are discussed with design, theoretical analysis followed by fabrication and experimental

results in detail.

Finally, in Chapter 5 we have concluded the results by presenting Summary of the

entire thesis work and future research scopes.
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CHAPTER 2

Waveguide DBR and DBR Cavity

Semiconductor industries have already standardized the specifications of SOI wafers
for integrated silicon photonics. The SOI wafer is made up of three-layered materials
(see Fig. 2.1). Bottom silicon substrate layer of a typical thickness of ~ 500 pm is to
provide mechanical support. The middle buried oxide (BOX) layer of thickness 2 - 3
pm is to work as a bottom cladding for the waveguide. The top silicon layer which is
also called "device layer" can be chosen depending on the application (typically >220
nm) and integrability of optical as well as electronic devices in sub-micron dimensions.
Fortunately, intrinsic silicon is transparent for communication wavelengths (A ~ 1.31
pmand 1.55 ym) and beyond as its bandgap F, = 1.1 eV. The refractive index of silicon
device layer (3.477) is sufficiently large compared to those of cladding silicon di-oxide

(1.477) at A ~ 1550 nm - enabling smaller core dimension for an optical waveguides.

! 2220 om sol
I 2 -3 pm Buried Oxide (5i0,)
Y
Si Substrate
500 pm

L

Figure 2.1: A cross sectional view of a SOI wafer.

The most fundamental building block of integrated silicon photonics is the photonic-
wire waveguides with submicron dimensions. Silicon waveguide in above mentioned
SOI substrate is designed by using commercially available eigen-mode solver. DBR
integrated with single-mode waveguide has been investigated using coupled-mode the-
ory. A MATLAB code has been developed to solve the coupled-mode equations for the

DBR structures. The final design parameters for the waveguide and grating are opti-



mized by evaluating spectral response. The DBR devices with a set of optimized design

parameters were fabricated in-house and characterized for process optimization.

In this chapter, we discuss first the designs of single-mode SOI waveguide, inte-
grated optical DBR by symmetric modulation of waveguide width and a ; phase-shifted
cavity. Afterwards, fabrication and process optimization of these devices have been dis-

cussed.

2.1 SOI Waveguide Design

Optical waveguides are generally designed in the rib-shaped core rather than cylindrical
shape like optical fiber due to ease of fabrication processes, scalability, and integrabil-
ity with other electronic devices using CMOS compatible planar technology. The 3D
schematic of a typical rib or ridge-shaped waveguide in SOI is shown in Fig. 2.2.
The design parameters are waveguide width (1), device layer thickness or waveguide
core height (H) and slab thickness (/). While the value of W is finite, the value of
h can vary from 0 to < H for a single-mode waveguide design operating at desired
wavelength band. A non-zero value of h is preferred for integrating active elements
like thermo-optic and/or electro-optic phase-shifter. For our design we also consider

non-zero value of h for single-mode guidance in T'E polarization (A ~ 1550 nm).

Figure 2.2: 3D schematic of rib waveguide in SOI; cross section of the rib waveguide
with parameters: waveguide width W, rib height H and slab height h.

We have studied the polarization dependent and wavelength dependent guidance

of above mentioned SOI rib waveguides using Lumerical Mode Solutions [94] for the
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device layer thickness of 220 nm and 250 nm. However, the same is studied for larger
dimension rib waveguide in Sujith et al. [95], or elsewhere. From numerical simulations
one can easily obtain vector field distributions of the guided modes and their respective
effective indices as eigen values. Looking into the electric field components of guided
mode field solutions we can identify whetheritisa TE (£, >> &) or T'M (&, << &)
or hybrid (£, ~ &,) polarized. For our discussion, we have assumed a guided mode is

T F polarized if gﬁ”gy > 50 %. Generally, we found that the 7'M mode starts guiding

for a deeply etched waveguide or h — 0.

Fig. 2.3 shows the effective indices as a function of W for guided T'E and T'M
modes using device layer thickness of H = 250 nm at wavelength A = 1550 nm for
different slab height thickness starting from h = 0 nm to h = 130 nm. It is observable
from Fig. 2.3(a) that both the 7'E and T'M mode(s) exist in the fully etched waveguide.
It is also observable from Fig. 2.3(b), 2.3(c), 2.3(d) and 2.3(e) that as waveguide slab
height increases (or waveguide etch depth reduces) the 7'M mode(s) (plotted in red
colour) are reducing in number. At slab height » = 130 nm with device layer thickness
of 220 nm and 250 nm, the 7'M mode become cut-off that no 7'M mode guide (see Fig.
2.3(f)). For shallow-etched waveguides, the slope of the effective indices with respect
to the waveguide width is lesser than that for the deeply-etched waveguide at lower
waveguide width region. Thus, the effective indices for the lower value of waveguide
width and for the lower value of slab height are more waveguide dimension dependent
and any small change in device dimension (W and/or h) due to fabrication error would
change the refractive indices and hence the spectral characteristics sufficiently. On the
other hand, the effective indices for the higher values of waveguide width and for the

higher value of slab height are more relaxed.

The effective indices of the fundamental, first lower order and second lower orderT' E/
polarized guided modes have been computed numerically as a function of W and keep-
ing h as the parameter at wavelength A = 1550 nm, for H = 220nm and H = 250nm as
shown in Fig. 2.4(a) and 2.4(b) respectively. It is evident from the figure that for the
waveguide with slab height greater than 130 nm, only T'E or T'E-like mode(s) exists
for the given waveguide dimensions. That is, no 7'M mode exists within the waveguide

for the given waveguide dimensions. In all these plots Fig. 2.3 and Fig. 2.4 the effective
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Figure 2.3: Effective indices of various T'E and T'M guided modes(A = 1550 nm) vs
waveguide width calculated for device layer thickness or waveguide height
H =250 nm with slab heights: (a) ~ = 0 nm, (b) ~ =50 nm, (c) h =70 nm,
(d) h =100 nm and (e) h = 120 nm.

indices increases faster as a function of waveguide width for lower values of W and sat-

urates for higher values of W. Cut-off width W< corresponding to a transverse mode
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Figure 2.4: Effective indices (n0};, nJ;; and nJ7) of the guided modes vs waveguide

€

width (supporting only TE-like guided modes), calculated for two differ-
ent device layer thickness and slab height & as a parameter at an operating
wavelength A = 1550 nm: (a) H = 220 nm and (b) H = 250 nm, and slab

height as parameter.

say T'Ey,, mode (m being the mode order) is defined as the width of the waveguide
below which the mode is not allowed to propagate in the waveguide. The mode T'Ej,,
becomes evanescent mode for W < WS, The cut-off widths for a fixed slab height
are more for higher order modes. Fig. 2.5 shows the cut-off waveguide widths (TW“)
plot versus slab height for first-order and second-order guided modes (m = 1 and 2) for

two different device layer thickness. The values of W < W “ were extracted from Fig.

2.4.
1400 -
1200
= —=—H =220 nm
é —e— H =250 nm
= 1000F
=
g _ 800
=
600
130 140 150 160 170
h [nm]

Figure 2.5: Cut-off width for 15! order guided mode (represented by W) and 24
order guided mode (represented by Ws“!) as a function of slab heights A
calculated for two different values of device layer thickness (220 nm, 250
nm). The results are plotted for7'E-like guided modes at A = 1550 nm.
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Range of waveguide width for confined mode(s) can be extracted for which (i) only
T Eoo mode, (ii) both T'Ey and T'Ey; modes and (iii) all T Eyg, T'Ey; and T Eyy modes
will be guiding and the same is being tabulated in table 2.1 for three different slab
heights at device layer thickness 4 = 250 nm, which will help to decide any waveguide

parameters for certain number of modes to be guiding. From the previous discussions,

Table 2.1: Range of waveguide width allowing one, and/or two, and/or three mode(s)
confinement at three different slab height calculated at A = 1550 nm.

Slab height Waveguide width Existing guided mode(s)
h [nm] W [nm]

H=220nm | H=250nm | TEy | TEy | TFEgy
below 680 below 620 v X X
140 680 to 1250 | 620to 1110 v v X
above 1250 | above 1110 v v v
below 740 | below to 665 v X X
150 740 to 1400 | 665to 1175 v v X
above 1400 | above 1175 v v v
below 850 | below to 725 v X X
160 8520 to 1600 | 725 to 1280 v v X
above 1600 | above 1280 v v v

28F
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5 :"/' neﬁ‘
el
=
=24}
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m -=- W=735mm
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—-—-W=785nm
20 =--=-W=810nm
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0 25 50 75 100 125 150
h [nm]

Figure 2.6: Effective indices of the guided modes as a function of waveguide slab height
calculated for H = 250 nm and waveguide width as parameter at A = 1550
nm (supporting only TE-like guided modes).

the deeply-etched and shallow-etched rib waveguide shows the different mode confine-
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ment and mode polarization. The idea of change in refractive index upon changing
etch depth hence is the key design factor for the rib waveguide geometry. For this,
waveguide effective indices of fundamental and first-order guided modes were plotted
as slab height as shown in Fig.2.6, waveguide width being the parameter such that only
TE mode(s) is guiding. The shallowly-etched condition shows less index difference
between fundamental and first-order mode. This property will be utilized in designing

narrow passband filter which will be covered in following subsections.
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Figure 2.7: The electric field amplitude distribution of guided fundamental modes cal-
culated for W =500 nm, and & = 0 nm, at an operating wavelength A = 1550
nm: (a) and (b) are dominant component &,(x,y) and &,(z, y) for the fun-
damental mode T'Ey and T'M,, respectively calculated for device layer
thickness H = 220 nm; (c) and (d) are dominant component &, (z,y) and

&, (x,y) for the fundamental mode T"Ey, and 7'M, respectively calculated
for device layer thickness // = 250 nm.

For the fully-etched waveguides, we computed &y, (x, y) for both the T'Ey and T' M
modes evaluated for waveguide width W = 500 nm, h = 0 nm (A = 1550 nm) for two

device layer thickness (220 nm, 250 nm) using "Lumerical Mode Solver". They are

shown in Figs. 2.7.

For a given waveguide parameters W = 800 nm, ~ = 150 nm (A = 1550 nm) the
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dominant mode field components &, (z, y) and &€, (z, y), evaluated for two device layer
thickness (220 nm, 250 nm) using "Lumerical Mode Solver" are shown in Figs. 2.8.
Modes are tightly confined within the core of the waveguide. The fundamental mode
peak electric field lies in the center of the waveguide, while the first lower mode electric
field peaks (blue color: negative field amplitude and red color: positive field amplitude)

lies towards the edge of the sidewalls of the waveguide.
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Figure 2.8: The electric field amplitude distribution for the dominant component
E.(z,y) of guided TE-modes obtained for W = 760 nm, and h = 150 nm
at a operating A = 1550 nm: (a) and (b) are T'Ey, and T E}, respectively
calculated for device layer thickness A =220 nm; (c) and (d) are 7" E, and
T E, respectively calculated for device layer thickness H = 250 nm.

In optics, dispersion is the phenomenon in which the phase velocity of a wave de-
pends on its frequency. This dependency can be due to material property and device
geometry. The dispersion caused due to guided modes as their propagation constant
varies is called intra-modal dispersion [96]. But, by designing a single mode waveg-
uide, the intra-modal dispersion can be removed. For silicon, the material dispersion is
negligible for the wavelength range 1520 nm < A < 1620 nm. However, for simulation

of dispersion effect of SOI waveguide the material dispersion is consider by commercial
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mode solver "Lumerical MODE Solutions" [94].
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Figure 2.9: Effective indices of the guided modes as a function of operating wavelength,
calculated for a device layer thickness of = 250 nm, slab height h =
150 nm and waveguide width as parameter (supporting only TE-like guided
modes): (a) single-mode regime, and (b) multimode regime (supporting two
lower order guided modes).

For the devices having wavelength-dependent characteristics like integrated Bragg
grating, ring resonators etc, the study of dispersion become more important. For exam-
ple, the DBR devices are highly wavelength dependent near Bragg wavelength. There-
fore, a study of wavelength dependency of refractive indices will truly account for ac-
tual analytical modeling of the device. For that, effective refractive indices varying as
the wavelength computed for a waveguide with parameters 4 = 250 nm and h = 150
nm, and W as parameter (using Lumerical MODE Solutions) are shown in Fig. 2.9.
Fig. 2.9(a) shows the waveguide dispersion characteristic for the single-mode waveg-
uide, while Fig. 2.9(b) shows the waveguide dispersion characteristic for the multimode
waveguide having two lower order guided modes. It is evident from Fig. 2.9(b) that the
fundamental mode becomes cut-off at a longer wavelength, also the cut-off wavelength
Acut—of s 18 longer for larger waveguide width. Thus, one has to be very careful while

deciding device dimension for single mode condition operating for wider wavelength

range.
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2.2 DBR in Single Mode Waveguide

In this section, the performance of a DBR structure designed with symmetric width
modulation of a single mode waveguide has been discussed. Such a waveguide DBR
structure can be defined along with input/output access waveguides. Since our single
mode waveguide design is with shallow etched rib structure (etching depth ~ 100 nm),
one can also define input/output fiber optic grating couplers using the same lithography
process and subsequent dry etching. The working principle of a grating coupler is
also discussed here as it helps to understand the phase matching condition of a DBR
structure. A typical waveguide DBR along with input/output fiber optic grating couplers
has been shown schematically in Fig. 2.10. For optical characterization, the light is
launched into the input grating coupler through input optical fiber while the light is
collected from the output grating coupler through output optical fiber. Since the width
of the grating coupler waveguide is matched to the mode size of an optical fiber (in order
to get increase coupling efficiency), it has been adiabatically tapered down to match the

width of the waveguide.

Figure 2.10: 3D schematic of a SOI waveguide integrated with a DBR and input/output
grating couplers (GC; / GC,).

Periodic perturbations in waveguide DBR (or grating coupler) helps to couple the
lightwave from one mode to another mode (or waveguide mode to fiber mode). If the
perturbation is small then simple coupled mode theory (with first-order approximation)
is good enough for design [51]. Coupled mode theory is the study of coupling between
individual unperturbed guided modes existing in guiding structure due to periodic per-
turbation of dielectric in the guiding medium. An unperturbed wave inside a guided

structure propagating along Z-axis can be expressed as the linear sum of guided modes
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as (assumed only for dominant electric field component of TE guided modes):
E(x,y,z,1) ZAkEk (z,y)e — ik 2.1)

where Aj and 3} are the constant amplitude and propagation constant corresponding to
k., mode respectively. In the presence of perturbation, the amplitude of the mode fields
are no more constant but it becomes slowly varying function of z and the total electric

field can be written as:
E(x,y,z,1t) ZAk’ VER(z,y)e —iPkz 2.2)

Using Eq. 2.1 and 2.2 in Maxwell’s wave equation for coupling between two modes
designated by 1 and 2 (e.g., forward and backward propagating modes in a single mode

waveguide). Thus, one can derive the coupled mode equations:

d
— A = 512141( Je iape
d B2 —iA '
— A, = oA iABz
dZ 2 |52|I{21 2( )
where Af is given by:
AB =B — By —mG (2.4)

and £} is the coupling constant between the guided mode iy, to jin, fori=1,2;j=1,2
for myy, order grating diffraction. Eq 2.3 can be solved for co-directional and contradi-
rectional coupling by applying proper boundary conditions. Maximum coupling occurs

between the modes when phase matching condition is fulfilled as A5 =0, i.e.

B — B2 —mG =0 (2.5)

for non zero value of the coupling constant ;7. They are discussed in the following

subsections.
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2.2.1 Phase Matching Conditions

The phase matching condition for a DBR structure in a single mode waveguide can be
well understood once we discuss the same between fiber modes and waveguide modes
via input/output grating couplers. Coupling the lightwave from an optical fiber to op-
tical interconnect on-chip and vice versa suffers coupling loss due to mode mismatch
especially in the end-fire coupling or butt-coupling method. Also in these coupling
methods, one needs to prepare well-polished end-facets to reduce loss due to light scat-
tering at the rough interface. Mode-mismatch loss and scattering loss is together known
as coupling loss. The coupling efficiency can be increased up to some extent using
lensed fiber coupling but increasing extra cost. The desirable features of a fiber to chip
coupler system thus are cost-effective, highly efficient and easily integrable. In recent
decade many research group addressed the coupling issue and suggested the grating
coupler can give higher coupling efficiency, easily accessible and can be integrated
with optical interconnects [73, 75, 74]. Nevertheless, it can be integrated with waveg-
uide devices in single step lithography for specific devices as in our proposed device

structures.

The schematic to represent the fiber-to-chip light coupling via grating coupler and
corresponding vector diagram to illustrate the phase matching condition is shown in
Fig. 2.11. Lightwave of free space wavelength \ incidents at an interface formed by
two medium medium, and mediums having refractive indices ny and n, respectively
with the angle of incident and the angle of transmission 6, and 6, respectively (see Fig.
2.11(b)). A periodic perturbation along the interface of the medium (along with CO) of
period A is defined to define grating coupler. Propagation constants or wave vectors in
medium, and mediums, can be written as: 3y = 2T’Tn0 (shown by vector B) and 3, =
27”n1 (shown by vector @ ) respectively. Then from Snell’s law (assuming no periodic
perturbation):

ng sin by = ny sin 6 (2.6)

Defining magnitude of the free space wave vector by k = 27” and multiplying both side
of equation Eq. 2.6 with k:
60 sin 80 = Bl sin 01 (27)
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medium, a

(b)

Figure 2.11: (a) 3D schematic of input Grating coupler and (b) Schematic of input Grat-
ing coupler (GC’) showing wave vectors: incident AO, undiffracted trans-
mitted OB and diffracted guided OF.

Left side term of Eq. 2.7 is equal to CO and right side term of Eq. 2.7 is equal to OD
(using simple trigonometric ratios in AACO and ABDO). So, CO = OD reveals that
the the phase constants along the interface of the two medium must be equal; as CO
is the component of the wave vector 3y in medium, and OD is the component of the
wave vector 31 in medium,. But the light from space (mediumg) will couple to the
waveguide (medium,) with grating perturbations when the wavevector component OD
(or OC, as OC = OD) will be equal to the effective wavevector (B.ss = 27”716 Ff> Neff 18
the effective index of the grating coupler waveguide; A being the free space wavelength)
of the waveguide with grating perturbations. Generally, OD < [.;s for the incident
angle 0, between 0 to 90 ° angle. A grating coupler of period A, adds or subtracts an
integral multiple of grating wavevector (G = QT”) to the incoming tangential component

of the undiffracted transmitted wavevector. The resultant m,;, order diffracted guided
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wave vector thus can be given by:

Bm = P1sinb; + mG (2.8)

m being the integers. For in-coupling m is positive as it assists the incoming un-
diffracted transmitted wave vector; for out-coupling m is negative as it desists the in-
coming effective transmitted wave vector. Thus, when 3,,, becomes equal to S.yy, it is
said that the coupling is due to my, order grating diffraction. So, for coupling is due to

first order diffraction it holds that:

Bess = Bisinb + G (2.9)

By using Eq. 2.7, 2.9 and putting the expression for G and (3., we obtain:

2 2 2
Tﬂneff = %no sin 0y + KW (2.10)

Thus, by denoting grating period Ag¢; for the input grating coupler, it can be found as

the function of A, 0y, ng and n.sy as:

A
Agei = . (2.11)
Nefr — Mo sin by

Similarly, out coupling of the guided lightwave from a waveguide to an optical
fiber (kept at angle 6, with the vertical line) works can be represented by inverting the
direction of each wavevector. It can be easily shown by similar analogy as we discussed

above that the period of the output grating coupler can be found as:

A
Agoo = Aaci = . (2.12)
Neff — Mo sin by

In both of the grating coupler (input/output), width and length of the grating coupler are
matched to the dimension of the fiber core which is generally 10 pm in diameter in
order to increase the efficiency of the grating couplers. Other parameters like 6y, Agcs,
Agceo, etch depth of grating can also be optimized for certain waveguide dimension in

order to increase efficiency of the grating couplers [50].
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The integrated devices including grating couplers, waveguide, and DBR gratings, it
is possible to define all with same etch depth such that each component can be fabricated
simultaneously in a single step lithography. Since we design the shallow-etched (etched
up to ~ 100 nm from top) waveguide with device layer thickness of 250 nm to minimize
the loss, grating couplers also have to be etched up to ~ 100 nm. For the convenience
of coupling light from the optical fiber to chip or vice versa, the optical fiber is inclined
to the vertical axis with an angle 6, = 10°. With these values, the period of the input and
output grating couplers can be found as ~ 610 nm at the operating wavelength of A =
1550 nm which gives the maximum coupling efficiency. Since the input/output grating
couplers are integrated with the waveguide and DBR devices, its fabrication and spectral
characteristic will be discussed in the experimental result and the discussion section of

this chapter.

The DBR serves for wavelength filtering purposes. Its theory can be better under-
stood by wavevector analysis as we did for input-output grating couplers previously.
The grating structure would work as a wavelength filter by reflecting the certain band
of wavelength centered at Bragg wavelength A corresponding to the wavevector (3.,
if the grating vector is equal to twice of 3., in magnitude and opposite to the direction

of the incoming wave. Thus:
G = =28 (2.13)

Also, the m™ order diffracted wave vector f3,, can be given from the same Eq.2.8.
By putting 6y = 90° (as the forward propagating wave inside the waveguide is 90° to
the vertical axis) and observing that 3,, = -B.¢s (as diffracted wavevector should be
reflected) and m = 1 (for first order of diffraction), we obtain G = —20.¢ which is the

same equation as Eq. 2.13.

In Fig. 2.12 the geometrical representations of the incoming wave vector, grating

vector and reflected wave vector are shown as ﬁ, lﬁ and C? respectively. From law
—
of vector addition, ﬁ =(CA= C@ - 1@ Putting ﬁ = 8 @ = 3, and 1@ = B
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Top cladding

Bottom cladding Hy

Figure 2.12: Schematic representation of Bragg reflection with wavevector diagram
with 8, 3, and G are the wavevector of k;, order forward propagating
mode, ny, order backward propagating mode and grating wavevector re-
spectively.

such that n*” mode is being reflected for £* mode being launched, we obtain:

G = Bn — b (2.14)

which can be considered as the generalized phase matching equation and is also
given by the Bragg’s law of diffraction grating. For the DBR grating integrated in a sin-
gle mode waveguide both the forward propagating as well as the backward propagating
mode are fundamental modes only. Thus putting both n = k = 0 for fundamental mode

in Eq. 2.14, and observing that 3,, = - B, we obtain

G = -20 (2.15)

where 3, = 27“ n? rr (n? 17 being the effective index of the fundamental mode). Now ,
if the grating period of the DBR is A, magnitude of the grating vector can be represented
as G = QT’T then the phase matched wavelength (also known as Bragg wavelength \p)
using Eq. 2.15 is given by

Ap = 2AnY; (2.16)
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2.2.2 Coupling Co-efficient

In a DBR structure, a band of wavelengths around A is back reflected. The peak
reflectivity of a DBR at \p is defined by coupled mode theory as given in the following
equation:

R = tanh’ kL, (2.17)

Where,  is the coupling constant as defined by Eq. 2.3 by considering x5 = ko1 = K
without any loss of generality in case of a DBR integrated with a single mode waveg-
uide; and L, is the grating length. The bandwidth or stopband of the DBR structure

(AXgqp) is given by:
KA%

—_— 2.18
mess(Ap) 19

Algep =

Thus, both the peak reflectivity and the bandwidth directly depend on the coupling con-
stant . Peak reflectivity at Az depends on both x and Lg whereas the stop bandwidth
is directly proportional to ~ alone. Therefore to achieve high reflectivity and narrow

linewidth one should have smaller x and longer grating length L.

Mode overlap

region
X X2
: 1
 — ¥
Wl _______________ Y1
Ih H W, Si
810,
Si-substrate

(b)

Figure 2.13: (a) 3D scheme of a DBR structure with symmetric waveguide width modu-
lation in SOI along with its design parameters, (b) the corresponding cross-
sectional view. The hashed regions indicate the modal overlapping with
the grating perturbation.

From the above discussion, it is evident that x plays a major role in DBR response.
For a DBR structure defined by symmetric waveguide width modulation, the value of s

can be calculated numerically. The 3D scheme of symmetric side wall grating in a SOI
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rib waveguide is shown in Fig.2.13(a). W, and W, are the waveguide width without and
with grating perturbation respectively. The corresponding cross-sectional view is shown
schematically in Fig. 2.13(b). In general, the coupling coefficient between arbitrary m*"
and n'" modes can be obtained directly from coupled mode theory [97] for sinusoidal

grating modulation:

n2 —
K, = 2 X —2 4 Hair ( )/ / (x,y)dzdy (2.19)
VI

where, the limits of integration for asymmetric side wall grating: (i) |y, — 11| = H — h
is the waveguide ridge height and (ii) |x2 — 1| = AW is the side-wall modulation
width. &,, and &, are the normalized transverse field distributions my;, and n,, modes,
respectively. However, one can find the coupling coefficient due to ¢'* order Fourier
coefficient of a rectangular grating by multiplying Eq. 2.19 with ¢** order Fourier
coefficient 1/¢gm. We consider a single mode waveguide for symmetric DBR integration.
For the device layer thickness H = 220 nm and 250 nm, the cut-off width for the first
order mode is W (see Fig. 2.5), below which the waveguide will be in single mode
region. For the single mode waveguide, the coupling coefficient can be redefined by
considering coupling between the two fundamental modes with effect index and the

amplitude of electric field distribution n?;; and & (x,y) as following:

Koo = 2 X i W( ) / / |Eo(, y)|*dady (2.20)

For comparing k¢ between the DBR device with /7 =220 nm and 250 nm, the waveg-
uide width (for single mode guidance) were taken as 650 nm which is less than W{“
for both device layer thickness. Fig. 2.14 shows the rq, versus wavelength plot at two
different device layer thickness for two values of AWW. For smaller AW, the evanescent
tail of the guided mode for both the device layer thickness (220 nm, 250 nm) remains
almost equal resulting into almost equal xoy. The rate of change of kg9 with respect to
wavelength is in the order of ~ 1 x 1075 for both the device layer thickness. So the
wavelength dependency of the coupling coefficient can be considered negligible within

the operating wavelength band of 100 nm (1500 nm < A\ < 1600 nm).

Fig. 2.15 shows the variation of kg, with respect to grating modulation width AW =
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Figure 2.14: Coupling coefficient versus wavelength calculated for single mode waveg-
uide of W = 650 nm and & = 150 nm for two device layer thickness (220
nm and 250 nm) with AW as parameter.
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Figure 2.15: Coupling constant versus grating modulation width calculated for single
mode waveguide of I/ = 650 nm and h as parameter (a) for H = 220 nm,
and (b) for H =250 nm. The mode fields were computed at A = 1550 nm.

(W5 — W) for two different device layer thickness, H = 220 nm and H =250 nm with
slab height as parameter calculated at wavelength A = 1550 nm using the Eq. 2.19. The
normalized transverse field distributions of the fundamental mode (&,) was computed
for a single mode waveguide of W = 650 nm. For coupling constant calculation, the
limit x5 was fixed at the right edge of the width i.e.at 650 nm and the value of limit x;
was moved from 640 nm to 600 nm in the step of 10 nm. The « value for H = 250
nm is slightly higher than that for // = 220 nm. The reason can be explained as a large
fraction of a mode is confined near the grating modulation region in case of H = 250

nm due to higher core height.
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Though we have considered two device layer thicknesses in all the discussions
above, now onwards we’ll consider only device layer thickness of 250 nm as it was

available for experimental demonstration.

2.2.3 DBR: Simulation Results

DBR spectral response can be studied using a couple of analytical equation. These
equations are found by solving the coupled mode equations given by Eq. 2.3 for con-
tradirectional coupling at certain boundary conditions. A scheme to represent the DBR
transfer characteristic by a transfer matrix is shown in Fig. 2.16. It represents the top
view of symmetric side wall DBR in a single mode waveguide. EZJ; and E?, are the for-
ward and backward propagating electric field amplitude at the input of the grating, and

Efut and E° , are the forward and backward propagating electric field amplitude at the

o out
output of the grating. A broad wavelength band of flat intensity light is launched at the
input. Due to DBR a band of wavelength centered at phase-matched wavelength (Ap)
is reflected towards input of the DBR while the same wavelength band is absent in the
transmitted wave at the output of the DBR. Example of input, reflected and transmitted

characteristics are also shown in the figure.

Symmetric side wall gratings in
single-mode waveguide

Input

E’/ —_— Ef
A n - -.* a:u:
E Z - - E':”f

Transmission

A

Reflection

A Lg

Az

Figure 2.16: Schematic representation of top view of DBR in a single mode waveguide
with period A and length L. EZJ; and E?, are the forward and backward
propagating electric field amplitude at the input of the grating, and E;fut
and E° , are the forward and backward propagating electric field amplitude
at the output of the grating. Example of input, reflected and transmitted
characteristics are also shown.

The electric field amplitude at the output of the DBR (both the forward and back-

ward propagating) are related to the electric field amplitude at the input of the DBR
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(both the forward and backward propagating) as:

E({ut Ez];
=M (2.21)
Egut Ezbn

where, the transfer matrix M is the analytical solution for a uniform grating [51, 90]

and is given by:

cosh QL, — 1222 sinh QL — 15 ginh QL
M — 9 a g @ I (2.22)
L% sinh QL coshQL, + L%ﬂ sinh QL

where,

O =v/k? — (AB/2)?2 (2.23)

and Af is given by Eq. 2.4 form =1, i.e.

4 2
AB = Tneff - K (224)

The complex effective index n.yy is given by:
Neff = Nepsr + 0.k (2.25)
where k is the imaginary part of the complex effective index accounts for the waveguide

propagation loss coefficient () as:

A

k=a——— — 2.2
a407r10g(e) (2:26)

Where the « is expressed as dB per unit length of propagation. If the M is represented

in its matrix element as:

M, M
M=t e 2.27)

M21 M22
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Then, the final transfer matrix as a function of wavelength is represented as:

(2.28)

We selected the shallowly-etched single mode waveguide using the Fig. 2.4 with
smaller grating modulation and longer grating length for a DBR simulation using the

transfer matrix method we discussed above.

Single mode waveguide dimension was chosen such for the DBR simulation to ob-
tain Bragg wavelength at A\ = 1550 nm. In order to achieve high grating reflectivity
with low waveguide loss the waveguide and grating parameters are chosen for device
simulation are as: {W,H;h} = { 560 nm, 250 nm, 150 nm } and { A, AW, L, } ={
282 nm, 50 nm, 500 pm }, respectively. The coupling constant corresponding to AW
value of 50 nm using Fig. 2.151s 0.0132 pum. A typical waveguide loss of 3 dB/cm is
introduced in the MATLAB code (because we observed the average waveguide propa-
gation loss for the photonic wire waveguide is ~ 3 dB/cm). With these parameters, the
transfer matrix was implemented using a MATLAB code to generate the transmission
and reflection characteristics of the DBR with the help of Eq. 2.28. The resultant trans-

mission and reflection characteristics are shown in Fig. 2.17. Very high reflectivity (>

1.0t 1.0F m
0.8} 0.8}
g
‘7 0.6+ g 06}
2 B
Q
= 2 04}
5 &
= 0.2¢ 0.2}
0.0 C 1 L—'—J 1 O_O C 1 1 1
154 1545 1550 1555 1560 154 1545 1550 1555 1560
Wavelength [nm] Wavelength [nm]

(a) b)

Figure 2.17: (a) Transmission and (b) reflection spectrum of the DBR grating integrated
in single mode SOI waveguide with W, H, h as 560 nm, 250 nm, 150 nm,
respectively and A, AW, L, as 282 nm, 50 nm, 500 pm, respectively. It is
plotted using transfer matrix method for DBR.

99 %) is observed. The highest reflectivity occurs at the Bragg’s wavelength A\g ~ 1550
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nm. The 3 dB bandwidth for both the transmission and reflection spectrum is about 7

nm.

The wavelength characteristic of the grating has been engineered in many ways in
the literature. Some of the demanding features of the grating characteristic based on
the variety of applications are narrower or broader passband, wider stopband, side lobe
intensity reduction, comb generation etc. In the following section, we have studied the

narrow passband filter using phase-shifted grating.

2.2.4 )/4 Phase-Shifted DBR Cavity

Integrated gratings with \/4 phase-shifted cavity in Silicon-On-Insulator based single
mode waveguide has been demonstrated experimentally. A resonance peak of 20 pm (3
dB bandwidth) with a quality factor ~ 8 x 10* was achieved with the longer grating

length of a sub-micron period, shallowly etched rib waveguide.

Integrated DBR grating has been studied earlier for implementing various optical
functions such as filtering, modulating, de-multiplexing and sensing optical signals for
its large FSR, precise phase and amplitude response and small footprint in compression
to other photonic devices such as ring resonator and arrayed waveguide [81, 77]. Appli-
cations such as optical wavelength switching and sensing is implemented using % phase
shifted DBR cavity [81, 91, 52]. So far reported Q-factor of Fabry-Perot DBR cavities
are 2.6 x 10° [92], 1.3 x 10* [52] with compact footprint. Zou et. al. [91] have re-
ported Q-factor as high as 1 x 10° but at the cost of larger footprint due to spiral Bragg
grating structure. Also, the bend loss is introduced in the waveguide due to the spiral
structure. Q-factor generally degrades due to (i) low mirror reflectivity, (ii) high loss at
reflecting surfaces and (iii) small volume cavity. Unfortunately, % phase shifted cavity
length in the sub-micron period grating is in nanometer dimension which prohibits it
to become high volume cavity. However, high Q-factor in such cavity devices can be
achieved by fabricating low loss DBR with high reflectivity. Shallowly etched waveg-
uide with small grating modulation fabricated using e-beam lithography helps reducing
loss, while longer grating length would help increasing reflectivity [98].

In this chapter, we demonstrate a high-quality factor integrated optical % phase shifted
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cavity in silicon-on-insulator (SOI). The 3D scheme of the proposed device is shown

in Fig. 2.18. It comprises of a rib waveguide having a width 1/, sidewall gratings of

Figure 2.18: (a) 3D schematic of device with /4 phase-shifted cavity. In cross sec-
tional view, Wy, W5, H, h are waveguide width in input output, waveguide
width at grating region, core height and slab height respectively.

modulation width %(WQ — W) at each side wall of the waveguide, and a quarter wave
cavity at half the distance of grating length. The cross-sectional view of the device (see
Fig. 2.18 lower right corner) shows silicon at the top and bottom layers and buried oxide
(BOX) at the middle layer. The waveguide width 11/, W, slab height /& and core height
H are selected such as it allows single mode (transverse electric only) confinement in
the waveguide and grating sections at the wavelength ranging from 1550 nm to 1650
nm. For a % phase shifted DBR cavity with single mode waveguide, the resonance will
occur exactly at the Bragg wavelength, i.e., \, = A\ = 2An2f 7 due to Fabry-Perot
resonance. The DBR cavity works as a resonance medium and the DBR behave as

reflecting mirror with very high reflectivity.

The DBR cavity (of cavity length L. and grating length L, each side of the cavity)
can be modeled using the transfer matrix by multiplying the three transfer matrices as
M (for the DBR in left side of cavity), G (for cavity) and M (for the DBR in right side
of cavity) as:

Mcavity = MGM (229)

where, M is given by Eq. 2.22 and G is the transfer matrix for the cavity and is defined
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as:

G = (2.30)

where, v accounts for the phase introduced by the cavity and is given by:

27

v = exp(iTngff()\)Lc) (2.31)

If the Mqyity 18 Tepresented in its matrix element as

M. M.
Meanity = H " (2.32)
Mcf21 M0722

then, the final transfer function varying as a function of wavelength is represented as:

M, oM,
T(A) =M1 — —]\; 2y (2.33)
c—22
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Figure 2.19: Transmission spectrum of a DBR cavity with symmetric side-wall grating
integrated in a single mode SOI waveguide with W, H, h as 560 nm, 250
nm, 150 nm, respectively and A, AW, L, as 282 nm, 50 nm, 250 ym at
each side of a BGR cavity of length 141 nm, respectively. It is plotted
using transfer matrix method for DBR cavity. (inset: the enlarged view of
the resonance peak at A\, ~ 1550 nm.

For theoretical demonstration, the DBR cavity device was studied with transfer ma-

trix method using the same parameters as we used for DBR simulation and with the
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help of Eq. 2.33 except for the grating cavity of length 141 nm ( = 1/2 of the A). The
grating length, each side of the cavity was taken as 250 ym. The transmission spectrum
of the DBR cavity is shown in Fig. 2.19. The inset figure shows the enlarged view of

resonance peak with an estimated Q-value of ~ 10° at A, ~ 1550 nm.

2.3 Experimental Results and Discussion

The optical grade SOI substrate with a device layer thickness of 250 nm, buried oxide
layer thickness of 3 pm, and handle wafer thickness of 500 m was chosen for fabri-
cation of the waveguide, grating coupler, DBR grating and DBR grating cavity devices.
12 pm x 12 pm grating coupler with period Agc; = Ageoo, = 610 nm were integrated at
both the end of a 5-mm-long single-mode rib waveguides (/W = 560 nm, H = 250 nm,
and h = 150 nm). The DBR grating and DBR grating cavity are defined in the middle of
the waveguide with grating period A = 290 nm, grating modulation width AW =50 nm
at both of the side walls of the single mode waveguide. The value of the grating length
L, for a conventional DBR was considered as 500 pm, while that for a phase-shifted
DBR cavity was considered as 250 pm at each side of the cavity. The cavity length was

considered as half the value of grating period, i.e. 145 nm.

Fig. 2.20 shows the schematic representation of device fabrication process steps in
a SOI waveguide. The sample for device fabrication was cleaved out of a SOI wafer
in the size of ~ 2 cm X 2 cm. Then the sample was cleaned to remove any trace
of organic or inorganic impurities. The processes and corresponding parameters for
wafer cleaning are given in the Table 2.2. The schematic of cleaned sample ready to

start device patterning is shown in Fig. 2.20 (a). The mask for the DBR, DBR cavity

Table 2.2: Wafer cleaning

Processes Parameters

Boiling in TCE 2 min at ~ 50° C

Boiling in Acetone | 2 min at ~ 50° C followed by ringe in DI water

Piranha dip 15 ~ 18 min in H350, : H5O5 :: 1:3 (till bubbles vanish)
HF dip 30 sec in HF:DI water::1:10

41



=

Device patterning by
(a) single-step EBL
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Figure 2.20: Schematic of 3D wafer containing waveguide, DBR grating and DBR grat-
ing cavity with input/output grating coupler at each step of fabrication pro-
cess flow: (a) Starting SOI wafer, (b) HSQ masked wafer (mask is shown
in blue colour), (c) Etched wafer using ICPRIE system (with HSQ mask
covering top surface of devices) and (d) Final wafer with devices; arrow di-
rection shows the intermediate process between the two connecting wafer
stages.

and straight waveguide were patterned with input/output grating coupler with negative
tone resist HSQ using e-beam lithography. The patterned mask was dry etched using
ICPRIE system. Finally the remaining HSQ from the masked region was removed from

the sample to obtain the final fabricated device.

2.3.1 Mask Layout

The mask of the waveguide, grating coupler, DBR grating and DBR grating cavity de-
vices were designed using Raith NANOSUITE software to create GDS-II file. The
GDS-II file was loaded to "Raith 152 Direct Write" software which controls electron
beam patterning system as well as gives scanning electron microscope (SEM) imaging
system. The layout of the mask geometry of DBR and waveguide is shown in Fig.

2.21(a). The design area is 5.5 mm x 2.5 mm (the figure is not to scale). The labels
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Figure 2.21: Mask layout (designed using Raith NANOSUITE) of (a) DBR devices,
labels indicate i. alignment marker, ii. grating coupler, iii. FBMS path
as waveguide, iv. DBR and v. write field shown by dotted square; (b)
alignment marker and (c) taper connecting grating coupler to waveguide,
conventional arms, and FBMS path are shown by arrow.

in the Roman letter indicate i. alignment marker, ii. grating coupler, iii. FBMS path
as waveguide, iv. DBR and v. write field shown by dotted square. There are five DBR
devices integrated with a waveguide, two straight waveguides with grating coupler con-
nected at input/output of the waveguide, and two alignment markers. Alignment mark-
ers are required to carry out next step lithography for alignment purpose. The enlarged
view of the alignment marker is shown in Fig. 2.21(b). The cross-hair structure of the
alignment marker helps fine alignment to the other mask but with the same alignment
marker. Each waveguide is accessed by the input/output grating coupler to facilitate ex-
perimental measurement. Grating coupler dimension matches to that of an optical fiber.
Thus the grating coupler is tapered down up to ~ 660 nm in the mask. Fig. 2.21(c)
shows the magnified view of the mask layout of the grating coupler with conventional
areas, the taper section with a conventional area as well as with FBMS path and the

waveguide with conventional areas.
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2.3.2 Stitch Field Error Correction

Stitch field error is the unwanted error caused by stitching two patterned structures. In
electron beam lithography, a larger conventional area is patterned by writing small ar-
eas which are defined by the write field of lithography and then by stitching all of them
together. If the write field of the patterning system passes through the conventional ge-
ometry in the mask layout, it creates stitch field error. For example, Fig. 2.22(a) shows
the stitch field passing through the conventional periodic rectangular-shaped geometry

of DBR mask (in red color). The green color geometry shows the FBMS path which

Conventional areas Write field

m e crossing line
v I I I
\_u

500 nm

(a)

Figure 2.22: (a) Mask layout of DBR with conventional areas, waveguide with FBMS
path and write field crossing line, (b) SEM images of DBR device showing
stitch field error (horizontal and vertical displacement) at write field cross-
ing line, and (c) SEM images of DBR device showing stitch field induced
unwanted grating tooth at write field crossing line.

is stitch free. Once we pattern such a mask, the stitch field error is being reflected as
the unwanted shift in both the vertical and horizontal direction. Fig. 2.22(b) shows the
SEM image of the patterned SOI sample with the mask layout as shown in Fig. 2.22(a).
The horizontal and vertical shifts between the left and right DBR is observable. This is
undesirable as the cavity between the DBR device can excite the unwanted Fabry-Perot
resonance. The nature of the write field error is observed to be random. The same write
field error is reflected in Fig. 2.22(c) as the unwanted grating tooth of a very small pitch.
The stitch field error can be mitigated by either selecting FBMS path for longer length
waveguide or by selecting the size of the write field larger than that of conventional
patterning mask geometry. For our DBR fabrication of grating length 500 ;sm, we have
thus used e-beam write-field size of 500 pum, accelerating voltage of 20 kV, aperture

size 10 pum in e-beam system "Raith 150 Two".
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2.3.3 Proximity Error Correction

Proximity error is the spreading out of the patterning dose in the close proximity ge-
ometry. Patterning dose is the amount of charge impinging the unit area of the mask
geometry to be patterned and its unit is #C/cm?. This occurs generally if (i) the small
geometries in the mask are close enough, (i1) there is overdose defined for patterning
and (iii) smaller area structure is in the vicinity of larger area structure although the
dose for both is same. It is a type of diffusion of bombarded charge from high dose
pattern to low dose pattern. The observation of the proximity error and their systematic

removal is shown in the following example in three steps.

Step 1: we patterned the mask of a grating coupler (the mask is shown in the Fig.
2.23(a); left side areas are grating structures and right side area is the taper section
surrounded from FBMS path) containing different area structures. The corresponding
SEM image of the patterned structure using e-beam lithography with area dose 300
1C/cm? and FBMS dose of 450 ;C/cm? is shown in Fig. 2.23(b). The dose spreads
out from right side to the left side hence blocking the small openings of the grating

structures.

Step 2: However, this proximity error can be reduced by shifting the highly dosed
FBMS patterns away from the grating structures but keeping the dose factors unchanged.
In Fig. 2.23(c), the FBMS area (blue colour border of the taper region) is shifted 5 ym
towards right. The effect of keeping high dose area/path away from small-pitched grat-
ing can be seen in Fig. 2.23(d) - the SEM image of the corresponding mask as in Fig.

2.23(c). Reduction of proximity error is visible clearly.

Step 3: However, there is still some trace of the proximity error in the grating struc-
tures near to the tapered edge. To remove this fully, the dose factor of two grating pitch
near the tapered edge is slowly reduced from 3.0 to 2.0 to 1.2 uC/cm? (see Fig. 2.23(e)
for the mask, the light blue and dark blue color shows the successively reduced dose).
The SEM image of the corresponding patterned mask with the same dose as in Step 1 is
shown in Fig. 2.23(f). It can be observed that the proximity error has gone completely
from the patterned structure. Thus, the attention must be paid to remove the proximity

error regarding the relative doses, structure size, a gap between the structures etc. For
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Figure 2.23: SEM images of input grating coupler showing proximity error (a) due to
FBMS path kept near to conventional path, (b) due to FBMS path kept
away to conventional path and (c) due to FBMS path kept away to conven-
tional path and reduced conventional path dose.

the device fabrication we have used conventional geometries to define all gratings and
FBMS path to define long waveguide with conventional area dose of ~ 300 ;C/cm? and
FBMS area dose of ~ 450 pC/cm? with an accelerating voltage of 20 kV at aperture

size of 10 pum.

A grating period is an important parameter which decides the value of the Bragg
wavelength. A small change in the grating period can shift the Bragg wavelength sig-

nificantly. Ideally, there should not be any period variation while patterning the grating
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using e-beam lithography, however, its pitch or duty ratio can vary as it depends upon
the resist, dose, patterning time, development time and dry etching methods. There is

consistency in the grating period between the defined and measured values.
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Figure 2.24: SEM image of an integrated DBR waveguide (a) cross sectional view and
(b) side view. The image was taken at 45 degree inclination of the sample
with horizontal. The etch depth is ~ 100 nm on a device layer thickness
of 250 nm.

The cross-section of the grating was imaged to measure the etch depth of the waveg-
uide and grating for an optimized Fluorine based dry etch recipe. The SEM image of the
grating cross section is shown in the Fig. 2.24(a). 100 nm etch depth was measured for
the device layer thickness of 250 nm after etching for 11 seconds. The etching recipe
will be discussed in the following section. The unequal grating modulation depth on

each side is due to the shift of the grating structures in e-beam lithography. The random
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shift and sidewall roughness of the grating can be made better by gaining more and
more experience and skill in patterning. However, some error is inherently machine
dependent. As for example, we pattern the mixture of a conventional area (used for
fins of the grating) and FBMS path (used for a waveguide of longer length) which is
being patterned by a different method by the e-beam machine. The patterning time,
settling time and stitching time, dose, etc. vary accordingly. For a longer waveguide
with a grating structure, we pattern FBMS path for longer waveguide first then the con-
ventional grating structures afterward. Since the patterning electron beam system and
the stage holding the sample move for a long time, a small inherent shift of == 10 nm
were observed. Fig. 2.24(b) shows the SEM image of side view of the DBR inclined at
45-degree angle with horizontal. The grating modulation seems to be unequal because
it is a perspective view of a 3D structure. The etch depth was measured to be ~ 100
nm for the device layer thickness of 250 nm. We solved each issue related to fabrica-
tion one by one with the best consideration. We repeated the fabrication to analyze the
consistency and repeatability of the device. Finally, the optimized device fabrication

process parameter is discussed in the following section.

2.3.4 Device Fabrication : Optimized Process Parameters

1. Spin coating of e-beam resist (HSQ):

The cleaned sample was prebaked at temperature 180° C for 3 min to remove
moisture from the silicon surface. Then e-beam negative-tone resist Hydrogen
Silsesquioxane (HSQ XR1541) were spin-coated on the top silicon surface in
two steps: stepl:- speed = 100 rpm, acceleration = 1500rpm/sec, time = 10 sec,
step2:- speed = 3000 rpm, acceleration = 1500 rpm/sec, time 40 sec. The HSQ
resist thickness measured to be ~ 100-150 nm which is in accordance with the
database of the HSQ.

2. Mask transfer: electron beam lithography

HSQ coated silicon sample was then prebaked at 200° C for making uniformity
of coated surface, then the sample was loaded inside the load lock and carried
inside the electron gun chamber with the help of computer command. The sam-
ple was patterned by electron beam writing (Raith 150 TWO system) using both
the conventional patterning and the fixed beam moving stage (FBMS) patterning
technique for removing any unwanted stitching error with the patterning parame-
ters as FBMS area dose: 100 uC/cm?, area dose: 90,:C/cm? accelerating Voltage:
20 kV, Aperture :10 pm, working distance: 10 mm for calculated patterning time
~ 8 hrs.

3. Development of unexposed resist
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To remove the unexposed region from the sample the exposed sample was devel-
oped for 6 min. in MF-319, 30 sec. in DI water and 15 sec. in IPA and then hard
Bake at 300° C. The schematic of the sample with HSQ-mask is shown in Fig.
2.20 (b).

4. Dry etching of silicon
The exposed and hard baked sample was etched up to depth of ~ 100 nm by
using inductively coupled plasma reactive ion etching (ICPRIE) system (Oxford
Plasmalab System 100) with the etching parameters as gas flow rate- SFg : C H F;
;2 5 scem @ 18 scem, chamber pressure- 15 mT, ICP power- 1000 W, forward
power - 30 W and operating temperature - 20° C to obtain nearly vertical side-
walls and an acceptable surface roughness. The schematic of an etched sample is
shown in Fig. 2.20 (c).

2.3.5 Characterization Results

Waveguides, side-wall gratings, and grating couplers were defined simultaneously with
single-step e-beam lithography using negative-tone resist (HSQ) and subsequent induc-
tively coupled reactive ion etching (ICP RIE) to obtain a slab thickness of A = 150 nm.
Both of the input and output grating couplers were interfaced to waveguide with an adi-
abatic taper of length equal to 100 ;sm connecting grating coupler of width 12 ym to rib
waveguide of width 560 nm. Fig. 2.25(a) and 2.25(b) shows the SEM images of input

grating coupler and corresponding taper interfaced with waveguide respectively.

Also Fig. 2.25(c) and 2.25(d) shows the SEM images of taper interfaced with the
waveguide and corresponding output grating coupler respectively. Since the total length
of the fabricated device is ~ 5 mm, the SEM image of whole structure will not be visible
clearly. However, connecting the figures 2.25 (a), (b), (c) and (d) in a straight line will
give the idea of the whole device. Fig. 2.26 shows the enlarged view of SEM image
of the grating coupler. The period of the grating coupler was measured to be 610 nm
which is exactly equal to the value we defined in the mask. Also, we achieved the ~ 50

% duty ratio in the grating.

For the fabrication of DBR and DBR cavity to obtain high reflectivity and high-
quality factor, the device parameters were derived from the analytical modeling for the
DBR devices as in the DBR Section. However, the period of the grating was changed

from 282 nm to 290 nm to observe the effect of grating period on Bragg wavelength.
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Figure 2.25: SEM images of (a) input grating coupler, (b) tapered part of input grat-
ing coupler, (c) out grating coupler and (d) tapered part of output grating
coupler
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Figure 2.26: SEM image of the grating coupler showing duty ratio of ~ 50 % with
grating period - 610 nm.
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560 nm

Figure 2.27: SEM images of the fabricated devices in a single mode SOI waveguide:
(a) straight waveguide, (b) DBR grating and (c) phase shifted grating.

Table 2.3: Optimized parameters for waveguide and grating fabrication

Waveguide Parameters Grating Parameters
W [nm] | H [nm] | A [nm] | A [nm] | AW [nm] | L, [pm] | Ap [nm]
560 250 150 290 50 500 1550

The finally selected waveguide and DBR device parameters are tabulated in Table 2.3.
For DBR cavity, the quarter-wave phase-shifted cavity length was taken as 145 nm for

fabrication.

The SEM images of straight waveguide, DBR grating and phase shifted grating is
shown in Fig. 2.27. Although, the grating modulation was defined in rectangular shape
after fabrication edge rounding took place. This is caused mainly due to use of higher
write field of the electron beam lithography system in order to pattern longer grating
length. Longer grating length is desirable to increase grating reflectivity. Although,
grating reflectivity can be increased by increasing x or AW (from Eq. 2.17), it may
introduce waveguide loss due to device fabrication imperfection (larger value of AW

introduces more scattering loss, to minimize waveguide loss due to surface roughness,
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a shallowly-etched waveguide and smaller grating modulation width are preferred).

On the other hand, fabrication of sub-wavelength period grating of longer length
is challenging in case the grating is patterned using electron beam lithography system.
Grating pitch in the order of some hundred nm shall be patterned at a high accelerating
voltage of an electron beam with smaller write field for obtaining better resolution and
less surface roughness. But the smaller write field would cause stitch field error while
writing longer grating length (longer than write field). One way to get rid of stitch field
error is to use fixed beam moving stage of the patterning system. But unfortunately, this
process is slow enough to write a large number of discrete component (as for example,
the grating length of Imm with the grating period of 300 nm would result in 3333
grating components). However, the longer length DBR can be designed in the spiral
way of the small radius would solve the stitch field error as well as can maintain surface
uniformity by choosing smaller write field but at the cost of loss introduced due to
waveguide bending and larger footprint (due to spiral structure). The example of DBR
integrated into the spiral waveguide to increase the overall grating length is given in
[91]. So there is a trade-off between the stitch-free fabrication and device uniformity.
Higher write field is required to pattern longer device containing many components is
shorter time duration (within some hours) to get rid of the stitch-field error. The fixed-
beam moving stage (FBMS) technique of patterning is the alternative to get stitch-free
patterning but at the cost of increased time of patterning. In our case, the number of
grating components (which can be calculated by dividing grating length L, from grating
period = 500 pym / 0.29 pm = 1724) is too large to be written using FBMS technique.
So we used write-field of size 500 ym x 500 pum to pattern the grating of length of
Ly =500 pm. There is the process of write-field alignment, where we need to teach
an algorithm to the patterning software in order to reduce error in step-size of electron
gun head movement. Smaller the size of write-field more the accuracy in step-size can
be achieved, however, it also depends on a manual alignment which can differ person
to person. And higher accuracy in step-size determines better resolution. Since, the
patterning at a single point is circular in shape, lower resolution due to use of higher

write-field causes edge rounding at corners of the structure.

Period of the grating in a fabricated device remains unchanged irrespective of the
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write field. Some deviation in the actual period may occur due to bad alignment prac-
tices, but it will be of random nature giving the zero standard deviation in the grating
period. Hence the Bragg wavelength can be fixed reliably which solely depend on grat-
ing period unless there is no variation in waveguide parameters like slab height and core

width.

The fabricated devices were characterized using the experimental setup as shown

schematically in Fig. 2.28(b). A high-resolution optical spectrum analyzer (OSA)

TLS OSA

DBR

r N\ Sy

Gg G,

R R

Cavity
(b)

Figure 2.28: (a) A photograph of the characterization setup showing input/output fiber
holder and device under test (DUT) and (b) Scheme of the experimental
set-up used for device characterizations, GCj/, - grating input/output cou-
plers, TLS - tunable laser source (1520 nm < A\; < 1620 nm, P; =250

1W), OSA - optical spectrum analyzer, DBR - distributed Bragg reflector.
TLS is accessed from the in-built OSA system (Apex 2043B).

with an in-built tunable laser source (TLS) manufactured by Apex Technologies (Apex

2043B) was used for characterizations. The fiber-optic TLS output (1560 nm < \; <

53



1620 nm, Power - 250 W) is fed directly to input grating coupler (GC;) and the trans-
mitted light through the output grating coupler (GC,) is collected by another single-
mode fiber for measurement using OSA with a resolution bandwidth of 0.8 pm. Since
the waveguides were designed to support only TE-like guided modes, all the measure-

ments to be discussed here are corresponding to the excitation of TE-like guided modes.

The transmission spectra of straight waveguide (six devices D, to Dg) interfaced

with input/output grating couplers are shown in Fig. 2.29. Since the grating coupler
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Figure 2.29: Schematic representation of fabrication process flow of the three devices
(straight waveguide, DBR grating and DBR grating cavity) in SOI with
input/output grating coupler: (a) starting SOI wafer, (b) Devices patterned
with e-beam resist HSQ, (c) Devices after dry etching of patterned devices
and (d)

response is wavelength dependent, the 3 dB bandwidth of input/output grating couplers
was measured to be ~ 68 nm. This bandwidth can be further increased by considering
proper design parameters, for instance, both the grating length and grating modulation
depth of the grating coupler can be increased. Longer grating length will introduce
more loss so, increasing the grating length is not desirable. Also, if the increased grating
modulation depth is not the same as the waveguide etch-depth, then two-step e-beam
lithography will be required to define both etch depth separately. In our case, both
the waveguide etch-depth as well as grating modulation depth were optimally selected
same, so that only single-step e-beam lithography can pattern both together. Since DBR

and DBR cavity devices have their bandwidth within some nm (as we simulated), the 3
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dB bandwidth (~ 68 nm) of input/output grating couplers is large enough to characterize

these devices.

Fig. 2.30 shows the transmission characteristic of the device ( the corresponding

SEM image is shown in Fig. 2.27(b)). The bandwidth of the filter was measured to be
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Figure 2.30: Transmission spectra of the DBR grating with waveguide parameters: W
= 560 nm, H = 250 nm, A = 150 nm; grating parameters: A = 290 nm,
AW =50 nm at both the side walls of the waveguide.

~ 6 nm centered at the Bragg wavelength Ap = 1601 nm with the reflectivity of 38 dB.
Such a high reflection resulted mainly due to longer grating length as stated in theory.
It is observable from Fig. 2.30 that there is more ripples at a wavelength lower than
the Bragg wavelength A\p in comparison to that at the wavelength higher than the .
The reason can be attributed to the more refractive index mismatch at a lower wave-
length than compared to that at a higher wavelength. Since effective index (for a given
waveguide parameters) reduces as the wavelength increases, therefore causing more
index matching between the grating and waveguide interfaces at higher wavelengths,
and lesser index matching between the grating and waveguide interfaces at lower wave-
lengths. Since it is known that for higher index mismatches at the interfaces, there
occur ripples in the transmission due to Fabry-Perot cavity resonances. To extract the
coupling constant and grating loss of the fabricated device, the device was modeled
with analytical equations for contra-directional coupling with the device parameters as
in table 2.3. A MATLAB plot using transfer matrix for the analytical equation fits at <
=0.0125 / pm, loss o = 8 dB/cm (see Fig. 2.30 MATLAB fitting plot in red colour).
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This extracted x value nearly matches with theoretically calculated value of « (= 0.0132
/ pm).

Fig. 2.31 shows the transmission characteristic of the DBR cavity device. The cor-
responding SEM image of the device is shown in Fig. 2.27(c). A very sharp resonance

peak in transmission is be observed with 3 dB bandwidth of ~ 20 pm and quality factor

of 8 x 10%. Resonance peak is 11 dB below the out-of-band transmission with a peak
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Figure 2.31: Transmission spectra of the DBR grating cavity with waveguide parame-
ters: W =560 nm, H = 250 nm, h = 150 nm; grating parameters: A =
290 nm, AW = 50 nm at both the side walls of the waveguide with cavity
length L. = 145 nm.

height of ~ 20 dB from the reflection band. The peak height can be further increased
by reducing grating losses due to sidewall roughness incurred in fabrication processes.
Here also, a MATLAB plot using transfer matrix method fits for £ =0.013 / pm, loss «
= 8 dB/cm, with other parameters being same as for fabricated device (I¥/; = 560 nm,
AW =50 nm). The extracted value of x (0.013 / um) nearly matches with theoretically
calculated value of x (=0.0132 / ym) for AW =50 nm.

The Bragg wavelength detuning based on device parameters was addressed in Sec-
tion 2.2.1. Theoretically, for the grating period A = 282 nm, the Bragg wavelength
results at A\g = 1550 nm for the given waveguide parameters. Therefore, by considering
the \p detuning is linearly dependent on A with the slope ‘3—/{3 =5.5, the A\g for A =290
nm should result at 1598 nm. We observe experimentally, that the Ag for A = 290 nm

is ~ 1600 nm. This small mismatch can be attributed to fabrication anomaly as there is
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not a one-to-one matching between the waveguide width and slab height defined in the
mask and etch recipe, and the waveguide width and slab height measured after fabrica-
tion. Also, the variation of effective index with respect to slab height is more prominent
than variation in other parameters as discussed in the following Section. Thus, the \g

at 1600 nm with A =290 nm is consistent with the theory as discussed in the previous

section.
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Figure 2.32: Transmission spectra of a DBR grating cavity with top cladding as air (in
black colour) and water (in red colour).

The sharp resonance peak with very high-quality factor can be useful in spectro-
scopic applications such as refractive index sensing, bio-molecule detection etc. To see
the effect of top cladding in the transmission, the DBR cavity device as in Fig. 4.8(a)
were characterized with de-ionized water as top cladding. The resultant transmission
characteristic is shown in Fig. 2.32. A shift of 3.5 nm in the resonance peak was mea-

sured from the graph.

2.4 Fabrication Tolerance

The rate of change of effective indices with respect to waveguide width and slab height

d(nom d(n9m X . . .
can be represented as (Z‘;if ) and (T;e,ff ) respectively which varies as a function of both

W and h. For waveguide width I/ =760 nm, slab height 4 = 150 nm, rib height 7 =250
nm, table 2.4 shows the rate of change of effective indices with respect to waveguide

width and slab height.
Wafer bow and warp can generally deviate slab height while fabrication processes
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Table 2.4:

Slope of effective index versus W, h curves at W = 760 nm, H = 250 nm and

h =150 nm
Mode index | Slope w.r.t. W | Slope w.r.t. h Slope ratio
ath=150nm | at W =760 nm
dn'Fy -1 dnFy -1 dnfy / dng'y
i/ [nm—] g ]| (—50) /(G
0 22 x 1074 4.69 x 10~* 2.13
1135 x 107 | 36.92 x 10~* 3.25

like patterning and etching may also produce variation in waveguide width and etch
depth. Thus device to device non-uniformity in the waveguide dimension (although
fabricated on the same wafer by following same process steps) brings variation in the
spectral and spatial characteristics of the devices. Special characteristics like mode in-
dex, mode profile and coupling coefficients may vary from device to device. Spectral
characteristics like resonance wavelength reflected or transmitted may also vary from
device to device. Thus, the A\g can be detuned by varying grating period A and effec-
tive index of the guided mode. Using Fig. 3.7, we estimate the values of Cfl’\—WB and d;‘—/f
as 0.25 nm/nm and 5.5 nm/nm, respectively. Bragg wavelength tuning is more conve-
nient by controlling grating period. The proposed device structures are discussed first
analytically with the help of coupled mode theory (small perturbation). They are then
validated with a set of optimized parameters by FDTD simulations. Finally, The de-
vice were fabricated and characterized. Unfortunately, the measured device parameters
(width & height, duty cycle etc.) deviates from that of the design parameters. And they
can not be measured accurately in nanometer scale to compare with simulation results.
These are the source of discrepancy in the wavelength characteristics of the simulated

and fabricated structures.

2.5 Summary

Sub-micron dimension waveguide in SOI was presented in the light of effective indices
and polarization of the guided mode(s) in order to study the effect of waveguide pa-
rameters on guided mode(s). The waveguide dispersion was studied mainly because of

the DBR device are highly dispersive around the phase-matched wavelength. The DBR
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devices were fabricated using the standard process developed in our laboratory. During
fabrication, using e-beam lithography system, we found stitching error for a longer grat-
ing length which was mitigated using longer write field. Proximity error was another
problem in patterning mixture of FBMS path and conventional geometries which was
removed by proper design and dose selection. Integrated DBR and DBR cavity devices
were demonstrated in a single mode SOI waveguide of 250 nm device layer thickness.
Input-output grating couplers were integrated at both the ends of the waveguide in a
single-step of e-beam patterning. The 3dB bandwidth of the grating coupler was found
o be ~ 68 nm. The reflectivity of the DBR filter device was measured to be ~ 38 nm
with the grating length of 500 ym. A quarter-wave phase-shifted DBR cavity was de-
signed with a shallowly etched waveguide, small grating modulation depth and longer
grating length with submicron size grating period. The Q-factor of the fabricated DBR
cavity device with the optimized parameter is measured to be as high as 8 x 10%. The

overall footprint of the device is small.

Our work can be compared With the help of the results published for DBR cavity
devices in the sense of some figure of merits like (i) device footprint and (ii) Q-factor,
and in the sense of the device design parameters. The comparison table is shown in the

Table 2.5.

Table 2.5: Figure of merit comparisons of DBR cavity with earlier reported works.

Parameters | Ref. [81] | Ref. [52] Ref. [91] | Present work
L, 155 pm 20 pm 2000 pm 500 pm
Loss 45 dB/cm | 6.5dB/cm | 7 dB/cm 8 dB/cm
Footprint | 155 ym? | 20 pm? | 20700 pm? | 250 pm?
Q-factor 6 x10° | 1.3 x 10* 1 x 10° 0.8 x 10°

High Q-factor and small footprint are the major figures of merit for the DBR cavity
devices. As we discussed earlier, Q-factor can be maximized primarily by increasing
grating reflectivity and in reducing grating losses. For this, the desired quality of device
parameters are smaller etch-depth, small grating modulation depth AW, longer grating
length L, and lower grating losses. In the table, the best desirable values of the parame-
ters are shown in blue color, while the worst desirable values are shown in red color. In

our present work, the value of AW of 50 nm is the minimum and the Q-factor of 0.8 x
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10° is comparable to the best-published result. The footprint of our presented devices
is far smaller than that of "Zou et. al.". Also one can notice that there is not a single

undesirable value of any parameters.
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CHAPTER 3

Rectangular-Edge Filter

In previous Chapter, DBR and phase shifted DBR cavity integrated in single mode SOI
rib waveguide with symmetric waveguide width modulation were studied in support of
the phase matching condition and the coupling coefficient between the fundamental T'E
modes to analyze their spectral characteristics. In this chapter, we extend the study of
phase matching condition and the coupling coefficient to not only between fundamental-
to-fundamental guided mode but also between fundamental-to-first order guided mode
by integrating a DBR structure using asymmetric waveguide width modulation. This
results into an expected rectangular edge filter characteristics as described in Chapter 1.
The device is described first by semi-analytical coupled mode theory and then validated

with FDTD simulation and experimental results.

Although, many DBR designs based on different applications have been reported as
we discussed in the motivation section of Chapter 1, there is no similar work presented
in the literature of DBR till date to the best of our knowledge as we are presenting in
this chapter. The novel device is implemented by integrating side wall grating of sub-
wavelength period (A = 290 nm) and of length (L, = 500 pzm) in a multimode SOI rib
waveguide. The device is designed such that spectral characteristic of the DBR filter
falls within optical C and L-band (1530 nm < A < 1625 nm). The device is accessed
by input/output single-mode waveguides via input/output taper waveguides. The device
exhibits well-defined wavelength edge (A.q4.) Which is rectangular in shape. so that,
it is termed as rectangular-edge filter (REF). Such rectangular edge of the filter will
find useful applications in designing compact intensity modulator. The working prin-
ciple can be referred to the ring-resonator based intensity modulators [39]. The active
modulator based on the principle of electro-optic absorption with very high extinction
ratio can also be implemented using the REF device. In entangled photon generation,
the pump signal can be filtered out effectively by using such a REF device. The RF

photonics filters such as bandpass filter, notch filter used for RADAR signal processing



can also be implemented by offering no signal delay by virtue of the device characteris-
tic [99]. The device characteristics with higher edge-slope can find versatile application
such as integrated optical lab-on-chip for on-chip signal processing and routing purpose
[100]. Like a high Q DBR cavity, the high roll-off of the filter edge would find appli-
cations in spectroscopy [101]. The smallest feature size of the device is about 145 nm
which is well below the diffraction limits of the normal photolithography laser system.
Thus we prefer an electron beam lithography system for the device fabrication. The
grating couplers, input/output waveguides, grating waveguide and input/output taper
waveguides were simultaneously defined in a single mask layout and were fabricated in
a single step electron beam exposure. The device was etched uniformly up to ~ 100 nm
from the top using inductively coupled plasma reactive ion etching system after e-beam
exposure. The fabricated device was characterized using grating coupling characteriza-
tion setup. The source wavelength in the range of 1520 nm to 1630 nm was launched
using inbuilt laser source of an optical spectrum analyzer. The collected transmission
wavelength was analyzed again by an optical spectrum analyzer. All the devices exhibit
two Bragg wavelengths with discrete (non-overlapped) stopbands arises due to coupling
among confined mode(s). It also exhibits other Bragg wavelengths also with continuous
(overlapped) stopbands arises due to coupling among confined fundamental mode and

unconfined slab mode(s).

The characterization and measurement results show that the the devices have a sharp
step-like rising filter edge with the passband to stopband extinction ratio of > 40 dB.
The steeper edge of the filter has a slope of 118 dB/nm at the edge wavelength of
Aedge ~ 1560 nm. A wide passband of width ~ 40 nm is observed to the right side the
filter edge. The wide passband is terminated by the stopband at the Bragg wavelength
A ~ 1600 nm arising due to first order mode coupling. Also, a wide stopband of width
> 40 nm is observed to the left side of the filter edge. The device characterization is
limited within the wavelength range of 1520 nm < A < 1620 nm due to measurement
limit of spectrum analyzer. Wavelength tunability of the REF device spectrum is also
studied with respect to cladding material of different refractive index. We measured the
sensitivity of the device to change in cladding material as ~ 18 nm/RIU. For a hand-
held power-meter of minimum detectable power of 1 dB, can record a minimum change

in refractive index of the cladding material of 5.3 x 10~* RIU near cladding index of
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1.318 (DI water).

3.1 Design and Theoretical Analysis

The 3D schematic of the proposed device is shown in Fig. 3.1(a). The device is defined
in SOI. There are two identical input and output waveguide designed to support funda-

mental mode only. The waveguide at the middle of the device is integrated with side-

(b)

Figure 3.1: Schematic representation of the proposed REF device: (a) 3D schematic
view of the proposed device and generic cross-sectional view of the SOI rib
waveguide with design parameters W, H and h; BOX - buried oxide. The
handle silicon layer (typical thickness of ~ 500 pm) has not been shown
below the BOX layer (typical thickness 1-3 ©m) in the scheme; (b) top view
showing grating in one of the side-walls; A, B, C and D represent typical
guided mode field distributions; /), By, /1 and (g, are the propagation
constants (arrow heads represent the direction of propagation);

wall grating of sub-wavelength period is designed to support two lower order modes

- the fundamental and the first order mode. The middle waveguide with DBR is at
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one of the side wall is interfaced to the input and output waveguide via identical input
and output taper section respectively. The input and output waveguides are interfaced
with input and output grating couplers to facilitate optical measurements. However in-
put/output grating coupler is not being shown in the device scheme. The cross-sectional
geometry of the device is defined by the waveguide width W, device height /1 and slab
height h. The waveguide widths in the input/output waveguide and in the side wall
grating waveguide are W, and W5 respectively. Waveguides are further assumed to
support only the TE-like modes. Fig. 3.1(b) represents the top view of the REF device
showing the wavevectors along with direction and the confined mode field profiles in
different region of the device. In the scheme (top view), at cross sections A and D in
the input and output single mode waveguide respectively, the fundamental guided mode
with propagation constant 3 is excited from the input side (left-side). When it enters
the input taper waveguide, the mode expands adiabatically into a forward propagating
fundamental mode with propagation constant 3, in the grating region. The taper length
can be selected to convert the mode adiabatically without loosing the modal power to
excite any other mode(s). The taper length for adiabatic mode transition is decided by

FDTD simulation of the taper. It is discussed in the simulation section later.

The DBR integrated in the multimode waveguide helps to reflect phase matched
wavelength in the form of both the modes - the fundamental mode and the first order
mode. Since the refractive indices of both the mode differs, the phase matched wave-
length would also differ. Thus, the forward propagating fundamental mode at some
phase matched wavelength say A% couples to the backward propagating fundamental
mode as well as the forward propagating fundamental mode at some phase matched
wavelength say A% couples to the backward propagating first order mode (see Fig. 3.2,
three different coupling resulting into different wavelength bands are shown). A% would
depend on the refractive indices of both the modes alike A% which solely depends on
the refractive index of the fundamental mode in all conventional grating devices. Since
effective refractive index of first order mode is less than that of the fundamental mode,
it it can be obviously shown that A% < A\%. Coupling constant plays a major role
in deciding the amount of survival of the phase matched wavelength in the backward
direction. We would receive zero reflection intensity if the coupling constant is zero

for the phase matched wavelength. The coupling constant is symmetric function of the
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Figure 3.2: Expected wavelength spectrum of a REF device. The stopbands are shown
to be resulting due to coupling between different mode pairs. They are
centered at phase matched wavelengths: A%, \% and A7, (m > 1)

transverse direction of the waveguide. So depending on the symmetricity of transverse
guided mode(s) and symmetricity of the grating modulation with respect to waveguide
transverse direction, the coupling constant can be zero or non-zero. The grating kept
at only one of the side walls of the waveguide confirms non-zero coupling constant for
both the backward propagating modes, while the grating kept at both the side walls of
the waveguide ensures zero coupling constant for the first order backward propagating
mode (or any asymmetric backward propagating mode. When the first order mode prop-
agating in the backward direction reaches input/output waveguide, it is being reflected
into the slab as the input/output waveguides were designed to support the fundamental
mode only. From the above discussion, it can now be ensured that the phase matched
wavelength A% will be missing from the transmission spectrum at the output as it is
reflected in the grating region but will not be able to reach in the input waveguide. At
the same time, the phase matched wavelength A% will be missing from the transmis-
sion spectrum at the output as it is reflected in the grating region and will also appear
in the input waveguide. Coupling constant being non-zero for all the mode profiles
in the proposed device, higher order non-confined modes propagating in the backward
direction would also couple to the forward propagating fundamental mode at the wave-
lengths smaller than \%. Stopbands around these wavelength would overlap providing
a wider stopband to the left side of the \Y (see Fig. 3.2). Thus, A} would behave as
edge wavelength \.4,. of the REF device. The device would behave as high wavelength

pass filter for the wavelength A% < A < A% while it would behave as low wavelength
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pass filter for the wavelength A < \%. With this qualitative discussion, we present here
the theoretical analysis and simulation results of a REF device with rectangular edge
responding around A} in optical C-band. and the and the DBR response around \%
for conventional phase matching condition in the L-band (A% ~ 1600 nm). It must
be noted that we have not considered the possible excitations of forward propagating
higher order modes in the forward direction in grating region because of two reasons as
(i) the adiabatic taper placed before the DBR would not excite any higher order mode(s)
and (i1) if the some fraction of the input fundamental mode intensity gets converted to
the higher order mode(s), it would phase match at some wavelength far away outside

the optical L band.

3.1.1 Numerical Evaluation of Bragg Wavelength

From the above discussion, it is obvious that (a) the phase matching conditions and
(b) non-zero coupling constants to backward propagating fundamental and first order
modes are the important parameters to be paid attention during the DBR device design.
They are addressed here with help of semi analytical method - that is some part is dis-
cussed with analytical equations and some part are discussed with the help of numerical
mode simulation results. Later, the results were validated with the help of FDTD simu-
lations using "Lumerical 3D FDTD" software.

The Bragg phase-matching condition, in general is given by:

27

Bo — (=Bm) = X 3.1

where 3y = angf 7> Bm = 27”712} 5 with ngf s 1s effective index of forward propagat-
ing 0 order mode (fundamental mode). ngy s 1s the effective indices of the backward
propagating m‘* order mode. For the waveguide supporting two guided modes only, the
higher order modes (for m > 1) become leaky modes or slab modes which propagates
in backward direction in the slab region. Now, corresponding to the integer value of
m = 0 and 1, the backward propagating phase-matched wavelengths represented by

A% and \Y respectively can be obtained using Eq. 3.1:
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AW = 2An%, (3.2)

and

A5 = Andyy +ndpy) (3.3)

where ngj’?f is the effective index of my, mode. It is very important to describe here
now that Bragg wavelengths given by Eq. 3.2 and 3.3 must be calculated iteratively
as the effective indices appearing in the right side of the equation are the wavelength
dependent. It would give false values of Bragg wavelength if these ate calculated by
substituting the values of effective indices computed for any waveguide dimension at
any wavelength. So the actual Bragg wavelengths must be those which when are calcu-
lated at those refractive indices which are computed at those Bragg wavelengths. That
is nJ ; must be obtained at A% while 70} , must be obtained at A} . The corrected Bragg

equation can be given as:
AE (updated) = 2An; ;(\Y) (3.4)

A% (updated) = A(nd3,(Ay) +nl (M%) (3.5)

where ng}(\y) and n};(\%) are the effective refractive indices of the fundamental
guided mode at the wavelengths A% and A%, respectively; and n0; (A% is the effective
index of the first order guided mode at wavelength A% Since both the Bragg wavelength
and effective indices are interdependent, one need to solve these equations in iterative
manner to converge its values at some constant number. One can compute the effective
indices at some reference wavelength as initial value and then Bragg wavelength has
to be updated using Eq. 3.4 and 3.5. Now, effective indices must be updated at new
Bragg wavelengths. Again Bragg wavelengths has to be updated using new effective
indices and so on. After some iterations, converged values of both the effective indices
and Bragg wavelengths can be considered as their actual values. The Fig.3.3 shows
the flowchart to compute Bragg wavelengths and corresponding refractive indices iter-

atively for a given waveguide.

To start the iteration we compute ng]’ﬁf (form =0, 1, 2) as a function of waveguide

width at a given reference wavelength A\, = 1550 nm and slab height /& as a parameter
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S1: Select the waveguide dimension
such as it allows two lower order modes.

i

S2: Compute effective indices 70}, and nl}, at
some reference wavelength using Eigen mode solver

i

S3: Compute Bragg wavelengths
A% and \Y using Eq. 3.4 and 3.5.

i

S4: Compute effective indices ngy, and nl, at
wavelength A% and \Y using Eigen mode solver

l

Are these effective
indices same as
computed in S1 ?

S4: Store the values of A%, \Y
and nQ}, ngj, as optimal results.

S

Figure 3.3: Flowchart: Iterative flowchart to compute Bragg wavelengths and effective
indices

(using Lumerical mode solver). This has been already shown in Chapter 2, Section
2.1. With the help of Fig. 2.4, we select a waveguide width W such that it supports

only two lower order guided modes (at \,) and corresponding ng;’}()\r) (for m = 0,

1). For wavelength dependency of refractive indices, we again used Lumerical mode

solver which is shown in Fig. 3.4(a). Then we compute the values of A%" (m = 0,

0
e

0
e

1) using these 17 ()\,). Now, we update the value of n}, at A and A} while n)}
at \% with the help of Fig. 3.4(a). Then we update A\%" and so on until they are
converged to constant values. This figure (Fig. 3.4(a)) can be used as look up figure
to compute effective indices at different wavelength and at different waveguide widths.

There exist cut-off \.;—,¢s wavelengths for each waveguide width W above which the
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Figure 3.4: (a) Effective refractive indices versus wavelength; waveguide width being a
parameter; (b) plot of the cut-off wavelength versus waveguide width

only single mode excitation is allowed. For instance, waveguide of W = 700 nm has
the Acyi—ofr = 1570 nm (see Fig. 3.4(b)). The Bragg wavelengths were iterated till it
stopped fluctuating and settled at constant values for the value of grating period A =290
nm and for the waveguide height 4 = 250 nm, slab height A = 150 nm and waveguide
width being selected in multimode region. A plot for the Bragg wavelengths versus
number of iteration at different waveguide widths is shown in Fig. 3.5. It is clear from

figure that the Bragg wavelengths settle after 6! iterations. This iteration process was

1660
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Figure 3.5: Bragg wavelength convergence in iterative manner at A = 290 nm; waveg-
uide width being the parameter. At ~ 6'" iteration, Bragg wavelengths start
converging. The effective indices were calculated for / = 250 nm and h =
150 nm.

repeated for the several values of grating period starting from A = 282 nm to A =292
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nm in the step of 2 nm at different waveguide widths within the multimode limit for
the waveguide with device height 7 = 250 nm and slab height 2~ = 150 nm. A plot
of finally settled value of A\p’s as a function of waveguide width W is shown in Fig.

3.6 Thus for the given device dimension (waveguide and grating dimensions) one can

1640
— 1620
=
£ 1600
B 1580
5
. 1560
2 A et
3 1540 —-"' —— A =282nm
o - 2 — == A=284nm
a0 s+ A=286nm
E \/131 - A =288 nM
m 1500 2 ---— A=290nm

----- A =292 nm
1480 ' ' : ' :
700 750 800 850 900 950 1000

Width [nm]

Figure 3.6: Bragg wavelengths (A%, \%) obtained from iterative computation versus
waveguide width for different grating periods. The effective indices were
calculated for W =560 nm, H =250 nm and h = 150 nm.

predict the values of Bragg wavelengths.

3.1.2 REF Device Parameters Optimization

After defining device geometry and discussing about analytical estimations of Bragg
wavelength for a grating assisted multimode waveguide, now it is important to select
proper device parameters such as waveguide width, slab height, grating period and grat-
ing modulation width for a given device layer of /I = 250 nm SOI substrate within the
operating wavelength range 1500 nm < A < 1620 nm. Other constraints of optimiza-
tion are rectangular edge filter device with sharp edge, flat top, high extinction ratio,

controllable passband width and minimum waveguide and grating losses.

I. Waveguide width and slab height selection
We have already presented the variation of effective indices of a waveguide with respect
to the waveguide parameters in chapter 2. We concluded that no TM mode is guiding

for slab height more than or equal to 150 nm in a SOI rib waveguide of device layer
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thickness 250 nm. Here, we re-plot effective indices of the guided modes as a function

of waveguide width W with slab height A as parameters as shown in Fig. 3.7. There

291 -~ h=140nm n
eff
t ——h=150nm )
><2.8- ----h=160nm',»"
kS % =1550 nm 7
Sk K
(0]
2
226
O <£0
fam
m
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00 02 04 06 08 1.0 12 14 1.6
Width [um]

Figure 3.7: Effective indices of the guided modes vs waveguide width (supporting only
TE-like guided modes) calculated for a fixed device layer thickness of H =
250 nm and slab height as parameter.

exist a cut-off width (W) for each mode for a given slab height below which only
my;, and lower than my;, order mode(s) guide as confined mode. Table 3.1 gives the
value W<t for m = 1 and 2 at three slab heights. The effective index plot is used for
selecting waveguide parameters for designing waveguide of desired number of modes.
For example, one can select I/} < 650 nm for the input and output waveguides and W,
= W7 + AW between 660 nm and 1000 nm for the waveguide width in the side wall
grating region (see Fig. 3.1). As n;}; varies with W and A% is the function of Ngfss SO
the A%™ will vary with . So the variation of A% and \%" as a function of waveguide
width (700 nm < W, < 1000 nm) has been already shown in Fig. 3.6, keeping grating

period A as parameters.

Lower value of waveguide width would excite 7'M mode which in turn would en-
counter waveguide birefringence. Also higher value of waveguide width are more likely
to excite higher order mode(s) as evident from figure 3.7 that for W' > 700 nm, first
order mode also starts guiding. Thus we choose the moderate value 1, = 560 nm for
input and output access waveguides width for the proposed design. Another reason of
selecting W, = 560 nm is the smooth transition of effective index of fundamental mode

from a single mode waveguide width to a multimode waveguide width. The smooth
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transition of effective index of fundamental mode can be seen in the Fig. 3.7 near W
= 600 nm - 800 nm as the slope of the n.s¢ plot reduces within the range. It is ob-
served that effective index of a guided mode increases faster for lower values of W and
then saturates at higher values . Thus, for a given value of 2~ = 150 nm and H = 250
nm, we can confirm for a fundamental mode in the input waveguide of width W; ~
560 nm propagating in the forward direction would transform smoothly into a forward
propagating fundamental mode when it reaches in the grating integrated multi-mode

waveguide of width W, = 760 nm.

Table 3.1: Cut-off width of the waveguide for higher order modes calculated for three
different values of slab heights A, assuming A = 250 nm.

Parameters || h=140nm | h=150 nm | h =160 nm
Wf“t [nm] 620 665 725
W;“t [nm] 1110 1175 1280

Slab height A is defined by dry etching of the device from top side. Higher the
etching depth lower will be the h. Very low value of i makes nS?cf more sloppy in
fundamental mode guidance region which will hamper smooth transition of mode as
we discussed earlier. On the other hand, higher value of & would result from shal-
low etched waveguide in which maximum mode power confinement will be shifted
towards slab region. Another reason is that we can not prefer lower etch depth as the
etch rate becomes nonuniform in small etch time (plasma formation is not uniform for
smaller etching time). That is, obtaining uniform etch rate for shallow etch waveguide
is challenging. Thus we again select a value of slab height which is little more than the
moderate value, that is 4 = 150 nm, keeping in mind that shallow etching would result

into lower losses in waveguide and grating regions.

I1. Grating period and modulation depth selection

Grating period selection criteria depends upon choice that where the Bragg wave-
length. As international telecommunication union (ITU) channels are within optical C
and L band, we choose A% ~ 1600 nm and A% ~ = 1550 nm. Thus the required grating
period calculated using Eq. 3.2, 3.3, and with the help of look up Fig. 3.4(a) is ~ 290

nm for the waveguide width W =700 nm. It is now evident that by a proper choice of
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waveguide parameters (W5, H, and h) and grating period (A), we can select the desired
value of \Y in C-band, while keeping A% at a safe distance in L-band or beyond. How-
ever, the Bragg wavelengths are found to be highly sensitive to device dimensions. We
will discuss the effect of parameter detuning on the spectral characteristic of the DBR

devices later in this Chapter.

We have introduced the general expression of the coupling constant in Eq. 2.19 in
Chapter 2. In this chapter, since forward propagating fundamental mode couples to the
backward propagating fundamental as well as first order mode, the the expression for
the coupling constant (due to first order Fourier coefficient of periodic grating modula-

tion) can be rewritten as

n? —n2_ (1 2oy
Koy = —Sair (X) / Eo(z,y).Em(x,y)dedy (3.6)
A/ ngffnZ}f 1 Y1
n mn
grating
W, H overlap
X = R Y region

BOX

Figure 3.8: Cross section of a SOI rib waveguide with side wall grating at one side
(hashed line shows the grating overlap region). The device parameters are
defined as: device later thickness H, slab height i and waveguide width 11/,
and W5 with and without grating perturbations respectively.

where limits of integration x, 2 and ¥, Y, are the coordinates in the grating mod-
ulation region as shown in Fig. 3.8, & and &,, are the normalized transverse field distri-
butions of the 0, order forward propagating mode and my;, order backward propagating
mode, respectively. We observe that the horizontal span of the limit of integration, that
is |xo — x1] is equal to H — h which is actually the waveguide ridge height above the

slab or the etch depth of the waveguide and side wall grating. Similarly, the vertical
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span of the limit of integration, that is |ys — 31| is equal to AW which is actually the

side-wall modulation width.
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Figure 3.9: (a) Coupling constants oy and ~¢; for backward propagating fundamental
and first order modes respectively as a function of grating modulation width
AW. The values are calculated by evaluating mode-field distributions for a
waveguide width of Wy = W, + AW, where W = 560 nm, H = 250 nm,
and A = 150 nm; (b) the distribution of electric field amplitude for the fun-
damental mode &y, (x,y); and (c) the distribution of electric field amplitude
for the 1st order mode &;,(X,y), both calculated for W5 = 760 nm.

To evaluate the coupling constant using equation 3.6, we simulated the waveguide
cross section using "Lumerical mode solver" for the transverse mode field profiles &,
and corresponding effective indices ng}, for the my, order guided mode for a given
value of waveguide parameters. Considering H = 250 nm, » = 150 nm and W; = 560
nm, we vary the width of the waveguide in grating region Wy = Wy + AW from W,
= 560 nm + 150 nm = 710 nm to W5 = 560 nm + 220 nm = 780 nm in the step of

20 nm. Each time we compute the transverse electric field profile and corresponding
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effective index for the waveguide width WW,. Putting the values of the transverse electric
field profile and corresponding effective index in the Eq. 3.6 we evaluate the coupling
constant x-limit 21 = W; =560 nm to the x5 = W5 = 560 nm + AW. Thus, the evaluated
coupling constants kgoatA% and ro;at A% for m = 0 and 1 in Eq. 3.6 are plotted as a

function of grating modulation depth AW as shown in Fig. 3.9(a).

We assumed that the transverse electric mode-field distributions in the grating region
are not affected by the grating modulation. However, exact field profile and correspond-
ing refractive index can not be found by direct method using eigen mode solver. Since
we consider waveguide width as W5 for the field profile computation, the values of field
and refractive index is overestimated in this case. For example, Figs. 3.9(b) and 3.9(c)
shows the dominant mode field components &y, (z,y) and &, (x, y) respectively. The
Field profiles are computed for Wy = 760 nm, A = 250 nm and ~» = 150 nm at \ =
1550 nm. It can be noticed that the peak intensity of the electric field is concentrated
at the center of the waveguide for fundamental mode while the for the first order mode
mode, it is concentrated towards the waveguide walls. Since the overlap integration
for kg, calculation is done near the waveguide wall (as grating perturbation is at the
side wall), The mode overlap integral will be more for the case of fundamental to first
order mode coupling in comparison to that for the case of fundamental to fundamental
mode coupling. This in turn would result into xo; > kg9 Which is obvious from the
Fig. 3.9(a). Relatively stronger field overlap of the first order mode (m = 1) with the
side-wall grating results into kg; > Koo as shown in Fig. 3.9(a). Nevertheless, both xq;
and kg increase linearly with the increase of grating perturbations calculated for 110
nm < AW < 210 nm. Although we stated that the backward propagating higher order
modes also couple to the forward propagating fundamental mode at some wavelength
lower than \%, the actual coupling constants for these modes could not be computed
by the above mentioned semi-analytical method accurately as these are non confined
modes and no boundary condition will be applied to them and hence no eigen mode
solver can compute normalized field distributions for unbounded modes. These leaky
modes, thus are also phase matched for wavelengths shorter than A% giving non-zero
coupling constant until they leak into the slab at the input waveguide. Since the ef-
fective indices of these leaky modes are approximately continuous, the phase matched

wavelength will be also approximately continuous. Thus the reflection band for the
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wavelengths shorter than A% would result in wider stopband. If such couplings are

significantly large and the device is long enough, a wider stop-band associated with a

steeper

X

L

REF response around A% can be expected.
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Figure 3.10: Schematic representation of coupling constant kgy and kg in side wall
gratings. (a) symmetric side wall grating with propagating mode field pro-
file, (b) integrand for kg, (c) integrand for kg1, and (d) asymmetric side
wall grating with propagating mode field profile, (e) integrand for kg, (f)
integrand for k¢;. The notations represent: A - forward propagating mode,
B - backward propagating mode and C - overlap area within the grating

modulation region.

What happens to the coupling constant in the case of symmetric side wall grating

that is the grating perturbation at both the side walls of the waveguide? Why the asym-

metric side wall grating that is grating at one side wall of the waveguide results into

the REF device and why not the symmetric side wall grating? To answer these ques-

tions, we discuss here the issue with the cartoon representation of the symmetric and

asymmetric side wall grating and the coupling constant calculation scheme. Fig. 3.10

shows the cartoon for the same. The symmetric and asymmetric side wall grating (top

view) with the mode field distributions &), (x,vy), . (x,y) and &1, (z, y) along x-axis

in different regions of waveguide are shown in Fig. 3.10 (a) and 3.10 (d) respectively.
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The integrand in the coupling coefficient integral as in Eq. 3.6 for koo and x; is graph-
ically represented in Fig. 3.10 (b) and 3.10 (c) respectively for a symmetric side wall
grating. Similarly, Fig. 3.10 (e) and 3.10 (f) graphically represent the integrand in the
coupling constant integral for koo and xq; respectively for an asymmetric side wall grat-
ing. The notations A, B and C represent the mode field distributions with direction of
propagation shown by the arrow head for forward propagating mode, backward propa-
gating mode and overlap area within the grating modulation region respectively. For a
symmetric side wall grating, both the forward and backward propagating mode distri-
butions (A and B) are symmetric with respect to the waveguide axis, hence the overlap
area within the grating perturbation region i.e. the integrand in the coupling constant
integral is positive non-zero value (see 3.10 (a) and (b)). The same result holds for the
symmetric side wall grating (see 3.10 (d) and (e)), i.e. koo # 0. But, for kg calculation,
in a symmetric side wall grating, the forward propagating mode distributions A is sym-
metric with respect to the waveguide axis while the the backward propagating mode
distributions B is asymmetric with respect to the waveguide axis, hence resulting into
half positive and half negative overlap area setting xo; = 0 (see 3.10 (a) and (¢)). It is
interesting to note that the x¢; calculation for an asymmetric side wall grating (see 3.10
(d) and (1)), although the mode field profile A and B are of opposite symmetricity with
respect to the waveguide axis, the overlap area calculated at only one side wall gives the
non-zero value of coupling constant i. e. Kg; 7# 0. We have also shown that k¢, > kg
(see Fig. 3.9(a)). This is the reason why an asymmetric side wall grating gives REF

response at the wavelength A = \%.

3.2 Simulation Results

We discussed the design requirements for a REF device and expected filter characteris-
tics qualitatively with the help of semi-analytical method. However the values of effec-
tive indices, Bragg wavelengths and coupling constants computed are not accurate. We
assumed throughout the calculation that the grating perturbation is not going to change
the effective in the waveguide. However the actual effective index in the grating region

would differ due to width variation in the perturbed and unperturbed waveguide region.

77



The average waveguide width i.e. W = %(Wl + W5) could possibly predict the actual
refractive index in the grating region, but for coupling constant calculation, the average
waveguide waveguide width can not be considered as the transverse electric field profile
need to be computed at 5. But this method can predict the nature of the wavelength
spectrum and provide a comparative values of coupling constant between ry and kg,
and their dependency on the waveguide and grating parameters. The actual wavelength
characteristic can be given by numerical method of solving Maxwell equations under

certain boundary conditions.

3.2.1 Adiabatic Taper Design

Input/output waveguide width differ to the DBR waveguide width by an amount equal
to the grating modulation width AW. Higher value of AW causes higher value of cou-
pling constant to result into higher reflectivity and larger bandwidth of reflected wave.
However, due to mismatch between waveguide widths at the interface of input/output
waveguides and DBR waveguide, refractive index mismatch will occur causing the rip-
ples near the reflection and transmission filter edge. As stated earlier, an adiabatic taper
between the input/output and DBR waveguide would reduce the mode power conver-
sion from fundamental mode to any other higher order mode(s). The same adiabatic
taper would reduce the unwanted ripples by providing index matching between the in-
put/output and DBR waveguide. To estimate the forward modal power coupling effi-
ciency (ny) from the single-mode (input/output waveguide) to multi-mode waveguide

region (DBR waveguide), we have carried out 3D FDTD simulations.

Fig. 3.11(a) shows the schematic of the top view of step transition in waveguide
width connecting input/output waveguide to grating region showing possible mode field
profiles; mg - mode field profile for fundamental mode and m; - mode field profile for
first order mode. The value of 7); corresponding to percentage of power shares for for-
ward propagating fundamental mode (T Ey), 1°¢ order mode T Ej;, and their sums as a
function of AW (for W; = 560 nm) is shown in Fig. 3.11(b) for the abrupt transition in
waveguide width (without linear taper) corresponding to Fig. 3.11(a). It is observable

from the figure that as the step transition width difference AW increases the conversion
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Figure 3.11: (a) Schematic of step transition in waveguide width connecting in-
put/output waveguide to grating region and (b) power coupling efficiency
into forward propagating fundamental and 1st order modes, and their sums
as a function of AW for abrupt junction with W; = 560 nm.

of fundamental mode power into first order mode power increases. For example, at
AW =200 nm, 5% of total incident power from the single-mode waveguide is coupled
into the forward propagating first order mode and only remaining 95% of total inci-
dent power from the single-mode waveguide is coupled into the forward propagating

fundamental mode (assuming no other loss).

However, a linear taper waveguide connecting input/output waveguide to DBR waveg-
uide of sufficient length can reduce this power conversion completely. We simulate
structure of fixed AW of 200 nm and varying the taper length L, connected in between
the waveguide of width W and W, (see Fig. 3.12(a)). For each L, we again compute
the 7 for forward propagating fundamental mode (7'Eq), 1st order mode T'Ey;, and
their sums as a function of AW (for W; = 560 nm). We increase the value of L till the
power conversion from fundamental mode to first order mode reduces approximately to

zero. For example, a taper of length L, = 4 pm is sufficient for an adiabatic transition

79



']‘l-:“ﬂ_i' 'I‘]‘:IN
100 L " & & "
.________—l————_""_'__—-_ I

n 1 [‘:m
80+
— 60
=,
[
— 40F
20 +
Tlinl
olb— TR * T
00 05 1.0 15 20 25 30 35 40
L. [um]

(b)

Figure 3.12: (a) Schematic of step transition in waveguide width connecting in-
put/output waveguide to grating region and (b) power coupling efficiency
into forward propagating fundamental and 1st order modes, and their sums
as a function of taper length L between WW; = 560 nm and Wy = 760
nm.

of incident fundamental mode (1'E},) into a forward propagating fundamental mode
(T'Egp); i.e., ~ 100% power couples to the forward propagating fundamental mode (see
Fig. 3.12). Since the role of tapering is not significant for AW < 200 nm, we have
ignored the input/output transition regions for simulating transmission characteristics

of the proposed REF device using 3D FDTD method.

3.2.2 FDTD Simulations

To validate the semi-analytical study of REF device we present here the 3D FDTD sim-
ulations. The device as given in Fig. 3.1(a) was considered for FDTD simulation with
the waveguide and grating parameters tabulated in Table 3.2. We used the " Lumerical
FDTD Solutions" for the simulation the device with the simulation parameters as given

Table 3.3. Actual grating length is considered as 500 pm but for FDTD simulation we
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Table 3.2: REF device parameters of waveguide and grating used for FDTD simulation

Waveguide Parameters Grating Parameters
Wi [nm] | H [nm] | A [nm] | A [nm] | AW [nm] | L, [pm]
560 250 150 290 200 500

simulated only for L, = 100 um just for keeping time and memory resources econo-
mized. The internal simulation time of the FDTD is decided by the time taken by the
light to travel the distance along the device from source to monitor. It is generally ex-
pressed in femto second (fs) unit. For the device having resonance, the group velocity
of the light reduces hence increasing the higher simulation time requirement. So we
have considered large value of internal simulation time as 15000 fs to obtain the error
free simulation results. The source calculates the mode and launches the fundamental
mode in the waveguide. The monitor time domain pulse into a frequency domain us-
ing discrete Fourier transform and stores the transmitted power in 1000 frequency (or

wavelength) points.

Table 3.3: FDTD simulation parameters

Parameters Specification

Boundary condition: PML (perfectly matched layer)

Source: 3D mode source

Monitor: Frequency domain field and power monitor
Mesh type: Auto non-uniform

Minimum mesh step: 0.25 nm

Time step: 0.0585787 fs

We first simulate the symmetric side wall grating with grating modulation at both
side walls of the multimode waveguide with the parameters as given in Table 3.2. The
schematic for the symmetric side wall grating is shown in Fig. 3.13(a). The trans-
mission and the reflection spectrum is shown in Fig. 3.13(b) and 3.13(c) respectively.
Ideally, ko; = 0 and no A\Y should exist in transmission. But we observe A% at ~ 1520
nm with larger bandwidth with very less transmission of about 20 %. However, the
reflected wave around A = 1520 nm leaks into slab completely before reaching in the
input waveguide where we have placed the reflection monitor. It can be seen in Fig.

3.13(c) that no reflection is observed around A = 1520 nm. There exist zero transmis-
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sion and and more than 99 % reflection at A% ~ 1605 nm. This reflection is in the form
of fundamental mode which guides well in the input waveguide and hence is recorded
by the DFT monitor. But we do not prefer this design for REF device as it does not give

rectangular edge at \% as we discussed in the theoretically.
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Figure 3.13: (a) 3D schematic of a symmetric side wall grating. FDTD simulation spec-
trum for a symmetric side wall grating: (a) transmission spectrum, (b) re-
flection spectrum. The parameter values used for the simulation are I, =
560 nm, H =250 nm, and & = 150 nm, AW =200 nm, A =290 nm, L, =
100 pm.

So we consider the simulation of an asymmetric side wall grating i.e. the grating
at only one of the side walls of the multimode waveguide. The device design can be
referred to the Fig 3.1(a). The device parameters are the same as given in Table 3.2

except for grating length L, varied as 25 yum, 50 pm, 75 pm and 100 pm.

Fig. 3.15 shows the simulated transmission and reflection spectrum for all the four
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Figure 3.14: FDTD simulation for four different device lengths: (a) transmission spec-
trum, (b) reflection spectrum. The parameter values used for the simulation
are W, =560 nm, AW =200 nm, H =250 nm, and ~ = 150 nm.

grating lengths. Since ko; # 0 for the asymmetric side wall grating, A% exists in
transmission with very less transmission ~ 0 % for L, = 100 ym at A} ~ 1542 nm
within optical C-band (see Fig. 3.14(a)). Also the filter edge to the right side of \Y
rolls off sharply as the L, increases. At even higher value of L, (say L, = 500 pm,
which is not possible to simulate as it need very high memory size and simulation time)
the edge slope would increase as if it would result into step like shape or rectangular
edge shape. As usual the reflected wave around A% 1542 nm leaks into slab completely
before reaching in the input waveguide and hence is not recorded by the reflection

monitor as it can be seen in Fig. 3.14(b). However, the wavelength A% = 1600 nm is
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absent from transmission and present in reflection for the reason described for the case
of symmetric side wall grating. The small peaks at A% in reflection spectra is captured
in the power monitor due to backward propagating leaky modes as the power monitor
was placed in the input access waveguide but adjacent to device junction point. This
would not be appeared if the backward reflected wave is allowed to propagate inside
longer distance in the input access waveguide by availing wider computation window.
We also observe a delay free transmission band of ~ 50 nm between the two Bragg
wavelengths. To the left side of the edge wavelength A, ~ A%, a wide stopband
results possibly due to the higher order mode coupling in the backward direction as we
discussed qualitatively in device theory section. Comparing the transmission intensity
at \% and A% we observe from Fig. 3.14(a) that the transmission at \% is deeper
than that at A% (it is more visible in logarithmic scale). This is in accordance to the
theory as predicted by the semi-analytical calculations that xkg; > koo as shown in
Fig. 3.9(a). Moreover, the transmission deeps and the reflection peak become stronger
and stronger for longer grating lengths which is also consistent with the coupled mode
theory; reflectivity at Bragg wavelength \%" is given by R = tanh2(/<0ng). Thus for
a sufficiently longer device length, the expected REF response can be obtained around

A% in the transmission spectrum.

We cross verified results obtained from the FDTD plot with the value obtained in
semi-analytical method. For this, we calculate back the values of the effective indices
ngs; and ng,, solving the Eq. 3.4 and 3.5 simultaneously with A} = 1542 nm and \%
= 1598 nm. We obtain the values of n? s and n! 77 a8 2.76 and 2.56, respectively. These
values are then compared with the effective index calculations using eigenmode solver.
We have shown the effective index calculations in Fig. 3.7 where we do not consider
grating perturbation. Using Fig. 3.7, we tried to compute back the value of waveguide
width corresponding to the the effective indices extracted in FDTD. We obtained two
different values of the W, corresponding to each n.ss. This mismatch can be attributed
to the altered effective waveguide width and altered dispersion characteristics of the

device because of strong grating perturbation (AW =200 nm).
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3.2.3 Thermal Detuning

Silicon (the waveguide core) and SiO, (waveguide cladding) are thermo-optically ac-
tive and their thermo-optic coefficients are 1.86 x 10~%/K and 1.2 x 10~5/K respectively.
The effective index of the guided mode(s) can be increased by heating the sample by
integrating micro-heater along with the device or by direct heating by increasing the

ambient temperature. The ambient temperature can not provide heat to component se-
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Figure 3.15: (a) Effective indices versus waveguide temperature plot and (b) Bragg
wavelength versus waveguide temperature plot for a SOI rib waveguide
with parameters: W = 760 nm, H = 250 nm and A = 150 nm. The calcu-
lation was done along a fixed cross section.

lectively. Also, controlling ambient temperature may not be precise and accurate for

heating the component on silicon chip. So fabrication of integrated microheater is gen-
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erally preferred over the direct heating. Since the wavelength characteristics of the REF
device like Bragg wavelength is proportional to the effective refractive indices of the
guided modes, we compute the rate of change of guided mode effective indices as a
function of temperature using the eigenmode solver. Fig. 3.15(a) shows the variation
of the effective indices with respect to temperature of silicon waveguide. Both the ef-
fective indices varies linearly with temperature with an average slope approximately
comparable to thermo-optic coefficients of silicon. As Bragg wavelengths depend on
effective indices which in turn depend on temperature, both \% and A% are plotted
versus temperature of the waveguide as shown in Fig. 3.15(b). The average tempera-
ture slope of both the Bragg wavelengths are approximately equal to 0.11 nm/°C. This
means that a temperature chance of ~ 9 °C would shift the Bragg wavelength by ~ 1
nm. In order to validate this semi-analytical study of temperature effect on device char-
acteristic, we carried out 3D FDTD simulation for the device parameters as given Table
3.2 at two different temperatures: T = 300 K and 327 K. The corresponding transmis-

sion characteristic (in dB scale) is shown in Fig. 3.16. There is a red shift of ~ 2.2 nm
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Figure 3.16: Transmission characteristics (obtained by FDTD simulation) at two differ-
ent temperatures: 77 = 300 K and 75 = 325 K.

in the whole spectrum for a temperature change of 25 K. The wavelength edge (Acqge

~ A% of the REF is also shifting with the same amount and the edge slope of temper-

dAedge dy  d\®

ature is calculated to be T = o N

~ 88 pm/K. Using these slope values

and Eq. 3.4 and 3.5, we back calculated the effective indices slope of temperature as

TLO 7’11 . . . .
dd% ~ dd% ~ 1.52x 10~*/ K. This value differs from that which we computed using

semi-analytical method using eigenmode solver. The difference can be attributed to the
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altered values of effective indices due to strong grating perturbations as we considered

an unperturbed waveguide for effective index calculations.

3.2.4 Effect of Cladding Material

Another way of effective index tuning is to change the cladding material of the waveg-
uide. As the refractive index of cladding material increases, the effective index of
guided mode also increases. Hence we should expect a red shift in wavelength char-
acteristic of the DBR device as the Bragg wavelengths are effective index dependent.
We simulate the REF device (with the device parameters given in Table 3.2) first with
air cladding and then with deionized (DI) water cladding at the top of the waveguide
carried out at room temperature 7' = 300 K. The absolute refractive index of the top
cladding i.e. air and DI water are 1.0 and 1.318 respectively @ \ ~ 1550 nm. Fig.
3.17 shows the transmission characteristics of the device with top cladding material as

air (black colour) and DI water (red colour). We do observe that the transmissions at
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Figure 3.17: Transmission characteristics (obtained by FDTD simulation) by varying
top cladding material as air (in black) and water (in red). The parameters
used for the device are W; = 560 nm, AW =250 nm, H =200 nm, and h
=150 nm.

Bragg wavelengths (A% ~ 1605 nm and \Y ~ 1550 nm) are reduced significantly,
clearly indicating increased modal overlaps due to DI water cladding. As expected, we

also observe a red-shift of A9}

edge = 7.8 nm and A)\%O = 6.6 nm, respectively. The corre-

sponding changes in effective refractive indices are estimated as An! =114 X 1072

and Anl;, = 1.55 x 1072, using Eq. 3.2 and 3.3. Nevertheless, the above simulation
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results infers that the device can also be used as a refractive index sensor with an es-

A)‘ed

timated sensitivity (assuming linear red-shift) of S, = Al = 24.5 nm/RIU and 21

nm/RIU for the Bragg wavelengths at A% and \%, respectively.

From the simulated results discussed above, we also noted that the slope of the
transmitted power w.r.t. wavelength increases with the increase of device length (see
Fig. 3.17). This is an important figure of merit of a rectangular-edge filter for various
applications such as light intensity based sensing, modulation, switching, etc. Though
we have not studied this theoretically for longer device lengths (for L, > 100 pm)
because of heavy computational budget, we have established it experimentally by fab-

ricating longer grating lengths which is describe in the following section.

3.3 Experimental Results and Discussions

3.3.1 Fabrication

The layout of the mask geometry (designed using same Raith NANOSUITE as we
described in Chapter 2, Section 2.3) of DBR and waveguide is shown in Fig. 3.18.
The total area of the each mask is 5.5 mm x 3.5 mm (the aspect ratio shown is not
the same as actual one). The DBR at one of the side walls of the waveguide with
period A = 290 nm, grating length of 500-um was integrated between the input/output
waveguides. We kept the grating modulation width (ATV) constant at 200 nm in one set
of mask layout as shown in Fig. 3.18(a). It has 9 DBR devices with AT/ =200 nm, two
straight waveguide with AT =0 nm (reference waveguide). We also varied the grating
modulation AW from 150 nm to 200 nm, in steps of 10 nm in another set of mask
layout as shown in Fig. 3.18(b) to study the edge-slope in REF characteristics. It has 6
DBR devices with AW = 150 nm to 200 nm, in steps of 10 nm, two straight waveguide
with AW =0 nm. we kept these reference waveguides along with the grating device in
the mask layout in order to calculate the grating loss, as well as to normalize the DBR
characteristics. The mask for the alignment markers and grating couplers are same as

we discussed in Chapter 2, Fig. 2.21(b) and 2.21(c) respectively.
Fig. 3.19 shows the zoom-in view of the DBR with AW = 150 nm and 200 nm.
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Figure 3.18: Mask layout of REF devices, green colour represents straight waveguide
interfaced with input/output grating couplers, red colour in the middle of
devices represents the DBR (a) with AW =200 nm (10 devices) and AW
=0 nm (two devices), (b) with AW = 150 nm to 200 nm in the step of 10
nm (six devices) and AW = 0 nm (two devices).

nan

The grating pitch and period are shown by "a" and A respectively. The grating duty
ratio or fill factor defined by § was taken as 160 nm/290 nm i.e. equal to 55 %. Using
repeated fabrication, we observed that the final duty ratio after fabrication becomes
50 %. Waveguide width in the mask was defined as 660 nm such as after e-beam

patterning and sample development the width reduces approximately 50 nm from each
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Figure 3.19: Mask layout of REF devices, green colour represents straight waveguide,
red colour bars represents the DBR (a) with AW = 150 nm and (b) with
AW =200 nm.

side resulting into a final width of ~ 560 nm.

The optical grade SOI substrate with a device layer thickness of 250 nm, buried
oxide layer thickness of 3 pm, and handle wafer thickness of 500 pm was chosen for
fabrication of the REF devices. 12 ym x 12 pm grating coupler with period Agc; =
Acco = 610 nm were integrated at the both the end of a 5-mm-long single-mode rib
waveguides (W = 560 nm, H = 250 nm, and / = 150 nm). The 12 ym width of grating
coupler is adiabatically tapered down to waveguide width of 560 nm with a taper length

of 100 pm.

The device fabrication process steps and process parameters for REF device are
similar to that which we explained in Chapter 2, section 2.3. We imaged the fabricated
device with SEM. Although we fabricated the REF devices with AW of 150 nm, 160
nm, 170 nm, 180 nm, 190 nm and 200 nm, only the SEM images of a reference waveg-
uide (top view), the DBR device (top view) with AW = 150 nm and 200 nm are shown
in Fig. 3.20(a), 3.20(b) and 3.20(c), respectively as the difference of 10 nm in grating

modulation width can not be resolved with our eyes. We can clearly observed that the
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Figure 3.20: SEM images showing top view of rib waveguide (W = 560 nm, H = 250
nm, and A = 150 nm) with side-wall grating modulation: (a) AW = 150
nm, and (b) AW =200 nm

waveguide width reduced from 660 nm (in mask layout) to ~ 560 nm after fabrication.
Also the duty ratio of the gratings became almost 50 % in the fabricated devices. The
fabricated REF devices were characterized using the same characterization setup as we
discussed in Chapter 2, Section 2.3, Fig. 2.28. The procedures of the experiment are
also the similar as we described in Chapter 2, Section 2.3. So here we directly analyze

the experimental results.

3.3.2 Experimental Results

In order to check the device dimension repeatability and the spectral characteristic re-
producibility, we fabricated the DBR device several time. The experiment were re-
peated several time to see any spectral shift in the wavelength characteristics of the
devices due to ambient temperature (around 25 ° C) and due to the internal fluctuations
in the laser due to thermal and short noise. Some random shift in spectral characteristics
with approximately zero root mean square error were found. These random shift in the
order of some pico-meter can be neglected for some applications. However, if the shifts

are more then active feedback control circuit can be used externally [102].
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A reference waveguide and a grating device with AW =200 nm as shown in SEM
image 3.20(a) and 3.20(c), respectively were characterized within optical C and L band

of wavelength. Out of several such characteristics, Fig. 3.21 shows one of them. As
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Figure 3.21: Typical transmission characteristics of a REF device with L, = 500 pm,
AW =200 nm (red), and that for a reference waveguide without DBR
grating (black).

expected from theoretical analysis, the transmission spectrum of the REF device ex-
hibits two stopbands centered at two Bragg wavelengths (A% = ~ 1550 nm and \%
= ~ 1600 nm). The passband occurring between the two stopbands is ideally flat top
passband response. However some ripples at the both edges of the passband can be
accounted for impedance mismatch arising due to abrupt junction between multimode
grating waveguide and single mode input/output waveguides. However an adiabatic ta-
per connecting grating waveguide to input/output waveguides can minimize impedance
mismatch, hence reducing the unwanted band edge fluctuations. The schematic design

diagram and theoretical analysis of such a taper have been already presented in section.

The transmission spectrum of the REF device as shown in Fig. 3.21 exhibits a sharp-
edge response at \.q5. ~ 1560 nm (inside C-band) and a DBR response at A% ~ 1602
nm (inside L-band) As expected. The average insertion loss of the grating device can
be found by comparing the spectral intensity of grating device with that of a reference
waveguide. Comparing the transmission characteristics between reference waveguide
and the REF device, we can infer that there is an insertion loss of REF which is ~1 dB
for 1561 nm < A < 1590 nm, whereas almost no insertion loss is observed for A > 1605

nm. According to theory and FDTD simulation results, there exist continuous stopbands
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Figure 3.22: Normalized edge-filter characteristics (in C-band) of seven different REF
devices (D1 to D7) each fabricated with L, = 500 ym, and AW =200 nm
each.

to the left side of the left edge of the rectangular edge filter. So we observe the band
rejection of > 20 dB for A < A.44c = 1560 nm. Passband to stopband extinction ratio
depends on the extent mode coupling constant at phase matched wavelengths. One can
notice from Fig. 3.21 that the stop-band extinction at A% (~ 35 dB) is lower than that

for A ~ )\OBl < Aedge (~ 40 dB), which justifies the theoretical predictions as K1 > Ko1.

The ultra-sharp roll-off of the filter can be applicable in Raman or microwave pho-
tonics. Fig. 3.21 shows edge-extinction of 40 dB, which can be further improved by
incorporating longer length (> 500 pm) of grating with larger grating modulation width
(> 350 nm). However, write-field of the e-beam limits longer grating patterning as dis-
cussed in section 2.3.2, while large grating modulation width introduces losses in the

device characteristics.

Fig. 3.22 shows transmission characteristics (normalized with reference waveguide)
for 1530 nm < X\ < 1590 nm of seven different REF devices (D1 to D7) each fabricated
with AW =200 nm. It is evident that all the devices are exhibiting sharp-edge filter
response in C-band (A¢qge ~ 1561 £ 1 nm) with an extinction of > 40 dB. The variation
in wavelength edge A4 is attributed to the variations in waveguide dimensions (W,

H, h, and AW) resulting out of the process induced errors.

The filter characteristic for six different REF devices (D8 to D13) with AW =150

nm, 160 nm, 170 nm, 180 nm, 190 nm, and 200 nm, respectively are shown in Fig.
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Figure 3.23: Normalized transmission characteristics of six REF devices (D8 to D13)
with AW varying from 150 nm to 200 nm in steps of 10 nm (each devices
has DBR length L, = 500 um). Inset: slope of the transmitted power
Sedge = d{% as a function of AW estimated at -20 dB transmission at the
edge.

3.23. As expected from the previous discussions, the value of Acg4e (~ 1560 nm) is
not same for all the devices; however, the deviation (A\.4) is limited to ~ £ 2 nm.
Nevertheless, we observe a monotonous variation of edge-slope, i.e. Scqge = % in
the transmission characteristics as a function of AW (see inset of Fig.3.23). It is also
observed that for AW > 170 nm, slope of the edge increases very fast. Thus one can

easily obtain a desired slope by suitable choice of a AW value.

3.3.3 Tunability of the REF Characteristics

The tunability of the REF characteristics is verified with DI water cladding. Fig. 3.24
compares the transmission characteristics of a REF device (AW = 200 nm, L, =
500 pm ) for air and DI water claddings. The observed red-shift in A.gge ()\%0) 18 5.42
nm (4.44 nm), which is somewhat lower but consistent with theoretical results shown
in Fig. 3.25(a) for a device with L, = 100 um. By inserting the experimentally ob-
served red-shifts (due to DI water cladding) in Eq. 3.2 and 3.3, we estimate the change
in effective refractive indices of An;, = 0.76 x 1072 and An/;, = 1.11 x 107?; the
results are consistent with theoretical predictions. In other words, we can infer that the
fabricated devices exhibit 1-nm of tunability in A.q4 for an effective total change of

A(ngf st nt 7)) A 3.45 x 1073, This change in effective refractive index can be eas-
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Figure 3.24: Normalized transmission characteristics of a 500-pum-long REF device
(D5) with top cladding materials as air (black) and DI water (red).

ily obtained by integrating either a microheater (to avail excellent thermo-optic effect)
[36, 103], or a p-i-n/p-n phase-shifter (to avail high-speed plasma dispersion effect)
[104]. Besides the red-shift sensitivity of S, ~ 18 nm/RIU, we also expect a change in
slope of the edge due to the cladding refractive index change as it reduces the strength
of grating modulation. This has been studied for two REF devices with AW = 200
nm and 180 nm, respectively, and they are presented in Fig. 3.25. It is evident that
the edge-slope S.qqe estimated at a transmission of -20 dB, is reduced from 118 dB/nm
(70 dB/nm) to 105 dB/nm (54 dB/nm) for AW =200 nm (180 nm), when air cladding
is replaced by DI water cladding. Thus we infer that the proposed REF device can be
used as a highly sensitive refractive index sensor by setting a laser wavelength fixed at
AL ~ Aedge- In this case, the transmitted power dependent refractive index sensitivity
(Sp) can be evaluated as:

Sp = Sedge : S)\ (37)

By setting the laser wavelength )\, at a transmission operating point of -20 dB near
the filter edge, we have estimated the value of S, = 1890 dB/RIU for a REF with AW =
200 nm and at a cladding refractive index of n. = 1.318 (DI Water). Therefore, the limit
of detection (LOD) for a measurable differential power level of 1 dB is ~ 5.3 x 10™*
RIU. It must be noted that the red-shift in A.44 is assumed to be linear with the cladding
refractive index change (for n. > 1) in the above estimations, which needs to be verified

with further experimentation and/or with simulation results.

95



Uy o 'H W 0
-10F -10
g 2
=20 Sy = 118 dB/m |S_ =105 dB/nm g 20
edge edge o
S §7
] .4
‘E-30F AW =200 nm £ -30
% L Air §
— -40
; } ,“r Water ~
i
m I | i .ul 1 1 1 1 _50 1 N |, f
1558 1560 1562 1564 1566 1568 1570 1572 1556 1558 1560 1562 1564 1566 1568 1570
Wavelength [nm] Wavelength [nm]

(a) (b)

Figure 3.25: Sharp-edge filter characteristics of the devices for air cladding (in black)
and DI water cladding (in red): (a) device with AW =200 nm (D5), and
(b) device with ATV =180 nm (D10).

3.4 Summary

A new integrated optical DBR grating device has been proposed and demonstrated in
SOI substrate exhibiting a wavelength transfer function with a sharp-edge or rectangular-
edge filter (REF) response in C-band (1530nm < A < 1565 nm). The device working
principle is described first with a semi-analytical model and then FDTD simulations
results are presented to quantify various figure of merits. Analyzing the simulation
results, the design parameters were finalized and subsequently REF devices were fabri-
cated using standard process developed in our laboratory. The characterization results
of fabricated REF devices are found to be consistent with theoretical predictions. A
filter response with a sharp-step of > 40 dB is achieved at A.qqc ~ 1561 nm. The
slope of the step Seqq is found to be 118 dB/nm and 105 dB/nm for air and DI water
claddings, respectively. During the literature survey, we found the work of J.St-Yves et.
al. (Fig. 1.5 (c¢) of the revised thesis) showing edge roll-off as high as ~ 50 dB/nm using
contra-directional coupling in DBR integrated in directional coupler. In this thesis, we
report ultra-sharp edge roll-off of 118 dB/nm which is the highest value to the best of

our knowledge.

It has been also shown experimentally that the slope of the REF response can be
controlled by varying the grating modulation. Moreover, the rectangular-edge step in

the transmission characteristics of fabricated devices is usually followed by a broad
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pass-band (~ 40 nm). Such a device can be useful as a long-pass wavelength filter in
an on-chip optical WDM networking system. The device can also be used in Raman

spectroscopy as it can selectively filter Raman shifted signals from the pump.

Besides device demonstration, a qualitative and quantitative discussions are pre-
sented in support of various active applications such as refractive index sensor, re-
configurable filter response by thermo-optic tuning, and high-speed intensity modu-

lation by integrating p-n/p-i-n diode, etc.
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CHAPTER 4

Photonic Passband Filter

In the previous Chapter, we experimentally demonstrated a rectangular edge filter de-
vice by integrating a DBR structure using asymmetric waveguide width modulation
in SOIL. A rectangular edge filer with very high slope and high extinction ratio were
obtained. In this Chapter, we extend our work by cascading such two DBR of dif-
ferent grating periodicity in a multimode waveguide. The effect of cascading DBR
is reflected in tailoring the passband characteristics of the device. Thus, the obtained
delay-free passband can be narrowed down and the side stopbands can be widened in
the transmission spectrum of the device. The cascading of two DBR is first described
semi-analytically to predict the expected spectral result. The device is then fabricated

and characterized to validate the theoretically expected results.

To implement an optical bandpass filter using grating one has to separate reflected
band from input port via the design techniques based on wavelength splitting or contra-
directional coupling into another waveguide or multimode interference. This is possible
by keeping two ports at input side - one for input port to launch the light into the de-
vice and another for output port to separate reflected light. The schematic diagrams
of grating assisted Y-junction, MMI and MZI are shown in Fig. 4.1. Each of these
devices can separate out the reflected wave at drop port from the incident wave at in
port. In these devices, a number of ports and design complexity obviously increases
in order to route the reflected wave in drop ports. All of these techniques are based
on the constructive interference of the reflected waves at the drop port. Since a phase
shift of 27 or its integral multiple has to be maintained in constructive interference,
any phase error introduced within the reflection path may reduce the intensity at "Drop
port", also introducing fractional back reflected power at the "In Port" which are unde-
sirable. Phase error becomes more critical in all these cases. Further, the reflected wave
(particularly the phase matched wave) suffers a phase change of 7/2 with respect to the
incident transmitted waves (particularly out-of-phase waves) introducing a time delay

in the signal which may be undesirable in some synchronous detection systems.
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Figure 4.1: Schematic of grating assisted design (top view) of (a) Y-junction, (b) Multi-
mode-interferometer and (c) Mach-Zehnder interferometer. The example of

expected wavelength spectrum at each ports are also shown.

However, one can achieve the passband in transmission port itself by using proper

design technique. Very recently we demonstrated rectangular-edge filter in transmis-

sion [98] using asymmetric side wall grating. One can also realize passband in trans-
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mission between the two stopbands of a cascaded symmetric grating of a dissimilar
period but it has the limitation on stopband control. To enhance spectral properties of
the grating-based filters, the cascaded grating has been studied for various purposed,
for instance, tunable optical delay line by cascading complementary apodized silicon
grating [105], widely bandwidth tunability by grating assisted contra-directional cou-
plers [78] and flat-top spectral response by cascading sub-wavelength resonant gratings
vertically [106]. There is need to study the passband engineering in transmission port

by cascading two gratings.

Thus, we define new wavelength characteristics of a cascaded DBR device as re-
search work for some specific applications. The transmission characteristic of the cas-

caded DBR structure should have the following criteria:

1. narrower and phase-delay-free passband in transmission spectrum

2. wider stopbands at both side of the passband in transmission spectrum
3. high passband to stopband extinction ratio
4. the bandwidth of the passband can be engineered by controlling device parameter.
Narrower
Side wall cascaded gratings in Multi-mode waveguide Delay-free
DBER; DER, B Passband
.*E' 1 )\ 1 é J Wider
f:_,’ \ = Stopband
= ) -
=]
> »: ||/
— —> \ / - /1 >

A Single-mode input/output waveguide

Figure 4.2: A cartoon to represent rectangular edge filter using integrated Bragg grat-
ing with the DBR device, input-output wavelength characteristics shown
together.

A cartoon representing the wavelength characteristics of a cascaded DBR device in
a multimode waveguide is shown in Fig. 4.2. A wide band of wavelength with flat-top
intensity is being launched in the device. A relatively narrower delay-free passband is
obtained at the output of the device as a result. One can achieve a delay-free passband
in the transmission spectrum of the DBR device by using the single stage side wall
grating in a multimode waveguide. But, in this way, the passband width cannot be nar-

rowed down beyond a certain limit and at the same time side, stopbands also cannot be
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widened up to some extent. Therefore passband control has been limited by device pa-
rameters in such a single stage device reported. We start with the qualitative discussion
of limitations of single stage grating on passband width first, followed by presenting

cascaded grating with semi-analytical theory, experimental result, and discussion.

4.1 Limitations of Single Stage DBR on Pass Bandwidth

In chapter 3, section 3.1.1 we have presented the iterative method for computing Bragg
wavelengths A% and \%. We also plotted the graphs of converged Bragg wavelengths
as a function of waveguide width (W5 = W, + AW) for a different grating period. As
waveguide width increases, both A% and \% increase approximately linearly. But since
we kept I/ constant at 560 nm, increasing the value of IV actually increases the value
of grating modulation AW. So the effect of AW on two stopbands (around these Bragg
wavelengths) and the passband between the two stopbands have been studied here. The

stopbands occurring at A%™ can be given as [97]:

2(\5")”

AN —
P w9 () + nl (A%

|0 4.1)

for m = 0, 1. where A\%" are given by Eq. 3.2 and 3.3, the coupling coefficient k"™ is
given by Eq. 3.6. Substituting (n}(A\g") 4 n7:(A%")) with AO%m in Eq. 4.1 it can be

simplified to be the function of A, k"™ and A\%" as given by the following equation:

2

Clearly from Eq. 4.1, A\ depends on %™ which in turn depends on modal over-
lap between forward and backward propagating modes. The overlap region is defined
by etching depth of the grating and grating modulation width ATV. Also, AN de-
pends on grating period A and Bragg wavelengths A%" which in turn depend on grating
and waveguide parameters. Since the two Bragg wavelengths are discrete and are sepa-

rated sufficiently (see Fig. 3.6), there exist the passband between these stopbands. The
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passband width A\, can be obtained by:
1
Adpp = (B = Xp) = S(ANG + ANG) (4.3)

Also its center wavelength Ao can be given as:

)\00 + )\01 1
= % + Z(AAS; — AXD) (4.4)

Ac
One way of shifting ¢ in passive manner is to change the value of grating period as the
Bragg wavelengths (A%™) shift with grating period as already shown in Fig. 3.6. The

calculated value of

d;\l%m are 4.4 nm and 4.1 nm for m = 1 and 2 respectively.

Substituting Egs. 3.2, 3.3, 4.1 in Eq. 4.3, we can redefine passband width as:

A A
Ay = (1 — —|/£00|))\%0 - (14 —|/101|))\%1 (4.5)
™ T

Thus, Eq. 4.5 helps to estimate photonic passband width of side wall grating inte-
grated in a multimode waveguide at one of the side walls. As the values of \%" depend
on W5, A and nS}"f and the values of |xg,,| depend on grating modulation ATV, the pass-
band width can be engineered/controlled by suitable choice of a waveguide as well as
grating parameters. Calculated passband width A\, side stopbands widths A% and
A% and passband center wavelength \¢ as a function of waveguide width W5 (with H

=250 nm and & = 150 nm) are shown in Fig. 4.3 for three different grating periodicity
(A =282 nm, 286 nm, and 290 nm).

We can observed that the side stopband widths are increased with the waveguide
width (since the values of kq,, increases with W5 — W) as we discussed earlier. But
ko1 > Koo 1s due to higher value of overlap between the fundamental and first order
modes as compared to that between fundamental to fundamental modes. This is obvious
as the first order mode intensity is more towards the wall of the grating where modal
overlap takes place in one sided side wall grating. It is also worth noticing that photonic
passband width reduces as the waveguide width increases. It is intuitively explained as
separation between effective indices An.;sr = ngg 7o ng} 7 reduces at higher waveguide

width since modes become more relaxed in multimode dimension. The direct effect of
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Figure 4.3: Calculated spectral widths of photonic passband (A\,;) and its center wave-
length (\¢), and side stopbands (A% and AN%) as a function waveguide
width W, supporting only two lower order modes in TE-polarization, for
three different grating periods.

An, s on passband width A\, can be established by simply putting the values of A%"

in Eq. 4.3 as:

2

A
. 00 01
Adpy = A(neff - ”eff) T on

2007 EY + (ndyp 4 ngp )k (4.6)

Again the center wavelength (\¢) of the passband varies significantly as a function
of grating period A as well as with the waveguide width /5. Since the waveguide width
cannot be increased beyond 1.25 pum to avoid further higher order guided modes (see
Fig. 3.7) and to keep A\¢ ~ 1550 nm, the pass bandwidth cannot be decreased below
~25 nm and side stopband widths cannot be increased above ~ 30 nm. Therefore, to
achieve a narrower photonic passband and wider side stopbands, it is preferable to go
for cascaded DBR gratings. Thus for a given device parameters, the width of passband
can be predicted theoretically. For instance, We calculated BV}, as 38 nm for I1/; = 560
nm, W5 =760 nm, H =250 nm, A = 150 nm, A =290 nm. This value of passband width
matches to the experimentally observed passband width for same device parameters as

we studied in Chapter 3, Section 3.3, Fig. 3.21.
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4.2 Device Description and Design

The proposed device 3D schematic is shown in Fig. 4.4 where DBR; with period A,
and DBR,, with period A, are being cascaded and integrated with multimode rib waveg-
uide at one of the side walls of the waveguide. The rib waveguide of width 1/ in the
input/output waveguide supports fundamental transverse electric (TE) mode only and
the rib waveguide of width W, in the grating region supports fundamental and first or-
der TE modes. The input/output waveguides are adiabatically coupled to the multimode

grating section.

Dg?n

Figure 4.4: Schematic of 3D integrated cascaded grating devices with grating period Ay
and A,; the cross section of the device with the device parameters: W7, Wy
- waveguide widths, H, h - core height and slab height is shown at bottom
right corner.

The cross-section of the device with coupling regions (dashed lines) is shown in
Fig. 4.4 (right bottom corner), where IV is the waveguide width in input/output access
waveguides and W5 is the waveguide width in a grating assisted waveguide; H and h
are waveguide’s core height and slab height respectively. The device parameters were
selected such as the passband filter characteristic of the device is within the wavelength

range: (1500 nm < A < 1650 nm) and supporting two lower order modes.

In the device with only DBR; or DBRj, fundamental mode expands adiabatically
through the taper section and enters into the grating section. In a grating section, fun-
damental and first-order modes get reflected back due to periodic perturbations at two
different phase-matched wavelengths as they couple to the forward propagating funda-
mental mode. The reason for two modes excitation in the backward direction is the

multimode nature of waveguide in grating section. The resulting phase-matched wave-
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lengths are defined by Bragg equation [97, 98] (see Eq. 3.2 and 3.3 in Chapter 3).
The filtering characteristics of the proposed devices are qualitatively described in Fig.

4.5. The first DBR grating (DBR;) with period A; matches the phase of the forward
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Figure 4.5: Schematic representation of the transmission spectra of the proposed pho-
tonic bandpass filter devices: (a) DBR; with period A;; (b) DBR, with
period As; and (c) cascaded DBR; and DBR, as represented in Fig. 4.4.

propagating fundamental mode with backward propagating fundamental mode and first
order mode at two different wavelengths ()\%071) and ()\%171), respectively. This results
into stopbands at around (A%;) and (A} ) with bandwidths AX)) and AN} respec-
tively. Similarly, for DBR grating (DBR5) with period A,, two phase matched Bragg
wavelengths are )\(}3072) and (/\031,2). As we have explained in the previous section that the
bandwidths of these stopbands are limited by the acceptable value of AW = W, — W,
or the strength of grating modulation. A well-defined passband between /\03071 and )\03171
is represented as "Passband1" and between )\%22 and )\%172 is represented as "Passband2"
for the devices DBR; and DBR; as shown in Fig. 4.5 (a), (b) respectively. The "Pass-
band2" is red shifted with respect to "passband1" as the grating period A, > A;. It
was shown earlier that such a passband is sufficiently broad and escorted by relatively

narrower stop-bands.

Since the transfer function of individual DBR grating gets multiplied when they are cas-
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caded, the resultant transmission characteristic of the cascaded DBR grating system can
be defined as the overlap of the two individual transmission characteristics as shown in
Fig. 4.5 (c). The resultant pass bandwidth (represented by Passband3) is significantly

reduced and the side stopbands ire effectively widened.

For two cascaded DBR gratings with slightly varying periods A; and Ay (A} < Ag)

and identical % and k! (assuming grating modulation width AW same for both DBR

casc

gratings), the resultant photonic passband (AA7;

) and its center wavelength (\7¥°¢) are
given by:

A A
ANCESC — (1 _ ?1|/f00|))\0B0,1 _ (1 + ?2|/€01|))\OB{2 (47)

pb T

A0 +AY, 1
(AN, - AN (4.8)

casc __
)\C - s

Here (1) and (2) in the subscript of A%™ representation correspond to DBR; and DBR,
of cascaded DBR structures respectively. Thus, by a suitable choice of A; and A5, one

can achieve photonic passband A7™ << A\,

Delay-free passband can be defined by analyzing reflectivity and delay character-
istics of a DBR grating. Fig. 4.6 shows the reflectivity (12) and normalized effective
group delay (7/7) as a function of wavelength for kL, = 3, where 7, is the path de-

lay without DBR of waveguide length of L,. The filter addressed in this chapter is the

0.8

1549 1550 1551
Wavelength [nm]

Figure 4.6: Normalized effective group delay 7 /7, and reflectance R of a DBR as func-
tion of wavelength.

bandpass filter occurring in between the two Bragg wavelengths that is A% and \%.
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This region of the wavelength characteristic is completely outside the resonance. Only
at the edges of the passband is slightly affected by delay, otherwise it stands delay-free

in whole middle region (see Fig. 4.6).

4.3 Experimental Results and Discussions

To validate the theoretical passband and stopband widths for individual DBR gratings
and cascaded DBR gratings, devices were fabricated with the optimized device param-
eters in Silicon. Here we will discuss the effect of grating period and modulation width
on photonic passband and stopband characteristics. The spectral characteristics of the
cascaded grating system are shown to have better control over photonic passband and
stopband characteristics. Finally, fabrication tolerance has been studied in context to

justify the experimentally observed trend in pass bandwidth and center wavelengths.

4.3.1 Device Fabrication

The optical grade SOI substrate with a device layer thickness of 250 nm, buried ox-
ide layer thickness of 3 um, and handle wafer thickness of 500 pm was chosen for
fabrication of the waveguide, grating coupler, DBR grating and cascaded DBR grating
devices. Devices were fabricated using single step e-beam lithography followed by dry
etching procedure. We adopted the similar optimized fabrication process parameters
as given in Chapter 2, Section 2.3. Thirteen sets of devices were fabricated on 2 cm
x 2 cm SOI sample, their optical photograph is shown in Fig. 4.7(a). Detail of each
set is tabulated in Table 4.1. There are sets of a straight waveguide (waveguide writ-
ten as wg), DBR grating of different periods and cascade DBR gratings of different
period combinations. Straight waveguides were fabricated along with DBR grating de-
vices in order to normalize the grating characteristics for calculating the loss of grating
devices. Individual DBR gratings with different periods were fabricated to study the
effect of grating period on center wavelength and passband of the devices as we have
theoretically studied these effects in Section 4.1 using Fig. 4.3. Cascaded gratings with

the combination of different periods have been fabricated to analyze the passband and
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stopband engineering.

Table 4.1: Device specifications for the fabricated devices as shown in Fig. 4.7(a).

Set | Device Device Device parameters

No. | type No. Ay Ay L,
1 Straight wg D - Dg

2 DBR D7 -Di3 | 290 nm 500 pm
3 DBR D13 - Dig | 290 nm 250 pm
4 DBR Dig - Doy | 282 nm 250 pm
5 cascade DBR | Dys - D3g | 290 nm 290 nm 500 um
6 DBR D31 - D3g | 284 nm 250 pm
7 cascade DBR | D37 - Dyy | 290 nm 284 nm 500 pym
8 DBR Dys - Dyg | 286 nm 250 pm
9 cascade DBR | Dyg - D54 | 290 nm 286 nm 500 um
10 | DBR Dss5 - Dgo | 288 nm 250 pm
11 | cascade DBR | Dg1 - Dgg | 290 nm 288 nm 500 pm
12 | DBR Dg7 - Dy | 282 nm 250 pm
13 | cascade DBR | D73- D7g | 290 nm 292 nm 500 um

Each set of devices consists of six waveguides. The individual waveguides are
named as D;, i = 1,2,...78. Each of the devices is terminated with input and output
grating couplers for characterization purpose using optical fiber and laser setups. Fig.
4.7(b) shows the optical photograph of six devices (set number 1, straight waveguides:
D, to Dg) with the input grating coupler visible at left side of the devices. Gratings
of periods varying from 282 nm to 292 nm in the step of 2 nm and their cascade with
grating period 290 nm were fabricated in SOI with device parameters 11, W5, H and h
as 560 nm, 910 nm, 250 nm and 150 nm respectively in the devices with set number 2
to 13 device number D7 to D7g. 2 nm detuning in the grating period were characterized
to provide better bandwidth narrowing down as analyzed in theoretical analysis (see
Fig. 4.5). There is no inaccuracy in relative width patterning using e-beam. However, it
can give unexpected dc shifts in patterning widths, but keeping relative width approxi-
mately constant.Thus, 2 nm difference in the grating pitch is quite reproducible. Optical
lithography as for e.g. dip UV can better control the dc shift in the device width, with-
out disturbing the relative device widths. To reduce the ripples at the transition width

Wi — W, in DBR grating devices, AW is increased in the step of 20 nm with taper
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Figure 4.7: Optical photographs of fabricated (a) whole sample with all the sets of de-
vices and (b) one set of devices.

length of ~ 5 um at both interfaces of grating. The SEM image of tapered grating
modulation width is shown in Fig. 4.8(a). This adiabatic taper also helps in expand-
ing fundamental mode while propagating from input waveguide (width 11/7) to grating
waveguide (width W5). Fig. 4.8(b) shows the SEM image of one of the cascaded grat-
ings devices with periodicities A; =288 nm and Ay =290 nm.

As the devices were defined directly by e-beam lithography (relatively slow process),

we could not avoid small drift in the grating region for period of 288 nm. However, we
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Figure 4.8: SEM images of fabricated devices: (a) adiabatically tapered grating of peri-
odicity 288 nm; and (b) transition region of two cascaded DBR gratings of
A1 =290 nm and Ay = 288 nm.

have not observed any significant degradation in device characteristics for these small

periodic ripples in grating structure (see Fig. 4.8).

Fig. 4.9 shows the transmission characteristics of three multimode waveguide de-
vices each integrated with a 250-pum-long DBR grating period A = 282 nm. Their
average transmission characteristics (red color) and the transmission characteristics of
a reference waveguide are also shown. All the devices exhibit a passband centering
around A\c ~ 1563 nm and side stopbands at Ay ~ 1543 nm and \% ~ 1583 nm, re-
spectively. There is a relatively narrower passband observed below lower-side stopband
(at A ~ 1535 nm). The low transmission band below A ~ 1530 is attributed to the cou-
pling to leaky substrate modes. Average insertion loss for the entire passband at A¢ ~

1563 nm is estimated to be ~ 3.5-dB.
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Figure 4.9: Transmission spectra of three multimode waveguides each integrated with
250-pm-long DBR grating (A = 282 nm, AW = 350 nm) in one of the
side-walls of a multimode waveguide with W, H, h as 560nm, 250 nm and
150 nm, respectively. Their average transmission spectrum (red color) and
the transmission spectrum corresponding to a reference waveguide (black
color) are also shown.

4.3.2 Photonic Passband Filter: Single-Stage DBR

The normalized transmission characteristics of gratings with period 282 nm, 284 nm,
286 nm, 288 nm, 290 nm and 292 nm are shown in Fig. 4.10. These characteristics were
obtained by subtracting wavelength dependent transmission of a reference waveguide
in dB scale. Each plot contains five or six similar device characteristics. The average

transmission characteristics of the devices are shown in red colour.

The central wavelength (A¢ lying in the center of the passband as defined in Eq. 4.8)
is shifting almost linearly towards higher wavelength region as grating period increases.
The rate of increment of central wavelength with respect to the grating periods measured

. dA
from Fig. as ¢ = 4.3.

Various parameters can be extracted from these experimental results which fully
characterize the spectrum. For example, effective indices at corresponding Bragg wave-
lengths, their dispersion, center wavelength, stop bandwidth, pass bandwidth and cou-
pling constants for two device sets with grating period A = 284 nm and A = 286 nm
are shown in Table 4.2. The value of A\, for the device with A = 284 nm is slightly
higher than that of the device with A = 286 nm (contradicting theoretical prediction),

which may be attributed to variations in device parameters (e.g. waveguide width, grat-
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Figure 4.10: Transmission characteristics of DBR devices with grating period A = 282
nm - 292 nm, in step of 2 nm with L, =250 pm grating (A = 282 nm, AW
=350 nm) in one of the side-walls of a multimode waveguide with W, H,
h as 560nm, 250 nm and 150 nm

Table 4.2: Device parameters extracted from the experimental results shown in Fig.

4.10.
Parameters A =284 nm A =286 nm
nd (AY) 2.7993 2.7945
nd (A%) 2.8265 2.8209
Z%}f(xg) 2.6347 2.6301
<L (nm~1) | 6.988 x 104 | 6.988 x 10~*
’fj‘f(nm—l) 5.813 x 107* | 5.813 x 10~*
A¢ (nm) 1571 1579
AN, (nm) ~24 ~23
AN (nm) ~14 ~14
AN (nm) ~16.4 ~17.8
K% (um™1) 0.0487 0.0481
O (um~T) 0.0571 0.0634

ing duty cycle etc.) after fabrication. The fabrication tolerance in device width using
e-beam lithography may be within + nm. However, the spectral bandwidths of the

side stopbands are found to be relatively narrower than that of photonic passbands, as
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expected from theoretical simulation results discussed earlier.

4.3.3 Photonic Passband Engineering: Cascaded DBR

Fig. 4.11(a) shows normalized transmission characteristics of the DBR devices with
individual grating periods of 288 nm (at the top) and 290 nm (at middle); and their
cascade (at the bottom). The passband in transmission characteristic of the cascaded
DBR should be the overlap of the two individual passbands. However, the left edge of
the passband in cascaded response is not perfectly matching to the left edge of the pass-
band at the middle. This is caused due to fact that the grating modulation widths in the
individual DBR are not the same as in the cascaded DBR. This happened because the
three devices are fabricated on the same chip but in a different set of position-list in pat-
terning scheme. It was observed that there is AW variation between the DBR devices
of two different sets. But the AW variation in DBR devices of the same set are found
to be negligible. The measured values of the AW in single stage grating of period 290
nm are ~ 360 nm, while the that for the DBR device with single stage grating of period
288 nm and that of cascaded DBR is 350 nm. The fabrication issues can be eliminated
by continuous optimization of shifts in dose, beam current, aperture alignment, astig-
matism corrections and many more patterning parameters. We measured the spectral
width of the photonic passband of the cascaded device to be AA;* ~ 17 nm which
is reduced significantly in comparison to the devices with single-stage DBR (A7 >
24 nm) using Fig. 4.11(a). Using extracted parameters given in Table 4.2 and slopes

AR Y
dA A

4 (also extracted from Fig. 4.10) along with Eqgs. 3.2, 3.3 and 4.7; we
computed the corresponding widths of photonic passband as 15 nm, which is fairly in

good agreement with the above experimental results.

Similarly, Fig. 4.11(b) shows normalized transmission characteristics of the DBR
devices with individual grating periods of 290 nm (at the top) and 292 nm (at middle);
and their cascade (at the bottom). Here, the right edge of the passband in cascaded
response is not perfectly matching to the right edge of the passband at the top. This is
also caused due to the same region as we addressed earlier. Since AW of the single-

stage DBR with period 292 nm has deviated 10 nm from that of the cascaded BDBR,
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Figure 4.11: Transmission spectra of two single stage DBR (with different periodicity)
and one cascaded DBR (with periodicity A; and A,) (a) for DBR of period
288 nm, 290 nm, and their cascade, and (b) for DBR of period 290 nm,
292 nm, and their cascade. The DBR with L, = 250 um grating, A = 282
nm, AW =350 nm was integrated in a multimode waveguide with W, H,
h as 560nm, 250 nm and 150 nm, respectively.
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no perfect overlap was achieved between the two individual DBR. Also, we measured
the spectral width of the photonic passband of the cascaded device to be AA7* ~ 10.6
nm which is reduced significantly in comparison to the devices with single-stage DBR

(ANG*¢ > 24 nm) using Fig. 4.11(b). Using extracted parameters given in Table 4.2

and slopes %%0 = % = 4 along with Eqgs. 3.2, 3.3 and 4.7; we computed the corre-

sponding widths of photonic passband as 10.8 nm, which is fairly in good agreement
with the above experimental results. The side stopbands are also widened for these de-
vices following theoretical prediction. The extinction of side stopbands in each of the
cascaded devices is estimated to be ~ 30-dB with respect to the maximum transmission
of the photonic passbands. The passband width of the cascaded DBR can be further re-
duced by increasing the difference between the two periods of the cascaded DBR. The
sharp roll-off at the wavelength 1605 nm in Fig. 4.11 is due to larger grating modulation
width (~350 nm). However the edge roll-off near to the resonance wavelength A% ~
1590 nm is more than that at resonance wavelength A% ~ 16010 nm. In this chapter,
we are interested in the bandwidth narrowing property of the cascaded DBR structures

with slightly detuned grating periods.

4.4 Fabrication Tolerance

A small change in device width (1) or slab height (h) during device fabrication can
shift the transmission plots in wavelength. Waveguide lateral dimensions like width,
a duty ratio of gratings, grating modulation etc can vary between the fabricated and
geometrical mask of devices depending on e-beam lithography machine tolerance, a
reliability of the e-beam resist, development time, pre-/post- bake time etc. The vertical
dimensions of the waveguide, like slab height h (h = device layer thickness H - etch
depth) mainly depends on the physical and chemical environment of the dry etch pro-
cesses, such as: temperature, pressure, chemicals(gases for reactive ion etching), etch
time etc. Device slab height can also vary by wrap and bow present in the sample itself
which is controlled by the foundry. The rate of change of effective indices with respect
to W and h are extracted from Fig. 3.7 and tabulated in Table 2.4 as included in Chapter

2. Since device output parameters as Bragg wavelengths (A%™) stop bandwidth (A)),
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pass bandwidth (A),;) and center wavelength (A¢) all of these depend on effective in-
dices and wavelength, the variation of effective index with respect to device parameters
(W, h) gets reflected on all these parameters. For example, we cab predict the effect of

W and h on the central wavelength (\.) defined approximately as:

_AB B

Ac 5

= A[3nd}s + gyl (4.9)

e

The change in the central wavelength with respect to A\ (W, h) can be defined as

total derivative:

d\c dA¢

Using Equations 3.2, 3.3, 4.9 and 4.10 we can represent the change in the central wave-

length again as:

00 01

5 dn(e)? ’ N dng} f
dh dh

Ao~ A|3— 4 =AW 1 A3

Ah 4.11)

From Eq. 4.11 and Table 2.4, A\ can be found ~ 2 nm for AW = Ah=1nm, A =

290 nm. Similar effect can also be predicted theoretically for filter edges.

The variation of filter edges in wavelength characteristics of the six different devices
fabricated with same device parameters (see Fig. 4.10) can be attributed to the variation
in waveguide width and slab height (I, h) due to fabrication and foundry limitations
on planner surface. We have theoretically shown that the variations in W and A of ~
I nm can bring about change in center wavelength by ~ 1 nm. All follow the same
pattern except a small shift of ~ 2 nm. This has been predicted theoretically that 1 nm

variation in slab height can shift grating response.

4.5 Summary

In summary, we have demonstrated an integrated silicon photonics device which ex-
hibits a delay-free (or resonance-free) photonic passband with highly extinguished side

stopbands. The passband width was controlled by cascading the DBR of detuned peri-
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odicity. The photonic passband filter device is designed with a multi-mode waveguide
with side wall grating, which is adiabatically interfaced with input/output single-mode
waveguides. The optical passband filter in transmission port of waveguide was demon-
strated first time to the best of our knowledge. The pass-bands are bounded by two
highly extinguished stop-bands (with an extinction of > 35 dB with edge roll-off of >
70 dB/nm) of A\, > 15 nm. The existence of two stopbands is due to two Bragg
phase-matching conditions. The filter response is in the transmission, flat-top is natu-
rally achieved however passband ripple were further minimized within ~ 1 dB by pro-
viding an adiabatic taper at input and output interfaces of DBR grating. The bandwidth
is further narrowed down by cascading two gratings with detuned parameters. A semi-
analytical model is used to analyze the filter characteristics (1500 nm < A < 1650 nm).
The pass bandwidth of waveguide devices integrated with single-stage gratings is mea-
sured to be ~ 24 nm, whereas for the device with two cascaded gratings with slightly
detuned periods (AA = 2 nm) exhibit pass bandwidth down to ~ 10 nm. Insertion loss
and ripples in the passband can be reduced by improving side-wall roughness and by
increasing taper lengths. It has been shown that the spectral widths of the photonic

passband (and side stopbands) can be engineered depending on various applications.
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CHAPTER 5

Conclusion

This thesis contributes in the area of silicon photonics - widely accepted as an en-
abling technology for the growth of semiconductor industries. It has been accomplished
through a state-of-the-art literature survey followed by a series of failures and learning
steps. Initially, the research work started with the theoretical understanding and demon-
stration of integrated optical DBR and DBR cavity in single-mode SOI waveguides.
The major research outcome of this thesis work is a novel design and demonstration of
rectangular edge filter and passband engineering by cascaded DBR structures in mul-
timode SOI waveguides. Although there were no novelty in demonstrating the DBR
and DBR cavity as they were already demonstrated earlier by many researchers, we
understood the design criteria, minute details of the fabrication process steps, develop-
ing sophisticated characterization setup and analyzing measured results. In following
two sub-sections, we present the thesis summary and the further scopes of research,

respectively.

5.1 Thesis Summary

In the introduction chapter, first we reviewed the up-to-date progress of silicon photon-
ics starting from optical interconnect solutions to futuristics silicon photonics quantum
signal processing applications. Thereafter, we discussed how the concept of fiber Bragg
grating has been translated into integrated silicon photonics for the demonstration of
optical modulator, add-drop multiplexer, and sensing applications. Finally, with the
view of international research scenario and the state-of-the-art research activities at II'T

Madras, a feasible research objective was defined.

In Chapter 2, sub-micron dimension waveguide in SOI were presented in the light
of effective indices of the guided mode in order to study the effect of waveguide pa-

rameters on guided mode(s). Shallow etched waveguide (of device layer thickness H =



220 nm - 250 nm, ~ > 120 nm) were found as exciting only 7'F guided mode(s) while
the deeply etched (h < 120 nm) waveguide were found to excite both T'F as well as
T'M mode(s). The waveguide become multimode for the larger values of the waveguide
width. The waveguide dispersion were studied mainly because of the DBR device are
highly dispersive around the phase matched wavelength. Phase matching condition for
grating coupler as well as DBR were discussed with the help of wavevector diagram.
Coupling coefficient were computed for 7'F mode for a single mode waveguide to ana-
lyze the DBR and phase shifted DBR characteristics using transfer matrix method. The
DBR devices were fabricated using standard process developed in our laboratory. Dur-
ing fabrication, using e-beam lithography system, we found stitching error for longer
grating length which was mitigated using longer write field. It was observed that there
is trade-off between write field and quality of fabricated grating teeth i.e. smaller the
write field better will be the quality of fabricated grating teeth. But, the smaller write
field would not allow to pattern longer grating with stitching-error free DBR. Proximity
error was another problem in patterning mixture of FBMS path and conventional ge-
ometry as they require different dose of charge per unit square. This was removed by

proper design and dose selection.

Generally the device fabricated at the foundry are repeatable and takes lesser time.
However, we at institute research level research, found the fabrication was the most
challenging to produce a repeatable result using our institute resource. Nevertheless,
this helped us to gain the skills of hands-on-practice for device fabrications. Integrated
DBR and DBR cavity devices were demonstrated in a single mode SOI waveguide of
250 nm device layer thickness. Input-output grating couplers were integrated at both the
ends of the waveguide in a single-step of e-beam patterning. The 3dB bandwidth of the
grating coupler was found o be ~ 68 nm. The reflectivity of the DBR filter device was
measured to be ~ 38 nm. The credit of getting high DBR reflectivity goes to longer
grating length. A quarter-wave phase-shifted DBR cavity was designed with a shal-
lowly etched waveguide, small grating modulation depth and longer grating length with
submicron size grating period. The Q-factor of the fabricated DBR cavity device with
the optimized parameters is measured to be as high as 8 x 10*. The overall footprint of

the device is small.
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In Chapter 3, a novel integrated optical DBR grating device has been proposed and
demonstrated in SOI substrate exhibiting a wavelength transfer function with a sharp-
edge or REF response in C-band (1530nm < A < 1565 nm). The device working prin-
ciple is described first with a semi-analytical model and then FDTD simulations results
are presented to quantify various figure of merits. Analyzing the simulation results, the
design parameters were finalized and subsequently REF devices were fabricated using
standard process developed in our laboratory. The characterization results of fabricated
REF devices are found to be consistent with theoretical predictions. A filter response
with a sharp-step of > 40 dB is achieved at A\cq5c ~ 1561 nm. The slope of the step
Sedge 18 found to be 118 dB/nm and 105 dB/nm for air and DI water claddings, respec-
tively. It has been also shown experimentally that the slope of the REF response can
be controlled by varying the grating modulation. Moreover, the rectangular-edge step
in the transmission characteristics of fabricated devices is usually followed by a broad
pass-band (~ 40 nm). Such a device can be useful as a long-pass wavelength filter in
an on-chip optical WDM networking system. The device can also be used in Raman
spectroscopy as it can selectively filter Raman shifted signals from the pump. Besides
device demonstration, a qualitative and quantitative discussions are presented in sup-
port of various active applications such as refractive index sensor, re-configurable filter
response by thermo-optic tuning, and high-speed intensity modulation by integrating

p-n/p-i-n diode, etc.

In Chapter 4, we have demonstrated an integrated silicon photonics device which
exhibits a delay-free (or resonance-free) photonic passband with highly extinguished
side stopbands. The passband width were controlled by cascading the DBR of de-
tuned periodicity. The photonic passband filter device is designed with a multi-mode
waveguide with side wall grating, which is adiabatically interfaced with input/output
single-mode waveguides. The optical passband filter in transmission port of waveguide
was demonstrated first time to the best of our knowledge. The pass-bands are bounded
by two highly extinguished stop-bands (with extinction of > 35 dB with edge roll-off
of > 70 dB/nm) of A\, > 15 nm. Existence of two stopband is due two Bragg phase
matching conditions. The filter response being in the transmission, flat-top is naturally
achieved however passband ripple were further minimized within ~ 1 dB by providing

adiabatic taper at input and output interfaces of DBR grating. The bandwidth is further
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narrowed down by cascading two gratings with detuned parameters. A semi-analytical
model is used to analyze the filter characteristics (1500 nm < A < 1650 nm). The pass
bandwidth of waveguide devices integrated with a single-stage gratings are measured
to be ~ 24 nm, whereas for the device with two cascaded gratings with slightly detuned
periods (AA = 2 nm) exhibit pass bandwidth down to ~ 10 nm. Insertion loss and
ripples in the passband can be reduced by improving side-wall roughness and by in-
creasing taper lengths. It has been shown that the spectral widths of photonic passband

(and side stopbands) can be engineered depending on various applications.

5.2 Future Scopes

We believe the rectangular edge filter fabricated with DBR in multimode SOI waveg-
uide can be effectively used for designing integrated optical intensity modulator, RF
photonics filter, thermo-optic switch and lab-on-chip applications. The demonstrated
devices exhibit well-defined wavelength edge (Acqqe) Will be useful to design compact
silicon modulator with similar working principle as ring-resonator based intensity mod-
ulators [39] and/or as electro-absorption modulator [93] in ON-OFF configuration but
with a very high extinction ratio. Higher edge roll-off of the REF device would find
applications in sensors with high sensitive. Photonic passband of the cascaded grating
characteristics may be explored for RF photonics filter (for RADAR signal processing)
as an alternative to conventional optical notch/band-pass filters [99], in quantum com-
munication by effectively filtering generated entangled photons from the pump signal

[26] and Raman spectroscopy [31].
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APPENDIX A

List of Publications Based on Thesis

A.0.1 Patent

1. Parimal Sah and B. K. Das, "Broadband wavelength filter device using sidewall
grating for filtering optical signals", App. No. - PCT/IN2017/050403.

A.0.2 Journal

1. Parimal Sah, and B. K. Das, "Photonic Bandpass Filter Characteristics of Mul-
timode SOI Waveguides Integrated with Submicron Gratings" Manuscript under
review.

2. Parimal Sah, and B. K. Das, "Integrated Optical Rectangular-Edge Filter De-
vices in SOL." IEEE/OSA Journal of Lightwave Technology vol. 35 no. 2, pp.
128-135, 2017.

3. B. K. Das, N. DasGupta, S. Chandran, Parimal Sah et al., "Silicon Photonics
Technology: Ten Years of Research at IIT Madras," Asian Journal of Physics,
vol. 25, no. 7, 2016.

A.0.3 Conference (Presentations / Proceedings/Workshop)

1. Parimal Sah and Bijoy Krishna Das, "Integrated Optical A\/4 Phase-Shifted High-
Q DBR Cavity in Silicon-On-Insulator”, selected for Oral Presentation in ICAOP-
2017, Hisar, Hariyana, India (23-36 November 2017).

2. Sumi R, Parimal Sah, and B.K. Das, "Integrated 1D Photonic Crystal Devices
with SOI Waveguides", Symposium on Photonic Crystal: 30 Years of Photonic
Crystals - the Indian Scenario, IIT Kanpur, 21-23 September 2017.

3. B.K. Das, R.K. Gupta, Parimal Sah and S Chandran, "Novel wavelength filter
devices in SOI for optical interconnect applications", selected for Invited talk in
ICMAT 2017 (18-23 June 2017)

4. Parimal Sah and Bijoy Krishna Das, "Broadband wavelength filter device using
a sidewall grating in multimode SOI rib waveguide", Oral Presentation in OFC
2017, Los Angeles, CA, USA (19-23 March 2017) .

5. B.K. Das, S. Chandran, Parimal Sah, and R.K. Gupta, "Novel wavelength fil-
ter devices in SOI for sensing applications”, 13th International Conference on
Fiber Optics and Photonics, IIT Kanpur, India, 4-8 December 2016 (Invited Talk,
Paper- Tu2F.2)

6. B. K. Das, S. Chandran, R. Sidharth, S. Kaushal, and Parimal Sah, "Nanoscale
Tolerance for Silicon Optical Interconnect Devices", National Conference on
Nanoscience and Nanotechnology (NS&NT - 2014), 18-19 September 2014, CRNN,
University of Calcutta, Kolkata (Invited Talk)
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