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ABSTRACT

KEYWORDS: Silicon Photonics, Integrated Optics, Silicon-on-Insulator, Waveg-
uides, Directional Couplers, Microring Resonators, Mach-Zehder

Interferometers, Thermo-optic Switch.

Integrated silicon photonics technology has revolutionized short-haul data commu-
nication (inter/intra-board and inter/intra-chip) by replacing bandwidth limited metal in-
terconnects with high-speed optical interconnects. Silicon photonics devices with broad
optical bandwidth are the futuristic demand to meet the gigantic speed requirements (>
1 Tbps) in datacenters and high performance computing. Microring resonators (MRRs)
and Mach-Zehnder interferometers (MZIs) are the two important building blocks of an
integrated silicon photonics chip (used in optical interconnect applications and in other
allied fields like sensing and optical signal processing). Conventionally, both MRR and
MZI structures are constructed with suitably designed directional couplers (DCs). In
general, silicon photonics DC is wavelength dependent; this eventually limits the op-
tical bandwidth of an integrated optical circuit designed with MRRs and MZIs. Thus
there is a need of designing silicon photonics DC with scalable power splitting ratio

operating uniformly over a broad wavelength range.

In this thesis work, we have studied the wavelength dependent coupling character-
istics of DCs consisting of two single-mode rib waveguides as a function of waveguide
width (W), slab height (h) and gap () between the coupled waveguides in silicon-on-
insulator (SOI) substrate with a device layer thickness () of 220 nm. Solving the two
lower order eigenmodes (supermodes) of a symmetric DC (constructed with two identi-
cal single-mode waveguides), we investigated their dispersion characteristics. In order
to achieve a wavelength independent coupling, one needs to match the group indices
of guided super-modes in DC. To design such a DC, we first calculated the wavelength
dependent differential group index An,(\) of supermodes by varying the cross-section

design parameters. By analyzing the simulation results, a wavelength independent DC
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(WIDC) geometry is optimized offering uniform coupling over C + L bands (1525 nm
< A <1625 nm). Wavelength independent performances of such DCs are shown to be
tolerant against fabrication induced deviations (£ 30 nm) in waveguide/DC parameters

(W, H, h and (7); though the power spitting ratio varies a bit.

The proposed WIDC with a set of optimized design parameters, has been experi-
mentally demonstrated using commercially available SOI substrate (device layer: 220
nm, BOX layer: 2 pum and handle wafer: 500 um). A set of WIDCs with various power
splitting ratios (0%-100%) were realized by changing the coupling length. The 3-dB
coupling length of WIDC is measured to be ~ 5 um which is found to be slightly longer
than that of simulation result (~ 4 wm), which is attributed to the fabrication induced er-
rors as mentioned earlier. However, all the demonstrated devices exhibit nearly uniform
power splitting ratio with a measured +0.5 dB bandwidth of ~ 100 nm and insertion

loss of ~ 1.2 dB.

After successful demonstration of WIDC based power splitters (2 x 2 and 1 x 4), we
further extended the work towards the implementation of broadband MRRs and MZlIs
in TE-polarization covering C + L bands. The experimental results of MRRs have been
analyzed for various ring radius (> 100 pm) and coupling lengths. The extinction ratio
(ER~ 25 dB) and free-spectral range (FSR~ 0.8 nm) of a typical MRR with radius
100 wm are found to be nearly uniform over the entire operating band (1525 nm < A <
1625 nm). More compact WIDC based MRRs of radius ~ 25 um are also realized
in two step fabrication processes with deeply etched ring waveguide and adiabatically
tapered shallow etched bus waveguides. Similarly, the balanced and unbalanced MZlIs
fabricated with WIDC based 3-dB power splitters also exhibit uniform extinction ratio

of ~ 22 dB between cross- and bar-ports.

Finally, thermo-optic switching cells have been demonstrated with broadband MZIs
(balanced and unbalanced). For thermo-optic switching, thin film Ti-microheaters were
integrated in the slab region adjacent to one of the arms of the MZIs. A detailed theoreti-
cal study has been carried out to model the performance of metal-microheater integrated
waveguide phase-shifters in terms of waveguide geometry and micro-heater position-
ing. The devices were characterized over a broad wavelength range (~ 100 nm) in

TE-polarization with a nearly uniform extinction exceeding 22 dB and with a switching
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time of ~ 5 us. Average optical insertion loss is estimated to be ~ 2.4 dB and recorded
electrical switching power is ~ 36 mW; which are again found to be nearly uniform
over the above mentioned wavelength range of operation. The wavelength tunability of
unbalanced MZI switches are measured to be 33 pm/mW. More importantly, the ON
state switching temperature of the device is relatively low (~11K), making it suitable

for large scale co-integration of electronics and photonics devices.
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CHAPTER 1

Introduction

Our literature survey reveals that wavelength dependent performance of a typical direc-
tional coupler (DC) limits the optical bandwidth of important silicon photonics compo-
nents like microring resonator (MRR) and Mach-Zehnder interferometer (MZI). Within
the scope of this Ph.D. work, we theoretically investigated coupling characteristics of
a DC comprised of two single mode waveguides in silicon-on-insulator (SOI) platform
followed by the design of a wavelength independent DC (WIDC) operating uniformly
over a broad wavelength range of more than 100-nm near A = 1550 nm in TE po-
larization. Broadband WIDCs with various power splitting ratios were demonstrated.
The outcome of this results were further extended towards the demonstration of broad-
band 1 x 4 power splitters, microring resonators (MRRs), Mach-Zehnder interferom-
eters (MZIs) and MZI based thermo-optic switches. Such devices are highly desired
for broadband wavelength division multiplexing (WDM), reconfigurable signal switch-
ing/routing, add/drop filters, and many more applications. All the devices discussed in
this thesis are designed, fabricated and characterized using in-house facilities available
at [IT Madras. The research motivation including literature review, set of objectives and

thesis organization have been presented in the following sections.

1.1 Motivation

Silicon photonics optical interconnects are being used in recent times to overcome the
fundamental bandwidth bottleneck of metallic interconnects in very large scale inte-
grated (VLSI) electronic chips. An optical interconnect by virtue of its higher carrier
frequency offers higher data rate, lower latency, and lower power consumption, etc. In
fact, the usages of optical interconnects started by installing long-haul optical fiber links
since 80’s of the previous century. Short-haul optical interconnects were emerged in

early 2000’s and progressively replacing the electrical interconnects in board-to-board



and intra/inter-chip data communications. In the past decade, the success of low-loss
and complementary metal oxide-semiconductor (CMOS) compatible integrated optical
waveguides led towards the implementation of photonics integrated circuits (PICs) for
next generation on-chip communication and computing applications [1, 2]. Thus silicon
photonics technology has been emerged to offer power- and cost-effective short-range
optical interconnect solutions [3, 4, 5, 6]. A schematic block diagram of short-reach op-
tical interconnect link has been displayed in Figure 1.1 [7]. The basic building blocks
are laser sources, light distributors, optical modulators for electrical-to-optical conver-
sion, and photodetectors for optical-to-electrical conversion. Silicon photonics technol-
ogy has been evolved for integrating all these functionalities using silicon as optical

medium and it is appropriately fueled by the existing silicon electronics infrastructure.
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Figure 1.1: An outline scheme showing the basic building blocks of a silicon photonics
optical interconnect. [7].

Today optical grade SOI substrates commercially produced and the silicon device
layer is an excellent material platform for silicon photonics with its attractive opti-
cal, electro-optic, and thermo-optic properties.The SOI substrates facilitate compact
and high density integration of photonic/optoelectronic circuits using existing CMOS
foundry models [8, 9]. The broad transparency range of silicon covering the C and L
communication bands, the large refractive index (ng; ~ 3.477 at A = 1.55 wm) and
availability of high quality native oxide (ng;0, ~ 1.477 at A\ = 1.55 um) are the dis-
tinct properties that differentiate silicon from other integrated optical platforms such
as LiNbOs, III-V semiconductors and silica. The tighter confinement of light in the

waveguide core region due to the high refractive index contrast between silicon core and

2



oxide/air cladding enables to scale down the device footprint to as small as few tens of
um?. Moreover, the real and imaginary parts of refractive index of silicon crystal can be
changed with the concentration of free carriers (electrons and holes). This (plasma dis-
persion effect) has been widely explored for high speed optical modulators and switches
[10, 11]. Additionally, the large thermo-optic coefficient of silicon (1.86 x 10~* K1)
facilitates the active de-tuning of spectral characteristics as well as compensation of
fabrication induced errors in device parameters, by means of monolithically integrated
microheaters [12, 13, 14, 15]. Furthermore, Kerr nonlinear coefficient and Raman gain
coefficient are respectively two and three orders of magnitude higher than that of sil-
ica fibers at communication wavelengths [16, 17]. The non-linear phenomena in sili-
con waveguides such as self-phase modulation (SPM) [18, 19], cross-phase modulation
(XPM) [18, 20], stimulated Raman scattering (SRS) [21, 22], and four-wave mixing
(FWM) [23, 24] have been widely investigated in recent years. Again, the silicon pho-
tonics device performance can be enhanced by hybrid and/or heterogeneous integration
of I1I-V compound semiconductors, silicon nitride (SiN), silicon oxynitride (SiON), and
other group-IV elements (Ge, Sn and C) [25, 26]. All the above factors, make silicon
photonics a promising technology not only for high speed interconnect applications but
also for high performance computing [27, 28], lab-on-chip bio-sensing [29, 30, 31, 32],

solar harvesting [33, 34], quantum communication [35, 36], etc.

Top
Claddln
Metal 2
Metal heater
Metal 1
Gfﬂt‘“g Photodetector Modulator gox Transistor Wavegmde

Coupler

Figure 1.2: Scheme of a SOI based integrated silicon photonics circuit with important
components like input/output fiber-grating couplers, Ge-photodetector, p-
n/p-i-n modulator, silicon waveguide, metal heater, MOS transistor, etc.
[37].

In the past couple of decades, there has been a boom in demonstrating individ-

ual silicon photonics components such as low-loss optical waveguides [38, 39, 40],



hybrid silicon lasers [41, 42], Raman lasers [43, 44], high-speed silicon modulators
[45, 46, 47, 10], high-speed SiGe detector [48, 49, 50], and on-chip optical ampli-
fiers [51, 52, 53, 54], etc. The research outcomes paved the way towards futuristic
high-performance silicon photonics integrated circuits in which silicon VLSI electron-
ics and nanophotonics components are co-integrated monolithically on a single silicon
chip [55, 56, 57]. Cross-sectional schematic of such an integrated silicon photonics
chip is shown schematically in Figure 1.2, where various CMOS photonics components
such as grating couplers, p-n/p-i-n modulators, Ge photodetectors, waveguides, etc., are
shown to be fabricated in the same active layer of transistors. Grating couplers and/or
lensed-fibers are generally proposed for light coupling into and out of the device. The
chip is electrically activated using metal-interconnects. Microheaters are also integrated

in the same device layer to detune/reconfigure the optical characteristics of devices.

Liu et al. from Intel Corporation, demonstrated an 8-channel wavelength division
multiplexing (WDM) circuit based high-speed silicon photonics transmitter test-chip
capable of sending data at 200 Gb/s over single mode fiber [2]. This is regarded as
the key milestone for future terabit transceivers of intra- and inter-chip interconnects
[58, 59]. Very recently, Intel® has developed a high bandwidth optical transceiver mod-
ule, 100G CWDM4 QSFP28 (100 Gb/s coarse WDM 4-lane quad small form-factor 28
Gb/s) for 100GbE optical links over single-mode fiber [60]. Riding on these features,
currently the silicon photonics technology is being projected towards the demonstra-
tion of large-scale clouds and short-reach inter-datacenters with data rate 400 Gb/s and
above. The speed and capacity of such optical interconnects are decided by the number
of wavelength channels that can be accommodated in the WDM system and the operat-
ing speed of modulators per channel. The emerging IEEE 400 Gb/s (4 x 100 Gb/s) [61]
standard optical interconnects need four-lane >100 Gb/s modulators. Such high-speed
modulators often require advanced modulation schemes, complicated electrode design,
hybrid integration of organic materials, high power consuming digital signal process-
ing circuits, etc., [62, 63, 64, 65]. Integrated optical WDM is the key technology to
scale up the capacity in optical communication and interconnects [2, 66, 67]. Figure
1.3(a) shows a silicon photonics WDM-based interconnect for datacenter applications
proposed by Li ef al. [58]. There are N servers with their transceivers interconnected by

N x N switch matrix via single mode fibers. These WDM wavelength packets from the
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switch fabric

(b)

Figure 1.3: (a) Proposed scheme of a WDM silicon photonic interconnect for data-
centers; (b) graphical representation of laser/channel wavelengths from the
transmitters (upper), the switch fabric transmission bands at the "on" (solid)
and "off" (dashed) states (middle), and the filter pass-bands of the DeMUX
at the receiver (lower). The solid, dashed, dotted, and dashed-dotted arrows
in the upper figure represent different wavelength channels from a single
transmitter [58].

transceiver side are routed to any desired receiver through the switch matrix, where the
optical path can be reconfigured using a CMOS control logic. Thus, individual switch-
ing elements require a minimum bandwidth of (4N-1)xFSR to accommodate all the
4N )Xs, where FSR is the free spectral range between two neighboring wavelengths (see
Figure 1.3(b)). The wavelength range of the proposed data center is 1300 nm to 1600
nm. The ideal switch fabric passband for ON/OFF state and the filter passband of the

DeMUX are also shown in Figure 1.3(b), where the individual functional blocks are as-



sumed to have a broad optical bandwidth (OBW) to accommodate all the 4N wavelength
channels. Hence broadband switching elements are the basic requirement of an optical
interconnect to meet the future demand of high-speed data transmission. For instance, a
silicon photonics WDM transceiver must have a flat transmission bandwidth of ~ 100
nm (~ 60 nm) to cover the entire 4 (40) channels of ITU CWDM (DWDM) channels
in the 1510 nm to 1610 nm (1528 nm to 1568 nm) wavelength window. Fang et. al
demonstrated a 32 channel arrayed waveguide grating (1 x 32 AWG) based 320 Gbps
receiver with 200 GHz channel spacing [68]. However, the channel extinction ratio is
highly non-uniform over the entire bandwidth of the de-multiplexer. MRR [69] and MZI
[70] are the basic building blocks of many silicon photonics applications, especially for
large scale switch fabrics shown in Figure 1.3(a). Both MRR and MZI structures are
mostly constructed with suitably designed multimode-interferometers (MMIs) or direc-
tional couplers (DCs). In comparison with MMIs, DCs are more superior in-terms of
coupling efficiency, less imbalance in output power, scalability and easiness of fabrica-
tion [71, 72, 73]. Moreover MMISs are highly sensitive to the position of input/output
waveguides. An optical waveguide Y-junction is another alternative for power split-
ter/combiner, however, they are not suitable for large scale switching applications [74].
In this thesis we focus on 2 x 2 DCs designed with two single mode waveguides in
SOL. In the following section we briefly discuss about the basic DC-based switch cell

configurations and their switching characteristics.

1.1.1 Bandwidth Limitation of DC: Examples

Schematic representation of a typical add-drop MRR based switch cell is shown in Fig-
ure 3.1(b). Input wavelengths which are resonant to the ring appear at the drop port
while those are non-resonant appear at the through port. An integrated microheater is
used to tune the transfer function between the output ports. Figure 1.4(b) shows the
schematic of ideal transfer function at the through port for "off" state and "on" state
of the switch. The spectrum shows uniform extinction for all operating wavelengths
with infinite 3-dB optical bandwidth. However, in practice, the optical bandwidth of a
MRR is limited to few tens of nanometers. A fabricated MRR based add-drop multi-

plexer and its typical transmission characteristics at the through port and drop port of
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Figure 1.4: (a) Schematic of an add-drop MRR based switch cell and the corresponding
ideal switching characteristics at the through port in (b). (¢) SEM image of
a fabricated add-drop MRR and (d) the corresponding transmission charac-
teristics measured at the through- and drop- ports [75].

a demonstrated add-drop MRR (see SEM image in Figure 1.4(c)) are shown in Fig-
ure 1.4(d). It is evident that both the spectra have non-uniform extinction ratio (ER)
over the entire range of wavelength (highlighted with red lines). This is because of the

wavelength dependent coupling characteristics of DCs.

Though MRR based switches offer compact footprint (ring radius ~ 5 wm) and rel-
atively low switching power, their sharp spectral response causes signal waveform dis-
tortion, unless channels are aligned critically to the resonant wavelength [77, 78, 79].
On the other hand, MZI based switches offer wide transmission band but require large
footprint in the scale of millimeters [80, 81, 82]. Figure 1.5(a) shows schematic of a
typical MZI (unbalanced arms) based switch cell. The two 3-dB DCs are being used
for splitting and combing the optical signal. The ideal "off" state transfer function at
the cross port switch is shown in Figure 1.5(b) as solid lines. At the same time, bar port

follows a complementary transfer function. The transfer functions at the two output
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Figure 1.5: (a) Schematic of a 2 x 2 unbalanced MZI-based switch and (b) the trans-
mission characteristics at Port 4 for "on" and "off" state of the switch (ideal
case). (c) Actual wavelength dependent transmission characteristics calcu-
lated at Port 3. Waveguide parameters: width = 500 nm, height = 220 nm,
gap of DC = 2.5 um, effective Lpc = 6.8 wum, AL = 393.6 um [76].

ports can be interchanged by introducing a thermo-optic phase-shift of 7 using the inte-
grated microheaters. Again, in actual case these transfer functions are highly modulated
with wavelength dependent coupling characteristics of DCs coupling characteristics of
DCs, the actual transfer function of MZIs are Figure 1.5(c) shows the actual transmis-
sion characteristics at the cross port of an MZI reported by Bhatt ez al. in [76]. Again,
the wavelength dependent envelope of the spectrum is due to the nonuniform coupling

characteristics of the conventional DCs.

Typical 3D layout of a conventional 2 x 2 DC (power splitter) is shown in Fig-
ure 1.6(a), consisting of two single mode waveguides mutually coupled through their
evanescent fields. Since the waveguide dimensions (W - width, H - height) and the
separation (G - Gap) are in sub-wavelength range (typically in sub-micron scale), the

coupling characteristics of a DC is strongly depends on the operating wavelength (\ ~
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Figure 1.6: (a) Typical 3D scheme of a DC with two parallel coupled waveguides (W -
width, A - height, G - Gap and L p¢ - DC length) in SOI; (b) power splitting
ratio at the bar port and cross port of a 3-dB DC (L pc = Lsgp) designed at
A = 1550 nm corresponding to a broadband optical input (1525 nm < A\ <
1625 nm).

1550 nm) [83]. Typical wavelength dependent power splitting ratio at of a conventional
DC designed for 3-dB power splitting at A = 1550 nm are shown in Figure 1.6(b). This
clearly indicate that the optical bandwidth of a DC is limited by the wavelength depen-
dent coupling between the waveguides. This eventually limits the optical bandwidth
of an integrated optical circuit designed with MRRs and MZIs [84, 85]. A detailed

working principle of DC is given in Chapter 2.

1.1.2 Broadband DCs: Design Approaches

In recent years, various design approaches have been reported to enhance the bandwidth
of DCs. In this section we briefly review some of the relevant efforts.

Approach - 1: The unbalanced MZI based structures are most popular [84, 86, 87] and
is first proposed by Jinguji ef al. in Ref [86] with low contrast waveguides. A schematic
of a MZI based wavelength insensitive coupler is shown in Figure 1.7. k; and k&, are the
amplitude cross-coupling coefficients of individual DCs of lengths L; and L, respec-
tively. The basic idea is to introduce an additional phase delay A¢ in one of the arms
which compensate the wavelength dependent phase in the DCs. However, this design
is not suitable for scalable power splitting ratio, since it requires adequate control over

k1, ko and AL. This concept has been borrowed in many recently reported broadband
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Figure 1.7: Scheme of a wavelength insensitive coupler proposed in [86].

optical switches [84, 88].

Approach - 2: Another approach using hybrid plasmonic waveguides has been pro-
posed in Ref [89] and later demonstrated in Ref [90]. In this a hybrid plasmonic waveg-
uide (HPWG) section is sandwiched between two symmetric DCs. Here, the HPWG
section decouples the coupled waveguide modes in the first symmetric coupler. These
two uncoupled waveguide modes travel with different phase constants in the HP section
and again combine at the output symmetric coupler. With proper design of the lengths
of the three sections, one can compensate for the wavelength dependent phase of the
symmetric coupler with that of the HPWG section. This leads to wavelength indepen-
dent operation near A = 1550 nm. The measured power splitting ratio of a 3-dB coupler
shows a 5 — 10 % deviation over 60 nm wavelength range (1520 nm < A < 1580 nm).
Though this approach is compact, metal deposition increases the complexity, insertion
loss and cost of fabrication. Since metal is deposited on top of the waveguide, this
works only for TM polarization (electric field in the vertical direction).

Approach - 3: Lu ef al. proposed and demonstrated broadband DCs separately for
TE and TM polarizations, using asymmetric-waveguide based phase control [91] (see
Figure 1.9(a)). The cross-sectional view of the symmetric and phase control sections
are shown in Figure 1.9(b) with waveguide design parameters. Here, wavelength de-
pendent phase in the symmetric couplers are compensated by a small phase difference
between the two uncoupled waveguides in the phase control section. The phase con-
trol section is comprised of two asymmetric waveguides and separated by relatively
wider gap such that the waveguide modes propagate without coupling. The length of
symmetric coupler L; and L, are separately optimized for TE mode and TM mode

operations. Typical wavelength dependent power splitting ratio (obtained using MZI

10
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Figure 1.8: (a) Top view of the broadband directional coupler; (b) cross-sectional view
of the coupling region showing the symmetric region at L, and the asym-
metric hybrid plasmonic region at L, [89]; (c) deviation of the power cou-
pling coefficient of a 3-dB coupler [90].

configuration [69]) measured for TE- and TM- mode couplers are shown in Figures
1.9(b) and 1.9(c) respectively. The footprint of the device (3-dB power splitter) is in the
order of 20 — 40 um?. However, these broadband power splitters require critical waveg-
uide parameters and coupling length > 15 pm, and hence need further optimization for
high Q MRRs. Also the presence of asymmetry in the coupler make the device less
stable against temperature fluctuations (temperature sensitivity of DCs are discussed in
Chapter 5).

Approach - 4: An alternate method to enhance the bandwidth of DC is the direct inte-
gration of sub-wavelength gratings (SWGs) in the coupling region of DC as proposed
by Hailir in Ref [92] (Figure 1.10(a)). In this case, SWG embedded DC, the index per-
turbation in the coupling region changes the slope of the effective index of the funda-
mental (¢;) mode while that of first order (¢5) mode of DC is unaffected. This reduces
the wavelength dependency in the power coupling strength between the waveguides.
The transmission characteristics of a demonstrated 3-dB power coupler based on SWG
DC [93] is shown in Figure 1.10(b). The device is compact in size (10-15 pm long) has
exhibits nearly 100 nm bandwidth. However, they require adequate control over design
parameters of SWGs (period, duty cycle, width, extension length of gratings to both
sides of DC, etc.) and DC (waveguide width, gap, etch depth, etc). In addition to that,

the measured insertion loss of such devices are 3-5 dB.
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Figure 1.9: Scheme of a broadband silicon photonic directional coupler using
asymmetric-waveguide based phase control [91].
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Figure 1.10: (a) Proposed scheme of a broadband directional coupler with dispersion
engineered sub-wavelength structures [92]; (b) normalized optical powers
for a fabricated SWG DC demonstrated in [93].
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Figure 1.11: (a) Layout and design parameters of a curved DC for broadband operation;
(b) Measured transmission characteristics at the bar- and cross- ports (I
= Wy = 400 nm, gap g = 200 nm, radius R, = 26 um, L. = 8.1 um,
Ly =1.8 um and o = [3) [94].

Approach - 5: More compact 3-dB power splitters are also reported with curved sym-
metric directional coupler [95, 96, 94]. The layout and design parameters of a 3-dB
curved directional coupler are shown in Figure 1.11(a) [94], consisting of a central
curved DC, a straight coupler region, and input/output access waveguides with differ-
ent curvatures. The measured transmission characteristics at the two output (bar and cf
ross) ports of a 3-dB splitter (W = W5 =400 nm, gap g = 200 nm, radius R. = 26 pm,
L., =81um, L, = 1.8 um and o = f) is shown in Figure 1.11(b). The 3 =+ 1 dB

bandwidth of the coupler is measured to be ~ 88 nm.

To conclude, all the above discussed approaches require extra design parameters to
be controlled accurately for any decisive performances. Moreover, it appears not so
easy task to design a DC with scalable power splitting ratio using these approaches.
Thus there was need for detail investigation of a simple DC design for scalable power
splitting and operating over a broad wavelength range for large-scale integrated pho-

tonic switching circuits discussed above.

1.2 Research Objective

With the view of above mentioned limitations, the objective of this PhD thesis was set

to investigate the design/fabrication aspects thoroughly and to explore for a compact
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design of DC in SOI platform operating uniformly over a wider wavelength range cov-
ering C + L bands (see Figure 1.12), such that power splitting ratio could be scaled by
simply varying the device length. The best possible design of a DC (with the broadest
possible optical bandwidth) could then be used to demonstrate wavelength independent
MRRs and MZIs. The design results must be validated with experimental results by
fabricating various passive/active device architectures (e.g., see Figure 1.13) using in
house fabrication facilities available at IIT Madras. An integrated optical metal mi-
croheater design has been shown to observe wavelength independent switching charac-
teristics. The access input/output waveguides are shown to be terminated with grating
couplers to facilitate device characterizations using fiber optic probe station. The de-
sign and fabrication process parameters need to be optimized in accordance with the
given specifications of a SOI substrate (device layer thickness ~ 220 nm, buried oxide
or BOX layer thickness ~ 2 um and handle wafer thickness ~ 500 um) commonly used

in silicon photonics foundries.
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Figure 1.12: Schematic representation of the transmission characteristics of wavelength
independent DC (WIDC) operating uniformly over a wide range of wave-
length (ideal OBW~ 00).

1.3 Thesis Organization

The rest of this thesis is organized with the description of design aspects of various de-
vices (DC based), important experimental results and their analyses. They are discussed

chapter-wise as follows:
In chapter 2, we have discussed about the design and demonstration of WIDCs
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Figure 1.13: Proposed layout for experimental demonstration of integrated photonics
circuit building blocks designed with WIDCs.

with scalable power splitting ratios. We started with theoretical understanding of polar-
ization dependent single-mode waveguide design on a 220-nm SOI platform followed
by waveguide dispersion characteristics using numerical simulations. A condition for
wavelength independent coupling has been established by solving the guided super-
modes of a DC. The device fabrication process with optimized parameters are presented
in detail. Finally, performances of experimentally demonstrated broadband power split-

ters (2 X 2 and 1 x 4) are analyzed and validated with theoretical predictions.

In Chapter 3, we have presented the design and demonstration of broadband all-pass
and add-drop microring resonators. The chapter begins with the general theory and
working principle of ring resonators. The transmission characteristics of a wavelength
dependent DC based and a WIDC based MRR are numerically evaluated including the
effect of bend loss and bend induced coupling at the curved regions of the ring. The
devices are fabricated and the experimental resonance characteristics such as extinction
ratio, Q-factor, free-spectral range, fineness, etc., are compared with simulation results.
In addition to that, the demonstration of compact MRRs (radius ~ 25 pum) are also

presented.

Chapter 4 is reserved for broadband MZIs integrated with WIDCs. Working prin-
ciple and transfer function of balanced/unbalanced MZIs have been presented along
with simulation results. The experimental demonstration and broadband transmission
characteristics of broadband MZlIs are presented along with theoretical validation. This

section also includes the demonstration of more compact broadband MZIs fabricated in
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two step lithography and etching steps.

In chapter 5, we have presented the design and demonstration of a MZI based switch
cell integrated with thermo-optic phase-shifters. The switching characteristics of metal-
integrated waveguide phase-shifters in different configurations were analyzed numeri-
cally in terms of switching power, switching time and metal absorption loss. Exper-
imental demonstration including the fabrication details of microheater integration and
four-probe thermo-optic characterization are discussed. In the end, various performance
figure of merits of demonstrated balanced/unbalanced MZI thermo-optic switches are

compared with that of earlier reported results.

A summary of the research carried out within the scope of this thesis and possible

extensions of the work have been briefly outlined in Chapter 6.
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CHAPTER 2

Directional Coupler: Design and Demonstration

In this chapter we have studied the coupling characteristics of a conventional 2 x 2 DC
structure in SOI towards the design and demonstration of wavelength independent DC
(WIDC) operating near A ~ 1550 nm. Typical layout of a 2x2 DC is shown in Figure
2.1(a) (z-z plane). The cross- and bar-ports are indicated with respect to one of the
input ports. The two waveguides are assumed to be identical and separated by a small

gap G over a coupling length (along z-axis) of Lpc as shown. However, the effective
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Figure 2.1: (a) Top view of a 2 x 2 DC, (b) and (c) are cross-sectional views of in-
put/output waveguide and DC respectively in SOI substrate. Lpc: DC
length, W: rib width, h: slab height, G: gap, H: device layer (rib) height
and R: waveguide bend radius, tpo x: buried oxide thickness and t7o x: top
oxide thickness.



coupling length of DC must be longer than Lpc, as the input/output waveguides ap-
proach adiabatically through S-bends (with bending radius of ) and hence contribute
additional couplings in both sides of the parallel coupled section. A sharper S-bends (or
a smaller R) may be desired for compact device footprint as well as to limit couplings
in the bend regions. The gap G controls the mode overlap and coupling strength of DC
for any fixed waveguide geometry. A cross-sectional view (in z-y plane) of individual
waveguides and DC region in SOI substrate along with important design parameters are
shown in Figures 2.1(b) and 2.1(c), respectively. The waveguide geometry is defined
by rib width W, height H and slab height h. Following the standards of silicon pho-
tonics foundries, we have considered a 220-nm thick device layer (H) SOI substrate
with buried oxide layer (SiOs) thickness (fpox) of 2 wm and handle silicon layer of
thickness of ~ 500 wm. The waveguides may be assumed to be covered with a top
cladding layer of air/oxide/nitride. Since the refractive index of silicon core is very
large (~ 3.4775), the values of W, h, GG and H are in sub-wavelength scale for a single
mode propagation. This in turn makes the conventional DC strongly wavelength sen-
sitive (dispersive). However, with suitable choice of design parameters it is possible to
engineer the dispersion characteristics of waveguides and hence the DC design towards

wavelength independent operation over a given wavelength range.

In following sections we have investigated the polarization dependent criteria for
single-mode guidance, wavelength dependent coupling characteristics of coupled single-
mode waveguides and S-bends for input/output access waveguides. Finally, WIDCs
were experimentally demonstrated using the best design parameters obtained from sim-

ulation results.

2.1 Waveguide Design

The cross-sectional geometry of a SOI waveguide with design parameters (W, h, H)
has been shown previously in Figure 2.1(b). Total internal reflection of light waves
with an incident angle of ~ 60° inside the waveguide is satisfied by the high refrac-
tive index contrast A ( = % ~ 40%) between silicon (ng; ~ 3.4775) and

oxide (ng;o, ~ 1.4447) in the telecommunication wavelength range (~1300 nm - 1600
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nm). Thus light is confined both vertically and horizontally in the silicon core region
(z-y plane). The index contrast increases with etch depth (d = H — h), but the rough
sidewalls increase the propagation loss due to sidewall scattering. In our theoretical
discussions, we have considered loss-less waveguides with smooth and vertical side-
walls. In general, waveguides are designed for single-mode operation except for some
application like mode-division multiplexing (MDM) [97]. In other words, the phase
velocity difference between the guided modes cause inter-modal dispersion in multi-
mode waveguides. However, in single mode waveguides due to the tighter confinement
of modes in submicron waveguides, the effective index (n.rs) of guided mode varies
significantly with wavelength. This is called intra-modal (structural) dispersion, result-
ing in wavelength dependent group index, (n,(\) = nepr(A) — A dn%io‘)). Therefore, it
is important to estimate the valid range of W and h (fixed H = 220 nm) for single-mode

guidance and their polarizations over a desired wavelength range (A ~ 1550 nm).

2.1.1 Single-Mode Guidance

At any operating wavelength A, the number of guided modes and their polarizations are
decided by waveguide geometry (W, h and H). The polarization of supporting modes
inside the waveguide can be ether TE-like (dominant electric field component paral-
lel to the substrate) or TM-like (dominant electric field component perpendicular to the
substrate). The difference between effective indices of these two orthogonally polarized
modes is called birefringence. Due to the geometrical asymmetry, the structural bire-
fringence is relatively large in submicron photonic wire waveguides compared to that of
large cross-section waveguides [98, 99]. The birefringence is zero for symmetric square
waveguide (W = H, h = 0, and surrounded by oxide). The possible supporting modes
of a waveguide of certain geometry are calculated by solving the Maxwell’s equation
with appropriate boundary conditions. Commercial finite difference eigen-mode solver
(FDE) of Lumerical MODE Solutions [100] is used to calculate the geometry depen-
dent effective index (n.s¢) and polarization fraction of mt (m =0, 1, 2..) order guided
modes for various W (300 nm < W < 700 nm) and h (0 < h < 200 nm) at an operating

wavelength A ~ 1550 nm. The degree of polarization of the guided modes are defined

19



200 : : .
air cladding] L TEo
7 TEo, HE,
[ZZ TE,, TM,, TE, -
— /'
£ P
= 100 } e
¥ . -
Gl TE,, HE
50 b’ o
..... ‘___.
0 \\ . c””:::"“’Oﬁ
300 400 500 600 700
W [nm]
(a)
200 : : .
oxide cladding] L[ —ITE,
XY TE,, TM,
150 F L2243 TE,, TMy, TE; |
£ 100}
=
50 |
5 \i\\\ s

300 400 500 600 700

Figure 2.2: Allowed guided modes defined by TE,;, TM, and HE, (see text for def-

initions) shown in W-h plane for (a) air top-cladding and (b) oxide top-
cladding. The calculations are carried out for H =220 nm and tgox = tios
=2 um, at an operating wavelength A = 1550 nm.

by comparing the fraction of transverse electric field component along x-direction:

f\Edexdy
Ye = (2.1)
| (5 + 1B,y
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where, E, and F, are the transverse electric field components of a guided mode. For
convenience, we have assumed a guided mode to be TE-polarized if v, > 0.6, TM-
polarized if v, < 0.4 and hybrid or HE-polarized for 0.4 < ~, < 0.6; and accordingly
demarcated in Figs. 2.2(a) (air-cladding) and 2.2(b) (oxide-cladding). Besides single-
mode guiding condition, we also observe that TEy mode is supported for all values of A
when W is kept below 500 nm (375 nm) for air (SiO,) top-cladding. Both TE; and TM,,
modes are supported for 4 < 30 nm (15 nm) for air (oxide) top-cladding. Note that,
HE-polarized modes (0.4 < v, < 0.6) are absent in waveguides with oxide cladding,

due to the symmetric vertical and horizontal boundary conditions (oxide cladding).

In order to understand the geometry dependent distribution of modes along the
waveguide cross-section, we have considered a few waveguide geometries and plot-

ted F, field distribution at A = 1550 nm. For example, the waveguide geometry in
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Figure 2.3: Electric field intensity distribution of TE, (top) and TM,, (bottom) modes of
a SOI waveguide of W = 350 nm, A = 0 nm and H = 220 nm calculated
at A = 1550 nm with (a) air cladding and (b) oxide cladding.

Figure 2.3 (W = 350 nm, h = 0 nm, H = 220 nm) support two orthogonally polarized
modes: TEy and TM,, and does not support higher order modes of same polarization
(Figure 2.3(a) for air cladding and Figure 2.3(b) for oxide cladding). Also, a waveguide
(W =400 nm, h = 50 nm, H = 220 nm) that supports fundamental TE; mode and an

HE, mode is shown in Figure 2.4. Here HE; mode is the first order mode (m = 1) of
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the waveguide with nearly equal £, and [, polarization fractions (0.4 < v, < 0.6).

.1 .0

TEy (vx =99 %) k2

220 nm| 50 nm

(a) (b)

Figure 2.4: Electric field intensities of TEy (7, = 99%) and HEq (7, = 53%) guided
modes of a SOI waveguide of H = 220 nm, W = 400 nm and /» = 50 nm
calculated at A = 1550 nm with air as top cladding.

2.1.2 Modal Dispersion

The n.¢; of a SOI waveguide is not only a function of waveguide geometry but also a
function of wavelength. The wavelength dependent effective index of a guided mode

results in structural dispersion. To calculate the n.sr(\), we have included the ma-
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Figure 2.5: Wavelength dependent refractive index (material dispersion) curves for Si
[101] (solid) and SiO, [100] (dotted) used to calculate modal dispersion of
SOI waveguides.
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Figure 2.6: Wavelength dependent effective index of fundamental TE, mode calcu-
lated for three different waveguide geometries (WG1: W = 550 nm,
h = 150 nm, H = 220 nm, W = 350 nm, WG2: h = 100 nm, H = 220
nm, WG3: W = 350 nm, h = 0 nm, H = 220 nm) with air cladding (solid
lines) and with oxide cladding (dashed lines).

terial dispersion parameters of silicon and SiOs given in [101] in Lumerical MODE
Solutions for 1525 nm < A < 1625 nm. The calculated n.;¢(\) as a function of A
for three waveguide geometries (WG1: W = 550 nm, A = 150 nm, H = 220 nm,
WG2: W = 350 nm, A = 100 nm, H = 220 nm, WG3: W = 350 nm, h = 0 nm,
H = 220 ) over a wavelength span of 100-nm (1525 nm < A < 1625 nm) are shown
in Figure 2.6. The solid lines represent air cladding and dotted lines represent oxide
cladding. Note that, irrespective of the waveguide geometry and cladding, n.s; reduces
as wavelength increases. Again, n.ss is a strong function of A for smaller core area
waveguides (WG3). Thus deeply etched waveguides are highly dispersive than shallow

etched waveguides.

Since n. s ¢ reduces with wavelength, the evanescent tail of the modes penetrate more
into the cladding region and hence the power confinement in the core region reduces.
The confinement factor of a mode quantifies the fraction of optical power in the waveg-

uide core (—W/2 <z < W/2,0 <y < H) for a particular polarization, and is defined

23



w2 [H
\E,|? dydz

p o LW

f f | E,|* dydx

In submicron waveguides, the modal confinement and evanescent field distributions
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Figure 2.7: Wavelength dependent confinement factor (I') of fundamental TE;, mode
calculated for three different waveguide geometries (WGI1: W = 550 nm,
h =150 nm, H = 220 nm, WG2: W = 350 nm, h = 100 nm, H = 220
nm, WG3: W = 350 nm, h = 0 nm, H = 220 nm) with air cladding (solid
lines) and with oxide cladding (dashed lines).

are strong functions of wavelength. Since the effective index reduces with wavelength
(Figure 2.6), evanescent tail penetrates more into the slab region and hence I';, reduces
with wavelength. The wavelength dependent variation of I' for above mentioned three
different waveguide cross-sections (supporting TE; mode), calculated over 1525 nm
< A < 1625 nm are shown in Figure 2.7 for air cladding (solid lines) as well as oxide
cladding (dashed lines). The magnitude and slope of I' are found to be relatively large
for deeply etched waveguide (WG3) compared to shallow etched waveguide (WG2).
This is because, the deeply etched waveguides confine more light in the waveguide core
due to high refractive index contrast in the horizontal (x—) direction. On the other hand,
I" increases with core size of shallow etched waveguides (WG1 and WG2) and reduces
at a slower rate w.r.t \. It is to be noted that, though n.¢(\) is more with oxide cladding

(see Figure 2.6), the modal confinement reduces with oxide cladding since the refractive
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index contrast A between the core and cladding reduces as the cladding index increases.
Confinement factor is an important parameter in DC design as it measures the coupling
strength between coupled waveguides. Higher the confinement factor, lower will be the
DC length for a given power splitting ratio. Moreover, lower confinement increases the
bend induced losses and hence limits the bending radius of S-bends. This is explained
in more details with simulation results while considering the design aspects of WIDCs

to be discussed later.

2.2 Dispersion in Coupled Waveguides

To understand the dispersion in coupled waveguides we first discuss the working prin-
ciple of a DC and thereafter the wavelength dependent propagation of its guided eigen-

modes (supermodes).

2.2.1 Coupled Waveguides: Working Principle

The coupling characteristics of a 2 x 2 DC of length L (length of parallel coupled re-
gion) can be explained using supermode analysis [102], where the coupled waveguides
are modeled as a composite structure supporting higher order modes. Figure 2.8(a)
shows two single-mode waveguides with field amplitudes F;(z,y, z) and Fy(z,y, 2)
propagating along z— direction with propagation constants 3, = 2mn.fs1 /A and By =
2mnesr2/ A, respectively. The gap (G) is such that their field amplitudes are non-
overlapping and hence waveguides are uncoupled. Whereas in case a of coupled waveg-
uide system, as shown in Figure 2.8(b), the evanescent tails of the two guided modes
can overlap in the small gap. If the two single-mode waveguides are identical, one can
expect two lowest supermodes (symmetric supermode and antisymmetric supermode)
which are the linear combination of the individual uncoupled waveguide modes F; and

Ej5. This has been schematically shown in Figure 2.8(b) and mathematically expressed
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Figure 2.8: Schematics of (a) uncoupled waveguides and (b) directional coupler (DC);
Ey(z,y,z) and Es(z,y, ) are the electric field distributions of individual
waveguides; Fs(z,y, z) and E,(z,y, z) are the electric field distributions of
two lowest order modes (symmetric and antisymmetric supermodes) of a
DC.

as:

Es(z,y,2) = Es(x,y) exp(jfs2) (2.3a)

Ea(l’, Y, Z) = Ea(ma y) exp(jﬁaz) (23b)

where F; and FE, are the cross-sectional electric field profiles of the symmetric su-
permode (or fundamental mode) and antisymmetric supermode (or first order mode)

respectively. The propagation constants [3; and 3, of the two modes are given by:

2m 2r

where n; ., and ng;, are the effective indices of symmetric and antisymmetric super-
modes respectively. Since ng,, < ng;,, both modes travel with different velocities and
hence their relative phase difference (¢ = (55 — f,)z) decides the fraction of power
coupled from one waveguide to other waveguide at any distance along the coupled re-
gion. Figure 2.9(a) schematically shows the electric field distribution in symmetric
(solid line) and antisymmetric supermodes (dashed line) and their relative phase differ-
ence at three different locations along the length of DC, when input power is launched
to the top waveguide (P, = |E;|> and P, = 0 at z = 0). Here we assume that the two

waveguides are identical such that 5; = ; and lossless propagation.
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Figure 2.9: (a) Electric field profiles of symmetric (solid line) and antisymmetric (dot-
ted line) modes along the length of the waveguide at z = 0, 2 = L. and
z = 2L., where L. is the cross coupling length; (b) normalized output
power at the bar port (P(z)) and cross port (P.(z)) calculated along the DC
length using Eq. 2.5 (assuming loss-less waveguides) as a function of xz.
where x is the coupling strength. The relative phase shift between two ports
is shown in the top x axis.

At z = 0 (¢ = 0) input power couples to both the supermodes, however, the total
field will get canceled at the cross port and appear only in the bar port (see Figure
2.9(a)). As it propagates (assuming loss-less waveguides) at some distance z = L., the
relative phase difference becomes ¢ = 7 where the two filed amplitudes constructively
interfere at the cross port and destructively interfere at the bar port resulting in £, = 0
and P. = P;,. Again at z = 2L, the situation becomes similar to z = 0 (¢ = 27), where
P, = P, and P, = 0. Thus L. is defined as the cross-coupling length (interaction length

of DC required for the complete exchange of power from one waveguide to other). Thus
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the sinusoidal distribution of P, and P, at z = Lp can be derived from Eq. 2.3 as [99]:

Py(\) = cos®(kLpe) - Pin(A\) = [t?] Pin(A) (2.52)
P,(\) = sin®(kLp¢) - Pin(N) = |E*| Pin()) (2.5b)

where the self coupling coefficient ¢ and cross coupling coefficient k are defined as
[102]:
t =cos(kLpc) and k=e ™ ?sin(kLpc) (2.6)

respectively. The term e~77/2 represents that the relative phase difference between field
amplitudes. The term & is the coupling strength, as given by:

65()‘) - Ba(A) _ ﬂ-An()‘>

5 = 2.7

k(A =

and An(A) = ne(A) — ngp ().

In general, the amplitude transfer function of a 2 x 2 DC can be expressed as [103]:

cos[k(N)Lpc]  —7sin[k(\)Lpc]
Toc(A) = o (2.8)
—jsin[k(N)Lpc]  cos[k(N)Lpe]
For any fixed An and A\ (i.,e, x constant) the power coupling efficiencies at the cross
port and bar port and their relative phase difference are plotted in Figure 2.9(b) along
the length of DC. At every successive L. distance, power transfers completely from

one port to other port, thus L. is called cross coupling length or beat length. The 3-dB

coupling length of DC can be estimated as:

Lup() = e = QTJS)” 2.9)

where m =0, 1, 2, 3.... Thus for any coupling length the power splitting ratio of a DC
is highly wavelength dependent. Length dependent dispersion was discussed in detail
in the Ph.D. thesis of Sujith [99]. In the following section, we will focus on the disper-
sion engineering of supermodes by varying waveguide design parameters (within TE,

propagation regime), especially W and & for a given H (device layer thickness) and G
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(physical separation between coupled waveguides). In fact G is important parameters
for dispersion engineering. However, we have restricted it’s value to a minimum possi-
ble value which could achieved uniformly using e-beam lithography process. Smaller
the value of G, one can design a smaller footprint of DC for a desired coupling (split-

ting) ratio. However, smaller value of G makes the DC more dispersive.

2.2.2 Supermode Dispersion: Simulation Results

The wavelength dependent performance of a SOI based DC (see Figure 2.1) is better un-
derstood by calculating the dispersion characteristics of its supermodes. The symmetric
and anti-symmetric supermodes of a DC are evaluated numerically using Lumerical’s
Eigenmode Solver including the material dispersion parameters for Si core and SiO,
cladding [100, 101]. We start with three different DC cross-sections (DC1, DC2 and
DC3) with waveguide design parameters similar to that of WG1, WG2 and WG3 respec-
tively (fixed G and H). The corresponding electric field (£, ) distributions of TE-like
guided modes (A = 1550 nm) for; DC1 (W = 550 nm, h = 100 nm, G = 150 nm),
DC2 (W = 350 nm, A = 100 nm, G = 150 nm), and DC3 (W = 350 nm, A = 0 nm,
GG = 150 nm) are shown in Figs. 2.10(a), 2.10(b), and 2.10(c), respectively.

As discussed earlier, the waveguide parameters (I, H, h) chosen for all the three
DCs are such that they support only the fundamental modes (TE-like) for a wide band
of wavelength range (e.g., 1520 nm < A < 1630 nm). However, because of wavelength
dependent mode-field distributions, the waveguide modes as well as symmetric and
antisymmetric supermodes of the DCs are expected to be dispersive. The calculated
effective indices corresponding to symmetric and anti-symmetric supermodes (n;,, and
ngf f) as a function of wavelength for the above mentioned three DCs (DC1, DC2, and
DC3) are shown in Fig. 2.11(b). It is now evident from the plots that the values of
An(X) = ng;(X) — n2;(A) and the slope - [An ()] of the SOI based DCs can be
engineered appropriately by controlling the design parameters such as W, H, h, and G.
In the following discussion, we are going to establish how the wavelength dependent
transmission characteristics of a DC can be analytically evaluated by employing the

coupled mode theory with knowledge of numerically obtained values of An(\) and
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Figure 2.10: Electric field distribution of TE-like (symmetric and antisymmetric)

ax[An(A)].

modes calculated for an operating wavelength A = 1550 nm: (a) DC1 with
W = 550 nm, H = 220 nm, h = 150 nm, G = 150 nm; (b) DC2 with
W = 350 nm, H =220 nm, A = 100 nm, G = 150 nm; and (c) DC3 with
W =350nm, H =220 nm, ~ = 0 nm, G = 150 nm.

Typical transmission characteristics of a DC (DC1) of length Lpc = 25 um is

shown in Figure 2.12. Using Eq. 2.5, the free spectral range (FSR) of the transmitted

light waves at both the output ports can be derived as:

)\2

- 2.10
LDC A?’Lg ( )
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Figure 2.11: (a) n;;, (solid line) and ng; , (dashed line) and (b) An calculated for three
DC geometries; DC1 (W =550 nm, h = 150 nm), DC2 (W =350 nm, h =
100 nm), and DC3 (W = 350 nm, A = 0 nm). The calculations are carried
out for TE-polarization and for fixed H =220 nm and G = 150 nm.

where

Ang(A) = ng(A) — ng(\) = An()) — )\%[An()\)] (2.11)

is the differential group index of DC supermodes. This infers that if a DC is designed
such that An, — 0 over a range of wavelength, it exhibits wavelength independent

transmission characteristics within the band. This is in fact similar to the design of zero
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Figure 2.12: Typical transmission characteristics at the output ports of a DC of length
Lpc = 25 um and cross-section corresponding to DC1 (W =550 nm, h =
150 nm, G = 150 nm, H = 220 nm).

differential group delay (DGD) in multi-core fiber as proposed earlier [104] and [105].

2.2.3 Condition for Wavelength Independent Coupling

A wavelength independent DC (WIDC) is characterized by Ang(A) ~ 0 (zero disper-

sion) for which FSR (A)\) — oco. In other words, using Eq. 2.5 we can write:

dr(N) T
S = AR () ~ 0 (2.12)

Hence the condition for a WIDC is as follows:

Ang(A) = 0= k(\) constant for all As (2.13)

This means that coupling strength ~ is wavelength independent for any non-dispersive

DC geometry over the entire range of operating wavelengths.

In order to find out the optimized WIDC geometries we first evaluated the geometry
dependent values of An, by varying the values of W and h (ensuring single-mode
guidance in TE-like propagation at A ~ 1550 nm), keeping constant values of H =

220 nm and G = 150 nm. A contour plot of Ang as a function of W and h shown
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Figure 2.13: Contour plot of Ang in W - h plane calculated for 4 =220 nm, G = 150
nm and TE polarization at A = 1550 nm.

in Fig. 2.13 reveals that a DC can be indeed designed and fabricated with An, — 0
and 'SR — oo (refer Eq. 2.10 and Figure 2.12). Thus one can optimize the design
parameters of a WIDC operating over a broad wavelength range for which An, can be

considered non-dispersive.

Fig. 2.14(a) shows the calculated An, as a function of wavelength (1525 nm < A <
1625 nm) for a DC design DC4 (W = 375 nm, H =220 nm, h = 160 nm, G = 150)
along with DC1, DC2, and DC3 (design parameters given earlier). Among four designs,
An,, variation for DC4 is relatively small, around zero (—0.02 < An, < +0.02) within
the given wavelength range and it is likely to fulfill the design of a WIDC. Again,
An, is relatively large and highly dispersive for DC3 (0.75 < |An,| < 1.03); the
design can be used for a wavelength dependent DC (WDDC). Nonetheless, « plays an
important role in determining the length of a WIDC or WDDC for the desired values
of coupling co-efficients ¢ and k. As given in Eq. 2.13, the value of () must remain
constant over the wavelength range of interest for WIDC operation (DC4) and it should
be reasonably large for the sake of compact footprint of the device (lower value of
Lpce). Figure 2.14(b) shows the estimated values () for all the above DC geometries
(DC1-DC4). As expected, k() is a strong function of A for DC3, whereas it is nearly

wavelength independent for DC4. Moreover, using An, plot in Figure 2.13 and Eq.
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Figure 2.14: Calculated (a) An, and (b)  as a function of wavelength for four different
DC geometries: DC1 with W = 550 nm, A = 150 nm; DC2 with W =
350 nm, A = 100 nm; DC3 with W = 350 nm, h = 0 nm; and DC4 with
W = 375 nm, h = 160 nm. In all cases H = 220 nm, G = 150 nm and
calculated for TE-polarization.

2.12 one can estimate the tolerance in design parameters (W and h) for which the « is
nearly wavelength independent. In other words, a £30 nm variations in DC4 geometry
(W = 375 nm, h = 160 nm) introduce a maximum of +5% change in power splitting

ratio over the entire wavelength range of operation.
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Figure 2.15: Power splitting ratio calculated at cross port (P./(P. + P,)) as a function
of wavelength for the designs of DC3 (dashed line) and DC4 (solid line)
for three different device lengths (Lpc = 4 pm, 8 wm, 40 pm).

Figure 2.15 shows the power splitting ratio (fraction of output power at the cross-
port, P./(P. + P,)) of DC3 (dashed lines) and DC4 (solid lines) against A for three
different coupler lengths (Lpc = 4 um, 8 wm, and 40 um). As expected, DC4 de-
sign (WIDC) offers nearly wavelength independent transmission characteristics for all
lengths and its 3-dB coupling length is only 4 um, which is acceptable for the devel-
opment of compact integrated silicon photonics circuits for broadband operations. On
the other hand, the DC3 design is highly wavelength dependent which may be use-
ful for sensing [85] and WDM application. A dispersive DC based 1 x 4 wavelength
de-multiplexer has been presented in Appendix A. It is worth mentioning here that
DC designs with shallower etched rib waveguides (h — H) should be avoided for a
WIDC design, as the waveguide bend loss becomes enormously high for lower modal
confinements within rib waveguide structures. This has been confirmed by calculating

mode-field distributions and bend-induced loss estimations.

2.2.4 S-bend Design

As discussed in the previous section, a WIDC can be designed with relatively shal-

lower etched coupled waveguides with parameters corresponding to DC4. However,
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designing the access waveguides with S-bend structures (see Figure 2.1(a)) is some-
what critical as one needs to take care of bend-induced losses and additional couplings
between the input/output access waveguides. Typically, the S-bend waveguides are de-
signed by connecting equal arc lengths taken from externally touching two identical
ring waveguides of radius 2. Thus the bending loss and coupling between two access
waveguides (both input and output sides) can be analyzed by the use of geometrical top

view as shown in Figure 2.16.

P'e(2)

Figure 2.16: Geometrical top view of the S-bend and branching region of approach
waveguides of DC.

Bend Induced Loss

Though the performance of a shallower etched parallel coupled rib waveguides (DC4)
is described earlier as WIDC, it is also important to ensure the wavelength indepen-
dent bend induced losses and couplings in the coupled S-bend waveguide regions.
Figure 2.17 shows the calculated (using Lumerical MODE Solutions solver) losses
per 90° bend as a function of bending radius R for three different wavelengths (A =
1525 nm, 1575 nm, 1625 nm). For shorter bending radii, longer wavelengths exhibit
higher bending losses. However, for R > 90 um, the bending losses are negligibly
small and nearly wavelength independent. In case of deeply etched waveguides (DC4),
the bend loss for R ~ 5 wm is calculated to be in the order of ~ 10~2 dB/cm for
1525 nm < X\ < 1625 nm.
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Figure 2.17: Loss per 90° bend for a waveguide of W =375 nm, h = 160 nm and H =

220 nm as a function of bending radius 2 calculated for three wavelengths.

Bend Induced Coupling

In presence of bend induced coupling the bar- and cross-port powers in Eq.2.5 can be

modified as:

Py(\) = Py, cos? [K(A)Lpe + Chena(N)] (2.14a)
P.(\) = Py, sin? [k(A)Lpc + Chena(N)] (2.14b)

where Che,q(A) is the correction term which accommodates the effective wavelength
dependent bend induced coupling at both sides of the DC. Thus the condition for WIDC
in Eq. 2.13 has to be redefined as:

k(\) constant V A\s and Cle,,qa() constant V As (2.15)

The couplings in both side bend regions of a DC are to be accounted for estimating

the value of effective coupling length Legg;, which can be expressed as:

LYY = Lpe + 2AL, (2.16)
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Figure 2.18: (a) Power coupling to cross port as a function of bend induced coupling
length (2) for two different bend radii (R = 100 pm and 180 pm) and for the
given WIDC geometry (DC4); (b) schematic illustration of 2AL, = 2L,
with R = 180 wm hence power couples back to bar port.

where AL, accommodates coupling in one side of the bend region and depends on DC

geometry and bending radius. This can be modeled using the expression given for ring

resonator in Ref. [85] :

1 z=R .

=0

where the gap between waveguides at any z in the branching region G’(z) can be cal-

culated using the geometry given in Figure 2.16:

G'(2) =G +2 <R VR 22) (2.18)
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For a low bending loss (R > 100 um), shallow etched DC geometry (DC4), AL, may
be significantly higher than that of 3-dB length and hence the power splitting ratio at the
output ports deviates from the expected values. We first estimated the An(\, G'(z)) in
the DC branching region along z for a fixed DC cross-section (DC4) and for different R,
which is further used to calculate the normalized coupled power P! (see Figure 2.16).
The calculated results for R = 100 wm and 180 wm are shown in Figure 2.18(a). It in-
dicates again that the power couplings for lower values of R are wavelength dependent.
However, higher values of 2 exhibit longer interaction lengths (2) but tending towards
wavelength independent couplings. We find nearly wavelength independent and 100%
cross coupling only in one side of DC4 design with R = 180 um. Thus it is possible to
design a WIDC with nullified bend-induced couplings in both side access waveguides,
as they jointly provide two times cross coupling length of the DC (2AL, = 2L.). This
has been shown schematically in Figure 2.18(b) and can be expressed mathematically

as:

c08? (Chena(N)) = 1 and  sin? (Cheng(N)) = 0 (2.19)

WIDC with compact S-bends

The WIDC design including its access S-bend waveguides discussed above has rela-
tively large footprint because of larger bending radius (R = 180 wm). Moreover, the
proposed shallower etched waveguide design needs to be integrated for a compact de-
signs of functional MZI, MRR, etc. which demand for a deeply etched waveguide
geometry with tightly confined guided modes. A 3D scheme of the proposed WIDC
for compact silicon photonics devices has been shown in Figure 2.19. In this design,
the shallow-etched slab of the WIDC is adiabatically tapered towards access S-bend
waveguides to reduce its insertion loss, ensuring the effective L ¢ is unchanged. This
is possible by two-step etching process. The first etching is for the shallow etched
waveguide definition compatible to WIDC design and then the second etching to fa-
cilitate deeply etched waveguide for sharper bends masking WIDC appropriately. The

fabrication process steps has been explained in section 2.3.1.

Alternative to the WIDC geometry discussed so far (W ~ 350 nm and i ~ 160 nm),

one can choose another deeply etched WIDC using the contour plot of An, given in
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Figure 2.19: 3D scheme of the proposed WIDC design with deeply etched access
waveguides for compact silicon photonics devices.

Figure 2.13. One such WIDC geometry is W = 310 nm, » = 110 nm, G = 150 nm
and H = 220 nm. The calculated ~ (~ 0.35) and An, (|Any| < 0.6) are found to be

nearly wavelength independent as shown in Figure 2.20(a). The simulated wavelength
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Figure 2.20: (a) Wavelength dependent x and An, calculated for a relatively deeply
etched WIDC geometry of W = 310 nm and ~ = 110 nm.

dependent bend loss (apenq) Of the waveguide as a function of bend radius is shown in
Figure 2.20(b). It is clear from the plot that, for R > 30 um the wavelength dependent
bend loss is negligibly small, whereas for & < 30 um bend loss is considerably high
and wavelength dependent, since the modal confinement is relatively weaker at higher
wavelengths (A ~ 1625 nm). However, this particular geometry is less fabrication
tolerant compared to DC4 (W = 375 nm, h ~ 160 nm). A + 10 nm variation in
W or h may introduce wavelength dependency (|An,| > 0.06) in the transmission
characteristics. Hence, for broadband power splitters we fixed the WIDC geometry

as that of DC4. However, later in chapter 3 we have discussed compact microring
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resonators based on this particular WIDC geometry with relatively deeply etched (h ~

110 nm) waveguides.

2.3 Experimental Results and Discussion

The proposed WIDC design with a set of optimized design parameters (/W ~ 375 nm,
h ~ 160 nm, G ~ 150 nm and H = 220 nm) has been experimentally demonstrated
using in-house facilities available at IIT Madras. The devices were fabricated on a
commercially available 220-nm device layer SOI (specifications are given in Appendix
B) using electron beam lithography (EBL) and inductively coupled plasma reactive ion
etching (ICPRIE). Both wavelength dependent and independent 2 x 2 DCs of various
device lengths (Lpcs) were prepared in separate samples. The detailed fabrication

process flow and characterization results are discussed in the following sections.

2.3.1 Device Fabrication

Typical mask layout (GDS II format designed in RAITH Nanosuit) of DCs along with
reference waveguide and alignment markers is shown in Figure 2.21. For stitch-free
patterning of longer waveguides (2-3 mm) we used fixed beam moving stage (FBMS)
exposure scheme available with RAITH 150 TWO system. However, gratings and ta-
pers were defined as conventional elements (CE) where the electron beam expose the
elements within the pre-defined write field (WF) area [99]. Both input and output
waveguides were terminated with grating couplers (GC) for efficient light coupling.
The grating region (gratings of ~610 nm period and 50% duty cycle) has been defined
over 12 um x12 wm area and tapered towards the waveguide over a length of 100 wm.

More detailed design parameters of GCs are found in [99, 106]).

The fabrication process flow is schematically given in Figure 2.22. We prepared a
few SOI samples using standard silicon cleaning procedures as outlined in Appendix
B. The samples were then coated with negative tone e-beam resist (HSQ -Hydrogen
silsesquioxane) with spin parameters as listed in Table 2.1. The choice of negative

resist HSQ (XR-1541) is to minimize design complexity and patterning time by ex-
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Figure 2.21: Typical mask layout of DCs along with reference waveguide and alignment
markers (designed using RAITH Nanosuit). The GC region (both gratings
and taper) and waveguides are defined using conventional elements and
FBMS lines respectively. A zoomed-in view of the GC is shown in inset.

posing only the waveguide region. Subsequently, the mask patterns were transferred

Table 2.1: Spin coat parameters for HSQ electron beam resist optimized for two differ-
ent uniform thicknesses.

Step 1 (spread) Step 2 (coat) Thickness
Speed: 100 rpm Speed: 3000 rpm 100 nm
Acceleration: 100 rpm/sec Acceleration: 1500 rpm/sec

Time:10 sec Time:30 sec

to the resist using EBL (Raith 150 TWO System) with optimized e-beam parameters
as given in Table 2.2. After lithography, the samples were developed using commer-
cially available MF319 (Microposit ®) developer solution for 6 min and then baked
(post-bake) at 300 °C for 3 min. The patterns were subsequently transferred to silicon
using SFs:CHF;3 chemistry in inductively coupled plasma environment. Optimized IC-
PRIE (Oxford Plasmalab System 100) chemistry listed in Table 2.3 has been used for
nearly smooth and vertical sidewalls. The devices were etched for ~ 60 nm etch depth

(h = 160 nm) in 8 seconds.
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Figure 2.22: Fabrication process flow (left) with cross-sectional 2D (middle) and 3D
schematics (right). GC - grating coupler, HSQ - Hydrogen silsesquioxane,
ICPRIE - inductively coupled plasma reactive ion etching.

Table 2.2: Optimized EBL parameters in Raith 150 TWO system for conventional pat-
terning and FBMS patterning over HSQ.

System Parameters Patterning parameters
Acceleration Voltage = 20 kV Max CE dose = 240 uC/cm?
Aperture = 20 um FBMS dose = 350 uC/cm?

Write Field = 100 um x 100 pm Area step size = 10 nm

Working distance = 10 mm Developing time (MF319) = 6 min

Table 2.3: Optimized ICPRIE parameters silicon etching.

Parameter Value

Gas flow rate SF¢:CHF3::5:18 sccm
ICP power 1000 W

RF power 30 W

Pressure 15 mTorr
Temperature 20 °C

Etch rate 540 nm/min
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A SEM image of fabricated WIDC with input/output GCs is shown in Figure 2.23.
The total device length is around 1-2 mm. Separate SEM images of top view of DC
region, tilted view of DC region, tilted view of cleaved end facet showing the sidewall
angle, and tilted view of bend waveguide are shown in Figures 2.24(a) - 2.24(d) respec-
tively. The side wall angle is nearly vertical (~ 95°) with roughness in the order of ~ 10
- 20 nm (see Appendix B). SEM images of the GC region and a zoomed-in view of the

gratings are shown in 2.24(e) and 2.24(f) respectively. Table 2.4 shows the designed

200 ym Mag= 100X WD = 9.9 mm

ﬁa ith  — InLens EHT = 10.00 kV

Figure 2.23: SEM image of the fabricated WIDC with input/output grating couplers.

and measured device dimensions of WIDC and DC regions. A £20 nm variation in
design parameters were measured which may be attributed to fabrication induced errors

(proximity effects, electron-beam current variations, etching non-uniformity, etc.).

Adiabatic Slab Tapering

The proposed compact WIDC design with deeply etched access waveguides discussed
in section 2.2.4 was fabricated in two-step etching process. In the first step, devices
with shallow etched rib waveguides of 160 nm thick slab (etch depth ~ 60 nm) were

fabricated as discussed in the previous section. Without removing the HSQ mask over
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Figure 2.24: SEM images of (a) top view of DC region, (b) tilted of view DC region,
(c) cleaved end-facet of waveguide, (d) tilted view of bend waveguide,
(e) input/output grating coupler (GC) and (f) a zoomed-in view of grating
region.

the waveguides, a second layer of HSQ has been coated over the sample. The DC
and GC masks shown in Figures 2.25(a) and 2.25(b) were critically aligned over the

waveguides using the three-point alignment procedure available with RAITH Nanosuite
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Table 2.4: Designed and measured (using SEM) device dimensions of WIDC and GC.

Parameter Designed | Measured
Rib width (W) 375 nm | 350 &+ 20 nm
Etch depth (H — h) | 60 nm 60 + 10 nm
Gap (G) 150 nm | 150 4 20 nm
GC period (A) 610 nm 610 nm
GC duty cycle (9) 50% 48-52%

\ ,
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W ™ :disbatic slab tapering
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Figure 2.25: (a) and (b) are mask layouts of DC and GC regions respectively for second
lithography; (c) and (d) are corresponding SEM images of DC and GC
showing the deeply etched access waveguides and adiabatically tapered
slab regions.

[107] software. The maximum misalignment was measured to be < 50 nm, due to
unavoidable fabrication errors like drift in stage positioning, beam current, etc. The
unmasked waveguide slab regions (h = 160 nm) were then deeply etched for zero slab

height with the same ICPRIE parameters as listed in Table 2.3. During this step, the
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unmasked waveguides were protected by the existing HSQ layer (after first step) over
the waveguides. Figures 2.25(c) and 2.25(d) are the SEM images of DC and GC with
deeply etched access waveguides and shallow etched adiabatically tapered slab. We
later verified that this additional fabrication step neither contribute additional loss nor

change the device performance.

A list of fabricated samples are given in Table 2.5. To estimate the value of An,
experimentally from the transmission characteristics, we fabricated longer devices of
both wavelength dependent (S1) and wavelength independent (S2 and S3) DC geometry.
Moreover, WIDC devices are also fabricated in different sample (S3) to validate the
reproducibility and tolerance. Cascaded WIDCs in 1 X 2 configurations are also used

to demonstrate broadband 1 x 4 power splitters.

Table 2.5: Summary of fabricated samples.

Sample | W, h Lpc Remarks

S1 W =500nm | 50, 100, 500 wm Wavelength dependent DC to
h =130 nm estimate Any
G =150 nm

S2 W =350nm | 0, 5, 10,...30 um Shorter WIDCs for power
h =160 nm | 50, 100, 500, 1000 um | splitters and longer WIDCs
G =150 nm for An, estimation

S3 W =350nm | 0, 2, 4,...20 um 2x2, 1x4 WIDCs and com-
h =160 nm | 50, 100, 500 um pact WIDCs
G =150 nm

2.3.2 Device Characterization

All the demonstrated devices were characterized using a broadband (1520 nm < A <
1630 nm) tunable laser source (TLS) and an optical spectrum analyzer (OSA). Both
TLS and OSA are inbuilt with Apex-AP2043B high resolution optical spectrum ana-
lyzer (OSA). Figures 2.26(a) and 2.26(b) respectively show the schematic and photo-
graph of fiber-optic grating coupler probe station for passive device characterization.
The device under test (DUT) is tightly held on a sample holder using a vacuum pump.
Light input from TLS is launched directly to the input GC through a single-mode fiber
(SMF) and collected from output GC through another SMF and fed to the spectrum
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Apex AP2043B
1525 nm < A < 1625 nm

TLS OSA

(b)

Figure 2.26: (a) Scheme of characterization setup; (b) photograph of fiber-optic grating
coupler probe station. DUT - device under test, TLS - tunable laser source,
OSA - optical spectrum analyzer, SMF - single-mode fiber.

analyzer (OSA). Both input and output SMFs are aligned 10° vertically to the GCs for
maximum coupling efficiency [85]. A microscope is used to precisely align the fibers
to the input/output GCs. The input laser power is measured to be ~ 125 uW (-9 dBm)
and uniform over 100 nm (1525 nm< A\ <1625 nm). Figure 2.27 shows the wavelength
dependent transmission characteristics of a reference waveguide along with the TLS

output spectrum.

Grating Coupler Response

The wavelength dependent transmission characteristics of reference straight waveg-

uides (RWs) terminated with input/output GCs were obtained first which were used
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later to normalize transmission characteristics of the WIDCs. However, we observed
significant difference in the transmission characteristics of GCs fabricated in the three

different sets of samples listed Table 2.5. Figure 2.27 shows the measured transmission

'5 T 1 1

OQutput power [dBm]
w
o

laser source
-45  ——RW1, S1

——RW2, S2
-50 [ ——Rw3, s3
55 |
M 1 M 1 M 1 M
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Wavelength [nm]

Figure 2.27: Transmission characteristics of different reference waveguides (RWs) fab-
ricated in four different samples (See Table 2.6 for device details) along
with the TLS spectrum. A3y - 3-dB bandwidth, IL - insertion loss.

characteristics of a few RWs with input/output GCs. The measured 3-dB bandwidth
(A)3gp) and IL along with design parameters are tabulated in Table 2.6. RW1 (etch
depth, d = 90 nm) show nearly flat response at lower wavelengths with a 3-dB band-
width of 74 nm. Note that, the coupling efficiency reduces at longer wavelengths due to
relatively large scattering loss. Although RW2 (S2) and RW3 (S3) have the same design
parameters, their responses slightly vary from sample to sample. This is attributed to the
variation in design parameter due to fabrication errors such as etching non-uniformity,
width and duty cycle variations due to proximity effects, device layer thickness vari-
ations, etc. Great care must be taken while aligning the fibers with the input/output
GCs to maximize the coupling efficiency. RW1 has maximum coupling efficiency at
A ~ 1564 nm and gives a minimum IL of 11 dB. RW3 gives nearly flat response with
AXszgp ~ 74 nm and IL~ 14.5 dB. This includes coupling and waveguide (3-mm) loss.
Nevertheless, we did not observe much difference in spectra of RWs fabricated in same

sample (S2) at different locations (RW1 and RW4)
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Table 2.6: A)syp and IL measured for different RWs with input/output GCs fabricated
in four different samples. The design parameters of waveguides and GC are
also given: A - period of grating, ¢ - duty cycle, d - etch depth (H-h), A)\ssp
- 3-dB bandwidth, IL - insertion loss, A, - peak wavelength.

# GC ANs3qp Input to output fiber cou-
design parameters (Exp.) pling loss (Exp.)
RWI1, S1 A =610nm 74 nm ~ 14.5 dB
6=0.5,d=90 nm Ap = 1564 nm
RW2, S2 A =610 nm 46 nm ~ 11dB
0=0.5,d=60nm Ap = 1564 nm
RW3, S3 A =610 nm 43 nm ~ 12 dB
0=0.5,d=60nm Ap = 1572 nm
RW4, S2 A=610nm 45 nm ~ 11dB
6=0.5,d=60nm Ap = 1562 nm

Estimation of Differential Group Index (An,)

To validate our wavelength independent/dependent DC designs and theoretical predic-
tions, we fabricated few test structures of 2 x 2 DCs. The experimental transmission
characteristics of two different test device structures, D1 (W ~ 550 nm, A ~ 130 nm)

and D2 (W ~ 350 nm, h ~ 160 nm) each with Lpc = 500 um (sufficiently long) were

Bar port ' ' C t
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o’ o
+, 06} +, 06 AM2 =59 nm
o o
= 04} =, 04F
= =]
o o2 . gl
0t | - ot
AL=34nm | Cross port
1525 1550 1575 1600 1525 1550 1575 1600
Wavelength [nm] Wavelength [nm]

(a) (b)

Figure 2.28: Normalized transmission characteristics at bar and cross ports of two dis-
persive DCs each with Lpc = 500 um: (a) D1 (S1) and (b) D2 (S2). See
Table 2.7 for device specifications and An, comparison.
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used to estimate the values of An, from experimental results and compared with the-
oretical calculations (see Fig. 2.13). Figures 2.28(a) and 2.28(b) show the normalized
(By.e/(Py+ P.)) bar port (P,) and cross port (F,) transmission characteristics of D1 and
D2 respectively. First, the values of FSR (A)) were extracted from the experimental
transmission characteristics (at the bar or cross port) centering at A ~ 1550 nm and then
they were used to evaluate Ang, using Eq. 2.10. The experimental results shown in Ta-
ble 2.7 are consistent with the values corresponding to the evaluated simulation results
and Eq. 2.11. Slight deviations may be attributed to the fabrication/measurement re-
lated errors in estimating W, h and G. It must be noted that the longer DC lengths were
used to estimate An, so that at least one FSR could be captured within our available
wavelength range (1525 nm < A < 1625 nm) used for the experiments. Longer the
FSR of a DC, better is the wavelength independent performance one may expect for its

shorter lengths.

Table 2.7: Comparison of experimental and theoretical values of An.

Device# | H w h G Lpc | |Ang| |Any|
[nm] | [nm] | [nm] | [nm] | [um] | (Exp.) (Theo.)

D1 (S1) | 220 550 130 150 500 0.14 0.155

D2 (S2) | 220 350 160 150 500 0.036 0.042

D3 (S3) | 220 350 160 150 1000 | 0.051 0.042

WIDC based 2 x 2 Power Splitters

Since device D2 and D3 exhibits a large FSR (A >100 nm) and smaller group velocity
mismatch between supermodes (JAngy| = 0.036), we have studied it further for shorter
lengths to obtain desired wavelength independent power splitting ratio (0 to 1), over a
wavelength span of 100 nm (1525 nm < A < 1625 nm). We first measured the power
splitting ratios at the cross port of WIDCs for various DC lengths (Lpc : 0 — 30 um,
from S1 and S2) at A ~ 1550 nm. Experimentally observed power splitting ratio at the
cross port defined by P./(P, + P.), where P, and P, are in linear scale, at A\ = 1550 nm

as a function of Lpc (0 um < Lpe < 30 um) has been shown in Figure 2.29. The
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Figure 2.29: Power splitting ratio measured at cross port of WIDCs (fabricated in S2
and S3) at A = 1550 nm as a function of L pc.

measured values are fitted with theoretical curve which goes well with the analytical
expressions given in Eq. 2.5. However, we have observed 2 — 5% variation (error
bars in Figure 2.29) in power splitting ratio because of the uncertainty in coupling ef-
ficiency between input/output single-mode fibers and GCs. It is interesting to note that
for Lpc = 0 pum, the launched power appears only at bar port. This ensures coupling
in S-bend access waveguides (R = 180 wm) exhibiting two times full power couplings
between cross and bar ports which satisfies well with the theoretical prediction (though
actual values of W, h, G might have varied slightly after fabrication). Again, the
measured 3-dB coupling length is 5 wm, which is found to be a little longer than cor-
responding simulation result (4.0 um). This ~ 20% difference in 3-dB coupling length
may be attributed to the fabrication induced errors in the design parameters (see Table
2.3.1) and as well as the coupling in the bend regions. The power splitting ratio of a DC
may be obtained more accurately using MZI configuration as described by Bogaerts et

al. [69].

Figure 2.30 shows the cross port and bar port transmission characteristics of a 2 x 2
WIDC of length Lpc = 5 um (S2), when input is launched at one of the input GCs.
Both the output powers are nearly equal (3-dB power splitter) and follows the response

of the neighboring reference waveguide. This confirms the wavelength independent
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Figure 2.30: Measured wavelength dependent transmission characteristics at the output
ports (P, and F,) of a 3-dB WIDC (Lpc = 5 wm, S2) and a reference
waveguide fabricated very close to the WIDC.

performance of fabricated WIDC which is closely agreeing with the theory. The device

exhibits nearly wavelength independent insertion loss of 1.18 dB.

We further investigated the power splitting characteristics of WIDCs in terms of
coupling length Lpc (S2 and S3). Figures 2.31(a) - 2.31(f) show normalized power
splitting ratios at the bar- and cross-ports as a function of wavelength for Lo = 0 um,
5 um, 10 wm, 12 pm, 15 um and 20 um. As expected, all the devices are exhibiting
nearly wavelength independent performances with non-uniformity in splitting ratio <
+5% over the entire wavelength range. Note that, the non-uniformity in the power
splitting characteristics Lpc = 15 wm (3-dB) WIDC is > 5% which is attributed to the

poor response of GCs of that particular device.

Transmission Characteristics of Compact WIDCs

As discussed earlier (also see Figure 2.19), we carried out second etching by protect-
ing the DC region and rib of the access waveguides by HSQ mask as shown in Figure

2.25(c). The normalized wavelength dependent transmission characteristics of a WIDC
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Figure 2.31: Normalized transmitted powers at cross- and bar-ports as a function of

wavelength for (a) Lpc = 0 um, (b) Lpc = 5 um, (¢) Lpc = 10 wm, (d)
Lpc =12 pm, (e) Lpc = 15 pm and (f) Lpc = 20 pm.

with shallow etched access waveguides, a WIDC with deeply etched access waveguides,

and a deeply etched DC device have been shown in Figure 2.32. All the three devices

have same Lpc = 8 wm and the transmission characteristics were normalized with their
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Figure 2.32: Normalized wavelength dependent transmission characteristics at bar and
cross ports of a WIDC without deeply etched access waveguides (squares),
a WIDC with deeply etched access waveguides (triangles) and a deeply
etched DC (circles).

respective reference waveguides. It is evident that the normalized transmission charac-
teristics of WIDCs with and without deeply etched access waveguides are identical; a
little deviation in longer wavelength region may be due to bend induced dispersion in
deeply etched waveguide. Normalized transmitted power of the deeply etched DC is
found to be wavelength dependent in spite of its shorter Lpc of 8 pum. Thus we infer
that the proposed WIDC design with deeply etched access waveguides can be safely
used for designing compact integrated silicon photonics circuits which may be operated

over a broad wavelength range.

Excess Loss Estimation

We estimated the excess loss (EL) of individual devices by taking ratio of the sum of
transmitted powers at cross (F.) and bar (/) ports to the transmitted power at reference

waveguides (Fs).

(2.20)

B+ P
ELleXlog[ bt C}

The extracted EL for WIDC with shallow etched access waveguide and deeply etched

access waveguide are shown in Figure 2.33. It is found to be varying between 1 dB to
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1.5 dB (with shallow etched access waveguides). Since length of the coupled waveguide
section of a WIDC is much lower than that of S-bend access waveguides, major portion
of EL is attributed to the losses in the bend region. However, the average EL of WIDCs
with deeply etched access waveguide is reduced by 0.4 dB near A = 1550 nm. How-
ever, this seems to be relatively higher than the earlier reported values, since our loss
estimation completely depends on the coupling efficiency of the I/O grating couplers

and the quality of waveguides.
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Figure 2.33: Excess loss of WIDC without (circles) and with deeply etched access
waveguides (triangles) measured using Eq. 2.20.

2.3.3 WIDC based 1 x 4 Power Splitters

We have demonstrated broadband 1 x 4 power splitters by cascading WIDCs in 1 x 2
configuration (S3). The details of fabricated 1 x 4 power splitters are listed in Table
2.8. SEM image of a fabricated 1 x 4 power splitter is shown in Figure 2.34 where

all the three WIDCs are designed for identical splitting ratio. =~ We have designed a

Table 2.8: Details of fabricated 1 x 4 power splitters in S3.

Sample | W, h Lpe Remarks

S2 W ~350nmh~160nm | 0,1,2,...10um | 1 x 4 splitter

little modified 1 x 2 WIDCs, where S-bends (R = 180 um) are used only in one of
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Figure 2.34: (SEM image of a 1 x 4 power splitter

the coupled waveguides. This is to facilitate compact design of the device with equal
spacings among output waveguides. Typical normalized transmission characteristics
at the four output ports (P, P, P; and P,) of a demonstrated 1 x 4 power splitter
obtained with Lsgp = 5 um is shown in Figure 2.35(a) which gives ~ 50% : 20% :
22% - 8% splitting ratio at A = 1550nm . These results indicate that the splitting ratio
of a single stage 1 x 2 WIDC with Lpc = 5 um is approximately 70% : 30%. The
measured splitting ratios of another 1 x 4 splitter with Lpc = 7 um (~ 50% : 55%)
is shown in Figure 2.35(b) where the power splitting ratio is measured as ~ 25% :

25% : 25% : 25% at A = 1550nm (6-dB power splitter). We further designed a suitable
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Figure 2.35: Normalized transmission characteristics (P; /X P;) at the four output ports
(P, P, P3, Py) of 1 x 4 power splitters of (a) Lpc = 5 um and (b)
L DC = 7 pwm.

mask for the WIDC region as in Figure 2.36(a) and fabricated more compact 1 x 4
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power splitters with deeply etched access waveguides in a two step etching process.
The transmission characteristics of a typical 6-dB power splitter (Lpc = 7 um) is
shown in Figure 2.36(b). We observed a ~ +10% wavelength dependent variation in
power splitting ratios of all the above discussed 1 x 4 power splitters. The deviation is
slightly more towards longer wavelengths (contradicting theoretical prediction) which

may be attributed to the poorer response of the GCs.
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Figure 2.36: (a) 3D scheme of 1 x 4 power splitter using 3-dB WIDCs with deeply
etched access waveguides and (b) the corresponding normalized transmis-
sion characteristics at the four output ports obtained with Lpc = 7 um.

2.4 Summary

The polarization dependent single-mode guidance geometries and dispersion charac-
teristics of sub-micron waveguides on a 220-nm SOI have been discussed. We have
formulated a simple design rule for a WIDC by solving the two propagating super-
modes of a DC. The proposed WIDC design with optimized waveguide parameters on
a 220-nm SOI substrate exhibits uniform coupling characteristics over a broad wave-
length range in communication window (1525 nm < A < 1625 nm) in TE-polarization.
Broadband 2 x 2 WIDCs with various power splitting ratios were fabricated and ex-
perimental results are validated with theoretical predictions. The access waveguides of
the proposed WIDC geometry is designed with S-bends of radius 180 wm to suppress
the effect of bend region in coupling length and coupling characteristics. The exper-

imentally measured 3-dB coupling length (5 pm) is slightly more than the theoretical
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predictions (4 wm) due to fabrication induced errors in device dimensions. The max-
imum non-uniformity in splitting ratio is measured to be ~ £0.5 dB over the entire
operating wavelength range. A compact WIDC design deeply etched access waveg-
uides has been proposed and demonstrated in two step etching steps. The excess loss of
the demonstrated WIDC is measured to be ~ 1.2 dB. Broadband 1 x 4 power splitters
also demonstrated by cascading WIDCs in 1 x 2 architecture. The measured transmis-
sion characteristics are consistent with the theoretical predictions. Thus WIDCs can be
suitably integrated in MRRs and MZIs to improve their optical bandwidth. Following
chapters discuss about broadband MRRs and MZIs.
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CHAPTER 3

Microring Resonators with WIDCs

Microring resonators (MRRs) are used in various photonics applications like, add-drop
filters [108, 109, 110], nonlinear optics [54], delay lines [111, 112], biomedical sensing
[85, 113, 114, 115] etc. As discussed in chapter 1, the optical bandwidth of a con-
ventional DC based MRR is limited by the wavelength dependent coupling between
the ring and bus waveguide. However, a broadband MRR with uniform extinction ra-
tio (ER) is highly desired for some applications like optical WDM and switching. Thus
our WIDC design discussed in chapter 2 is a suitable candidate to improve the operating

bandwidth of MRRs.

In this chapter, we have discussed the design and demonstration of broadband MRRs
integrated with WIDCs. For completeness, we first discuss the working principle and
resonance characteristics of an all-pass and add-drop MRRs. The wavelength dependent
transmission characteristics of a typical conventional DC based and WIDC based MRRs
are presented with numerical simulations. To validate the theory, we fabricated a few
MRRs of different radii and coupling lengths and the resonance characteristics have

been analyzed.

3.1 Theory of MRR: Working Principle

The working principle of MRR is extensively discussed in literatures [69, 102]. For
completeness, in this section we briefly discuss about the design parameters and reso-
nance characteristics of all-pass and add-drop MRRs. Schematics of directional coupler
based all-pass and add-drop MRRs are shown in Figures 3.1(a) and 3.1(b) respectively.
In both cases, F; and E, are the mode amplitudes at the input and output (through port)
of the bus waveguide. Similarly £, and £, are the field amplitudes at the add- and

drop- ports respectively. The couplers (symmetric DC) are characterized by the self



r
£ through
E,

(a) (b)

Figure 3.1: Schemes of (a) all-pass and (b) add-drop microring resonators. ¢ - self cou-
pling coefficient, k - cross-coupling coefficient, a - single pass transmission
coefficient, R - the radius and £;,, 4 - electric field amplitudes at input-,
through-, add- and drop-ports, respectively.

coupling coefficients (¢, t1, t2) and cross coupling coefficient (k, k1, ko). The round trip
amplitude transmission is defined by a, which includes the total round trip loss in the
ring as given by:

a = exp| — (end - 2R + e L)] (3.1)

where apeng and oy, are the power attenuation coefficients due to bend induced loss and
propagation loss respectively and L is the total perimeter of the ring (L = 27 R+2Lpc).
Assuming no loss in the coupler section i.e., t2 + k* = 1, the through-port transmission

power of an all-pass MRR is expressed as [69]:

po — a® + % — 2atcos(0 + ¢) (3.2)

14 a2t? — 2atcos(0 + &)

where § = 2mn.ryL /) is the round trip phase accumulation in the ring and ¢, is the
phase of the coupler. At resonance, (6 + ¢;) = 2mm, where m is an integer, the above

equation becomes:
(a—t)?

pr =21
¢ (1 —at)?

(3.3)

Similarly the though-port (P?%) and drop-port (P$¢) transfer functions of an add-

drop MRR are given by:

t3a® + 3 — 2atyt 6
pyt = B2 2eliTacos(0 4 ) (3:4)
1+ a®tit5 — 2atytacos(0 + ¢y)
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i (1= -1
41 4 a2t22 — 2tytacos(6 + ¢y)

(3.5)

Typical resonant characteristics at the output ports of all-pass and add-drop ring

resonators are shown in Figures 3.2(a) and 3.2(b) respectively, assuming wavelength

independent values of n.rr = 2.7, a = 0.95 and |t| = |t;| = [t2| = 0.9. In both

cases, the through port transmission at resonance drops to minimum (ideally to 0) under

critical coupling condition, i.e., |t| = a in Eq. 3.3. The resonant wavelengths which are

circulating in the ring can be dropped at the drop port. The free spectral range (FSR)
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Figure 3.2: Normalized transmission characteristics of MRRs: (a) all-pass configura-

tion, and (b) add-drop configuration. The calculations were carried using
Egs. 3.2, 3.4 and 3.5 assuming n sy = 2.7,a = 0.95 and |t| = |t1| = |t2| =
0.9). ER - extinction ratio, FSR - free spectral range, FWHM - full width
half maximum.

and full width half maximum of the resonance are given by [69]:

FSR = M (3.6)
ngL
(1 —ta)\?
FWHM (all-pass) = ———=— 3.7
(all-pass) N (3.7
1 — titpa) N2
FWHM (add-drop) — - — 120N (3.8)

TNy L/ttsa

where A, ., A\r.,41 are two successive resonant wavelengths of order m and m + 1

respectively. The extinction ratio (ratio of maximum transmission to minimum trans-

mission) of the spectrum depends on the coupling coefficient (¢) and the loss in the
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waveguide. The ER at the through port of the two configurations can be expressed as

[69]:

t+a)? (1-ta)
ER (all-pass) = E;:Z; % El +t232

(taa +t1)? y (1 — t1ta)?
(tQCL — t1)2 (1 + tltga)Z

3.9

ER (add-drop) = (3.10)

Q-factor (\,/FWHM) is another important parameter which quantifies the amount of

energy stored at resonance and around resonance wavelength, as given by:

anw

Q (all—pass) = m (311)
Q (all-drop) = el itz (3.12)

A(1 = titza)
Similarly, finesse = FSR/FWHM measures the sharpness of the resonance with relative
to the resonance spacing. In the following section, we will compare the transmission
characteristics of MRRs designed with a conventional DC and a WIDC using numerical

simulations.

3.1.1 Transmission Characteristics: Simulation Results

In general, the coupler parameters (¢, k, ¢;) and waveguide parameters (a, n.rs) are
wavelength dependent since the waveguides under consideration are highly dispersive.
To understand the wavelength dependent transmission characteristics of MRRs, we have
considered two different waveguide geometries similar to that of DC'3 (W = 350 nm,
h = 0 nm, G = 150 nm) and DC4 (W = 375 nm, h = 160 nm, G = 150 nm) in
Figure 2.14. The wavelength dependent 7 ¢ ¢, Qtpend, and ¢ are extracted using Lumerical
MODE Solutions (for TE-polarization) and the transfer functions of all-pass MRRs are
simulated using MATLAB. In calculations, we have included the effect of bend induced
coupling at the two sides of the DC for a given radius R. We also assumed the average
loss of the waveguide is ~ 5 dB/cm. Figures 3.3(a) and 3.3(b) show the simulated
transmission characteristics of MRRs (R = 100 um, Lpc = 4 wm) designed with DC'3
and D(C'4, respectively. It is clear from 3.3(a), that the ER (~ 55 dB to ~ 5 dB) and Q

(~ 8000 to 10000) are highly nonuniform over the entire range of wavelength due to the
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Figure 3.3: Simulated transmission characteristics of all-pass MRRs of radius R =
100 wm and designed with (a) a wavelength dependent DC (W = 350 nm,
h=0nm, H = 220 nm, G = 150 nm) and (b) a WIDC (W = 350 nm, A
=160 nm, H = 220 nm, G = 150 nm) of Lpc = 4 um. Calculations are
carried out for TE polarization and assuming the waveguide loss 5 dB/cm.

strong wavelength dependency of x (DC'3). On the other hand a WIDC (D(C4) based
MRR as shown in Figure 3.3(b), exhibits nearly wavelength independent ER (30 dB)
over more than 100 nm wavelength range (1525 nm < A < 1625 nm). The extinction
and Q of a MRR can be improved by suitably designing the coupling length L of DC
region (Eq. 3.9). The minimum radius of MRR is limited by the bend loss associated
with shallow etched S-bends of WIDC.

3.1.2 Compact MRR Design with WIDC

Since the above discussed WIDC waveguides are shallow etched, the bend loss asso-
ciated with the ring waveguide limits the performance of micro-ring resonator. From
our previous calculations, the minimum bend radius of WIDC waveguide was shown to
be 100 wm, below which ay.,,g 1s significant and wavelength dependent. In such cases
(R < 100 um) the ring operates in deep under-coupling region (a << |t|) [69], and

hence P; = |t|?, using Eq. 3.3. In order to demonstrate compact MRRs we followed the

same methods discussed under section 2.2.4; (i) MRR with adiabatically tapered WIDC
waveguides and (ii) MRR with deeply etched WIDC waveguides.
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(i) MRR with adiabatically tapered WIDC access waveguides

It is bit tricky to design a compact MRR especially with shorter ring radius as it requires
deeply etched ring waveguides for reduced bending loss and shallow etched bus waveg-

uide for WIDC. Figure 3.4(a) shows a 3-D schematic of compact MRR with shallow

Adiabalicslab .

(a) b)

Figure 3.4: (a) 3-D scheme of an all-pass deeply etched waveguide ring resonator
designed with shallow etched WIDC and deeply etched access waveg-
uides; (b) Typical layout of the mask used in second step lithography.
Ly, Lo, Lz, Wy and W, are appropriately chosen to maintain the WIDC
characteristics as well as to minimize the mode-mismatch loss.

etched WIDC and deeply etched waveguides. The scheme is similar to that of WIDCs
with deeply etched waveguides as discussed under section 2.2.4 and requires two steps
of fabrication process. First, the shallow etched devices are fabricated and then the
waveguides are further etched by selectively masking the DC region in lithography.
Typical layout of the mask used in second step lithography is shown in Figure 3.4(b).
Ly, Ly, Ly, Wi and W5 are appropriately chosen to maintain the WIDC characteristics
as well as to minimize the mode-mismatch loss. A wider taper of width I, (~ 10 pm)
is provided at the WIDC region in order to accommodate the evanescent tails of the
shallow etched WIDC supermodes (2 — 3 um to one side). Then the slab is adiabati-
cally tapered towards the waveguide (bus and ring) region covering the bend induced
coupling region (Ls) followed by much narrower and adiabatic taper (L;, L3, W) to
minimize the mode mismatch loss. However, the sharp transition from shallow etched
WIDC waveguide region to deeply etched bend waveguide region may introduce sig-
nificant mode-mismatch loss. Thus, this type of slab tapering scheme is not suitable for

smaller ring radii since it requires sufficiently long taper length for adiabatic transition
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of modes, which covers the major portion of the bend.

(ii) MRR with deeply etched WIDC

One can design a broadband MRR with tighter bends (radius close to 30 wm) with a
deeply etched WIDC geometry of W ~ 300 nm and h ~ 110 nm (see Figure 2.20). Fig-
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Figure 3.5: Round trip transmission coefficient (a) calculated using Eq. 3.1 for four
different ring radii (R) and for a given WIDC geometry of W = 310 nm,
h = 110 nm (assuming typical values for ayy, = 5 dB/cm and Lpc =
4 um).

ure 3.5 shows the single-pass transmission coefficients (a) calculated for four different
ring radii (R : 20, 30, 40, 50 um) assuming an over estimated value of oy, = 5 dB/cm
(experimentally 3 dB/cm for shallow etched waveguides [85]). It is to be noted that
a is highly wavelength dependent for R = 20 um and nearly wavelength independent
for R > 30 um. However, the broadband performance of such WIDC geometry is less

tolerant to fabrication errors in design parameter variation.

3.2 Experimental Results and Discussions

The above discussed MRRs were experimentally demonstrated on a 220-nm device

layer SOI with same fabrication process flow discussed under 2.3.1. Two different sam-
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ples were fabricated one (S3) with shallower etched WIDC geometry (I = 350 nm,
h = 160 nm, G = 150 nm) and the other (S4) with deeply etched WIDC geometry
(W = 310 nm, h = 110 nm, G = 150 nm). A list of fabricated devices on two set of

samples are given in Table 3.1. The experimental results are discussed in the following

section.
Table 3.1: List of fabricated devices on two sets of samples.
Sample | W, h, G Lpe, R Remarks

S3 W=350nm | Lpc:0,2,4 um WIDC with shallow/deeply
h=160nm | R: 25,100 um etched ring and access
G =150 nm waveguides

S4 W=310nm | Lpc: 0,2,4 um All-pass and add-drop MRRs
h=110 nm R: 20, 30,40, 50 pm
G =150 nm

3.2.1 Demonstration of All-pass MRRs with Shallow etched WIDC

First, we characterized the WIDC integrated MRRs (R = 25 um and R = 100 pm)
of sample S3. Figure 3.6 shows the SEM image of a MRR of R = 100 pum with

input/output GCs. The measured transmission characteristics (normalized to 0 dBm) of

100 pm Mag= 91X WD=11.4 mm
 — InLens EHT = 10.00 kV

L}
Bl
Itj

ﬂ;{l..

it

Figure 3.6: SEM image of a WIDC based MRR of R = 100 um fabricated with a
single-step lithography (GC - grating coupler).

R = 100 pm MRRs with Lpe = 0 pm, Lpc = 2 um and Lpc = 4 um are shown
in Figures 3.7(a), 3.7(b) and 3.7(c) respectively. In all cases, MRR exhibits nearly
wavelength independent ER over the entire wavelength range. This clearly indicates the
signature of the WIDCs. Since WIDC waveguides are shallow etched (h = 160 nm),
the round trip optical loss is negligibly small as ring waveguide has large bending radius

which is consistent with the simulation results shown in Fig. 3.3(b). A zoomed-in view
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Figure 3.7: Normalized transmission characteristics £ = 100 um MRRs with (a)

Lpc = 0 um, (b) Lpc = 2 um and (¢) Lpc = 4 um; (d) zoomed in
view of the resonances in (a), (b) and (c) near A = 1550 nm.

of the resonances of MRRs near A\ = 1550 nm are shown in Figure 3.7(d). Note that,
the ER of the spectra are different for Lpc = 0 um (~ 10 dB), Lpc = 2 pm (~ 13 dB)
and Lpc = 4 um (~ 20 dB) as shown in Figure 3.8(a). This is because the ER increases
as t approaches a (Eq. 3.9). The measured ER values are fitted with theoretical values
(calculated by considering the additional coupling length in the bend region 2AL;, =
15 um) as shown in Figure 3.8(a). Theoretical ERs are found to be a little less than
that of measured data, which may be attributed to the deviations in estimated values
of a and 2 X L;. Also we have estimated the FSR (Av = cA\/ A2, where A is the
FSR in wavelength domain) for the above two MRRs as shown in Figure 3.8(b). The
wavelength dependent variation in Av is due to the wavelength dependent group index
of the waveguide (An, = 3.78 at A ~ 1550 nm). Similarly, the wavelength dependent

Q-factor measured for all the three MRRs discussed above are shown in Figure 3.8(c).
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Figure 3.8: (a) Measured ER values and theoretical fit. (b) Measured wavelength de-
pendent FSR (Av = cAX/)?, where A is the FSR is wavelength domain).
(c) Measured wavelength dependent Q-factor.

Since, n, of the waveguide is wavelength dependent, the Q- factor (Eq. 3.12) is also
found be wavelength dependent. The experimentally (theoretical) measured Q values of
the above three MRRs are 8500 (9200), 8750 (12000) and 15200 (20500), respectively
(near A = 1550 nm). Again, the Q of the ring can be improved by suitably choosing the
coupling length L ¢ for desired coupling coefficient ¢. However, our primary goal was
experimental validation of the broadband resonance characteristics of MRRs integrated

with WIDCs.

Interestingly, MRR with R = 25 um shows no resonances for any Lpcs as shown

in Figure 3.9. The tighter bend of shallow etch waveguide introduces higher bend loss
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Figure 3.9: Normalized transmission characteristics 7 = 25 um MRRs with shallow
etched WIDC of Lpc = 4 pum. The spectrum shows no resonance since
a << |t|.

(Qpeng) resulting in @ << |t| and hence P; = |t|* (similar to bar port transmission of
DC). Thus, in order to have a resonance cavity one need to reduce the bend loss which
is possible by deeply etching the ring waveguide region without altering the coupling

characteristics of WIDC region as discussed in section 3.1.2.

3.2.2 Demonstration of Compact MRRs

We have demonstrated compact all-pass MRRs with adiabatically tapered WIDC access
waveguides as discussed under section 3.1.2. The DC region of a MRR of R = 25 um
(sample S3) is selectively masked (see SEM image in Figure 3.10(a)) and the access
waveguides are further etched deeply to a slab height of ~ 20 nm. The transmission
characteristics MRRs (R = 25 um) with Lps = 0 um and Lpc = 4 um are shown in
Figures 3.10(b) and 3.10(c), respectively. In both cases, resonances with nearly uniform
extinction over the entire wavelength span of 100 nm are distinctly observed. However,
the measured Q is ~ 1500 due to relatively large mode-mismatch loss in the taper
region. These results suggest that a better design of tapered slab is required for a WIDC
based compact MRR. More importantly, the same ring waveguide with deeply etched

(wavelength dependent) DC bus waveguide exhibits non-uniform resonance extinctions
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Figure 3.10: SEM image of the masked WIDC of MRR (R = 25 wm) prepared for sec-
ond etching in (a) and the corresponding normalized transmission char-
acteristics measured for Lpc = 0 um in (b) and Lpe = 4 um in (c).
Transmission characteristics of a MRR with dispersive DC (W ~ 350 nm,
h ~ 20 nm) of Lpc = 4 um in (d).

and with relatively high Q-values (25000) near critically coupled wavelengths as shown
in Figure 3.10(d).

The transmission characteristics of compact MRRs fabricated (sample S4) with
deeply etched WIDC geometry (W = 310 nm, ~ = 110 nm) were also validated.
Figures 3.11(a) and 3.11(b) show the normalized transmission characteristics of MRRs
of R = 20 um and R = 40 pum respectively, each with Lps = 4 um. Though the de-
vices are deeply etched, the bend loss for 2 = 20 pum is relatively large and wavelength
dependent resulting in wavelength dependent ER (Figure 3.11(a)). The noise modu-
lation at higher wavelength is due to the poor coupling efficiency of the GCs (of this

particular device). However, a clean and uniform resonance spectrum is observed for
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R = 40 pm since the bend loss is relatively small and nearly wavelength independent.
These results are consistent with our numerical calculations (see Figure 3.5). The best
measured spectral characteristics are FSR ~ 2.67 nm, Q~ 3600 £ 400 at A ~ 1550 nm
and ER ~ 25 dB over 1525 nm < A < 1625 nm.
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Figure 3.11: Normalized transmission characteristics deeply etched WIDC based com-
pact MRRs of (a) R = 20 um, Lpc = 4 um and (b) R = 40 um,
L DC = 4 wm.

Finally, we characterized an add-drop MRR fabricated in the same sample S4 with
deeply etched WIDC. A SEM image of fabricated add-drop MRR of radius R = 40 pm
and Lpc = 4 um (fabricated in S4) is shown in Figure 3.12(a) and a zoomed-in SEM
image in Figure 3.12(b). The measured through port and drop port transmission char-
acteristics are shown in Figure 3.12(c) and a more close-up view near A = 1550 nm is
shown in Figure 3.12(d). Both through- and drop-port spectra are modulated with un-
wanted oscillations due to the poor coupling efficiency of GCs at longer wavelengths.
This was observed in a few more devices which were fabricated near to the edge of
the sample (S4). We observed that, non-uniform extinctions in the through port (25-40
dB) and drop port (12-15 dB) of the add-drop MRR which is mainly due to the less
fabrication tolerance in deeply etched WIDC geometry (/W = 310 nm, A = 110 nm).

However, the major goal of nearly wavelength independent characteristics have been

validated.
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Figure 3.12: SEM images of (a) add-drop microring resonator of R = 40 um; and (b)
zoomed-in view of the WIDC region (/W = 310 nm, G = 150 nm); (c) the
corresponding through-port and drop port responses with zoomed-in view
in (d).

3.3 Summary

The broadband transmission characteristics of WIDC based MRRs were studied nu-
merically and experimentally validated. The fabricated MRR of radius £ = 100 pm
exhibits uniform extinction ratio (20 dB) over the entire wavelength range of inter-
est. The extinction ratio can be improved by suitably designing the couping length of
WIDC for any desired coupling coefficient. Since the WIDC waveguides are shallow
etched (b = 160 nm) the minimum ring radius is limited by the bend loss. Compact
MRRs with radius i = 25 pum with shallow etched WIDC design were demonstrated
in two step fabrication process with deeply etched access waveguides. Such MRRs
also exhibit uniform extinction ratio, however, the estimated Q values are relatively

small (2000) compared to that of 2 = 100 um MRR fabricated in single step process
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(18000). This corresponds to significant mode-mismatch loss in the taper section and
thus one needs to further optimize the taper region to improve the performance of com-
pact MRRs R < 100 um. We found that a deeply etched WIDC is another solution to
demonstrate compact MRRs of 2 > 30 wm, in single step process. The experimental
transmission spectrum of all-pass rings exhibit an ER ~ 25 dB and ) ~ 4000 over the
entire 100-nm wavelength range of interest. Add-drop MRRs (R = 40 um) were also
demonstrated and the broadband performance has been validated. It is worth mention-
ing that, our primary design concern was to demonstrate uniform extinction ratio MRRs
using WIDCs, however, one can appropriately choose the design parameters (coupler
length L pe, ring radius R and controlling the waveguide propagation loss «) for desired

Q and FSR values.
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CHAPTER 4

Mach-Zehnder Interferometers with WIDCs

Mach-Zehnder interferometers (MZlIs) are widely used for various silicon photonics
applications such as modulation, switching, filtering, sensing, (de-)multiplexing, etc.
As discussed in chapter 1, the optical bandwidth of conventional (dispersive) DC based
MZIs are limited to a few tens of nanometers [116]. However, MZI based modulators
and switches operating over a broad wavelength range (A ~ 1550 nm) is essential
for on-chip switching and routing of a large number of WDM channels [117, 118].
In this chapter, we discuss the design and demonstration of broadband (balanced and

unbalanced) MZIs designed with two identical 3-dB WIDCs.

4.1 MZI: Working Principle and Simulation Results

Figure 4.1 shows the schematic layout of a 2 x 2 MZI comprised of two cascaded DCs.
The transmission characteristics of MZI depends on the power splitting/combining ratio
of the DCs and the optical phase difference of light travelling in two arms. The phase

difference between two arms of MZI at any given A is given by:

2
A¢ = Pily — Boly = TW [neppils — negpols] 4.1)

where n.f¢1 and n.s s are the effective indices of the upper and lower arms of lengths

[y and [ respectively.

The transmitted signal amplitudes at bar port (S) and cross-port (S,.) of MZI can be
expressed in matrix equation for a launched signal at one of the input ports (S;,) [119]:
Sp(A) Sin

= Toc,(A) - Tu(N) - Tpey (M) 4.2)
Se(A) 0



cross (P.)

Figure 4.1: Schematic layout of a DC based (un)balanced Mach-Zehnder interferometer
(B1ly # Bil) in SOL. B, 5 are the propagation constants, and /; o are the
lengths of the upper and lower arms.

where, Tpc, and Tpe, are the transfer matrices for input and output directional couplers
respectively (Eq. 2.8). The wavelength dependent propagation matrix for MZI arms can

be expressed as:

L leiBe
Tar(A\) = e 992 (4.3)
0 1

Eq. 4.2 reveals that the MZI transfer function strongly depends on the wavelength

dependent splitting/combining ratio of the two directional couplers.

We have studied the performance of wavelength dependent (dispersive) DCs (W =
350 nm, h = 0 nm, G = 150 nm and H = 220 nm) based MZIs and WIDCs (W =
375 nm, h = 160 nm, G = 150 nm and H = 220 nm) based MZIs with balanced and
unbalanced arms. The wavelength dependent DC parameters (¢ and k) and waveguide
parameters (n.ys) are calculated (TE-polarization) using Lumerical MODE Solutions
and the corresponding transfer functions of P, and P, are simulated in MATLAB using
Eq. 4.2. In calculations, we have considered the effect of bend (bend induced loss and

bend induced coupling length).

MZI with balanced arms (5[, = (s5l5)

A balanced MZI has two identical arms such that A¢ = 0. The calculated splitting ratio
of 3-dB couplers designed with dispersive DC and WIDC are shown in Figures 4.2(a)
and 4.2(b) (top). Since both the DCs are assumed to be identical and designed for
coupling lengths of Ls;p = 3.4 um (4 pm) for dispersive DC (WIDC) at A = 1550 nm,
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maximum transmission is expected in the cross port for both MZIs. However, the over

all splitting ratio of the MZI with dispersive DCs (Figure 4.2(a), bottom) is found to be

wavelength

dependent since splitting ratio (k?) of individual DCs varies significantly

(0.3 < k2 < 0.7) over the entire wavelength range of interest (1525 nm < A < 1625

nm). On the other hand, WIDC (k? ~ 0.5) based MZI exhibits wavelength independent

splitting ratio throughout the operating bandwidth as shown in Figure 4.2(b) (bottom).

Figure 4.2:
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Splitting ratio (k?) of 3-dB coupler and MZI transmission characteristics at
the output ports calculated for (a) dispersive DC (W = 350 nm, h = 0 nm,
GG = 150 nm and H = 220 nm) based balanced MZI and (b) WIDC (W =
375 nm, h = 160 nm, G = 150 nm and H = 220 nm) based balanced MZI.
The calculation are carried out for TE-polarization.
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MZI with unbalanced arms (/1 # [2ls)

In this case we assume n.rs1 = nesp1 and l; — o # 0. Similar transmission characteris-

tics calculated for unbalanced MZIs (Al = 100 um) are shown in Figure 4.3. Note that,

10 _ 10}
S | g
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=4 05H = 05t
B Ie]
£ E
o o
< 00 < 00
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Wavelength [nm] Wavelength [nm]

(a) (b)

Figure 4.3: Normalized transmission characteristics at the output ports of (a) dispersive
DC based unbalanced MZI and (b) WIDC based unbalanced MZI with Al =
100 wm. The calculations were carried out for TE-polarization.

the extinction ratio of the interference patters are non-uniform for dispersive DC based
MZI (Figure 4.3(a)) and nearly wavelength independent for WIDC based MZI (Figure
4.3(b)). The FSR (A\) at any of the output ports (P, or F,) is defined as [76]:

A

A\
ngAl

(4.4)

where \; and \;;; are two adjacent constructive or destructive interfering wavelengths
and n,, is the group index of the waveguide, which is calculated to be 3.87 for shallow
etched waveguides (W = 375 nm, h = 160 nm, H = 220 nm) and 5.05 for deeply
etched waveguides (W = 350 nm, h = 0 nm, H = 220 nm) at A ~ 1550 nm so that

FSR ~ 3 nm and ~ 4 nm respectively.

MZIs with unbalanced WIDCs

In the previous section we have considered MZIs with identical 3-dB WIDCs, which is

an ideal situation. In practice, the splitting ratios of the two WIDCs (SR; and SR2) may
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Figure 4.4: (a) Splitting ratio (SR) of WIDC based balanced MZI as a function of SR,
assuming SR; = 0.5, and (b) Transmission characteristics at the output
ports (P, and P.) of WIDC based unbalanced MZI (Al = 100 um) calcu-
lated for SR; = 0.55 and SRy = 0.45.

differ due to unavoidable fabrications errors. In order to quantify the overall splitting
ratio variations with respect to the variations in SRy and SR,, we first assume SR; = 0.5
(at the cross port) and calculate the overall splitting ratio at the cross port of MZI (SR =
P./(P.+ PB,)) for various values of SR, as plotted in Figure 4.4(a). As expected, SR =
1 only if SR; + SR, = 1, otherwise SR < 1 for all other values of SRy, (SR; = 0.5). A

similar plot can be obtained if SR; and SR; are interchanged in Figure 4.4(a). In case

80 T T 80
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Figure 4.5: Extinction ratio (ER) at (a) the bar port and (b) cross port of an unbalanced
MZI calculated as a function of SR; and SR,.

of unbalanced MZI, any imbalance in 3-dB splitting ratios of the two WIDCs results in

unequal extinction ratio (ER) at the two output ports (P, and P.). For example, Figure
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4.4(b) shows the transmission characteristics calculated the bar- and cross-ports of MZI
(Al = 100 um) for SR; = 0.55 and SRy = 0.45. To account this, we calculated the
ERs as a function of SR; and SRy, as shown in Figures 4.5(a) for bar port and 4.5(b)
for cross port. These calculation helps to quantify the fabrication induced deviation in

splitting ratios of MZlIs.

4.2 Experimental Demonstration

We have demonstrated both balanced and unbalanced MZIs with input/output grating
couplers (GCs) on a 220-nm SOI substrate. The fabrication details have been discussed
earlier under section 2.3.1. Table 4.1 shows the list of fabricated MZIs in a sample S5.
Different sets of devices were fabricated separately for balanced and unbalanced MZIs
on the same sample (S5). A few devices (fabricated near the sample edges) were found
to be defective due to over dose and other fabrication errors. In the following section,

we discuss experimental results of some of the best devices.

Table 4.1: List of fabricated devices on sample (S5).

Sample | W, h, G Lpc, Al Remarks

S5 W =350nm | Lpc=4,5,6,7um | Balanced MZI (WIDC with
h=160nm | Al=0 shallow/deeply etched access
G =150 nm waveguides.

S5 W=350nm | Lpc=4,5,6,7um | Unbalanced MZI (WIDC
h=160nm | Al =275 um with shallow/deeply etched
G =150 nm access waveguides.

Balanced MZI

The SEM images of fabricated 2 x 2 balanced MZI with 3-dB WIDCs (sample S5) are
shown in Figures 4.6(a) (with shallow etched WIDC and waveguides defined in single
step lithography) and 4.6(b) (with shallow etched WIDC and deeply etched waveguides
fabricated in two step process). The two 3-dB WIDCs (W ~ 350 nm, A ~ 160 nm and
G ~ 150 nm) of Ls;p = 5 um, are expected to have nearly wavelength independent
and identical splitting ratio (see Figure 2.31(b)). The access waveguides are designed

with a bending radius of 180 pm so that the bend induced coupling can be ignored. The
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measured power splitting characteristics (normalized with respect to reference waveg-
uide) are found to be nearly wavelength insensitive over a broad range of wavelength
as shown in Figure 4.6(c) (WIDC with shallow etched access waveguides) and 4.6(d)

(WIDC with deeply etched access waveguides). The results are closely matching with
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Figure 4.6: SEM 1mages of balanced MZIs; (a) shallow etched WIDC and access
waveguides (h = 160 nm) and (b) shallow etched WIDC and deeply etched
access waveguides (h ~ 0 nm). (c) and (d) are normalized (with reference
waveguide) transmission characteristics at the output ports (F7,, P.) of MZIs
in (a) and (b) respectively.
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the simulated transmission characteristics. The maximum ER is measured to be not
more than 25 dB, due to the slight imbalance in the splitting ratios of 3-dB WIDCs
(SR; + SRy < 1) as discussed in the previous section 4.1. As we have observed ear-
lier, the spectrum is modulated with increased oscillations at the longer wavelengths
(A > 1610 nm) because of the weaker coupling efficiency of input/output GCs, result-
ing into noise level detection limit of the photodetector. The demonstrated MZIs exhibit
nearly wavelength independent insertion loss of ~ 2.4 — 2.6 dB in comparison to the
reference waveguide. This is in accordance to the ~ 1.2 dB excess loss from each DCs

as shown previously in Figure 2.33.

Unbalanced MZI
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Figure 4.7: (a) SEM image and (b) normalized (to 0 dBm) transmission characteristics
at the output ports of an unbalanced MZI (Al = 275 um) fabricated with

3-dB WIDC:s; (¢) zoomed-in view of (b) near A = 1550 nm. GC - grating
coupler.
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The SEM image of fabricated WIDC (Lpc = 5 um) based MZI with input and out-
put grating couplers is shown in Figure 4.7(a). A minimum bend radius of R = 125 um
is provided to the semi-circular waveguide of the longer arm (Al = 275 wm) for neg-
ligible bend induced loss. The normalized (to 0 dBm) transmission characteristics at
the bar port and cross port are shown in Figure 4.7(b) with a zoomed-in view in Figure
4.7(c). The spectrum has unwanted noise modulations at longer wavelengths as seen
in Fig, 4.6 due to poor coupling efficiency of input/output GCs. Interestingly, the ER
at both the ports are measured to be nearly equal, i.e., ~ 25 dB. This confirms that

the splitting ratio of both the WIDCs are nearly 3 dB. A similar transmission charac-
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Figure 4.8: (a) Normalized transmission characteristics measured at the output ports of
an unbalanced MZI with Lpc = 7 um and Al = 275 pm and zoomed-in
view in (b) with theoretical fit to estimate the splitting ratios of WIDCs and
n4 of waveguide near A = 1550 nm.

teristics measured for an unbalanced MZI with Lpc = 7 pm (SRy, SR, > 3 dB) is
shown in Figure 4.8(a). Since Lpc = 7 wm corresponds to SR; = SRy, ~ 0.8 (from
Figure 2.29), one can expect maximum ER in cross port (10 — 15 dB) according to the
theoretical calculations given in Figure 4.5. The transmission characteristics has been
theoretically fitted using Eq. 4.2. The splitting ratio and n, are extracted to be 0.75 and
3.76 (Eq. 4.4), respectively, which are consistent with the theoretical calculations. The
FSR of the spectrum is measured to be ~ 2.4 nm which is closely matching with the
theoretical calculations (2.48 nm) using Eq. 4.4. The wavelength dependent FSR (A
and Av = cA)X/\?) measured at the cross (or bar) port of the above discussed MZI is

shown in Figure 4.9. Note that, A\ increases with wavelength (since n, is a function
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of wavelength) while Av is nearly constant (~ 295 GHz).
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Figure 4.9: Wavelength dependent FSR (A) and Ar) measured at the cross (or bar)
port of MZI discussed in Figure 4.8.

More compact MZIs can be demonstrated with deeply etched access waveguides
after selectively masking the GC and DC region as discussed in section 2.2.4. A SEM
image of 3-dB WIDC based MZI with deeply etched waveguides is shown in Figure
4.10(a). The corresponding normalized (with 0 dBm) transmission characteristics at
the output ports are shown in Figure 4.10(b). A close-up view of the spectrum near
A = 1550 nm is shown in Figure 4.10(c). A nearly uniform and high interference
extinctions over the entire wavelength band is observed, which bears the signature of
the properties of WIDCs. It is to be noted that, the ER at the bar port (~ 35 dB) and
cross port (~ 20 dB) are differs by ~ 15 dB, due to the imbalance in splitting ratios of
the two WIDCS as discussed in section 4.1. Further optimization is needed at the bend
regions of the WIDC mask during second step fabrication process to reduce the non-
uniformity in extinction ratio. As expected, the measured FSR (~ 2.01 nm) is lower
than that of MZI with shallow etched waveguides since deeply etched waveguide has

higher Angy (4.7).
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Figure 4.10: a) SEM image of a fabricated WIDC based unbalanced MZI (Al =
275 wm) with deeply etched (h ~ 0 nm) access waveguides; (b) nor-
malized (to 0 dBm) transmission characteristics at the output ports; (c)
zoomed-in view of (b) near A = 1550 nm.

4.3 Summary

The transmission characteristics of MZIs (balanced and unbalanced) with WIDCs have
been studied theoretically as well as experimentally. Both balanced and unbalanced
MZIs exhibit a nearly wavelength independent extinction ratio of ~ 25 dB with an
excess loss of 2.2 dB over a broad wavelength range (1525 nm < A < 1625 nm).
The performance of deeply etched waveguide based broadband MZIs demonstrated in
a second step fabrication process has been evaluated and compared with shallow etched

waveguide based broadband MZlIs.

These devices can be employed in various applications like on-chip N x N MZI
based optical switches and routers where wide optical bandwidth is required to ac-

commodate multiplexed WDM channels from different on-chip servers. In such ap-
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plications, the transmission characteristics are controlled actively by integrating micro-
heaters in any one of the MZI arms. We have presented the design and demonstration

of a basic wavelength insensitive MZI switching cell in the following chapter.
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CHAPTER 5

Broadband Thermo-optic Switches

The importance of broadband switches and two important switch configurations using
MRR and MZI have been discussed in chapter 1. In this chapter we discuss about the
design and demonstration of thermo-optic switches designed with broadband MZIs and
metal-integrated waveguide phase-shifters. In general, integrated optical MZI switches
are realized by integrating a phase-shifter in one of the arms of the balanced MZI. The
phase of the propagating optical mode can be controlled by changing the refractive in-
dex of the waveguide core by thermo-optic effect (microheaters) or plasma dispersion
effect (p-n junction diodes) [120]. The plasma dispersion effect is relatively faster (> 10
GHz) [121] compared to the thermo-optic effect in silicon, but intrinsic free-carrier ab-
sorption makes it unsuitable for some applications . On the other hand, thermo-optic ef-
fect in silicon is inherently loss-less and can be implemented easily with a metal strip or
doped p/n resistive heaters [122]. Since the WIDC based MZI devices under discussion
are designed with shallow-etched waveguide geometry (A = 160 nm) supporting only
the TE-polarized fundamental mode and thus it has been possible to take advantage of
direct heating of one of the MZI arms by depositing a metal-microheater directly on the
slab but with a safe distance from the guided mode so that metallic absorption is mini-
mized. Prior to the discussion of our proposed thermo-optic switches, we briefly review
some of the demonstrated thermo-optic switches with integrated metal-microheaters

and their figure of merits (FOMs).

Integrated metal-strip microheaters are widely used for reconfigurable silicon pho-
tonics devices because of large thermo-optic coefficient (TO) in bulk silicon crystal
(dn/dT = 1.86 x 10~* K=!) [123] and they can be implemented easily by front-
end integration. Some important applications are reconfigurable wavelength filtering
[124, 125, 126], wavelength interleavers [127], tunable directional couplers [128], large
scale optical switch matrices for WDM systems [129, 130, 131], etc. In all these exam-

ples, metallic microheater strip lines are suitably integrated close to waveguides, acting



as waveguide thermo-optic phase-shifters. The phase shift is directly proportional to the
temperature rise in the waveguide and its effective length [132]. Again, the temperature
rise in the waveguide is proportional to the electrical power consumed as Joule heating
effect in metallic microheater. Therefore, the power efficiency is greatly improved by
clever design of waveguide phase-shifter system. Typically, waveguide core is heated
through the top cladding oxide using metallic (Ti, TiN, CrAu, NiCr, etc) microheater
strip-line integrated directly above the waveguide [133, 134]. Recently, 2D material
(graphene) is also used for low power and faster thermo-optic tuning [135]. How-
ever, the technology described in case of graphene based microheater is not suitable
for large-scale wafer-level integration. An attractive meander-type metal microheater
design over the oxide cladding of spiraled long waveguide (Figure 5.1(a)) was reported
earlier exhibiting lower switching power (P7 = 6.5 mW) and extremely small switch-
ing temperature (A7), = 0.67K) [136]. However, the reported switching time (7;, = 14
us) and optical insertion loss in spiraled waveguide section (/L = 6.5 dB) are relatively
large. A few other efforts in switching power reduction were reported by selectively re-
moving the cladding oxide and giving undercuts to the waveguide [137, 138, 139]. An
example of suspended waveguide with oxide undercuts is shown in Figure 5.1(b) [138]
where the waveguide is heated by TiN microheater integrated in the top oxide. How-
ever, the switching time of those phase-shifter designs are in the order of few hundreds
of microseconds. In contrast, metallic-microheaters integrated directly on the waveg-
uide slab are shown to be relatively faster (73, ~ 5 Ws), but at the cost of large switching

power (P, ~ 50 mW) [126, 132].

Therefore, it remains a challenging task to design a silicon photonics thermo-optic
switch fulfilling all desired features, viz. broad optical bandwidth, lower on-state switch-
ing power and switching time, compact design for large scale integration, lower optical
insertion loss, etc. There is a little effort seen so far for a detail design and modeling
of metallic microheater integrated waveguide phase-shifters. Very recently, Bahadori
et al. reported a compact model describing detail dc and transient characteristics of
microheater-ring resonator system in silicon photonics platform [15]. Atabaki et al. in-
vestigated earlier with numerical simulations followed by experimental demonstration
estimating some figure of merits (FOMs) of metallic microheaters used for silicon pho-

tonics applications [134]. However, the authors in their model concentrated only on the
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Figure 5.1: (a) Double spiral waveguide geometry with thin-film folded metallic micro-
heater deposited over the top oxide cladding [136]. (b) Cross-sectional SEM
images of the thermo-electric optical switch with suspended arms (AT: arm
trenches; CT: central trench) in (i) and cross-section of the suspended arm
in (ii) [138]

width of microheater strip-line and the effect of cladding oxide thicknesses.

In this chapter, we are presenting an MZI based 2 x 2 thermo-optic switching cell
designed with WIDCs for 3-dB power splitters and a slab integrated metal-microheater
in one of the MZI arms. Detailed theoretical analysis and performance optimization of
various metal-microheater integrated waveguide phase-shifter configurations have been
presented in 5.1. Switching characteristics of temperature insensitive WIDC based
MZI switches are discussed in 5.2. In section 5.3, integration of microheaters with
CMOS compatible process flow and experimental demonstration of different types of
MZI based switches are discussed. The measured static and transient switching char-
acteristics are also discussed in this section. In the end, a conclusion comparing earlier

reported close results is outlined in Section 5.4.

5.1 Phase-Shifter Design and Analysis

In this section we discuss the design and theoretical analysis of waveguide phase-
shifters integrated with metallic microheater. The FOMs of a thermo-optic phase-shifter
(switching power, time and temperature, compactness, optical insertion loss, etc.) can
be improved by optimizing the waveguide design parameters as well as positioning of
the microheater and thermal insulation properties (heat capacity and conductance) of

the system.
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5.1.1 Thermo-optic phase shifter

In this work, Ti is preferred as the heating element because of its high melting point,
high resistivity and ensures no serious electro-migration happens at higher tempera-

tures.

The thermo-optic phase shift of light travelling through the waveguide is given by

[136]:
2 Oneys(T,N)

AG(A AT) = 5 e

- AT - L, S.D

where, n.yy is the effective index of the guided mode, and L,, is the length of waveguide
which is heated to a uniform differential temperature of A7'. Thus, for a given L,,, the
rise in waveguide temperature for 7 phase-shift at an operating wavelength \ is given

by:

- A aneff =
AT,T~Lw—§-( 57 ) (5.2)

Since the value of ag% is nearly a constant (~ 1.79 x 107 K~! at A\ ~ 1550 nm)
for silicon photonic wire waveguide, the value of AT} - L,, is also constant (~ 4.33
x 10% K-um). Thus the operating range of differential temperature in the waveguide
can be kept lower by simply increasing waveguide length as described by Densmore
et al. [136]. Further, the steady-state temperature rise (A7) in waveguide core is
directly proportional to the Joule heating power consumption by a resistive/metallic

microheater. The thermal sensitivity Sy of the phase shifter can be defined as:
ATy = Su - pw (5.3)

where p,, is the Joule heating power consumption by the microheater normalized to
unit length of the waveguide phase-shifter. Thus the higher value of Sy ensures lower
power consumption and/or shorter length of the waveguide phase-shifter for a desired

phase-shift of the guided mode, but at the cost of higher operating temperature.

On the other hand, the transient waveguide temperature rise AT'(¢) can be expressed
as:

AT(t) = AT, (1 — e~ t/mn) (5.4)
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In the above equation, the thermal response time 7;, = H /G, where H is the ther-
mal capacity and G is the conductance of the waveguide-microheater system. Since
these parameters depend on waveguide core and cladding materials, waveguide cross-
sectional geometry, microheater positioning relative to waveguide core, etc., the value
of 7, can be estimated numerically by solving Fourier’s heat equation using FDTD
method. However, for a given waveguide phase-shifter, one can estimate waveguide
characteristic thermal parameters h,, (= H/L,,) and g, (= G/L,,). This results into a

new expression for waveguide thermal response time:

B
Tih = — (5.5)

w

Further, for a steady-state temperature rise of AT} of the waveguide-microheater sys-
tem, the required electrical power is given by P, = AT} - G. This again boils down to
pw = ATy - g, according to our definitions. Thus the thermal sensitivity expressed in
Eq. 5.3 can be re-written as:

SH -+ gw =1 (5.6)

It is now obvious that for an efficient design of thermo-optic waveguide phase-shifter,
we must assure higher thermal sensitivity Sy and lower thermal response time 7y.

Therefore, the corresponding figure of merit (F) may be expressed as:

AT - L, 1
:ﬁ:—:_jffj'hw:l (5.7)

Tth Pe * Tth hw

Fu

Higher the value of Sy, one can ensure a shorter design of waveguide phase-shifter. In
other words, a compact and efficient thermo-optic waveguide phase-shifter can be de-
signed by simultaneously achieving lower effective thermal conductance g,, and higher
effective heat capacity h,,. Moreover, closer proximity of microheater to the waveg-
uide core ensures higher value of Sy. However, one must take care about additional
optical attenuation of the guided mode due its evanescent tail overlap with the metallic

microheater.
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Top cladding (SiO./air)

(b)

Figure 5.2: Schematic cross sectional views of two thermo-optic waveguide phase-
shifter architectures along with important design parameters: (a) micro-
heater directly integrated on top of the oxide cladding directly above the
waveguide and (b) microheater directly integrated on the slab of the waveg-
uide beneath the top oxide/air cladding.

5.1.2 Performance Analysis

For performance analysis, we have considered two different waveguide microheater
configurations, commonly used for integrated optical thermo-optic phase-shifter in SOI
platform as shown in Figure 5.2. According to Atabaki et al., the two configurations
shown in Figure 5.2(a) and Figure 5.2(b) are categorized as Type-I and Type-II archi-
tectures, respectively [140]. It was shown with detail analyses that the Type-II micro-
heaters are superior than that of Type-I microheaters in terms of thermal response time
of a micro-disk resonator. To analyze the performance of a Type-I or Type-II waveguide
phase-shifter, we need to consider waveguide parameters like width W, slab height A,
and the lateral distances of microheater to waveguide d; (d;;) for Type-I (Type-II) as
defined in the figures. As discussed earlier, the thermal power consumed per unit length
of the waveguide phase shifter (p,,) is an important parameter, the width (W =1 um)
and thickness (ty = 100 nm) of a Ti metallic microheater strip is assumed same for
both types of architectures [134]. Moreover, following the standards of silicon photon-
ics foundries, we have considered device layer thickness of // =220 nm and BOX layer

(S10,) thickness of tgpox =2 um.

For a given design of SOI waveguide geometry (W, H, and h) discussed above,
the thermal properties (thermo-optic efficiency and response time) of the waveguide
phase-shifter are mainly determined by the waveguide slab layer thickness h, lateral

distance of microheater d; or d;; and top cladding material SiO, or Air. In order to in-
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vestigate thermo-optic FOMs like Sy and 73, we have considered 7'F, mode guidance
(refer Figure 2.2(a) and 2.2(b)) in waveguides with W' =350 nm and 0 < h < 200
nm for both Type-I and Type-II architectures. The important properties of core Si,
cladding SiO,, and microheater Ti-strip used for numerical simulation are given in Ta-
ble 5.1. The thickness dependent thermal conductivities (see Figure 5.3) [141] were
appropriately considered for solving the heat transport equation [142] using COMSOL
Multiphysics [143] with appropriate boundary conditions at the interfaces as described

in Ref. [134]. To start with, we have simulated the steady-state values of tempera-

Table 5.1: The values of various thermal and electrical parameters like specific heat
capacity (¢, ), material mass density (p,,), thermal conductivity (kr), electri-
cal conductivity (o), thermal expansion coefficient (), refractive index (n)
used for Ti, Si and SiO; in calculating thermo-optic effects. They are either
taken as default values from the library of COMSOL Multiphysics simulator
or from available literatures [141, 143, 144, 145].

Property Ti Si Si0,

¢y [J(Kg.K)] 544 700 730
P [kg/m?] 4506 2329 2200
kr [W/(m.K] 21.9 15-140 1.4

o [S/m] 2.6 x 10° 8.7 1071
a. [1/K] 8.6 x 107° 2.6 x107% ] 0.5 x 107°
n (A ~1550 nm) | 3.6848 + j4.6088 3.4447 1.444

ture rise (AT}) at the waveguide core (/W = 350 nm, H = 220 nm, h = 100 nm) as a
function of electrical power dissipation per unit length (p,,) of waveguide due to posi-
tioning of Ti strip microheaters (Wy =1 um and ¢t = 100 nm) at d; = d;; = 1 um. The
schematic layout (cross-section) of simulation region in COMSOL is shown in Figure
5.4 with necessary boundary conditions, assuming the initial condition of the device
is Ty = 300K. The simulated temperature distributions across the Type-I and Type-II
(oxide cladding and air cladding) architectures are shown in Figure 5.5 for an applied
microheater power. As expected, the ATy vs. p,, plots shown in Figure 5.6(a) are
following the linear relationship as defined in Eq. 5.3. It is evident that the sensitivity
Sy for Type-I architecture (195 K-um/mW) is reasonably higher than that of Type-II

architectures (~130 K-um/mW). This is expected due to the large thermal conductivity
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Figure 5.3: Thickness dependent thermal conductivity of silicon layers at room temper-
ature [141].

10+

Convective boundaries T;;:= 300K

X [um]

Figure 5.4: The schematic layout (cross-section) of simulation region in COMSOL with
necessary boundary conditions, assuming the initial condition of the device
is Ty = 300K: convective heat flow to the top boundaries, thermal insulator
boundaries to the side boundaries (> 20 um away from the waveguide) and
bottom of the substrate is at room temperature (300K).

of silicon slab (h = 100 nm) which increases the effective thermal conductance (g,,)
of the slab-heating configuration and hence Sy reduces (Eq. 5.6) compared to oxide-
heating. However, it is also observed that the value of Sy for Type-II (air cladding)

is slightly higher than that of Type-II (oxide cladding). This is attributed to the lower
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X [um] x [pm)]

Figure 5.5: Steady state cross sectional temperature distribution (AT}) extracted from
3-D simulation for Type-I, Type-II (oxide cladding), and Type-II (air
cladding) waveguide phase-shifters calculated for an applied electrical
power of (p,,) of 1 mW/um (W = 350 nm, H = 220 nm, A = 100 nm,
tg = 100 nm, Wy = 1.0 um and d; ;7 = 1 um).
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Figure 5.6: Simulation results for estimating thermal sensitivity Sy and response time
7w, for Type-1, Type-II (oxide cladding), and Type-II (air cladding) waveg-
uide phase-shifters (see text for design parameters): (a) calculated steady-
state temperature rise (A7) of the waveguide core as a function of electrical
power dissipation per unit length of waveguide phase-shifter, and (b) tran-
sient temperature rise A7'(¢) normalized to AT as a function time for a
unit step-function excitation of input voltage signal to the microheaters.

thermal conductivity of air cladding than that of SiO,. The transient response of the
temperature rise AT'(t) in the waveguide core is evaluated by exciting the microheater
with a step input voltage signal at ¢ = 0. The simulated results (with A7y normalized
to unity) for the above mentioned Type-I and Type-II architectures are shown in Figure
5.6(b). The thermal response time 74, estimated for Type-I, Type-II (oxide cladding),
and Type-II (air cladding) are 12.7 pus, 8.5 us, and 3.8 s, respectively. Thus the above
simulation results confirm that top oxide cladding results into an effective increase of

thermal conductance (g,,) and/or effective decrease of thermal capacitance (h,,). The
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Figure 5.7: Contour plots of Sy in K-um/mW and 73, in us calculated in the d; ;7 — h
plane for (a, b) Type-I, (c, d) Type II (oxide cladding) and (e, f) Type-II (air
cladding) heater architectures.

proximity of microheater to the waveguide core also play a role in reducing the value

of 74, as well as increasing Sy.
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A more detailed simulation results for Sy and 74, as a function of both A and d;
or dy; are shown in color contour plots in Figure 5.7. Note that, irrespective of the
heater configuration (oxide-heating or slab heating), Sy reduces with respect to dy s
and h because of the increase in effective thermal conductance (g,,). In contrast, 73,
increases with d; ;7. Though g,, of the system increases with £, the value of 74, remains
unaffected w.r.t. h for oxide-heating, since the waveguide core is heated right from the
top at a constant distance of d;. We notice that the value of Sy can be as high as 350
K-um/mW and 7, is as low as 4.5 pus for a Type-I configuration with 4 < 25 nm and
d; < 250 nm. On the other hand, they are > 190 K-um/mW (> 220 K-um/mW) and
< 8.0 us (< 4 us) for a oxide clad (air clad) Type-II configuration with & < 50 nm
and d;; < 500 nm. Thus the studies help for maximizing the figure of merit Fy of
the waveguide phase-shifter defined by Sy /7,. In doing so, one needs to minimize the
value of d; or d;;. However, closer proximity of metal microheater to the waveguide
introduces optical attenuation of the guided mode because of plasma dispersion effect
through evanescent field overlap. We have numerically estimated (using Lumerical’s
MODE Solutions) the optical loss co-efficient («,) for T'Ey guided mode as a function
of dr rr (considering h as a parameter) with complex refractive index of Ti-strip (Wg
=1 um, ty = 100 nm) as 3.6848 + j4.6088 at A = 1550 nm [145]. This has been
shown in Figs. 5.8(a) and 5.8(b) for Type-I and Type-II (oxide cladding, air cladding)
respectively. As expected oy, (expressed in dB/mm) increases as the value of d; or d;;
decreases. However, for type-II configuration (with a given d;;), «, increases with slab
height due to poor confinement of the optical mode inside waveguide core. Whereas, for
type-I (with a given d;), the evanescent field-strength along y direction reduces with A
and hence o, reduces. It must be noted that the o, is nearly same for oxide cladding and
air cladding in Type-II configuration. Nevertheless, the metallic losses are negligibly

small (ovp, < 0.1 dB/mm) for d; ;7 > 0.5 um.

It is worth mentioning here that we have restricted our above numerical studies for a
straight waveguide phase-shifter where both waveguide and metallic microheater strip-
line are parallel to each other for both Type-I and Type-II architectures. However, one
can extend this study to spiraled waveguide geometry and meander-type metallic mi-
croheater in Type-I configurations as described in Ref. [136]. From their experimental

results, we estimate the value of Sy as large as ~ 640 K-um/mW. Similarly, for a bend
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Figure 5.8: Calculated optical loss coefficient «, of T'Ey mode in dB/mm (A = 1550
nm) due to interaction between evanescent field and metallic microheater as
a function of d; for Type-I and d;; for Type II with h as a parameter: (a)
Type-I and (b) Type-II (oxide cladding and air cladding). The calculations
are carried out for W =350 nm and H =220 nm.

or folded waveguide (and microheater) design in Type-II configuration, the value of Sy
can be enhanced significantly. This has been validated with numerical simulations as

well as experimental results described in following section.

5.2 MZI based Thermo-optic Switch Design

As a case study we have evaluated the performance of Type-II phase shifter integrated
MZI switches. Three variants of the MZI based 2 x 2 thermo-optic switches have
been investigated (i) balanced MZI with straight waveguide phase-shifter (balanced S-
MZI), (i1) balanced MZI with folded waveguide phase-shifter (balanced F-MZI), and
(ii1) unbalanced MZI with folded waveguide phase shifter (unbalanced F-MZI). The
topological architecture of all the three variants are shown in Figures 5.9(a), 5.9(b) and
5.9(c) respectively. All the three device architectures are designed with identical pair of
single-mode rib waveguides and identical pair of WIDCs for 3-dB couplers. The values
of design parameters (W ~ 350 nm, H = 220 nm, h ~ 160 nm, and G ~ 150 nm) have
been chosen judiciously to avail a nearly wavelength independent coupling co-efficient

x within and beyond C-band.
In presence of the thermo-optic phase -shifter, the wavelength dependent propaga-
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Figure 5.9: Schematic top views of the three variants of the proposed MZI based 2 x 2
thermo-optic switches: (a) balanced MZI with straight waveguide phase-
shifter (balanced S-MZI), (b) balanced MZI with folded waveguide phase-
shifter (balanced F-MZI), and (c) unbalanced MZI with folded waveguide
phase shifter (unbalanced F-MZI).

tion matrix of MZI arms (Eq. 4.3) can be expressed as:

Tar(A AT) = 7o (5.8)

0 1
where ¢(\) = Sland A¢gy (A, AT) = (B+AB)(I4+Al)— L. Again = (27/N)nepr(N)
and AS = (2r/A)An.sr(N, AT') are the propagation constant at AT" = 0K and change

in propagation constant due to thermo-optic effect, respectively. Thus the amplitude
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transfer function of MZI given in Eq. 4.2 can be modified as:
1
=Toc(NAT) - Tar(AAT) - Tpe(A, AT) (5.9)
0

However, the 3-dB DC design must be temperature insensitive, otherwise, the splitting
ratio difference introduces power imbalance in the output. In the following section
we discuss about the athermal property of our previously discussed rib waveguide DC

geometry in SOIL.

5.2.1 Thermal Stability of WIDCs

In particular, the temperature dependent effective index variation of SOI waveguides
induces wavelength shift of resonant devices that limits the wavelength resolution in ap-
plications such as sensing, wavelength division multiplexing , spectroscopy, etc. Several
active and passive thermal compensation techniques have been proposed for stabilizing
the device performances. One active approach is heating silicon locally and thereby
dynamically compensate the thermal fluctuations [146, 147]. However, active com-
pensation techniques require extra power for cooling and controlling. Passive thermal
compensation methods proposed in Ref. [148, 149] use a negative TO coefficient poly-
mer over cladding, but not all polymers are CMOS compatible. An alternate solution for
interference-based devices is employed in Ref. [150] by tailoring the optical confine-
ment in the waveguide. However, all these thermal compensation methods contribute
additional fabrication complexities or absorption loss or wavelength dependency. Inter-
estingly, in addition to the wavelength independent transmission, our WIDC design is

also found to be temperature insensitive.

The effective index variation of a SOI waveguide depends on the TO coefficients of
core and claddings. For an asymmetric rib waveguide geometry with SiO, as bottom
cladding (ng;0,) and air top cladding (n,;, = 1) this can be expressed as [151]:

dT

dns;o,

dneff
(\) = Tsi()) s

dr

(A) + Tsio, (A) (A) (5.10)

where we assume that the confinement factor of core (I's;(\)) and cladding (I'g;0, ()
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are assumed to be temperature independent. Also we can neglect the wavelength depen-
dency on TO coefficients of SiO; cladding. Since dng;o,/dT is an order of magnitude
less than dng; /dT’, we can write:

L

et () = Ti(N)

o 5.11)

Figure 5.10 shows the temperature dependent effective index variation calculated for
four different waveguide geometries using Lumerical MODE Solutions at A = 1550 nm
for TE polarization. Note that, these waveguide geometries correspond to our previous
DC examples DC1, DC2, DC3 and DC4 in Figure 2.14: DC1 (H = 220 nm, W = 550
nm, h = 100 nm), DC2 (H=220 nm, W = 350 nm, h = 100 nm), DC3 (H = 220 nm,
W =350 nm, h = 0 nm) and DC4 (H = 220 nm, W = 375 nm, h = 160 nm). In this
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Figure 5.10: Effective index as a function of operating temperature calculated for four
waveguide geometries corresponding to the DC geometries in Figure 2.14:
DC1 (H =220 nm, W =550 nm, h = 100 nm), DC2 (H=220 nm, W = 350
nm, h=100nm), DC3 (H=220 nm, W =350 nm, h =0 nm) and DC4 (H =
220 nm, W =375 nm, h = 160 nm) and for TE polarization at A = 1550 nm.

calculation, we have considered the thermo-optic co-efficients for silicon device layer
and buried SiO, layer as 1.86 x 10~4 K=! [152] and 1.0 x 10~° K~! [153], respectively.
The TO coefficients (slope of the curves in Figure 5.10) of waveguides are estimated

within (1.78 —2) x 10~% K. In case of directional couplers, the temperature dependent
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coupling constant can be expressed as:
T
RN T) = 5 [ (0 T) = g (A T)] (5.12)

and hence,

de(\T)  mwdAn(\T) = [dni (W) dneg (A T)

s
= =< (5.13)
ar A ar A dr ar
dnsz dngff . . . .
where —=- and —+ are the TO coefficients of symmetric and antisymmetric modes
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Figure 5.11: Calculated (a) An(\,T') as a function A for four DC geometries (DCI,
DC2, DC and DC4), and (b) cross coupling co-efficient (k(\, T')) and cou-
pling strength (k*(\,T')) calculated for a WIDC (DC4) exhibiting 3-dB
power splitting at A ~ 1550 nm (TE-polarization) for two different oper-
ating temperatures (7 ..i.. = 300K, and 350K).

respectively. Since the electric field confinement of symmetric and antisymmetric modes
are highly geometry dependent, the difference term in Eq. 5.13 decides the thermal sta-
bility of the DC transfer function. We have calculated An (A, T') for DC1, DC2, DC3,
and DC4 (refer 2.2.3) as a function of A and temperature T. Dashed lines in Figure
5.11(a) represent An(\) at T = 300K, and solid line represents that for T = 350K. It
is to be noted that, out of this four DC geometries DC4 exhibits athermal character-
istics, i.e.,An(\, T = 350 K) ~ An(A, T = 300 K) over the entire range of wave-
length. This means that, for this particular geometry (WIDC) the TO coefficients of
supermodes are nearly same for all As resulting in nearly athermal coupling coefficient
(k), in other words, DC4 gives temperature insensitive WIDC transfer function (k?), as

shown in Figure 5.11(b). In contrast, the TO coefficients of symmetric and antisym-
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metric modes of DC3 are found to be unequal ( ef rs Ef —<Ll) for any ), and hence
An(\, T = 350K) — An(\,T = 300K) > 0, or dx/dT # 0, resulting slightly ther-
mally unstable transfer function. DC1 and DC2 designs can also considered as athermal
since dr/dA is close to zero in both cases; however both the geometries are wavelength

dependent.

5.2.2 Switching Characteristics

Since the 3-dB WIDCs in Figure 5.9 are insensitive to both wavelength and temperature,
the MZI response in Eq. 5.9 depends only on the 7y, (A, AT). For a phase shifter length
of [,,, the transfer functions at the bar port and cross port of balanced MZIs (Al = 0) in

Figures 5.9(a) and 5.9(b) can be written as (lossless case):

P, = P, sin® (M) P. = P,, cos® (M) (5.14)

Thus by increasing temperature from A7 = 0K to AT = T, the input power can
be switched from cross port to bar port. Similarly, the transfer function of an unbal-
anced MZI can be detuned (wavelength) within one FSR by adding thermo-optic phase
Ap(N, AT).

For the proposed thermo-optic waveguide phase-shifter (straight or folded) with
WIDC waveguides ( eff = 1.79 x 107* K~!) one can estimate AT} at A = 1550 nm
(using Eq. 5.2) as:

4.35

ATW = —— mm-K (5.15)
Ly

Thus longer the microheater length smaller is the differential temperature required for
a desired A¢. For example, if Ly = 100 wm, then AT, = 43.5K is required for 7 dif-
ferential phase-shift between the MZI arms at A ~ 1550 nm. However, a large AT}
may affect the performance of neighboring temperature sensitive electronic/photonic
devices unless they are thermally insulated from the phase shifter. For our switch de-
sign, we have indeed used Ly =400 um to operate devices close to room temperatures

(AT, ~ 10.87 K).

It must be also noted that the minimum waveguide bend radius of S-bends in direc-
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tional couplers is kept at 180 pum to satisfy the WIDC design rule as described in section
2.2.4. Another important concern here is the bend induced loss as the confinement fac-
tor of guided mode in access rib waveguides (shallow etched) is relatively poor and
hence the minimum bending radius for access waveguides is kept ~ 125 um to mini-
mize the bending loss (see Figure 2.17). This seems apparently detrimental for compact
design, but it has been shown earlier in section 2.2.4 that the access waveguides can be
in fact tightly bent by adiabatic etching of slab regions using a second lithographic defi-

nition. The wavelength dependent transmission characteristics at the bar port and cross
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Figure 5.12: Wavelength dependent thermo-optic switching of power at cross- and/or
bar port(s) of 2 x 2 MZIs designed with 3-dB WIDCs: (a) switching at
cross and bar ports of a balanced MZI; and (b) microheater switching from
OFF state to ON state at the bar port of an unbalanced MZI.

port of a balanced MZI calculated at AT = 0 and AT = AT, = 10.8K are shown in
Figure 5.12(a). Similarly Figure 5.12(b) shows the cross port response calculated at
AT =0and AT = AT, = 10.8K of an unbalanced MZI with Al = |l; — l5| = 275 pm.
The calculations were carried out by including the wavelength dependent ¢, k, and n. s

values extracted using Lumerical MODE Solutions and assuming 1 =1 in Eq. 5.9.

Next, we have studied the performance of slab integrated Type-II microheater in two
different configurations: straight and folded. Figures 5.13(a) and 5.13(b) show typical
layout of straight and curved waveguide microheaters used for experimental demon-
stration. The microheater terminals are flared towards the contact pads which allows to
reduce the power dissipation throughout this region and hence improve the efficiency

of the heater. The effective length of phase shifter can be modeled as L,, = Ly + AL,
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Figure 5.13: Top views of (a) straight and (b) curved (radius R) microheaters showing
the flared microheater terminals towards the contact pads (Al).

where AL is differential length along the axis of the microheater due to temperature
distribution of the flaring region at both ends. Longer waveguide microheater is espe-
cially preferred for keeping lower ON state temperature of the phase shifter (A7}, ~
10.8K).

The extracted 2D temperature distribution (COMSOL simulations) along the plane
of heater (x — z plane at y = h) for straight and curved microheaters are shown in
Figures 5.14(a) and 5.14(b) respectively, calculated for microheater driving power of
P. = 30 mW. Thickness dependent thermal conductivity of the silicon layers (device
layer as well as handle layer) given in Figure 5.3 has been used for simulations. Our
simulation results reveal that a curved waveguide microheater consumes less electrical
power for the same temperature rise along the waveguide. This is expected as the Joule
heating energy density increases because of the semi-circular bend waveguide micro-
heaters of same length. The calculated AT - L,, against the power dissipation P, for
straight and folded waveguide phase-shifters are shown in Figure 5.15. The power re-
quired for w-phase shift (P, = P,;) has been estimated using Eq. 5.15. Nearly 1.2 times

differential temperature rise from the room temperature (300 K) is observed for bend
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Figure 5.14: Temperature distribution (extracted form 3-D simulation) along the top
surface (r — z plane at y = h) for (a) straight waveguide microheater
and (b) curved waveguide microheater, calculated for an applied Ly =
400 wm. In all cases waveguide (W =350 nm, H = 220 nm, A = 160 nm)
and heater (¢ = 80 nm, Wy = 1.5 um) are separated by s = 3 um.

waveguide microheater (P, ~ 40 mW) of R = 125 um in comparison to that of straight
waveguide microheater (P, ~ 48 mW). However there is no significant difference no-
ticed in the calculated rise time and fall time of both the microheater configurations;

T, ~ Tf = 4.2 Us.

5.3 Experimental Results and Discussions

For experimental demonstration, the proposed devices (balanced S-MZI, balanced F-
MZI, and unbalanced F-MZI) are fabricated on a 220-nm device layer SOI (BOX ~
2 um, handle wafer ~ 500 wm). The WIDCs/MZlIs including access waveguides and
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Figure 5.15: AT - L,, calculated for straight waveguide microheater (solid lines) and
semi-circular (R = 125 um) waveguide microheater (dotted line) of effec-
tive phase shifter length L,,.

grating couplers were fabricated first with the same process steps as discussed under
section 2.3.1. Here we will first discuss the integration of thermo-optic phase shifter
followed by the line resistance extraction of the integrated Ti microheater. The static
and transient optical transmission characteristics of the fabricated MZI switches are

discussed in detail.

5.3.1 Microheater Integration

Ti microheaters are widely used for high temperature applications because of its high re-
sistivity, high melting point and ensures no electro-migration at high temperature com-
pared to Al and Au. Typical layout of the microheater along with Al contact pads have
been shown earlier in Figure 5.13. Schematic flow charts of the process steps for Al
contact pads and Ti microheater are shown in Figures 5.16(a) and 5.16(b) respectively.
In both cases the positive electron beam resist is first patterned using EBL followed by
metal deposition and lift-off. Al contact pads are integrated prior to Ti microheater, oth-
erwise, Ti-strips may peel-off and re-deposit on top of the waveguide during the lift-off

of Al
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Al contact pad integration

Figures 5.16(a) shows the process steps for Al-contact pads.

1. Resist Coating:
Positive resist PMMA is uniformly coated over the sample with following spin
parameters as listed in Table 5.2. As a rule of thumb, the resist thickness (300
nm) must be at least three times that of evaporated metal (100 nm) to ensure that
the solvent will be able to lift the resist.

Resist coating (PMMA-AS8) Resist coating (PMMA-A8)

[ —
g

EBL — Opening window for Al EBL — Opening window for Ti

i

I

I —
g

Al deposition (Thermal evaporation)  Ti deposition (e-beam evaporation)

<::I|

I —
o

Al lift-off Ti lift-off

|

(a) (b)
B si siO, = PMMA

Figure 5.16: Fabrication process flow schematics for (a) Al contact pad and (b) Ti mi-
croheater integration (dimensions are not in scale).
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Table 5.2: Spin coat parameters for PMMA-AS electron beam resist optimized for uni-

2.

form thickness of 300 nm.

Spin parameters Thickness
Speed ~ 600 rpm 300 nm
Acceleration ~ 7000 rpm/sec

Time:40 sec

Electron beam lithography:

Aluminum contact pad windows (250 um %200 pm) are patterned over PMMA
using electron beam lithography (RAITH 150 TWO). The exposed area is devel-
oped in MIBK:IPA (1:3) solution for 30 sec followed by 10 sec in IPA and then
cleaned in DI water. The optimized electron beam parameters are given in Table
5.3.

Table 5.3: Optimized EBL (Raith 150 TWO system) parameters for patterning of con-

tact pads over PMMA-AS.

System Parameters Patterning/developing parameters
Acceleration Voltage 20 kV Area dose = 150 uC/cm?

Aperture = 30 um Area step size = 10 nm

Write Field = 100 um x 100 pm Developing time: 30 sec in MIBK:IPA
Working distance = 10 mm (1:3) and 10 sec in IPA.

3. Al deposition:

4.

Al layer is deposited by thermal evaporation (HPVT-305G) for a thickness of 100
nm (one third of resist thickness).

Al lift-off:

The underlying resist layer is then removed and Al is lifted-off using Acetone
solution. The sample is ultrasonic agitated in acetone at ~ 60 °C for ~ 10 min
and then cleaned in DI water.

Ti Microheater Integration

The fabrication flow has been shown in Figure 5.16(b). Metal lines were also patterned

with the same lithographic parameters listed in Tables 5.2 and 5.3. Ti is deposited

(~ 80 nm) using ebeam evaporation (Hind Hi Vac BC-300T) and subsequently lifted-

off using Acetone at 60 °C for 2 min. Care has to be taken to avoid the redeposition of

Ti metal flakes over the waveguide during lift-off.
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Figure 5.17: (a) and (b) are microscopic images of the straight and folded waveg-
uide phase-shifters integrated with Ti-microheater and Al contact pads;
(c) Zoomed-in SEM image of the microheater region.

Microscopic images of the integrated straight and folded waveguide phase-shifters
(Ly = 400 um) along with Al contact pads are shown in Figures 5.17(a) and 5.17(b).
A zoomed-in SEM image of the Ti-microheater which is integrated 3 um away from the
waveguide is also sown in Figure 5.17(c). The width Wy and height ¢;; of microheater
are measured to be 1.5 pm and ~ 80 nm respectively. Figures 5.18(a)-5.18(c) show the
microscopic images of fabricated balanced S-MZI, balanced F-MZI and unbalanced F-
MZI (input/output grating couplers are not shown) respectively. Table 5.4 shows the list

of fabricated MZI switches and their specifications

Figure 5.18: Microscopic images of fabricated (a) balanced S-MZI, (b) balanced F-MZI
and (c) unbalanced F-MZI switches integrated with Ti microheater and Al
contact pads.
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Table 5.4: List of fabricated samples of broadband thermo-optic switches.

Sample | W, h Lpe, Ly Remarks
S6 W =350 nm Lpe: 5 um S-MZlIs and F-MZlIs
h =160 nm Ly 100, 200, .. 500 um
WHZI um
hr=100 nm

5.3.2 Line Resistance Measurement

Reference microheaters of various lengths (Lz = 100 pm to 500 wm) were fabricated
to extract the line resistance using standard two-probe experimental setup and Ohm’s
law. Figure 5.19 shows the total resistance (R ) of microheaters as a function of length
Ly . The line resistance of fabricated microheaters is estimated from the slope as 7y ~
70 Q/um. The resistivity of deposited Ti film may vary significantly with that of bulk
Ti material (film quality depends on the deposition temperature, pressure and material
grade). By extrapolating the Ly — Ry plot to Ly = 0, we extract the resistance of
two flaring regions of each microheater as ~ 4 k{2 (Rcy). This also includes the probe
contact resistance which is of course not so significant in our measurement setup. Thus
for a waveguide microheater of length Ly = 400 um used for above mentioned three
variants of MZI switches, the total resistance is Ry (= ry - Ly + Rcoy) ~ 32 kS, which
has been used to estimate the electrical power consumption for thermo-optic switching
experiments for all fabricated devices: P, = I2Ry;, where I is the dc or rms value of
current through the microheater. Since the operating temperature of the devices is not

high, the temperature dependent change in microheater resistance is insignificant.

5.3.3 Thermo-optic Characterization setup

The schematic of experimental thermo-optic characterization setup and a photograph of
the four probe station are shown in Figure 5.20(a) and 5.20(b) respectively. For thermo-
optic switching characterizations of fabricated devices, we used two fiber-optic probes
for input and output light coupling via GCs and simultaneously two electrical probes for
driving the microheater. The two fiber probes and two electrical probes are accurately

positioned over the sample using respective x-y-z stage micro-positioners. The micro-
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Figure 5.19: Measured resistance of fabricated microheaters as a function of their
lengths. Inset shows the schematic of the microheater; Ry = ry X Ly +
Rep.

heaters were activated by connecting contact pads with a variable current source mea-
suring unit (SMU). Additionally, for transient switching characteristics measurements,
the SMU output is modulated with a square wave signal from a function generator (FG)
and the optical output is detected using a photodetector (Thorlabs - PDA10CS InGaAs)
and digital storage oscilloscope (Keysight - DSOX6002A). The setup is electrically and
optically controlled using LabView programs installed in a computer. The wavelength
dependent transmission characteristics of reference (shallow etched) straight waveg-
uides terminated with input/output grating couplers were obtained first which were used
later to normalize transmission characteristics of the MZI switches. Thus we eliminated

the wavelength dependent response of the input/output grating couplers of fabricated

MZI switches.

5.3.4 Static Characteristics

The static thermooptic characteristics of the devices were measured by sweeping the

microheater driving current (/) and simultaneously measuring the transmission charac-

teristics in OSA.
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Figure 5.20: (a) Schematic of thermo-optic characterization set-up; (b) Photograph of
the four-probe station with zoomed view of the DUT and probes in the
inset; OSA - optical spectrum analyzer, TLS - tunable laser source, FG -
function generator, SMU - source measuring unit, GC - grating coupler,
DUT - device under test, PD - photodetector, DSO - digital storage oscil-
loscope.

Balanced MZI switches

The measured transmission characteristics (normalized with reference waveguide) at

the bar- and cross-ports of balanced S-MZI and F-MZI switches are shown in Figure
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Figure 5.21: Wavelength independent transmission characteristics at the bar ports and
cross ports measured for ON-state (maximum transmission), OFF-state
(minimum transmission) and 3-dB switching power levels: (a and b) S-
MZ1, and (c and d) F-MZI.

5.21. Figures 5.21(a) and 5.21(b) represent transmission characteristics of S-MZI at
the bar port and cross port respectively, measured for three different microheater driv-
ing powers corresponding to the OFF-state, 3-dB power splitting and ON-state of the
switch. A similar transmission characteristics measured at the bar port and cross port of
F-MZI device are shown in Figures 5.21(c) and 5.21(d) respectively. A wavelength in-
dependent insertion loss of ~ 2.5 dB is recorded for both S-MZI and F-MZI switches,
which is mainly attributed to the total insertion loss of two 3-dB power splitters as
shown previously in Figure 2.33. The increased fluctuations at longer wavelengths may
be attributed to the error in photodetection, as the grating coupler exhibit poor coupling
strengths at longer wavelengths. Typical electrical power required for switching optical
signal from cross port to the bar port (with an extinction of > 20 dB) is P, ~ 52.5 mW
(~ 36.7 mW) for fabricated S-MZI (F-MZI) switches. The steady-state transmitted op-
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tical signal (A = 1550 nm) at the bar and cross ports of the above mentioned S-MZI and
F-MZI as a function of electrical power dissipated/consumed by the microheaters are
shown in Figs 5.22(a) and 5.22(b), respectively. Though both types of MZIs were de-
signed with balanced arms, a little mismatch occasionally observed for some fabricated
devices due to imbalance in splitting ratios of WIDCs (section 4.1). For example, an

additional bias electrical power of P, = 8.75 mW was required for achieving maximum

(b)
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(minimum) transmission at the cross (bar) port of the S-MZI. Comparing the observed
switching powers (P,) between S-MZI (52.5 mW) and F-MZI (36.7 mW), we confirm
that the curved waveguide microheater design is found to be more efficient than that of
a straight waveguide microheater design of same length. This result is very much con-
sistent with the theoretical prediction discussed earlier. It is also observed that as the
transmitted power extinguishes in cross port, the transmitted power builds up at the bar
port with equal strength for entire wavelength range of operation following the principle

of 2 x 2 balanced MZI switch.

Unbalanced F-MZI switch

The transmission characteristics of passive (OFF-state) unbalanced MZIs were dis-
cussed in the previous chapter (section 4.2). The active unbalanced F-MZI switch
shown in Figure 5.18(c) has been characterized for different values of microheater
power. A zoomed-in (1540 nm < A < 1550 nm) transmission characteristics (normal-
ized to 0 dBm) at the cross port for OFF-state (P, = 0 mW) and ON-state (P, = 37 mW)

are shown in Figure 5.23(a). In this case, the OFF state and ON state of the switch are

0
= i)
g =
5 .10k L ]
2 & ; vl 2
g ! i a
o : i 2y
S oo i S
E ' £
- P.=0mW P.=37mW
B |
Cross port FSR/2=123nm
1540 1542 1544 1546 1548 1550 1541 1542 1543
Wavelength [nm] Wavelength [nm]
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Figure 5.23: (a) OFF state (P, = 0 mW) and ON state (P, = 37 mW) transmission
characteristics at the cross port of a fabricated unbalanced F-MZI switch
(see Figure 4.7(b) for passive broadband characteristics); (c) wavelength
tuning characteristics at the cross port against consumed electrical powers
(0 mW to 37 mW). A; and ), are two wavelengths corresponding to cross
port minimum at OFF state and ON state respectively.

corresponding to the maximum power transmission (for given operating wavelength) at
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the cross port and bar port, respectively. Thus the transmission spectra corresponding
to ON and OFF states are complimentary to each other for an unbalanced F-MZI. The
signal extinction ratio at any of the output ports of the switch is found to be ~ 22 dB.
Nevertheless, the wavelength tuning characteristics of transmission spectra within one
FSR near A ~ 1542 nm at the cross port for different driving powers (P.) of the mi-
croheater are shown in figure 5.23(b). As the heater power increases from Py mW, the
cross port optical power at A\; builds up and become maximum when P, = 37 mW. The
measured wavelength shift versus consumed electrical power has been plotted in 5.24.

The wavelength tunability of the device is estimated as 33.2 pm/mW.
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Figure 5.24: Measured wavelength shift versus consumed electrical power in the mi-
croheater (P,).

5.3.5 Transient Characteristics

The transient characteristics of the switches were measured by modulating the heater
bias voltage with a small signal ON-OFF voltage of 5V, 12 kHz from the function gener-
ator. The time-domain optical response at the bar port and cross port have been collected
using a high speed photodetector (THORLABS PDA10CS InGaAs photodetector) and
recorded in a digital storage oscilloscope (KEYSIGHT DSOX6002A). Typical transient
response of optical transmission at both bar- and cross-ports of the MZI switch (straight

or folded microheater) are shown in Fig. 5.25. The recorded rise/fall time for both
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Figure 5.25: Transient characteristics measured at bar and cross ports of an S-MZI with
the microheater driven by a square pulse (identical transient characteristics
for F-MZI).

types of microheaters are measured to be nearly same (~35 Ws) which is higher than the
theoretical calculation (4.2 ps) as shown in Figure 5.7(f). This deviation may be due
to the assumption of lower value of thermal conductivities and/or higher values of heat

capacitances (for both core and claddings) in theoretical simulation.

5.3.6 Estimation of Figure of Merits (FOMs)

The steady-state switching characteristics obtained for S-MZI and F-MZI are fitted with
appropriate analytical transfer functions (5.9) and we have extracted the values of AT
(steady-state temperature in the waveguide core) vs. p,, (electrical power consumed
per unit length of a waveguide phase-shifter) for both straight and folded waveguide
phase-shifters as shown in Figure 5.26(a). The slope of AT, vs. p,, is a measure of
the sensitivity figure of merit S of the waveguide phase-shifter as defined earlier. The
value of Sy extracted for an S-MZI is 82.4 K-um/mW, which is slightly higher than that
of theoretical prediction of 73.5 K-um/mW. This may be attributed to the fact of our as-
sumption L,, = Ly; a correction term is required for L,, = L.;; = Ly + A, where A ~
10 um for Ly > 100 um[132]. In other words, the effective conductance (g,,) of fab-

ricated devices is slightly lower than that of theoretical calculations which is consistent
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Figure 5.26: Steady-state and transient temperature characteristics of straight and
folded waveguide phase-shifters used in S-MZI and F-MZI, respectively:
(a) extracted steady-state temperature AT} in the waveguide core as a func-
tion of dissipated electrical power per unit length of the phase-shifter (p,,),
and (b) extracted transient temperature A7'(t) /ATy in the waveguide core
as a function of time ¢..

with the observed higher values of thermal response time (7;;,) of the fabricated devices
discussed earlier. Nevertheless, we observed a significantly enhanced value of S =119
K-um/mW in case of folded waveguide phase-shifter as predicted earlier. The transient
characteristics obtained for S-MZI and F-MZI are again fitted with the correspond-

ing analytical functions to extract the temperature rise AT'(¢) in the waveguide core
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of the phase-shifters (see Figure 5.26(b)); both straight and folded waveguide phase-
shifters are shown to be following Eq.5.4 with 7, = 5.1 us. Thus the experimentally
observed value of F in a folded waveguide phase-shifter (23.3 K-um/mW-us) is about
1.5 times higher than that of a straight waveguide phase-shifter (16.2 K-um/mW-us)
for our fabricated devices. It is possible to improve the value of 5 further by design-
ing more tightly folded waveguide phase-shifter with much closer proximity of micro-
heater but one needs to take care of associated optical losses of the guided mode. Using
Eqgs. 5.6 and 5.7, we have extracted the thermal characteristic parameters g,, and h,,
as 1.21 x 1072 mW/K-um (1.21 x 1072 mW/K-um) and 6.17 x 1072 mW -us/K-um
(4.29 x 1072 mW-us/K-um), respectively, for the fabricated straight (folded) design

waveguide phase-shifters in Type-II (air cladding) architecture.

5.4 Summary

In summary, wavelength insensitive MZI based thermo-optic switches have been de-
signed and demonstrated on a 220-nm SOI platform. A theoretical model for the perfor-
mance analysis of a metallic strip-line microheater integrated waveguide phase-shifter
has been developed. The model helps to define two important figure of merits such as
temperature sensitivity Sy and Fy (= Sy /7,) following thumb-rules of Sy - g, = 1 and
Fu - hy =1, respectively, where g,, and h,, are characteristic line conductance and line
heat capacitance of the waveguide phase-shifter. These figure of merits were calculated
for SOI waveguides (supporting T'Fy guided mode) integrated with Type-I and Type-
IT microheater architectures. It has been shown by numerical simulation that Type-II
microheaters offer faster switching time than that of Type-I microheaters. It has been
also shown that both Sy and Fp can be improved significantly by proper choices of
waveguide design parameters, closer proximity of microheater to the waveguide core,
and suitably folding the waveguide-microheater phase-shifter system. However, care
must be taken to limit the bend induced waveguide loss and loss due to evanescent
field overlap with metallic microheater. The theoretical model is further validated with
experimental results by fabricating 2 x 2 MZI switches (wavelength independent) de-

signed with Type-II microheaters in SOI platform. The demonstrated MZI switches
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exhibit a nearly wavelength independent power splitting characteristics with ~ 22 dB
extinction over 100-nm wavelength range (1525 nm < A < 1625 nm). The switch-
ing power (P,) of balanced F-MZI is estimated to be 36.7 mW, which is ~ 1.4 times
lower than that of S-MZI (52.5 mW) because of the folded waveguide architecture.
However, straight and folded waveguide phase-shifters exhibit nearly same switching
time, 73, ~ 5 Us. This corresponds to a FOM, Fy = 16.2 K-um/mW-us for S-MZI
and Fy = 23.3 K-um/mW-us for F-MZI. Again, the wavelength tunability of folded
waveguide-phase shifter is extracted as 33.2 pm/mW. Though the demonstrated MZI
switches were not designed with the best possible values of figure of merits (Sy, 74,
and Fp), the experimental technique described here helps to extract the characteristic
parameters like g,, and h,, of a thermo-optic waveguide phase-shifter for its modeling

and optimized design.

The important figure of merits of the demonstrated devices (S-MZI and F-MZI)
are compared with earlier demonstrated directly waveguide heated thermo-optic MZI
switch by Watts ef al. [154] and spiral waveguide cladding microheater by Densmore
et al. [136] in Table 5.5. It is evident that the MZI switching devices demonstrated in
this work exhibit better FOM in terms of optical bandwidth and wavelength dependent
non-uniformity. However, it is a bit inferior in terms of switching power and switch-
ing time. This is mainly because of longer microheater (400 wm) used for heating a
larger volume of waveguide as well as slab regions. In contrast, Watts et al. used
a very compact microheater of length 10 um for heating only the core region of the
waveguide. Nevertheless, the longer waveguide microheater costs for a higher switch-
Table 5.5: Comparison of FOMs of demonstrated two different switches with previ-

ously reported direct waveguide heating MZI switch by Watt et al. [154] and
spiral waveguide heating MZI switch by Densmore et al. [136].

FOMs Ref. [154] Ref. [136] S-MZI F-MZI
Bandwidth (BW) [nm] 70 - > 100 > 100
Extinction ratio (ER) [dB] 20 - 20 20
Non-uniformity (NU) [dB] 2.5 - <0.1 <0.1
Insertion Loss IL [dB] 0.5 6.0 2.4 2.4
Switching power (F,) [mW] 12.7 6.5 52.5 36.7
Rise time (7,.) [Us] 2.2 14 5.0 5.0
Fall time (7¢) [Us] 2.4 - 5.0 5.0
Phase-shifter length (L,,) [Lm] 10 6300 400 400
Switching temperature (AT} [K] 433 0.67 10.8 10.8
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ing power-time product but it enables operating the device at much lower temperatures
(AT, ~ 11K). Densmore et al. [136] used a very long folded waveguide microheater
(Ly = 6.3 mm) reporting much lower switching temperature (A7} = 0.67K) and much
lower switching power (P, = 6.5 mW). However, this device exhibits a much longer
switching time (7, = 14 ps) and very high optical insertion loss (/L = 6.5 dB). More-
over, this device was tested only at A = 1550 nm - no information on optical bandwidth
and extinction ratio are available. Nevertheless, the overall figure of merits of the pro-
posed S-MZI/F-MZI switches can be further improved/optimized by a trench isolation
between Mach-Zehnder arms. Moreover, the switching power can be reduced by in-
creasing the thermal sensitivity of the heater by suitably positioning the microheater as
discussed in section 5.1.2. This will give additional benefit to fold the longer waveg-
uides tightly in a serpentine pattern to reduce the device footprint as well as to lower
the switching power P,. This is certainly possible if the MZI arms and/or WIDC ac-
cess waveguides are deeply etched (see Figure 5.7 as described earlier in section 2.2.4.
In addition to that, the switching time of the proposed device can be further reduced
by replacing the integrated metal microheater with doped p/n resistive heaters or p-n

junction diodes across the waveguides.
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CHAPTER 6

Conclusions

The major research outcomes of this Ph.D. thesis are the design and demonstration
of a wavelength independent directional coupler (WIDC) with scalable coupling ratio
and some functional building blocks such as broadband MRRs, MZIs and switches
operating uniformly over a wide range of wavelength. This chapter present a brief

summary and outlook of the research work carried out in this thesis.

6.1 Thesis Summary

In summary, we have theoretically studied the coupling characteristics of a DC com-
prised of two single-mode waveguides in a 220 nm SOI platform and designed a WIDC
with uniform coupling ratio over a broad wavelength range of more than 100-nm near
A = 1550 nm in TE polarization. The fundamental design rule is to optimize the DC
cross-sectional design parameters such as rib width (W), slab height (h), and gap (&)
for which the coupling strength « is nearly wavelength independent. In order to find out
the optimized WIDC geometry we first calculated the geometry dependent values of
differential group index of the supermodes (Angy(\) = nj — ng) by varying the values
of W and h (ensuring single mode guidance and TE-polarization) near A ~ 1550 nm
for fixed values of H = 220 nm and G = 150 nm. The coupling ratio of a typical
WIDC (W ~ 375 nm and h ~ 160 nm) is found to be nearly wavelength indepen-
dent and is scalable to any desired value 0% — 100% just by changing the length of
parallel coupling region (Lp¢). The proposed WIDC is fabricated on a 220-nm device
layer SOI using electron beam lithography and dry etching (ICPRIE). Experimentally
demonstrated WIDC based power splitters (1 x 2 and 1 x 4) exhibit nearly uniform
splitting ratio with +0.5 dB bandwidth ~ 100 nm (1525 nm < A < 1625 nm). Since
the footprint of proposed WIDC is designed with shallow etched (60 nm) access waveg-

uides the minimum S-bend radius is limited to ~ 100 wm and thus the overall footprint



exceeds hundreds of micrometers. In order to reduce the device footprint and to make
the device more compact for MRRs and MZIs, we have proposed and demonstrated
a compact WIDC with deeply etched access waveguides and selectively masking the
shallow etched WIDC region in two step fabrication process. With proper optimization
of the tapered slab region one can reduce the device footprint below 50 x 10 wm?. We
further demonstrated WIDC integrated MRRs and MZIs fort broadband applications.
The fabricated MRR with R = 100 wm, shows resonances with nearly uniform FSR
(~ 0.8 nm) and extinction ratio (~ 20 dB) with () ~ 18000. Compact broadband
MRRs (R < 100 um) are also demonstrated in two step fabrication process with deeply
etched access waveguides as well as with an alternate deeply etched WIDC geometry
(W ~ 300 nm, h ~ 110 nm). Similarly, the broadband transmission characteristics of
(un)balanced MZIs integrated with WIDCs are also validated experimentally. The bar
port to cross port extinction of MZI is measured to be ~ 22 dB which is nearly uniform
over the entire wavelength range of interest. Finally, broadband MZI based thermo-
optic switches are designed and demonstrated by integrating Ti microheater in the slab
region of the waveguide. The performance of metal-microheater integrated waveguide
phase-shifter has been analyzed in terms of the figure of merit (FOM) F = Sy /7, (Su
- thermal sensitivity, 7y, - thermal time constant). The demonstrated switches exhibit a
broadband extinction ratio of ~ 20 dB with an insertion loss of 2.5 dB. A folded waveg-
uide phase-shifter design integrated in a balanced MZI is characterized experimentally
with F; =23.3 K-um/mW-ps (Sy = 119 K-um/mW and 73, = 5.1 us); which is shown
to be ~ 1.5 times superior than that of straight waveguide phase-shifter of same waveg-
uide cross-sectional geometry and length (L,, = 400 um). Though the demonstrated
MZI switches were not designed with the best possible values of figure of merits (Sg,
7, and Fpr), the experimental results helps to extract the characteristic parameters like
g (thermal conductivity per unit length of the waveguide phase-shifter) and h,, (heat
capacitance per unit length of the waveguide phase-shifter) of a thermo-optic waveguide

phase-shifter for its modeling and optimized design.

124



6.2 Thesis Outlook

The successful demonstration of WIDC based MZIs enabled us to demonstrate wave-
length insensitive thermo-optic switches. Similarly, WIDC based MRRs can also be
used for the demonstration of reconfigurable add-drop multiplexer operating over a
broad operating wavelength range. Moreover, the concept can be extended to demon-
strate more complex devices/components for various silicon photonics applications. For
example, recently our group has demonstrated an add-drop filter by integrating sub-
wavelength grating (SWQG) structures in the two arms of a WIDC based balanced MZI
as shown in Figure 6.1(a) [126]. The transmission characteristics measured for the
OFF-state and ON-state of phase-shifter integrated with microheater H1 is also shown
in Figures 6.1(c) and 6.1(b) respectively. The flat passband transmission characteristics
of such filters are useful for on-chip multi-channel filtering of WDM channels [58].

input bar | add

B >< - 4 '\>

O grating coupler 3.dBWIDC Alcontactpad Titanium micro-heater SWG waveguide

(a)

Transmission [dB]
Transmission [dB]

30k
40t '
|
1525 15:50 15.?5 16'00 1625 _5?525 1550 15:?5. 16‘00 1625
Wavelength [nm] Wavelength [nm]

(b) (©)

Figure 6.1: (a) Schematic illustration of the proposed 2 x 2 MZI based add-drop filter
device integrated with five microheaters (H1-HS5) at different locations; (b)
and (c) are the transmission characteristics at the output ports corresponding
to the OFF- and ON-state of heater HI respectively [126].
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Figure 6.2: Schematic of the proposed balanced nested Mach-Zehnder interferometer
(BNMZI) switch by Lu et al. in Ref. [155].

Very recently, Lu et al. [155] proposed a tri-state (cross/bar/blocking) switches with
DC based MZI structures 6.2 as shown in Figure 6.2. These switches are designed for
high-speed, broadband and low-cross talk performances and provides and extra block-
ing state which can be used for crosstalk suppression in N x N switch fabrics. The
conventional DCs in the proposed model can be replaced with WIDCs to extend the
bandwidth to C+L bands with improved crosstalk performance between the switching

states.

The proposed WIDC design also enables slab integration of microheaters/p-n junc-
tion diodes for faster switching applications. The switching power can be reduced by
appropriate positioning of thermo-optic/electro-optic phase-shifters and with suitable
trench isolation. Moreover, we strongly believe the footprint of the proposed WIDC
structures can be reduced further and it is possible to use them in a large scale silicon

photonics switch matrix and for large number of channel add-drop multiplexing [58].
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APPENDIX A

Directional Coupler based 4-channel WDM

(de-multiplexer)

In this section we discuss the application of dispersion enhanced conventional DCs as

a 4-channel wavelength de-multiplexer.

A.1 Design and Demonstration

Typical layout of a 1 x 4 wavelength de-multiplexer is shown in Figure A.1(a), where all
the three DCs (DC,, DC;, and DC,) are designed for highly dispersive transfer functions

(see Figure 2.12). DC, de-interleaves the four channels (\;, A2, A3 and \,) given at the

-t
@ - -
Aq, Az, Az, Ay \_/_., L DC, / [ "./\r’f I\“.
= L, "y D M '2 % .SJ: | ;
+ b —

ouT2

DG, —~
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Ly OUT4  pe, [ e

;:LL
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Figure A.1: Working principle of a 1 x 4 WDM (de-multiplexer); (a) schematic layout
showing a cascaded 1 x 2 architecture of three interleavers DC,, DC; and
DC. with corresponding input and output channels at each output ports;
(b) the transfer functions at the bar port (solid) and cross port (dashed) of
DC, (top), DC, (middle) and DC, (bottom). Vertical arrows indicate the
location of four input channels.

input port such that \; and \3 appear at the bar port and A\, and A4 appear at the cross
port respectively. Again DC, (DC.) de-interleaves \; (\2) to its bar port and A3 (\4) to

its cross port respectively. The DCs are designed such that the transfer functions (bar



port and cross port) exactly match with the corresponding As as shown in Figure A.1(b).
For example the FSR (between the bar and cross ports) of DC, is equal to the channel
separation 6 A and that of DC, and DC, are 20\. Also, the transfer function of DC, and
DC, are relatively out-of phase by 7/2 to drop the respective wavelength channels at
the output ports. Thus for a fixed dispersive DC geometry, Lq, L, and L3 are designed
such that:

A1 A3 Ly Ly

= M, L2 = 7 and L3 = 7 + LgdB (Al)

Ly
where the additional length L3, ensures 7/2 phase shift in transfer functions of DC,
and DC,. For a given ), the minimum possible length of DC, is decided by the max-
imum possible value of |Angy| and which in turn depends on the the cross-sectional

design parameters of DC (W, h,G and H). Note that the maximum possible |An|
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Figure A.2: Contour plots of An, in W - h plane calculated for H = 250 nm, G = 150
nm and TE polarization at A = 1550 nm.

(1.36) calculated with H = 250 nm SOI (W = 300 nm, h = 0 nm, G = 150 nm) is
~ 1.4 times more compared to that of H = 220 nm SOI (W = 350 nm, h = 0 nm,
G = 150 nm) shown in Figure 2.13. Although dispersion is more for deeply etched
DCs, the OBW is limited by the wavelength dependent slope of An,. Thus shallow
etched DCs with moderate |Ang| gives relatively more OBW compared to that of shal-
low etched DCs (section 2.2). However, a lower |An,| results in longer DC length for
a given channel separation d\ as given in Eq. A.1. For example for a channel spacing
of A = 10 nm, the calculated L; ~ 106 um with deeply etched DC (W = 300 nm,
h =0nm, H = 250 nm, G = 150 nm), and L; ~ 1000 wm for with shallow etched DC
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(W =550 nm, h = 150 nm, H = 250 nm, G = 150 nm).

For experimental demonstration we have fabricated the proposed WDM device on
a 250-nm device layer SOI with a relatively shallow etched DC with W' ~ 550 nm,
h ~ 150 nm and G ~ 150 nm [85]. The corresponding An, is estimated to be 0.1 <
|Angy| < 0.12 over 1520 nm < A < 1570 nm. The DC lengths Ly, L, and L are
calculated using Eq. A.l and 2.9 as 1000 um, 500 wm, and 506.5 wm respectively for
a channel spacing of A = 10 nm. One can also fabricate more compact device with
deeply etched DC (W = 300 nm, h = 0 nm, G = 150 nm) in two step fabrication
process, where shallow input/output GCs are fabricated in first defined followed deeply

etched DC waveguides in a second step by properly masking the GC regions.
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Figure A.3: (a) Microscopic photograph of a 4-channel WDM (de-multiplexer) device
along with a reference straight waveguide; (b) and (c) are simulated and
experimental transmission characteristics of the normalized with reference
waveguide output.

A microscopic photograph of a fabricated 4-channel WDM (de-multiplexer) device
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has been shown in Figure A.3(a) It has two identical input ports (IN1 and IN2) and
four output ports (OUT1, OUT2, OUT3, and OUT4). The auxiliary inputs R1 and R2
are used to extract the transmission characteristics of of individual directional couplers
(DG, and DC,) The device is characterized by launching a broadband light source at
port IN1 through input GC and the corresponding outputs are collected through cor-
responding GCs and recorded in OSA. Typical simulated and experimental transmis-
sion spectra (normalized to 0 dB) at individual output ports (OUT1, OUT2, OUT3 and
OUT4) of the fabricated device are shown in Figures A.3(b) A.3(c) respectively. The
channel separation is measured to be ~ 1.2 THz (10 nm) with cross talk < —16 dB. On
chip insertion loss of the device is measured to be < 1 dB. The concept can be scaled
to 1 x N channel WDM device by cascading (N — 1) number of DCs in a pyramidal
architecture, which can be considered as an alternative solution of AWG devices requir-
ing stringent design and process parameters.The FSR values as well as device footprints

can be reduced by designing a highly dispersive DC (e.g. An, > 1).
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APPENDIX B

Additional Information on Fabrication

B.1 SOI Specifications (SOITEC)

Table B.1: Specifications of 220-nm device layer SOL.

Parameter Device Layer | BOX | Handle Wafer
Thickness 220 nm 2 um | 500 um
Doping P-type - P-type
Crystal orientation | (100) - (100)
Resistivity 8.5-11.5 Qcm | - 750 Q2cm

B.2 Silicon Cleaning Procedure

1. TCE Cleaning (TCE assay 99.5%): To remove organic contaminants
e Ultrasonic agitation with TCE for 2 min

e Heat up (60 °C) for 2 min

2. Acetone Cleaning (Acetone assay 99.5%): To remove residue formed by TCE
e Ultrasonic agitation with acetone for 2 min (till bubbles come)

Heat up (60 °C) for 2 min

Take out sample and clean under running DI water

Dry with nitrogen air gun
3. HNOj; Cleaning (HNOj assay 69 - 70%): To form metal oxides
e Heat up (60 °C) for 2-3 min (till fumes come)
e Rinse the sample with DI water and check for hydrophilic surface
e Dry with nitrogen air gun
4. HF Cleaning (HF assay 48 - 52%): To remove metal oxides
e Dip in dilute HF (HF:DI Water::1:10) for 30 sec
e Rinse the sample with DI water and check for hydrophobic surface

e Dry with nitrogen air gun



B.3 Spin Coating Procedure

1. Resist Details
e Resist: HSQ - XR-1541 (6%), negative tone e-beam resist

e Chemical Formula: [HSiO3/2],

e Features: High resolution (~ 10 nm), minimum line edge roughness, ex-
cellent etch resistance and stability under SEM inspections[156]

— _HSQ@-
El A
\ Hot Plate -, _T_Vaqut:lp'l_cl'_lul.;k.- =
EBEEEEE J
Dehydration (200 ° C, 10 min) Deposit resist
(a) (b)
S | SN
© " Vacuumchuck Vacuum chuck
Step1: spread Step 2: coat
() (d)

Figure B.1: Steps for spin coating: (a) dehydration (200 °C, 10 min), (b) deposit resist,
(c) spread and (d) coat (see Figure B.2(a)).

2. Two-Step Spin Coating (POLO - SPIN200i)
A schematic of the spin coating procedure is shown in Figure B.1.

(a) Dehydration: 200°C, 10 min
(b) Resist deposition: A few drops using a fresh syringe

(c) Spread the resist: Spin at slow speed (v; = 100 rpm) and acceleration (a; =
100 rpm/s) for 10 sec (see Figure B.2(a))

(d) coat the resist: Adjust spin speed (v2), acceleration (as) and time ¢, for a
desired resist thickness.

Figure B.2(b) shows the HSQ film thickness versus spin speed v, for different
acceleration of a; and as keeping v; = 100 rpm, ¢; = 10 sec and ¢, = 30 sec.
The thickness of the thin-film resist were measured using cross-sectional SEM
images with an accuracy of ~ £20 nm. Figures B.3(a) and B.3(b) show the SEM
images of ~ 130 nm and ~ 300 nm HSQ layers respectively, over the silicon
substrate.

3. Prebake After coating the sample is prebaked for 2 min at 180°C (hot plate).
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Figure B.2: (a) Spin speed versus time graph for coating HSQ over silicon sample in
two steps; (b) Resist thickness versus spin speed (v1, v2 = 100 rpm) mea-
sured for two different combinations of a; and as: a; = 100 rpm/s, ay =
1500 rpm/s (blue squares), and a; = 500 rpm/s, a, = 500 rpm/s(red circles),
and time (30 sec).

290 nm m

Mag= 51.88 K X WD = 10,0 mm
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HRailin

Figure B.3: SEM image showing the cross-section of HSQ layer of thickness (a) ~
130 nm and (b) ~ 300 nm.

B.4 Patterning Parameters

1. Mask Details
e Mask Format: GDS-II designed in Raith Nanosuit

e Device length: 2-3 mm
e Waveguides: Fixed Beam Moving Stage (FBMS) lines
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e GC and WIDC mask: Conventional Elements (CE)

2. System Specifications of RAITH-150 TWO
e Acceleration Voltage (EHT): Upto 30 kV

e Aperture sizes: 7.5 um, 10 wm, 20 pm, 30 wm, 60 um and 120 wm
e Beam current: Depends on EHT and aperture size (10 pA to 6000 pA)

3. Optimized Dose Parameters
e Write Field (WF) area: 100 x 100 wm?

e Working distance: 10 mm

e Waveguides and GCs (single step): EHT = 20 kV, Aperture size = 20 wm,
beam current = 145 pA, FBMS dose = 350 uC/cm?, CE dose = 240 uC/cm?

e WIDC mask and Contact Pads: EHT = 20 kV, Aperture size = 30 pum,
beam current = 350 pA, CE dose = 90 uC/cm2

e SEM measured waveguide width: (Width of waveguide in mask - 100 nm)
+20 nm

e SEM measured DC gap: (Gap of DC in mask - 100 nm) +20 nm

4. Development
e 6 -7 min in MF319 developer (ambient temperature ~ 24°C)

e Rinse with running DI water

e Dry with nitrogen air gun

(b) (©

200 nm

 ——

) (e)

Figure B.4: (a)-(c) Top view SEM images of a DC after patterning, (d)-(e) cross-
sectional SEM images of DC after etching. (a) & (d) under-dose, (b) &
(e) over-dose, (c) & (e) optimum dose.

5. Postbake: 300 °C for 3 min (hot plate)
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Figure B.4 shows the SEM images of DC region after patterning with different
doses; (a) under-dose, (b) over-dose and (c) optimum-dose. The corresponding SEM

images after etching are shown in (e) - (f) respectively.

B.5 ICPRIE Parameters (Oxford PlasmaLab System100)

The etch depth versus time graph of silicon and HSQ with an optimized ICPRIE chem-

istry is plotted in Figure B.5. Figures B.6 shows the SEM images of a silicon waveg-
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Figure B.5: Etch depth of a silicon and HSQ mask against etching time in optimized
ICPRIE chemistry.
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Figure B.6: Tilted SEM images of a silicon waveguide with nearly (a) vertical (96°) and
(b) smooth sidewall (roughness ~ 15 nm).

uide with nearly vertical (96°) and smooth sidewall (roughness ~ 15 nm).
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Integrated Silicon Waveguide Phase-Shifters", OSA Continuum, Vol. 1, Issue 2,
pp. 703-714 (2018).

. Sumi R., Ramesh K. Gupta and Bijoy K. Das, "Ultra Broadband Add-Drop
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of Selected Topics in Quantum Electronics (2018), Vol. 25, No. 3, pp.1-11,
May/June 2018.

. Ramesh. K. Gupta, S. Chandran and B. K. Das, "Wavelength Independent Di-

rectional Couplers for Integrated Silicon Photonics," IEEE/OSA Journal of Light-
wave Technology, Vol. 35, No. 22, pp. 4916-4923, November 2017.

. Ramesh K. Gupta and Bijoy K. Das. "Multi-input and multi-output SOI (MIMO-

SOI) platform for silicon photonics", CSI Transactions on ICT, Vol. 5, No. 2, pp.
189-193, June 2017.

. S. Chandran, Ramesh. K. Gupta and B. K. Das, "Dispersion enhanced critically

coupled ring resonator for wide range refractive index sensing", IEEE Journal of
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B K Das, N DasGupta, S Chandran, S Kurudi, P Sah, R Nandi, Ramesh K., et.
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Journal of Physics, Vol. 25, No. 7, pp. 923 - 955, 2016.

Conference (Presentations / Proceedings/Workshop)
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August 2018, Hong Kong (poster).

. R. Sumi, Ramesh K Gupta, Nandita DasGupta, and Bijoy K Das, "Integrated

Optical Ultra-Broadband Add-Drop Filter in Silicon-On-Insulator Platform." Op-
tical Fiber Communications Conference and Exposition (OFC), Optical Society
of America, 2018 (pp. M4H-7).



3. Ramesh. K. Gupta, S. Chandran and B. K. Das, "Integrated silicon photonic di-
rectional couplers for WDM applications," 3rd International Conference on Mi-
crowave and Photonics (ICMAP), 9-11 February 2018, Dhanbad, India.

4. B.K. Das, R.K. Gupta, P. Sah, and S. Chandran, "Novel wavelength filter devices
in SOI for optical interconnect applications," ICMAT 2017, Suntec Singapore,
June 18- 23, 2017 (invited).

5. B. K. Das, S. Chandran, P. Sah, and R. K. Gupta, "Novel wavelength filter de-
vices in SOI for sensing applications," Photonics 2016, IIT Kanpur, India, Dec.
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