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Abstract

Ultra-low-loss silicon nitride photonic integrated circuits for highly coherent lasers
by

Warren Jin

The development of integrated photonics has played an important role in the pro-
liferation of high-speed telecommunications, and has the potential to impact numerous
applications including precision metrology, sensing, navigation, imaging, and computa-
tion. For virtually all such optical systems, optical loss represents a key performance
metric. Achieving extremely low optical loss often requires a corresponding increase in
the device footprint. This work explores a regime in integrated photonics in which optical
loss at parity with the world-record-lowest loss in any integrated platform is achieved,
but in a form factor that is planar, fabricated using conventional CMOS processes, and
an order of magnitude smaller in footprint. While prior works with comparable loss were
been limited by device size and integration limitations to single-device demonstrations,
the improved silicon-nitride waveguide platform presented herein enables higher photonic
integrated circuit (PIC) complexity than previously explored. These properties are used
to create several novel integrated devices, including ultra-high @) and record-high finesse
integrated optical resonators, a hybrid-integrated laser with fiber-laser coherence proper-
ties, a low-noise microcomb source, a single-mode Raman laser, and a twenty-three meter
integrated optical delay line.

While the first part of this thesis thus explores capabilities intrinsic to integrated
silicon nitride waveguides, the latter part of the thesis develops novel processing tech-
niques to enable these high performance PICs to interface with other electrical and opti-

cal components. A deuterated silicon dioxide thin-film deposition is developed to enable

vi



integration of such silicon nitride PICs with active optical materials, enabling the demon-
stration of a heterogeneous laser. Piezoelectric tuning of silicon nitride resonators is also
explored, which could allow silicon nitride PICs to be reconfigured with dramatically
lower power consumption. Finally, a study is presented on extending the benefits and
designs of ultra-low loss silicon nitride waveguides to silicon-on-insulator waveguides,
which are an attractive platform for many ultra-low loss PICs due to preexisting silicon

photonics infrastructure.
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regions which are exposed by the left (right) reticle; the waveguide is de-

fined by the remaining unexposed areas; the dashed lines indicate the

centers of the respective waveguides; 0 indicates the lateral alignment er-

ror. Stitching causes abrupt steps in the sidewall at the reticle boundary.

(b) Instead, widening the overlaid waveguides over a larger distance L re-

sults in a continuous sidewall; the angle of the sidewall to the propagation

axis is given by 6; the waveguides widen by 20yax yvielding alignment tol-

erance oyax; regions with both black and red hatching are exposed by

both reticles. The stitched waveguide’s plan-view-profile varies from (c)

zero misalignment, to (d) intermediate misalignment, to (e) the maximum

tolerable misalignment. Reproduced from [1]] . . . ... ... .. ... .
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Fabricated 200 mm wafer with stitched, 23 m long, delay lines

on the perimeter of each die. The delay line of the center die has been

highlighted. Each die consists of two stitched reticles. The interior of each

die is occupied by test structures. Reproduced from [I].|. . . . . . . . ..
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6.3

Micrographs of stitching test structures. (a) Micrograph of vernier-

type alignment test structure between adjacent reticles. Each half of the

mark is exposed separately, each mark represents an additional 10 nm

alignment bias between left and right reticles. We estimate an alignment

error below 20 nm. (b) Stitched racetrack resonator test structure. (c) Mi-

crograph of stitched waveguides in a resonator. Reproduced from [1]| . .
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6.4

Experimental stitching results. (a) Measured stitching loss versus

wavelength for each test structure. Nine configurations were measured,

consisting of three different stitch lengths each evaluated for three mask

offsets. (b) Comparison of measurement with simulation of our design at
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Simulated loss vs length of “abrupt” and “angled” stitching at

100 nm alignment error for a, 100 nm thick silicon nitride waveguides and

b, 220 nm thick silicon waveguides. To compare the loss and length of

abrupt stitches with angled stitches, abrupt stitch loss is simulated as a

tunction of waveguide width, while the length is calculated as the length ot

the corresponding mode converters tor each waveguide width. Reproduced

from [I].| . . . ...
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7

Diagram of the heterogenous integration approach in [12] for the

waveguide geometry used in this work. (a) The ultra-low loss waveg-

uide with its optical mode profile overlaid, (b) the silicon to ultra low-loss

transition, and (c) the hybrid silicon/ITI-V active waveguide. Low tem-

perature oxide, indicated above, is necessary for passivation and electrical

routing after I1I-V material has been bonded. [t must also have low op-

tical loss, as it overlaps the mode of the ultra low-loss waveguide at (a).

Reproduced frori@ .............................

[7:2

Absorbance of SiO,:H and SiO,:D thin filims by Fourier-transform

infrared (FTIR) spectroscopy. The fundamental SiO-H vibrational

mode at 2.73pm shifts to 3.74pm for S10-D. The full F'TIR spectrum

1S shown 1n the inset. A model of the Fabry-Perot ripple was fitted over

2500 cm ! to 4000 cm™ and subtracted to reveal the absorption spectra of

Reproduced from ﬂIﬂ ]

[7.3

Overview of OFDR and resonator loss measurement techniques.

(a) Fitting the slope of the backscattered OFDR signal as a function of

distance allows for (b) measurement of waveguide loss as a function of

wavelength. For the 2m segment analyzed in (a), the fitting generates

a 95 % confidence interval (CI) of £0.07dBm™" indicated by the shaded

area in (b). Through design of the (c¢) resonator and coupler mode, and (d)

fitting the optical linewidth, we demonstrate (e) robust fitting of multiple

resonance spectra to measure spectral dependence of propagation loss,

with mean 95 % CI of £0.025dBm™*. Reproduced from [1]| . . . . . ..
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[7.4 Waveguide loss with top cladding from SiH, precursor. Uniform

offsets were applied to the SLED transmission spectra to obtain approxi-

mate agreement with OFDR-measured loss in the C-band. We also show

the loss from SiD, precursor (reproduced from Fig. [7.5) to demonstrate

30x reduction at the 1390 nm peak. Reproduced from ]| . . . .. . ..

[7.5 Waveguide loss with top cladding from SiD, precursor. Uniform

offsets were applied to SLED and TL transmission spectra to obtain ap-

proximate agreement with OFDR and ring resonator data in C and O

bands. Reproduced from 1.l . . . . .. ... ..o

[7.6

A simple model including scattering and material losses was fitted

to data from Fig. [7.5| for waveguides with deuterated top cladding. The

region above the scattering model has been shaded to indicate where the

material loss is below 1dBm™". The scattering loss follows a 1/ de-

pendence where p = 3.86 &= 0.04, while each absorption is approximately

modeled by a Lorentzian resonance (95% CI, R = 0.99). Reproduced

from [I] . . . . . ..
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B

Geometry for fabricated devices. Undercut of the ring allows the

resonator to deform, straining the waveguide and tuning the optical res-

onance. (a) The geometry is roughly symmetric about the dashed cross-

section plane. Devices were designed with two coupled bus waveguides in

the add-drop configuration. (b) Detail view of the area denoted by solid

rectangle in (a). Simulated TM optical mode profile and device shape

under OV (c¢) and 16V (d) applied bias to PZT actuator. (e) radial dis-

placement in nm between (c) and (d). Reproduced from [I] . . . . . ..

132

B2

Geometry for proposed devices. (a) cross-sectional geometry based

on dual strip SiN waveguide of [I1]. (b) cross-sectional geometry based

on deeply etched SOI waveguides. 'T'El mode within the dual-strip nitride

waveguide under 0V (c) and 30V (d) bias. TE mode within the silicon

waveguide under OV (e) and 30V (f) bias. Reproduced from [1]] . . . . .

134

B3

Simulated tuning range versus ring radius for fixed undercut

distance and voltage for each design. Tuning range as (a) a fraction

of FSR and (b) in nm for the fabricated single-stripe nitride waveguide

design (100 pm undercut, 16V bias). Tuning range as (c) a fraction of

FSR and (d) in nm for the proposed dual-stripe design (67 pm undercut,

30V bias). Tuning range as (e) a fraction of FSR and (f) in nm for the

proposed Si waveguide design (37 pm undercut, 30 V bias). In each case,

the tuning penalty due to photoelastic effect is between 15 % to 30 % of the

total tuning range. When expressed as a fraction of FSR in (a), (c), and

(e), the tuning range is independent of ring radius for large radii. When

expressed in absolute terms in (b), (d), and (f), the tuning range tends to

improve as ring radius shrinks. Reproduced from [I]| . . .. ... .. ..
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5.4

Fabricated device images. SEM (colorized) images have been tinted:

actuator-yellow, SiO,-blue, SizsN,-magenta. (a) SEM image — oblique view.

(b) Cleaved ring resonator. (c) Cleaved waveguide core. (d) Height map

by confocal microscopy with image stitching. The color scale 1s non-linear,

to emphasize vertical displacement at the actuator surface. The distances

marked 1 and 2, 75 pm and 155 pm respectively, indicate the approximate

undercut in those regions. (e¢) SEM image of cladding, left rough by PZT

actuator processing, adjacent to an etched trench and diced facet. (f) AFM

heightmap of rough upper surface. The rough surface impacts propagation

loss, but process optimizations should remedy it. Reproduced from [I]| .
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85

Static tuning across a FSR is demonstrated. Vpsg = 16V. (a)

Measured T'M mode transmission spectra for the same device at various

applied voltages. Adjacent notches are dashed to clarity the tuning ot a

single resonance in solid. (b) Simulated (lines) and measured (data points)

tuning of TM mode versus voltage. Nonlinearity in tuning arises due to

large mechanical deformation and hysteresis in the PZT. (¢) PZT dielectric

constant varies with the applied field and displays hysteresis, characteristic

of ferroelectrics. Device area is 0.01cm®. (d) This hysteresis is observed

in the ring resonator tuning as the electric field is reversed. Reproduced

from [11.] . . . . .o

141

86

Dynamic device response. (a) Measured resonator modulation re-

sponse of the device in Fig.[8.4(d) with regions of interest indicated by A,

B, and C. (b) Simulated vibrational eigenmode frequencies versus under-

cut. Fundamental (c¢) and first higher order (d) vibrational mode shapes,

respectively. Redder colors indicate greater displacement from equilib-

rium. Simulated eigenfrequencies in (b) provide insight into the real res-

onances in (a). We ascribe A and C to fundamental and first order reso-

nances of 100 pm to 160 pm undercut areas, respectively. We ascribe B to

fundamental vibrations of 80 um undercut areas. (e) Measurement by laser

doppler vibrometry of the lowest frequency resonance. The movement is

localized to the region of largest undercut. Reproduced from [1].| . . . . .

144

A1

Reflowed photoresist profile. Scanning electron microscope image ot

a reflowed photoresist profile.f . . . . .. ... ... ... ...

165

A2

Images of etch profile for two silicon etches. (a) Scanning elec-

trom microscope (SEM) cross-section of C,Fg/SF4/CF -based etch. (b)

Oblique view of C4Fg/SFs/CF, etched sidewall, viewed from an angle ap-

proximately 30° from surface normal. (¢) SEM cross-section of Cly-based

etch. (d) Oblique view of Cly etched sidewall, viewered from an approxi-

mately 60° angle from surface normal.|. . . . . . .. ... ... ... ...

166

A3

Optical frequency domain reflectometry (OFDR) loss analysis of

silicon-on-insulator waveguides. The lett panels show the raw OFDR

traces used to extract propagation loss. The right panel shows the ex-

traced loss from each trace, as a function of wavelength. The propagation

loss decreases for increasing waveguide width, as would be expected for

propagation loss limited by scattering loss from the waveguide sidewall

roughness.| . . . . . . . . L
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Lamb wave dispersion. (a) Dispersion diagram for lamb wave acoustic

modes in a 1 pm thickness silicon dioxide slab, having normalized the

propagation constant and frequency to the slab thickness, b, and acoustic

shear wave velocity, V,. The (anti)symmetric modes are plotted in (blue)

red, while the dispersion of bulk acoustic waves with longitudinal (V;) and

shear (V) displacement are plotted with dashed lines, for comparison. (b)

Comparison of the lowest-order Lamb wave dispersion for 1 pm and 2 pm

thickness silicon dioxide slabs. The propagation constant is higher in the

thinner slab for any given frequency, which enables an acoustic wave to be

guided within a thinner membrane bordered by thicker membranes.| . . .

170

NG

Guided flexure wave. (a) Simulated lowest order guided flexure wave

with 11 pm wavelength, and (b) first higher-order mode flexure wave with

12 nm wavelength, at 88 MHz frequency. Total displacement is indicated

by the color. (¢) Three-dimensional simulation of electrical excitation of

the flexural wave by means of electrodes placed on the PZT surface. The

vertical displacement is indicated by the color.| . . . . . . . ... ... ..
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Chapter 1

Introduction

Background

The development of photonic integrated circuits (PICs) began over five decades ago,
since pioneering researchers at Bell Laboratories envisioned uniting gain material, modu-
lators, and optical resonators on a single substrate [1, 2]. Compared to the development
of electronic integrated circuits however, the development of photonic integrated circuits
has progressed at a much slower rate. While integrated photonic parts have long served
specialized roles as discrete components in fiber-based systems, such as lithium niobate
modulators in fiber-optic communication links [3] or gyroscopes [4], it was not until the
1990’s that an appropriate platform emerged for larger scale photonic integration. The
availability of both active components (such as lasers and modulators), and passive com-
ponents (such as splitters, and arrayed waveguide gratings) in a single platform, as well as
the growing need for wavelength-division-multiplexing (WDM) in fiber-optic communica-
tions systems [5], drove the development of Indium-Phosphide-based photonic integrated
circuits [6]. Since the 1990’s, the development of InP technology has led to an exponential

growth in the scale of photonic integrated circuits, that is, a Moore’s Law for Photonics
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[6, [7]. However, while InP PICs exceeding thousands devices in a single chip [8] have

been demonstrated, any further growth is limited by large size of InP-based components,

due to low index contrast available in the platform, and the correspondingly large bend

radii [7].
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Figure 1.1: The growth in the number of components in a PIC over time
for three integrated photonic platforms: monolithic indium phosphide, featuring in-
tegrated lasers; monolithic silicon photonics, without integrated lasers; and heteroge-
neous silicon photonics, with integrated lasers. Reproduced from [9].

In the last few decades, a new platform has arisen to overcome the scaling limitations

of InP PICs. Driven by demand from telecommunications and datacenter applications,

silicon photonics was developed to leverage the advanced fabrication techniques initially

developed for the CMOS industry to produce photonic circuits economically and on a

large scale [10]. In silicon photonics, silicon nanowires fabricated from silicon-on-insulator
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(SOI) wafers feature tight bending radius, low propagation loss, and high yield, enabling
PICs exceeding one hundred-thousand elements (Figure [1.1) in size. Additionally, the
introduction of III-V materials via wafer bonding [11, [12], known as heterogeneous in-
tegration, has enabled integrated lasers to be fabricated alongside modulators, photode-
tectors, and passive elements to create complete optical systems on a single substrate
[9].

The next phase in integrated photonic development may be driven by the rise of ultra-
low loss photonic platforms capable of leveraging nonlinear optical phenomena. Such
integrated photonic platforms differ from the integrated photonics platforms currently
available in InP or CMOS foundries in a few important ways. In contrast to typical
silicon photonics processes in which optical components are highly compact and may
achieve waveguide losses in dB/cm range, ultra-low loss integrated photonics platforms
sacrifice small device footprint in order to reduce propagation loss even further. For
example, propagation loss ranging from 1 dB/m [13] to as low as 0.1 dB/m [14] have
been demonstrated in silicon nitride waveguides with bend radius ranging from 100 pm
to 1cm. Such low propagation losses enable the fabrication of microresonators with )
factors exceeding 107, and have led to demonstrations of nonlinear optical phenomena
on integrated photonic chips, such as Brillouin lasing [I5], optical parametric oscillation
[13], and dissipative Kerr solitons [16] [I7]. These nonlinear phenomena help to expand
the existing functionalities of integrated photonics as it expands into new application
spaces, such as optical atomic clocks [18], LIDAR [19] 20], and optical computation [21].

While promising, ultra-low loss platforms remain at a relatively early stage of research,
and must overcome many challenges before becoming available to real-world applications.
For example, suspended silica microtoroids [22] and silica wedge resonators [23| 24] fea-
ture Q factors exceeding 10°, however air-cladding, and the use of tapered fibers for

evanescent coupling prevents their integration with PICs. Low-loss silicon-nitride-based
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photonic circuits [25] 26], generally featuring silica as a cladding material, may achieve
high () factor resonators in the 107 to 10® range with completely integrated evanes-
cent coupler waveguides, and with greater mechanical stability than air-clad structures,
thereby surpassing silica-based platforms in potential for integration, with some sacrifice
of @ factor. However, realizing integrated modulators [27], 28], photodetectors|29], and
lasers [30), B1] is still much more challenging than in standard silicon photonics, requiring
the introduction of other materials to the silicon nitride platform, as the optical phenom-
ena of gain, modulation, and absorption are not endogenous to the silicon nitride and
silicon dioxide materials themselves. Recently, lithium niobate on insulator (LNOI) has
also arisen as an ultra-low-loss waveguide platform, capable of realizing propagation loss
as low as 2.7 dB/m, or equivalently, @ factor up to 107 [32], simultaneously with the effi-
cient electro-optic modulation [33], owing to a strong Pockels effect which is endogenous
to lithium niobate. However, similarly to the silicon nitride platform, the LNOI platform
will also require some form of hybrid or heterogeneous integration [34] to achieve lasers
and photodetectors on-chip. Whether ultra-low-loss waveguide platforms can enjoy sim-
ilar success to silicon photonics in transitioning from research institutes to commercial

foundries may depend heavily on how effectively these challenges can be addressed.

Summary

This dissertation is targeted at addressing several challenges to scaling-up ultra-low-
loss photonic integrated circuits. Silicon nitride waveguide technology is used as the basis
for improving the performance of ultra-low-loss optical waveguides. Chapters[2], [3] [4, and
are focused on the platform itself, presenting significant advances in propagation loss,
as well as demonstrating novel capabilities of silicon nitride microresonators. The later

chapters [6] [7, and [§] focus on overcoming the drawbacks and limitations of this platform
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for larger scale photonic integration, such as footprint, process considerations, and power
consumption.

Chapter [2| presents the silicon nitride waveguide platform itself. It includes design
considerations for selecting the geometry of the silicon nitride waveguide, as well as a the
method used for designing the components, such as directional couplers and resonators,
presented in the following chapters.

Chapter [3| presents the results of fabrication of high-aspect-ratio silicon nitride waveg-
uides in a commercial CMOS foundry [35]. Q factors exceeding 10® are demonstrated in
resonators with sub-mm bending radius, and on a foundry platform. This raises the fu-
ture possibility of ultra-high () resonators, previously the exclusive domain of specialized
academic research, becoming more widely available to real-world applications. The re-
sult is particularly notable in that the @) factors achieved approach those previously only
attainable by use platforms with significant drawbacks to photonic integration, such as
cm-scale bending radius [36, [15], or use of tapered fibers to couple to resonators [22, 23].
Such drawbacks greatly limit the scale of photonic integration to as little as a single
device, whereas a sub-mm bending radius and an integrated resonator coupling mecha-
nism enables tens to hundreds of ultra-high ¢ optical resonators to be linked into higher
complexity photonic integrated circuits than previously achieved.

Chapter [4] applies these ultra-high () factor resonators to the creation of narrow-
linewidth lasers, which are an essential component for many potential applications of
integrated photonics to metrology and telecommunications. Through self-injection lock-
ing of a commercial DFB laser chip to an ultra-high ) factor silicon nitride resonator
chip, ultra-narrow linewidth lasing is achieved in a miniature form factor [35]. The chap-
ter culminates in the demonstration of a chip-scale laser with frequency noise spectral
density outperforming even that of a commercial, ultra-low-noise fiber laser [37], showing

that integrated photonics can even challenge the performance of fiber optics for some
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applications.

Chapter |5 leverages the low loss and ultra-high @) factor to explore nonlinear effects.
The self-injection-locking configuration in Chapter [4]is shown to also produce a frequency
comb laser [35]. The frequency comb is a mode-locked dark soliton, and simultaneously
inherits the low frequency noise of the single-mode laser, as well as exhibiting a highly
stable repetition rate and extremely low RF phase noise. We also demonstrate that the
platform supports other nonlinear phenomena, such as stimulated Brillouin scattering
and Raman scattering.

Chapter [6]targets the scalability of large photonic circuits. CMOS technology enabled
electronic integrated circuits to simultaneously shrink in size while increasing in both
system complexity and performance in accordance with Moore’s law. By contrast, in
integrated photonics there is a trade-off that must be made between component size
and component performance, or equivalently, between bending radius and propagation
loss (which is discussed in Chapter . Thus, in order to produce increasingly complex
integrated photonic circuits at a given level of performance, they must also grow in
system footprint. Chapter [6] presents a novel method for stitching waveguides across
lithographic reticle boundaries [38]. The technique reduces the insertion loss penalty
for crossing a reticle boundary to negligible levels, enabling high-complexity photonic
integrated circuits to span multiple reticles.

Chapter [7] turns to the challenge of heterogeneous integration, which will be necessary
to incorporate lasers, photodetectors, and modulators onto this this platform. Specifi-
cally, since heterogeneous integration by wafer bonding imposes a strict thermal budget
on any following process steps, there is a need for low-optical loss top cladding material
with low deposition temperature. By contrast, the fabrication process for the ultra-low
loss waveguides presented in previous chapters involves thermal annealing at tempera-

tures beyond 1000 °C. Chapter [7]investigates the deposition of deuterated silicon dioxide
6
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by high-density-plasma chemical-vapor deposition (HDPCVD) [39], at temperatures com-
patible with heterogeneous integration ranging from 100 °C to 250 °C. This material was
successfully incorporated into fabrication processes that resulted in a heterogeneously
integrated lasers and frequency combs on silicon nitride [30), 40)].

Chapter|8laddresses the problem of tuning in silicon nitride waveguides. Thermal tun-
ing is widely used in photonic integrated circuits to align integrated optical components
with respect to another, or to reconfigure the system dynamically. However, thermal
tuning itself is inefficient, and for larger PICs, the thermal tuning power may greatly
exceed the power to operate every other part of the system. The problem is particularly
severe in silicon nitride waveguides, which feature an effective thermo optic coefficient an
order of magnitude lower than in silicon waveguides, such that thermal phase shifters in
silicon nitride waveguides may consume as much as 200 mW to 500 mW [41]. Chapter
investigates an alternative approach to tuning, by integrating a piezoelectric material
with silicon nitride resonators, to achieve a strain-based tuning mechanism, potentially
enabling re-configurable photonic circuits with negligible power consumption.

The appendices to this work focus on parallel efforts in process development to im-
prove on propagation loss and capabilities in silicon-on-insulator (SOI) waveguides, and
for which a heterogeneous integration process is already well established [42]. Fabri-
cation process improvements that reduce the propagation loss in silicon waveguides to
below 4 dB/m. We also present a design for integrating piezoelectric materials on SOI

waveguides to achieve low-power tuning as well as acousto-optic modulation.
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Chapter 2

Ultra-low loss silicon nitride

platform

This chapter introduces the ultra-low-loss silicon nitride platform which forms the basis of
this work. The design considerations for the choice of waveguide geometry are discussed.
Subsequently, models and practical considerations for the design of efficient directional

couplers are also presented.

2.1 Silicon nitride waveguide design

Waveguides of silicon nitride core and silicon dioxide cladding have become an impor-
tant technology for creating ultra-low-loss waveguides. Mode profiles of a few selected
geometries are shown in Figure [2.1] Using standard CMOS processes, these waveguides
may be fabricated at the wafer scale on silicon substrates as large as 300 mm in diameter
[T, 2, B, 4]. Thanks to the high quality of silicon dioxide and silicon nitride available using
CMOS processes, the propagation loss is generally dominated by scattering losses, rather

than material absorption. The primary component of scattering loss is generally sidewall
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roughness of the silicon nitride core, as the top-surface and bottom-surface roughness of
the silicon nitride layer are generally well below 1 nm owing to high quality CMP pro-
cesses and conformal deposition techniques [5] [6]. By contrast, roughness — originating
from the line-edge roughness of the lithography process — is transferred to the waveguide
sidewall by the dry-etching process, and is generally over 1 nm in magnitude [7, 8]. This
sidewall roughness amounts to a perturbation to the waveguide geometry as light prop-
agates along the waveguide, resulting in light being scattered into the the continuum of
unguided modes [9], with scattering loss magnitude which is ultimately determined by
the overlap between the guided optical mode and the waveguide sidewall. The choice of
the thickness of the silicon nitride layer is thus critical, as it determines the degree to
which the optical mode is influenced by sidewall roughness. Accordingly, several types

of silicon nitride waveguides have emerged to serve various purposes.

=]

Figure 2.1: Transverse-electric (TE) cross-sectional mode profiles of silicon
nitride waveguides featuring (a) 400 nm thickness and 800 nm width, (b) 950 nm
thickness and 2200 nm width, and (c) 100nm thickness at 2800 nm width.

High-modal-confinement waveguides with thickness of up to 400 nm (shown in Fig-
ure ) have become commonplace in many commercial silicon photonics foundries.
These waveguides feature a single transverse electric (TE) mode, a single transverse
magnetic (TM) mode, bending radii as low as 20 pm, and propagation losses as low as

20 dB/m. They are frequently used for low-loss routing, or for coupling to fiber at the
15
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edge of a PIC.

For applications in nonlinear optics, there is often a requirement that the waveguide
exhibit anomalous group velocity dispersion, such as for bright soliton formation or super-
continuum generation via the Kerr effect [10] [IT]. Anomalous dispersion requires a much
larger waveguide thickness, generally above 700 nm (Figure ) These waveguides
feature propagation losses as low as 1 dB/m [4], 5], as the optical mode within the larger
core exhibits a lower overlap with the waveguide sidewall, as compared to the waveguide
shown in Figure|2.1p. However, these waveguides support higher-order transverse modes.
While bending radiii as low as 20 pm are possible in this waveguide core geometry as well,

care must be taken in routing between straight and bending waveguides to minimize

modal cross-talk [12].
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Figure 2.2: Simulated bending loss for the fundamental TE mode at A = 1550 nm

for silicon nitride waveguides of 250 nm, 100 nm, and 40nm thickness, and 1.4 pm,

2.8 1m, and 5.6 pm width, respectively. The waveguide widths are chosen to support

single-mode propagation within the telecommunications C-band. Reproduced from
[13].
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For applications seeking even lower waveguide loss, the thickness of the silicon ni-
tride layer is a compromise between loss and the acceptable device footprint. Silicon
nitride waveguides of thickness 100 nm or below (Figure ) form high-aspect ra-
tio, low-confinement silicon nitride waveguides with propagation loss potentially below
0.1 dB/m [8, [7]. In this regime, the optical mode resides primarily within the silicon
dioxide cladding. For decreasing silicon nitride thickness, the optical mode is increas-
ingly ’squeezed out’ of the core, and the mode volume grows [7] while the sidewall height
shrinks. As a result, the sidewall overlap with the optical mode decreases, and the sidewall
scattering loss is also reduced. However, as the optical mode grows, the minimum feasible
bend radius also grows. The dependence of bending loss on bending radius for single-
mode waveguide geometries at a selected silicon nitride thickness is shown in Figure [2.2]
demonstrating that the selection of thinner waveguide cores to achieve a lower propaga-
tion loss comes at the expense of increasing bending radius and thus device footprint.
Indeed, a core thickness of 40 nm necessitates a minimum bending radius approaching
1 cm, such that a standard deep-UV lithography reticle of approximately 2 cm by 2 cm
dimension may hardly accommodate a single device. For the remainder of this chapter,
we will consider silicon nitride waveguides with approximately 100 nm thickness, which
enable extremely low propagation loss and bending radius below 1 mm.

A cross-sectional diagram of the waveguide geometry considered is shown in Fig-
ure 2.3] The waveguide fabrication follows the general process as detailed in [7, 13].
First, a silicon dioxide layer is formed by thermal oxidation of a silicon wafer with thick-
ness 14.5pm. A 100 nm layer of silicon nitride is deposited via low-pressure chemical
vapor deposition (LPCVD), patterned using deep UV (DUV) stepper lithography, and
dry-etched to form the waveguide core. Then, LPCVD silicon dioxide is deposited from
a tetra-ethyl ortho-silicate (TEOS) precursor and annealed at 1150 °C to reach a total

top cladding thickness of 2 pm and a total annealing time exceeding 20 hours.
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LPCVD SiO, (2 um)
LPCVD Si,N, (100 nm)

Thermal SiO, (14.5 um)

Figure 2.3: Cross-sectional diagram of the ultra-low-loss waveguide consisting
of silicon nitride as the core material, silica as the cladding and silicon as the substrate
(not to scale). Reproduced from [13].
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Figure 2.4: Loss due to radiation into the silicon substrate as a function of
bottom silicon dioxide cladding thickness for a 100 nm thick, 2800 nm wide silicon
nitride waveguide with 2 um top cladding, simulated at 1550 nm wavelength.
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The choice of lower cladding thickness is constrained by leakage into the silicon sub-
strate. The dependence of substrate leakage on lower silicon dioxide cladding thickness is
shown in Figure[2.4]for a 100 nm thick silicon waveguide at single-mode width of 2800 nm.
A lower cladding thickness of 8 pm or greater is sufficient to guarantee a substrate leakage
below 0.001 dB/m in this geometry. We select 14.5 pm lower cladding thickness to ensure
negligible substrate leakage for a wide range of silicon nitride thickness and waveguide

width, and over a wide range of operating wavelengths.

a 15 —— fundamental TE b c
—— higher order TE
v, —— fundamental TM
[0}
[0}
=
§ 1.46 r
©
1.44 unguided modes

2 4 6
waveguide width (um)

Figure 2.5: Single mode condition. (a) Plot of modal index as a function of waveg-
uide width for a 100 nm thick silicon nitride waveguide, simulated at 1550 nm. Below
3 pm waveguide width, only a single TE-polarized mode, and a single TM-polarized
mode are supported. The continuum of unguided optical modes within the silicon
dioxide cladding are indicated by the shaded region. (b) Electric field magnitude
for the fundamental TE mode at 2.8 pm width. (c¢) Electric field magnitude for the
fundamental TM mode at 2.8 pm width.

For a given core material thickness, the single-mode condition can be determined by
simulating the effective indices of the guided modes over a range of waveguide widths.
Such a study is shown in Figure [2.5h, demonstrating that the higher-order TE-polarized
mode is cut off for width below 3 pm. A choice of 2.8 pm width ensures that the waveguide
remains single mode over a wide range of operating wavelength, as well as thickness
deviations (to account for fabrication process tolerances). The modal profiles of the
guided TE and TM modes at this width are shown if Figure 2.5p,c. However, while both
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Figure 2.6: Bending loss modeling. (a) loss per bend and (b) loss per meter, of

the fundamental TM mode for a 100 nm thick, 2.8 pm wide waveguide as a function

of bend radius at 1550 nm wavelength.
TE and TM polarizations may be guided in a straight waveguide, the bending waveguide
exhibits significant polarization-dependent loss, as shown in Figure [2.6, For bending
below 1 mm, the bending loss of the TM mode approaches 10 dB per 90° bend, and may
be used as an on-chip polarizer [14]. Due to the high propagation loss of the fundamental

TM mode around bends, a waveguide featuring 2.8 pm width and bends at 1 mm bend

radius or below may be considered to support only a single mode.

2.2 Resonator modeling

Optical resonators confine light to small volumes by resonant recirculation. Low
optical losses provide a dual benefit to these devices. First, by dramatically enhancing
light intensity within the resonator, low losses make it possible to access nonlinear effects.
Secondly, low losses enable to resonators to exhibit narrow resonant bandwidths, enabling
high-quality optical filters [15]. These properties of resonators make them a fundamental

building block in many optical systems.
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Figure 2.7: Generic representation of a ring resonator coupled to a single waveg-
uide, based on [16, 17, [18§].

2.2.1 Block element model

A simple way to form a resonator is to route a waveguide in a closed loop, allowing
the light to recirculate. In order to excite the resonator, another waveguide, known as
the bus waveguide, is brought into close spatial proximity, allowing light to couple across
the gap. This basic configuration is depicted in Figure [2.7) and is based on the model
presented in [16, 17, [I§]. This system can be modeled by a linear system of equations
in terms of the complex electric fields within the resonator and bus waveguides. The

coupling region may be described by the matrix equation [16]

E t k) [E
= (2.1)

B —k* E;
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Assuming that the coupler is lossless, the coupling matrix is unitary, and the cou-
pling coefficients through and across the coupling region may be written in terms of one

another.

K|+ 3| =1 (2.2)

Finally, the self-coupling of the resonator may be described by the following equation,
where the phase accumulated propagating around the resonator waveguide is represented

by #, and the attenuation of the resonator waveguide per round-trip is represented by a.

E,L'Q =a- 619Et2 (23)

By normalizing the input field, F;; = 1, then the system of equations may be solved

for the field within the resonator, as well as the output power [I§].

(2.4)

a® + [t|? — 2alt| cos(6)
P.o= |EA? = 2.5
0 = |Eul 1+ a2|t]? — 2alt| cos(6) (2:5)

The coupler region and waveguides may also be expressed as transmission matrices
and solved by the transmission matrix method [19], which allows for modeling larger

structures, including resonators with two bus waveguides, as well as multi-ring structures.

2.2.2 Rate equation model

Ring resonators may equivalently be described by a simple oscillator model [20]. In
this model, A represents the time-varying, complex, electric field within the resonator,

S represents the time-varying electric field at the input of the bus waveguide, 7" is the
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transmitted electric field, wy represents the resonance frequency, 7 represents the pho-
ton lifetime within the resonator, k represents the amount of light coupled through the
waveguide coupler in a single pass, and x represents the coupling rate of the electric field

through the coupler.

d , 1
aA = (Zwo — Z) A -+ kS (26)
T=-S+kA (2.7)

This first-order differential equation may be solved for A, yielding the standard equa-

tion for a Lorentzian resonance shape (Equation .

A—— "5 (2.8)
i(w —wo) + 5=

Notably, Equation [2.4 may also be written in this form by first-order Taylor expansion
of the exponential term in the denominator. The physical parameters described in the

previous section may be related to the oscillator model parameters as follows.

c
k=k—r- 2.9

I (2.9)

L represents the round-trip length of the resonator; ny represents the group index of

the waveguide.

1/r=1/104+1/Tes (2.10)

As 7 represents the effective lifetime of the cavity as a whole, it is comprised of both
the intrinsic photon lifetime, 75, as well as the coupler lifetime, 7,,. As in the prior
section, k denotes the light transferred by the coupler from the bus waveguide to the

resonator in a single pass, and a denotes the electric field attenuation per round trip of
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the resonator.

1/70s = k2£ (2.11)
g
C
/1= (1- aQ)E (2.12)
g

In ultra-high @ factor microresonators, Rayleigh backscattering within the resonator
can lead the splitting of a single resonance into a doublet, due to mutual coupling of
the forward and backward propagating electric fields. The oscillator model can be ex-
panded to include backscattering as well by including a coupling rate between forward

and backward modes [20].

Ae R A S
4 _ e P T (2.13)

dt Accw ZB in — Accw

2T

Ay represents the forward, clockwise propagating field, A.., represents the back-
wards, counter clockwise propagating field, and (3 is the backscattering-induced coupling
rate between the two fields. If the backscattering coefficient per unit length, b, of the
waveguide (generally expressed in units of dB/mm) is known [21] , then the two may be
related as follows

C
8= \/Eng—L (2.14)

This model is used later in the chapter to model the measured transmission spectra

of ultra-high @) resonators exhibiting doublet lineshapes.
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2.3 Directional coupler design

2.3.1 Coupled mode theory

The operation of the coupling region discussed in the optical resonator models of the
previous sections, and shown in Figure [2.7] can be described using either a two-state
coupled mode theory [19] or two-state time-dependent perturbation theory [22], which
are equivalent but for the choice of dependent variable: space, in the case of coupled mode
theory; time, in the case of time-dependent perturbation theory. For a more complete

treatment, refer to [22, 19 23]. The necessary conclusions are summarized as follows.

a,(0) - ay(L)
—_— Guide #1 >
1 1

(N Y ax(L)

»
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Noa|m———-

|
1
1
0 z

Figure 2.8: Generic representation of a four-port directional coupler, repro-
duced from [19].

A generic four-port directional coupler is shown in Figure [2.8] It is noted that while
the figure implies propagation along the z-axis of a Cartesian coordinate system, the
following equations work equally well along the azimuth direction of a cylindrical coor-
dinate system, 6, (a concentric directional coupler), and the following equations may be
adapted to a cylindrical coordinate system by simply replacing z with theta. The electric
field at the position z within two parallel waveguides are described by a1(z) and ay(z),

respectively. The evolution of the fields within the directional coupler are governed by

25



Ultra-low loss silicon nitride platform Chapter 2

the following differential equation.

zi ai(z) _ B Bz ai(z) (2.15)

dz a2(2) P21 Baz CL2(Z)
f11 represents the propagation constant of the mode propagating in the first waveg-
uide, and P99 represents the propagation constant of the mode propagating in the second
waveguide. (15 and f91 represent the coupling strength between the two modes and are
generally equal to one another. The differential equation may be solved by making the

following substitution.

an(2) = cp(z)e = (2.16)

After substitution, the differential equation may be written as follows.

4 alz)] _ 0 Pre ™) [alz) (2.17)

CQ(Z) 62161661 0 CQ(Z)

The propagation constant mismatch, 03, between the two waveguides is defined as

follows.

0f = P22 — Pu1 (2.18)

For the initial condition a1(0) = 1, ag(0) = 0, the differential equation may then be
solved to obtain a closed-form solution for the evolution of the electric fields within the

directional coupler.

5 A
c1(z) = <cos Bz + % sin Bz) e 108/ (2.19)
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co(z) = —% sin(Bz)e 00/ (2.20)

Where the oscillation frequency describing the transfer of power between the modes, B

is given by the following equation.

2
B? = [Ba|* + (%ﬁ) (2.21)

The total power coupled across the directional coupler, as a function of directional coupler

length, is then given by |ca(2)]?.
ca(2)]? = C?sin® Bz (2.22)

Where the maximum amount of power transferred between the waveguides is given by

the following equation

02 — |621|2

(355)2 + | Pu? (2:23)
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] — — —6p=2
o8y  / |T T~ s
/ N
__ 06" 4 N /
= 4 \ /
s ) A /
© 04/ /./ \\ \ 7 \\
’ \ /"( \/
N \ A
0.2 - N Vo \
\ | \ / .\ '/
\ ./ \/ ./
0 v . \
0 1 2 3
z

Figure 2.9: Influence of coupling rate and mismatch on coupling coefficient.
Coupled field amplitude across a directional coupler for various values of propagation
constant mismatch, at a fixed coupling rate B2 = 1.
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This equation suggests an oscillatory transfer of power between the two waveguides,
which is identical to the phenomenon of Rabi oscillations in quantum mechanics. The
dependence of coupled electric field on coupler length for a selection of propagation

constant mismatch is shown in Figure [2.9,

2.3.2 Calculation of the inter-modal coupling rate

The calculation of $3; may be carried out in two ways. It can be calculated from the

mode overlap integral [19].

k’g f(El - EC)Ul* . U2 dA

512:2_& f|U1’2dA

(2.24)

k(Q] f(EQ - 60)U2* . U1 dA

521:2—62 f|U2|2dA

(2.25)

Where U 5 are the normalized electric field distribution of the modes of the individual
waveguides, €; o are the dielectric constant profiles of each individual waveguide, and e, is
the dielectric constant profile in the absence of both waveguides, and ky is the free-space
wavenumber. However, the equation [2.21] suggests a straightforward method to infer the
coupling rate without calculating an overlap integral. Simulation of the eigenmodes of the
directional coupler will result in the coupled super-modes, which are superpositions of the
modes of the individual waveguides. If the super-modes of the system have propagation

constants 3, and 3,, then their difference represents the Rabi oscillation frequency
B:_ﬁx;lﬁy (2.26)

The propagation constant mismatch, 5, can be calculated from the propagation con-

stants of the isolated waveguides (Equation [2.18)), which can in turn be used to calculate
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Figure 2.10: Coupling rate calculation. Eigenmodes of concentric waveguides
propagating in the azimuth direction in a cylindrical geometry, with 5 pm separation,
at a radius of 1 mm are shown at (a) 1540 nm, (b) 1549.2 nm, and (c¢) 1560 nm wave-
length. (d) Propagation constants of the eigenmodes (supermodes) of the coupled
waveguides, 3., and the eigenmodes of the isolated waveguides, Bi122, after sub-
tracting the average dispersion, 8y = (811 + B22)/2. P11,22 are matched at 1549.2 nm,
leading to an avoided mode crossing for 3, ,. Propagation constants for the modes
shown in (a), (b), and (c) are indicated. (e) B, 63/2, and f9; are calculated from the
respective propagation constants shown in (d). The coupling rate 52; is identical to B
where the propagation constants mismatch vanishes, §3 = 0. The spectral dependence
of coupling rate can be observed, which increases with increasing wavelength.
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() - (5)

This process is shown in Figure [2.10} for the design of a concentric directional coupler

the coupling rate.

[24 13] in 100 nm thick silicon nitride. In this simulation, the inner waveguide width
was chosen as 8 pm, while outer waveguide width was chosen to match its propagation
constant with the inner waveguide at approximately 1550 nm wavelength. The distance
between the outer sidewall of the inner waveguide and the inner sidewall of the outer
waveguide, that is, the distance between waveguides, was chosen to be 5pm. Since the
waveguides differ in geometry, they have different dispersion, and the matching condition,
08 = 0 is precisely fulfilled only at a specific wavelength, as shown in Figure [2.10d,e. It
is important to note that this situation is very different from that of a directional coupler
consisting of parallel, straight waveguides; in which selecting both waveguides to have
identical width guarantees the matching condition at all wavelengths due to symmetry.
In Figure [2.10p, propagation constant, 63, the oscillation rate, B, and the coupling
rate, [ are calculated over the wavelength range 1540 nm to 1560 nm. The coupling
rate, (91, increases with increasing wavelength, due to the spectral dependence of modal

confinement.

2.3.3 Selection of the coupling rate

For any desired coupling coefficient, k = c¢5(z), there is some freedom in the selection
of the coupling rate, #9;. This is evident in Equation [2.22] in which, assuming that the
propagation constants of the waveguides are matched, that is B = (351, a choice of smaller
or larger 85 can be compensated by a larger or smaller coupling length, z. Thus, the
choice of coupling rate and coupling length merit discussion. This is particularly relevant
to designs in which the directional coupler is asymmetric, as is the case in a concentric
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directional coupler, because the waveguides will generally exhibit different dispersion, and
the propagation constant matching condition is only fulfilled at a single wavelength for
any given geometry. Furthermore, any dimensional variability in the fabrication process
will likely impact the propagation constants of the respective waveguides differently,
further influencing the matching of propagation constants.

From Equation , the coupling experiences a local maximum at Bz = 7/2, and
it is evident from Figure that the location of this local maximum, both in coupler
length, z, and in coupling amplitude, |cy(z)], is sensitive to the value of propagation
constant mismatch, 65. Thus, if the directional coupler is designed to operate in the
regime Bz > m/2, the coupling becomes sensitive to propagation constant mismatch, 64,
and will be sensitive to any variability in the fabrication process.

However, it can also be seen in Figure that in the regime Bz < 7/2, the coupling
amplitude is relatively invariant to propagation constant mismatch. This can be under-
stood if we assume that Bz < 1, allowing the use of its first-order Taylor expansion to

substitute sin(Bz) ~ Bz in Equation [2.22]

2 58\ 2
lea(2)|? = C?sin®(Bz) ~ C*(Bz)* = (%55|)§T EME (|ﬂ21|2 + (75) > 22 = |Ba1|?2?

(2.28)

Thus, if the requirement Bz < 1 can be met, the coupling is determined only by the
coupling rate, (821, and the coupler length, z; and the propagation constant mismatch 63
does not impact coupling, leading to a more fabrication-tolerant design. As long as the
desired coupling, k is small, that is, k = c2(2) < 1 (which is generally the case when
designing directional couplers for high () resonators), then a requirement of Bz < 1 leads

to a condition on the tolerable mismatch

75 <l b (2.29)
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Figure 2.11: Wavelength dependence of the coupling coefficient. Coupling
coefficient for concentric directional couplers in 100 nm thick silicon nitride at 1 mm
radius, and 8 pm inner waveguide width. The couplers are both designed to be prop-
agation-constant-matched at 1550 nm, and to have coupling coefficient of k = 0.02
at 1550 nm. In the coupler with smaller, 4 pm separation between waveguides, the
coupling coefficient increases monotonically. In the coupler with the larger, 6 pm
separation between waveguides, the coupling coefficient exhibits a local maximum.

Thus, for a fixed coupling strength, &, the choice of length of the directional coupler,
z, determines the sensitivity to propagation constant mismatch. Longer coupling regions
(larger z) with weaker coupling strength (smaller [35;) tolerate less mismatch. Shorter
coupling regions (smaller z) with stronger coupling strength (larger (S2;) can tolerate
greater mismatch. This is demonstrated in Figure for two concentric directional
couplers at a radius of 1 mm and with 8 pm inner waveguide width, similar to the direc-
tional coupler designed for Figure In Figure [2.11], both couplers are designed to be
matched at 1550 nm, while their lengths are chosen to achieve a coupling coefficient of
k = 0.02 at 1550 nm as well. The coupler with 4 pm separation between waveguides (the
distance between the outer sidewall of the inner waveguide, and the inner sidewall of the
outer waveguide) requires 0.44 rad coupling length to reach the desired coupling, whereas
the coupler with 6 pm separation requires 4.8 rad of coupling length. The coupling coef-
ficient, k, of the 4 pym separation directional coupler increases with wavelength because
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the coupling rate, (351, increases with wavelength, similar to the the coupler with 5pum
separation in Figure 2.10k. However, the coupling rate is much smaller, and the length
much longer, at 6 pm separation. As a result, |k| exhibits a local maximum as increasing
coupling rate towards longer wavelength is outweighed by increasing propagation con-
stant mismatch away from the 1550 nm wavelength at which the propagation constants
are matched. In applications where the dependence of coupling coefficient on wavelength
should be flat, the coupler can be designed to intentionally introduce propagation con-
stant mismatch at the operating wavelength.

While a long coupling region, with a low coupling rate, would seem detrimental due
to increased sensitivity to propagation constant mismatch from fabrication tolerances, it
does convey benefit in the form of more selective coupling. In a concentric directional
coupler, the inner waveguide is generally wider, and may support multiple transverse
modes, while the outer waveguide may only support a single mode. If the directional
coupler is designed such that the propagation constant of the outer waveguide is matched
to the fundamental mode of the inner waveguide, then the parasitic coupling of the outer
waveguide to the higher-order modes of the inner waveguide may also be calculated using
Equation While the propagation constant mismatch to the higher order modes
of the inner waveguide (§/3) are determined by the geometry of the inner waveguide,
reducing the coupling rate of the outer waveguide to the fundamental mode of the inner
waveguide also reduces the interaction of the outer waveguide with the higher-order
modes of the inner waveguide (1), which reduces the maximum amount of power that
may be transferred to undesired modes via Equation Thus, it is possible to design
a directional coupler to couple selectively to a particular mode of a waveguide which
supports multiple transverse modes by reducing the coupling rate while increasing the

coupling length.
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2.3.4 Effective coupling length

The calculation and selection of the coupling rate, #2; has been addressed. However,
for a parallel, straight waveguide directional coupler, as well as for a concentric, curved
waveguide directional coupler, accurately determining the coupling length is necessary
to calculate the overall coupling coefficient, k, of the directional coupler a priori. For
a parallel directional coupler, the coupling rate is expressed in units of radm~!, and
the coupling length is expressed in meters. For the concentric directional coupler, the
coupling rate is expressed in units of radrad=!, and the coupling length is an arc length,
in radians. In both cases however, calculating the coupling based on the length over
which the directional coupler maintains an invariant cross-section, and the coupling rate

within this region, will underestimate the coupling coefficient .

m circular bend

cosine bend

straight

Figure 2.12: Schematic of a concentric directional coupler. The lower (in-
ner) waveguide follows a perfectly circular bend, with constant curvature. The upper
(outer) waveguide is concentric with the lower (inner) waveguide within the coupling
region, over an arc length designated as 6. Adiabatic transitions derived from a cosine
curve are used to approach the coupling region gradually, such that the effective cou-
pling arc length spans both the circular bend and parts of the cosine bends, designated
as Oqf-

In Figure [2.12] the directional coupler cross-section remains invariant over an arc

length, 6. In the pictured schematic, cosine bends are used to adiabatically transition

from a straight routing waveguide to a curved waveguide in the vicinity of the directional
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coupler. These adiabatic transitions also contribute to the coupling. From a theoretical
perspective, Equation could accomodate gradual (adiabatic) spatial variation in the
coupling matrix [,,,, and the coupling could be integrated over the full length to include
the impact of the adiabatic transitions to the coupling region. In practice, it is sufficient
to empirically estimate an effective coupling arc length, z = 6.4 that is larger than 6,
which, combined with the calculated coupling rate, (351, can be used to calculate the
coupling coefficient, k, using Equation

The empirical method used in this work was to determine a threshold separation at
which the coupling rate, (a1, is decreased by a factor of v/2 from the designed value. For
example, in the coupler designed in Figure [2.10] the coupling rate at separation of 5.25 pm
is smaller than the coupling rate at 5 pm separation by approximately this factor, and the
effective coupler length can be estimated as the arc length of the coupler for which the
separation of the two waveguides does not exceed 5.25 pm. The choice of the reduction
factor does not need to be precise, as the separation between waveguides within the
adiabatic transition increases quadratically with distance beyond the coupling region.
Thus, whether the reduction factor is chosen as v/2 or 2, both result in approximately
the same effective coupling length, and the deviation of the fabricated couplers from the
desired coupling coefficient designed by this method which was generally observed to be
below the variability in the coupling coefficient due to fabrication tolerances.

By this method, it is also possible to model a directional coupler formed between a
straight waveguide and a curved waveguide. This is a common configuration for coupling
to a perfectly circular ring resonator, as it is a simple structure to specify and draw. In
this case the linear propagation constant of the straight waveguide can be approximately
converted to the cylindrical coordinate system of the curved waveguide by multiplying
by its distance from the center of curvature. The coupling rate may be approximated for

the waveguide separation where the straight waveguide reaches minimum separation with
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the curved waveguide. The effective coupling length may be estimated by the method
described above. In this case, the straight waveguide to curved waveguide directional
coupler can be considered a special case of a short, concentric directional coupler. From
the prior discussion on the selection of coupling rate, a few properties of the straight-to-
curved coupler can be inferred. Due to short coupling length, straight-to-curved couplers
will require narrower space between the coupled waveguides to achieve a high coupling
rate. If a particularly high coupling coefficient (k & 1) is required, then this may lead
to excess loss in the directional coupler, as it becomes less adiabatic. In turn, if either
straight or curved waveguide is multimode, the large coupling rate reduces the selectivity
of the propagation-constant-matching condition. This makes the coupler more susceptible

to coupling to undesired modes.

2.3.5 Sine bend adiabatic transition

In order to connect between straight waveguides and curved waveguides, a transition
was developed based on sine bends with an adiabatic transition of the curvature. Such
transitions were used throughout this work in order to draw racetrack resonators, as well
as to transition the the curvature of the bus waveguide for concentric directional couplers.

The adiabatic sine bends used in this work were defined by the following parametric curve,

t=10,1] (2.30)
2(t) = gmﬁ (2.31)
y(t) = cRsin gt (2.32)
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in which t is the parametric variable, and z(f) and y(t) are the parametric functions
determining the coordinates of the bend. At ¢t = 1, the curvature of the bend is —1/R,
such that it may be connected to a circular bend of radius R. At ¢ = 0, the curvature
is zero, such that it may be connected to a straight waveguide. The parameter ¢ allows
the adiabaticity of the bend to be adjusted, such that larger values of ¢ correspond to
longer adiabatic transitions, while smaller values of ¢ correspond to shorter adiabatic

transitions. The value of ¢ was generally chosen such that ¢ < 1.

Summary

Proper design is a key ingredient for successfully achieving low-loss photonic inte-
grated circuits. This chapter has presented the design considerations underpinning the
choice of waveguide geometry, to minimize propagation loss caused by the waveguide
sidewall, to ensure a single mode waveuguide, as well as to ensure that losses dependent
on the waveguide geometry, such as bending loss and substrate leakage, were negligible.
At the device level, the resonator, a key building-block device, was introduced, and two
models for its operation were presented. Finally, a coupled mode theory was applied to
model the operation of a directional coupler, applicable to designs with both Cartesian
and cylindrical symmetry. Practical considerations for the design, such as selection of the
coupling strength, the effective coupling length, and sine-bend transitions for adiabatic
change in curvature, were also discussed. The contents of this chapter formed the basis

for the design of the photonic integrated circuits presented in the following chapters.
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Chapter 3

CMOS-ready, ultra high Q

microresonators

This section presents experimental results in fabricated silicon nitride waveguides and res-
onators, fabricated in a high-volume complementary metal-oxide-semiconductor (CMOS)
foundry. The primary achievement presented is the fabrication of resonators featuring
@ factors over 260 million at bend radius of 1 mm. Furthermore, comparable @) factor
is replicated across the entirety of a 200 mm wafer, showing great promise for future
large-scale production of ultra-high ) photonic integrated circuits. These results were

originally published in [I].

3.1 Device characterization

The samples are fabricated in a high-volume CMOS foundry on 200 mm wafers follow-
ing the process of Bauters et al. [2] that was discussed earlier in Chapter . A photograph
of a singulated 200 mm wafer is shown in Figure 3.1} Compared to [2, 3] 4, 5], the thick-

ness of the SisN, core was increased from 40 nm to 100 nm, which enabled a bending
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Figure 3.1: Photograph of a 200mm wafer, featuring ultra-high @) factor microres-
onators and spiraled waveguide delay lines. The wafer has been mounted on adhesive
tape for the purpose of die singulation using a dicing saw. Reproduced from [I].
radius below 1 mm, and allowed higher integration density. Furthermore, a top cladding
thickness of 21m was sufficient, which obviated the need for chemical-mechanical pol-
ishing and bonding of additional thermal SiOy on top [2 [3]. To minimize the residual
hydrogen content of the deposited Si3sN, and SiO, films, extended thermal treatment
totaling over 20 hours of annealing was applied at 1150 °C.

Microresonators having three different free spectral ranges (FSR) were fabricated.
Those resonators having 30 GHz FSR were in a whispering-gallery-mode ring geometry.
Single-mode waveguides were used to form resonators with 5 GHz and 10 GHz FSR,
and were laid out as racetracks to reduce footprint. A photograph featuring 30 GHz
resonators and a 5 GHz resonator is shown in Figure (3.2

To characterize the resonators, the chips were coupled to fiber, and a tunable laser was

used to interrogate the transmission spectra of the resonances. As the tunable laser was
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Figure 3.2: Photograph of resonators. Whispering-gallery-mode ring resonators
with 1 mm bending radius and 30 GHz FSR, alongside a single-transverse-mode race-
track resonator with 1 mm minimum bending radius and 5 GHz FSR. Reproduced
from [1]).

swept, the transmitted power was measured using a photodetector to collect to resonator
transmission spectra. Simultaneously, the transmission through a separate unbalanced
fiber Mach-Zehnder interferometer was measured and used to calibrate the laser tuning
rate. A measured resonance spectrum is presented in Figure [3.3h. The ring resonator
models presented in chapter [2] were used to extract the resonator linewidth, and to infer
loaded, coupled, and intrinsic optical @) factors. Cavity ring down was also performed as
a separate check of these @) measurements, shown in Figure 3.3p. Spectra were observed
to occur in doublets on account of both the ultra-high-() and the presence of waveguide
backscattering (Figure [3.3a) [0, [7]. By fitting the doublet line shape of the 30 GHz ring
resonator, intrinsic ) of 220 M and loaded @) of 150 M are extracted at 1560 nm, which
are further confirmed by the ring-down trace of the resonance in Figure |3.3p.

The spectral dependences of Q-factors in ring- and racetrack-resonators are shown in
Figure 3.4, and provide insight into the origins of loss. A reduction in the value of @ for
both resonators around 1510 nm is due to absorptive N-H bonds in the Si3N, core. Beyond
this wavelength, the intrinsic () factor increases monotonically versus wavelength, likely

limited by Rayleigh scattering. The highest @) factor is obtained using a 30 GHz FSR

43



CMOS-ready, ultra high Q microresonators Chapter 3

a.
Q,=220 M
14 Q=150 M
.E'
=}
£
&
c
Rel
0
2
IS
2
g 0.5
= —— Measurement
— Fitting
T T T
-4 -2 0 2 4
b. Frequency (MHz)

T=124 ns
Q=150 M

O  Measurement
—— Fitting
0.1 : ; .
0 50 100 150 200
Time (ns)

Normalized amplitude (arb. unit.)

Figure 3.3: @ factor measurement. (a) Transmission spectrum of a high-Q mode
at 1560 nm in a 30 GHz ring resonator. Interfacial and volumetric inhomogeneities
induce Rayleigh scattering, causing resonances to appear as doublets due to coupling
between counter-propagating modes. Intrinsic @) of 220 M and loaded @ of 150 M are
extracted by fitting the asymmetric mode doublet. (b) The ring-down trace of the

mode shows 124 ns photon lifetime, corresponding to a 150 M loaded (). Reproduced
from [1]).
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Figure 3.4: Intrinsic and loaded () factors of the fundamental TE mode
plotted versus wavelength for (a) a 30 GHz FSR whispering-gallery-mode ring
resonator and (b) a 5 GHz FSR single-transverse-mode racetrack resonator. The
transverse mode profiles are shown as insets. Reproduced from [I].
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resonator (mean value of 260 M and standard deviation of 13.5 M over 34 modes) and
observed in the 1630 nm to 1650 nm wavelength range, shown in Figure |3.4h. The overall
lower @) factor of the 5 GHz racetrack resonator, shown in Figure 3.4p, suggests excess
propagation loss in the single mode waveguides. This is likely caused by greater influence
of sidewall scattering loss due to increased modal overlap with the waveguide sidewall in

the single mode waveguide as compared to the whispering-gallery mode waveguide.

-60 T T T T T T T T

80 | L] : ’ ]

backscatter (dB/mm)

-85 | . : 1

90 + -

_95 1 1 1 1 1 1 1 1
1480 1500 1520 1540 1560 1580 1600 1620 1640 1660
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Figure 3.5: Backscatter rate within the 30 GHz FSR ring resonator. The
backscatter coefficient was extracted from the fitted resonator transmission spectra,
from the same data set as Figure [3.4p.

The backscatter coefficient coefficient per unit length, related to the backscatter rate
through Equation [2.14] is plotted in Figure for the same 30 GHz FSR, whispering-
gallery-mode resonator as presented in Figure[3.4h. The backscatter is extracted by fitting
each resonance shape, simultaneously with fitting the loss parameters. The backscatter
within individual resonances is observed to have substantial variability about a mean
value of -70.6 dB/mm, though no overall dependence on the wavelength is observed.
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Figure 3.6: Wafer-scale () factor measurement. The ) factor for each of three
30 GHZ F'SR ring resonators on each of the 26 dies of the wafer shown in Figure 3.1
was calculated as the average @ factor in the 1620 nm to 1650 nm range. (a) A wafer
map of the highest @ factor on each die and (b) histogram of @ factors of those 78

resonators demonstrate that ultra-high @ is achieved across the wafer. Reproduced
from [1]).

The capability of CMOS-foundry fabrication to produce ultra-high @ factor at the
wafer scale is exhibited in Fig|3.6b, wherein the intrinsic @) factors of 30 GHz F'SR ring
resonators measured throughout the wafer were observed to be clustered in the 170 M
to 270 M range. Moreover, a die map (Fig|3.6a) reveals that an intrinsic @ factor in the
vicinity of 200 M is observed on each die, with the exception of a single die at the center
subjected to handling error after fabrication.

As a further indication of the high yield possible in this platform, an optical frequency
domain reflectometry measurement [§] is presented in Figure The consistency of the
backscattered signal over the length of the 1.73 m long spiraled waveguide indicates a
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Figure 3.7: Optical frequency domain reflectometry measurement of a 1.73 m
long, single-mode silicon nitride waveguide with 100 nm thickness and 2.8 pym width.

highly uniform waveguide that is free of point defects.

3.3 O-band QQ measurement
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Figure 3.8: Q measurement of a resonator designed to operate at 1310 nm.

Figure [3.8| presents measured () factors for a whispering-gallery resonator in this
platform designed to operate in the telecommunications O-band. The core thickness
is 100 nm, while the width of the ring waveguide is 12 pm such that it operates as a

whispering-gallery mode resonator. The ring radius is approximately 580 pm, corre-
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sponding to F'SR of approximately 50 GHz

The dips in measured @) factor evident at 1260 nm and 1330 nm is likely due to higher-
order mode crossings. The @) factor reduction at wavelength approaching 1380 nm is likely
due to first harmonic of an infrared SiO-H absorption (see Chapter . An intrinsic )

factor of 120 M is observed at 1310 nm.

3.4 Performance Comparison

Finally, these results are compared with state-of-the-art integrated microresonators in
other integrated photonic platforms. For devices with both integrated waveguide coupler
and resonator, a few platforms have emerged as able to provide ultra-high @ (Q > 10
M). In silica ridge resonators, a @ factor of 205 M has been demonstrated [9], while in
low-confinement silicon nitride, a @ factor of 216 M has been demonstrated [5]. However,
these platforms pose challenges to photonic integration with large scale and high density,
e.g. the use of suspended structures [9] or the requirement for centimeter-level bending
radius [5]. While these limitations are not present in high-confinement silicon nitride
resonators, the highest demonstrated @ factor is lower, 67 M [10]. In addition to record-
high Q factor, owing to their compact footprint, the current resonators stand out among
ultra-high Q resonators for having the highest finesse as well. Figure [3.9 provides a

comparison as a plot of the () and finesse of the current work with the state-of-the-art.

Summary

In this chapter, high-yield, ultra-low loss fabrication of silicon nitride photonic devices
was presented. Careful device design (outlined in chapter [2)), and better process control

due to the use of a commercial CMOS foundry, achieved a unique combination of mm-
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Figure 3.9: Comparison of finesse and intrinsic ) factors of state-of-the-art
integrated microresonators. Referenced works for low-confinement SigNy4 are [1, [5] [3]
4, [11], 12]. Referenced works for high-confinement SizNy are [10] 13}, 14, [15]. Referenced
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is [I7]. Referenced work for phosphorous-doped silica is [I§]. Based on a similar figure
from [I].
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scale device geometry, record-high finesse, and extremely high ) factor for integrated
devices. These results unveil a new regime of scalable, high-performance integrated
photonic circuits that was relatively unexplored in prior work. The following chapters
seek to leverage this capability to demonstrate novel photonic devices with superior
performance, and with the potential for future large-scale manufacturing.

With the goal of further reduction of the propagation loss in this platform, we
expect future work to identify the specific sources of propagation loss. Though the
predominant source of propagation loss appears to be scattering, to what degree this
scattering originates from the interface of silicon nitride and silicon dioxide, or from the
bulk is not certain. Such sources of loss could be probed indirectly by fabricating
waveguides with varying cross-sectional geometry, and interrogating waveguide modes
with different geometry and confinement factors. Finally, for photonic integrated
circuits for which the utmost performance is critical, we expect that selecting an
operating wavelength further into the infra-red may yield further reduction in
propagation loss. The use of 1550 nm wavelength in fiber is governed by its location at
the minimum of the loss as limited by Rayleigh scattering and the Urbach tail of the
SiO4 atomic absorption [19]. For integrated photonics, in which scattering losses are
many orders of magnitude higher than in fiber, the optimal wavelength to minimize
propagation loss is likely at 2000 nm or beyond. The potential availability of III-V light
sources in this regime, with the further possibility of heterogeneous integration [20] 21],

make this a potentially fruitful direction.

Bibliography

[1] W. Jin, Q.-F. Yang, L. Chang, B. Shen, H. Wang, M. A. Leal, L. Wu, M. Gao,

A. Feshali, M. Paniccia, et. al., Hertz-linewidth semiconductor lasers using

o1



CMOS-ready, ultra high Q microresonators Chapter 3

CMOS-ready ultra-high-@Q) microresonators, Nature Photonics 15 (2021), no. 5

346-353.

[2] J. F. Bauters, M. J. Heck, D. D. John, J. S. Barton, C. M. Bruinink, A. Leinse,
R. G. Heideman, D. J. Blumenthal, and J. E. Bowers, Planar wavequides with less
than 0.1 dB/m propagation loss fabricated with wafer bonding, Optics Express 19
(2011), no. 24 24090-24101.

[3] D. T. Spencer, J. F. Bauters, M. J. Heck, and J. E. Bowers, Integrated waveguide

coupled SizNy resonators in the ultrahigh-Q regime, Optica 1 (2014), no. 3 153-157.

[4] S. Gundavarapu, G. M. Brodnik, M. Puckett, T. Huffman, D. Bose, R. Behunin,
J. Wu, T. Qiu, C. Pinho, N. Chauhan, et. al., Sub-Hertz fundamental linewidth

photonic integrated Brillouin laser, Nature Photonics 13 (2019), no. 1 60-67.

[5] M. W. Puckett, J. Wang, D. Bose, G. M. Brodnik, J. Wu, K. Nelson, and D. J.
Blumenthal, Silicon nitride ring resonators with 0.123 dB/m loss and Q-factors of

216 million for nonlinear optical applications, in Proc. CLEO/Europe’19,
p. ce_11.3, OSA, 2019.

[6] T. Kippenberg, S. Spillane, and K. Vahala, Modal coupling in traveling-wave

resonators, Optics letters 27 (2002), no. 19 1669-1671.

[7] M. L. Gorodetsky, A. D. Pryamikov, and V. S. Ilchenko, Rayleigh scattering in
high-Q) microspheres, JOSA B 17 (2000), no. 6 1051-1057.

[8] B. J. Soller, D. K. Gifford, M. S. Wolfe, and M. E. Froggatt, High resolution
optical frequency domain reflectometry for characterization of components and

assemblies, Optics express 13 (2005), no. 2 666-674.

52



CMOS-ready, ultra high Q microresonators Chapter 3

[9]

[11]

[12]

[13]

[14]

K. Y. Yang, D. Y. Oh, S. H. Lee, Q.-F. Yang, X. Yi, B. Shen, H. Wang, and
K. Vahala, Bridging ultrahigh-Q devices and photonic circuits, Nature Photonics
12 (2018), no. 5 297-302.

X. Ji, F. A. Barbosa, S. P. Roberts, A. Dutt, J. Cardenas, Y. Okawachi,
A. Bryant, A. L. Gaeta, and M. Lipson, Ultra-low-loss on-chip resonators with

sub-milliwatt parametric oscillation threshold, Optica 4 (2017), no. 6 619-624.

M. W. Puckett, K. Liu, N. Chauhan, Q. Zhao, N. Jin, H. Cheng, J. Wu, R. O.
Behunin, P. T. Rakich, K. D. Nelson, et. al., 422 million intrinsic quality factor
planar integrated all-waveguide resonator with sub-MHz linewidth, Nature

communications 12 (2021), no. 1 1-8.

K. Liu, N. Jin, H. Cheng, M. W. Puckett, R. O. Behunin, K. D. Nelson, P. T.
Rakich, and D. J. Blumenthal, 720 million quality factor integrated all-waveguide
photonic resonator, in 2021 Device Research Conference (DRC), pp. 1-2, IEEE,
2021.

J. Liu, G. Huang, R. N. Wang, J. He, A. S. Raja, T. Liu, N. J. Engelsen, and T. J.
Kippenberg, High-yield, wafer-scale fabrication of ultralow-loss,

dispersion-engineered silicon nitride photonic circuits, Nature communications 12

(2021), no. 1 1-9.

Z. Ye, K. Twayana, P. A. Andrekson, et. al., High-Q sizngs microresonators based

on a subtractive processing for Kerr nonlinear optics, Optics express 27 (2019),

no. 24 35719-35727.

Q. Li, A. A. Eftekhar, M. Sodagar, Z. Xia, A. H. Atabaki, and A. Adibi, Vertical
integration of high-Q silicon nitride microresonators into silicon-on-insulator

platform, Optics express 21 (2013), no. 15 18236-18248.
53



CMOS-ready, ultra high Q microresonators Chapter 3

[16]

[17]

[18]

[19]

[20]

[21]

A. Biberman, M. J. Shaw, E. Timurdogan, J. B. Wright, and M. R. Watts,

Ultralow-loss silicon ring resonators, Optics letters 37 (2012), no. 20 4236-4238.

M. Zhang, C. Wang, R. Cheng, A. Shams-Ansari, and M. Lon¢ar, Monolithic
ultra-high-Q lithium niobate microring resonator, Optica 4 (2017), no. 12
1536-1537.

R. Adar, M. Serbin, and V. Mizrahi, Less than 1 dB per meter propagation loss of
silica waveguides measured using a ring resonator, Journal of lightwave technology

12 (1994), no. 8 1369-1372.

G. A. Thomas, B. I. Shraiman, P. F. Glodis, and M. J. Stephen, Towards the
clarity limit in optical fibre, Nature 404 (2000), no. 6775 262-264.

A. Spott, M. Davenport, J. Peters, J. Bovington, M. J. Heck, E. J. Stanton,
I. Vurgaftman, J. Meyer, and J. Bowers, Heterogeneously integrated 2.0 um cw

hybrid silicon lasers at room temperature, Optics letters 40 (2015), no. 7 1480-1483.

A. Spott, J. Peters, M. L. Davenport, E. J. Stanton, C. D. Merritt, W. W. Bewley,
[. Vurgaftman, C. S. Kim, J. R. Meyer, J. Kirch, et. al., Quantum cascade laser on
silicon, Optica 3 (2016), no. 5 545-551.

54



Chapter 4

Ultra-narrow linewidth lasers

This section presents the application of high @) factor devices discussed in the previous
chapter to creating highly coherent lasers. The benefits of high coherence lasers extend
to many applications. Hertz-level linewidth is required to interrogate and manipulate
atomic transitions with long coherence times, which form the basis of optical atomic
clocks [I], 2]. Furthermore, linewidth directly impacts performance in optical sensing and
signal generation applications, such as laser gyroscopes [3| 4], light detection and rang-
ing (LIDAR) systems [5] [6], spectroscopy [7], optical frequency synthesis [§], microwave
photonics [9, 10) 1T, 12} 13], and coherent optical communications[14] [15]. In considering
the future transfer of such high coherence technologies to a mass manufacturable form,
semiconductor laser sources represent the most compelling choice. They are directly elec-
trically pumped, wafer-scale manufacturable and capable of complex integration with
other photonic devices. Indeed, their considerable advantages have made them into a
kind of ‘photonic engine’ for nearly all modern day optical source technology, including
commercial benchtop laser sources. Nonetheless, mass manufacturable semiconductor
lasers, such as used in communications systems, have linewidths ranging from 100 kHz to

a few MHz [14], which is many orders of magnitude too large for the above mentioned ap-
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plications. This section presents advances in the state-of-the-art of integrated photonics,
combining conventional DFB laser diodes with integrated, ultra-low loss, silicon nitride
resonators in a self-injection-locking scheme. The hybrid-integrated lasers realized with
this approach attain instantaneous linewidths well below 1 Hz, and overall frequency
noise performance at or beyond the level of high-performance, commercial fiber lasers.

The contents of this chapter were originally published in [16], [17].

4.1 Self injection locking

Recent advances have revealed a pathway towards ultra-narrow linewidth on-a-chip by
self-injection-locking (SIL) integrated lasers to ultra-high ) microresonators [18, [16], 19].
Compared to other means of laser stabilisation, such as Pound-Drever-Hall locking of a
laser to a reference cavity, SIL is well suited to integrated photonics due to its simplicity.
Coupling a diode laser chip to a silicon nitride chip in a hybrid [I8| 16, 20, 21, 22] or
heterogeneous [19] integration scheme stabilises the laser without extraneous hardware
such as electronic control circuitry, modulators, or isolators. In self-injection locking,
surface and bulk inhomogeneities in the resonator lead to backscattering. When the
laser frequency is aligned sufficiently close to a resonance frequency, the optical field
reflected from within the resonator provides feedback to spontaneously align the laser to
the resonance, dramatically reducing the laser linewidth [23], 24 25, [26].

The amount of noise reduction in self-injection locked laser depends on the spectral
response and power of the backscattered field, which has been derived in the supplement
to [16], based on a theory involving both laser and microresonator dynamics [25]. In
particular, the magnitude of the backscattering coefficient, 3, compared to the cavity
linewidth, 1/(27), as defined in Equation determines the behavior. In the case of

weak backscattering (8 < 1/(27)), i.e., the resonator mode remains as a singlet, and the
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laser frequency noise can be reduced by the noise reduction factor, NRF [16]:
o 2 2 a2 @R
NRF =~ 256(1 + )T n"7°|8|" =5, (4.1)
d

where Qg and Q)4 stand for the () of the microresonator and the laser diode, respectively.
n = Qr/Q. is the microresonator loading factor with @), being the coupling () between the
bus waveguide and the resonator. T" denotes the power insertion loss between the facets
of the laser and the bus waveguide, while « is the amplitude-phase coupling coefficient
of the laser. In the presence of a strong backscattered field (8 > 1/(27)), i.e., the mode

splits into doublets, the NRF is saturated as [16]

2
2@
2

d

NRF =~ 4(1 + o?)T*n (4.2)

which is independent of the backscattering coefficient.

The self-injection-locking setup comprises a commercial DFB laser butt-coupled to
the bus waveguide of the SigN, resonator chip. A schematic of the setup is shown in Fig-
ure . The laser chip is powered by an ultra-low-noise current source (ILX Lightwave
LDX-3620B) and is mounted on a thermoelectric cooler to avoid long-term drift, is able
to deliver power up to 30 mW at 1556 nm into the SizNy bus waveguide. Optical feedback
is provided to the laser by backward Rayleigh scattering in the microresonator, which
spontaneously aligns the laser frequency to the nearest resonator mode. As the phase
accumulated in the feedback is critical to determining the stability of injection-locking
[25], 18, 27], we precisely control the feedback phase by adjusting the air gap between the
chips. In the case of a rigidly co-packaged laser and resonator, feedback phase control
may instead be achieved by the addition of a resistive heater to the waveguide linking

the laser and resonator. The laser output is taken through the bus waveguide of the
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Figure 4.1: Hybrid-integrated narrow-linewidth laser based on ultra-high-Q)
Si3IN4 microresonator. (a) Schematic of the hybrid laser design (not to scale) and
frequency noise test setup. The red (yellow) arrow denotes the forward (backscattered)
light field. ISO: optical isolator; AOM: acousto-optic modulator; PC: polarization
controller; PD: photodetector. (b) Measurement of single-sideband frequency noise
of the free-running and self-injection locked DFB laser with various resonators. The
minimum frequency-noise levels are 1 Hz? Hz~!, 0.8 Hz? Hz~!, 0.5 Hz? Hz~! for
resonators with 30 GHz, 10 GHz and 5 GHz F'SR, respectively. The dashed lines give
the simulated thermorefractive noise (TRN). Reproduced from [16].
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microresonator, and directed to a self-heterodyne setup for frequency noise characteriza-
tion. Two photodetectors and a cross-correlation technique are used to improve detection
sensitivity [28], [16].

The frequency noise spectra of the self-injection locked laser system using the 30 GHz
ring and the 10 GHz and 5 GHz racetrack resonators (respective intrinsic @) factors of
250 M, 56 M and 100 M) are compared in Figure . The ultra-high-Q factors enable
the frequency noise of the free-running DFB laser to, in principle, be suppressed by up to
80 dB. In practice, however, the noise suppression over a broad range of offset frequencies
(10 kHz to 2 MHz) is limited to 50 dB by the presence of thermorefractive noise [29] 30, 31]
in the microresonator. Consistent with theory, microresonators with larger mode volume,
i.e. smaller F'SR, experience a lower thermorefractive fluctuation and exhibit reduced
frequency noise (Figure [£.1p). At low frequency offset (below 10 kHz), frequency noise
is primarily limited by temperature drift and coupling stability between chips. This
can be suppressed by improved device packaging. At high offset frequencies (above
5 MHz), frequency noise rises with the square of offset frequency, as the maximum noise
suppression bandwidth of injection locking is limited to the bandwidth of the resonator
[24]132,[16]. Thus, minimum frequency noise below 1 Hz? Hz ™! is observed at about 5 MHz
offset frequency, where the contributions of rising laser noise and falling thermorefractive
noise are approximately equal.

However, the bandwidth of limitation of self-injection locking can be overcome by
including an additional waveguide coupler, called a drop port, and taking the laser output
that has passed through the ring itself [33]. This configuration is shown in a schematic
in Figure [{.2h. While the self-injection locking bandwidth is limited to the resonator
linewidth, beyond the resonator’s linewidth the resonator itself can provide low-pass
filtering on the frequency noise. The impact of this filtering is explored theoretically

in the supplement to [I6]. As shown in Figure [4.2p, the noise reduction factor at the
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Figure 4.2: Spectral dependence of noise reduction factor. (a) Configuration
of a laser butt-coupled to a microresonator with add-drop port. (b) Calculated noise
reduction factor of laser emission from through (red) and drop (blue) port. The
frequency offset is normalized to k/2, one half of resonator linewidth. Reproduced

from [16].
through port declines beyond the resonator linewidth, but the filtering action at the drop
port allows the system to retain a high noise reduction factor at higher offset frequency
as well. However, this model does not include the adjacent longitudinal modes of the
resonator, and a reduced noise reduction factor would be expected at offset frequencies
corresponding to the resonator FSR.

To demonstrate the drop-port filtering effect experimentally, the self-injection-locking
experiment was repeated using a resonator featuring a drop port (Figure ) This
configuration yields an ultra-low, white frequency-noise floor of 0.2 Hz? Hz~! at high

offset frequencies, corresponding to a short-term linewidth of 1.2 Hz (Figure )
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Figure 4.3: Self-injection locking with drop port. (a) Photograph of a 10.8 GHz
F' SR ring resonator fabricated with a drop port. (b) A comparison of single sideband
frequency noise measured from the through port and drop port of the same device. The
drop port enables the resonator itself to act as a low-pass filter, yielding a white-noise
floor of 0.2 Hz? Hz!. Reproduced from [16].
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4.2 Large mode-volume spiral resonators

As the frequency noise level is limited by thermorefractive noise over a range of
offset frequencies spanning from 10 kHz to over 1 MHz, any further reduction in the
thermorefractive noise should lead directly to improved frequency noise performance.
Since thermorefractive noise scales inversely to the modal volume of the resonator [29,
130, [31], increasing the modal volume by fabricating spiraled resonant cavities [34] provides

direct means to attain even lower frequency noise levels.
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Figure 4.4: Spiraled Resonators for self injection locking. (a) Photograph of
1.41 m round-trip-length spiral resonators. Each resonator occupies a 9.2 mmx7.2 mm
footprint. The chip features four independent, identical resonators, each designed with
a different coupling strength (b) Photograph of self-injection-locking (SIL) setup.
(c) The transmission spectrum of a 1.41 m resonator with the measured intrinsic
(Qo=164) and loaded (Q=125.9+0.2) Q-factor values indicated. An average prop-
agation loss of 0.17 dB/m within the resonator is implied by Q. Intrinsic Q fac-
tor is calculated assuming the coupling rate of the drop port is 0.7 of the through
port, inferred from the design. (d) Transmission spectrum showing FSR of 135 MHz
(134.73 £0.01 MHz) at 1551 nm. Reproduced from [I7].
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To achieve large mode volume in a compact footprint, we design spiraled resonators
[34] featuring a 100 nm thick silicon nitride core, 2.2 pm thick tetraethyl-orthosilicate
(TEOS) -based silicon dioxide top cladding, and 14.5 pym thick thermally oxidized sili-
con dioxide bottom cladding. The devices (pictured in Figure [f.4h) were fabricated on
200 mm silicon wafers in a CMOS foundry [16]. Each resonator is drawn from two identi-
cal Archimedes spirals [35] with 40 pum pitch and minimum bend radius of 2 mm. The two
spirals share a common center of curvature, and are interleaved by rotating one spiral by
180° with respect to the other. The resonator is formed by linking interior and exterior
spiral endpoints with adiabatically curved transitions [36] with 0.9 mm minimum bend
radius, drawn to precisely match direction and curvature with the spiral endpoints. Each
adiabatic transition maintains 2.8 um single-mode-waveguide width to prevent coupling
to higher-order modes, while the waveguides widen to 10 pm waveguide width within
the Archimedes spirals to minimize propagation loss. Two couplers are drawn along the
outermost loop of the spiral to allow the SIL laser output to be taken from the drop-port,
and thereby filter out high-offset frequency noise [16]. Resonators featuring round-trip
length of 1.41 m (shown in Fig. f.4h) and 0.312 m length (not pictured) were fabricated,
with free spectral range of 135 MHz and 610 MHz, respectively. Intrinsic and loaded @)
factors as well as the FSR are measured for each resonator using a tunable laser, with
tuning rate calibrated by a fiber interferometer, as illustrated for the 1.41 m resonator
in Fig. and Figure [4.44d.

As shown in Figure 4.5k, single-mode lasing with large side-mode suppression ratio
(SMSR) can be achieved over a wide range of pumping currents. Typical output power,
collected from the drop port of the resonator, for the same range of pumping current,
is shown in Figure [.5b. At each pumping condition, the air gap between the chips is
adjusted to control the feedback phase [23] to achieve single-mode lasing. Moreover,

at any given pumping current, single-mode lasing can be observed at multiple distinct
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Figure 4.5: Self injection locking conditions. (a) Single-mode lasing with large
side mode suppression ratio (SMSR) and (b) output power taken from the drop port
of the SIL device (from a different scan) are shown for the 1.41 m long resonator at
a series of pumping currents to the distributed feedback (DFB) laser. The data in
(a) are collected using an optical spectrum analyzer (OSA) with 5 MHz resolution
bandwidth (Apex AP2051A) in order to confirm single-mode operation. Reproduced

from [17].
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wavelengths depending on feedback phase. As a result, the wavelengths in Figure
and power in Figure do not increase monotonically with the driving current, as they
would in a free-running DFB laser. We note that below 80 mA, single-mode lasing could
not be achieved for any feedback phase. Details of the single-mode lasing condition in
the DFB-spiral system are under further study. Although the laser chip is mounted on
a thermoelectric cooler, the spiral resonator is not temperature stabilized. Also, the air
gap is not feedback stabilized. We believe that drift in the feedback phase and ambient
temperature contribute to occasional mode hops between adjacent resonances of the res-
onator that were observed to occur on a time scale of approximately one hour. These
factors could be addressed by packaging the device to improve thermal and mechani-
cal stability [37]. In a packaged device, as the gap between chips would no longer be
adjustable, a resistive heater [19] placed between the resonator and laser could be used
instead to tune the feedback phase by the thermo-optic effect.

The frequency noise (FN) of the DFB laser self-injection-locked to the spiral res-
onators is shown in Figure[d.6p. A commercial FN tester (OE4000) is used to measure FN
below 10 kHz offset frequency. We combine this with a self-heterodyne cross-correlation
method [28] [16] with higher sensitivity at offset frequency above 10 kHz. To explore the
dependence on mode volume, we also measure the FN of the DFB laser self-injection
locked to 30 GHz, 10 GHz, and 5 GHz FSR resonators studied in prior work [16]. The
EFN of these devices rises at high offset frequency (>2 MHz) due to their through-port
configuration, as the frequency noise reduction factor decreases for offset frequency be-
yond the resonator’s resonance bandwidth [24]. However, the spiral resonators exhibit
flat FN reduction factor at high offset frequency [16] due to their drop-port configura-
tion. We note that the noise spectrum for the FSR=135 MHz spiral device rises for
offset frequencies above 4 MHz due to reaching the measurement-limited noise floor. FN

below 10kHz offset is strongly influenced by environmental perturbations, and could be
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Figure 4.6: Self injection locking frequency noise. (a) Single-sideband frequency
noise (FN) spectra of the DFB laser in free-running state, as well as in the SIL mode
to resonators of various FSR. Vertical lines indicate the frequency offsets selected in
the inset. Inset: FN versus mode volume at offset frequencies selected to avoid noise
spurs and reveal the TRN floor. (b) FN comparison of a high-performance fiber laser
to the SIL DFB laser using a 135 MHz spiral resonator. Inset: high-resolution optical
spectrum of SIL DFB laser. Reproduced from [I7].
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reduced by packaging, as discussed above. In the 10 kHz to 1 MHz range, we expect
the FN to be dominated by thermorefractive contributions. In the inset, FN is plotted
versus resonator mode volume, V', at selected offset frequencies. The data show strong
agreement with the expected 1/V trend of TRN [38].

As shown in Figure [4.6p, the FN of the DFB self-injection-locked to the 135 MHz
spiral is comparable to or better than a high-performance fiber laser (Orbits Ethernal)
over a wide range of offset frequencies. At high offset frequency, it outperforms the fiber
laser by over an order of magnitude, reaching 0.006 Hz?/Hz at 4 MHz, corresponding to
Lorentzian linewidth [16] below 40 mHz. Remarkably, the hybrid laser exhibits stability
comparable to the fiber laser in the 100 Hz to 10 kHz frequency offset range as well, with
a frequency noise level of 200 Hz?/Hz at 100 Hz offset. In all configurations, we confirm
single-mode operation of the SIL laser (Figure |4.6b inset) using a high resolution (5 MHz
resolution bandwidth) optical spectrum analyzer. We note that the noise spurs around
1 MHz offset, present in certain measurements, come from the pump current source, and

are absent when using a different current source of the same model.

4.3 Performance comparison

Finally, we compare the current hybrid-integrated laser linewidths to state-of-the-art
results in Table [4.1] The linewidth of monolithic III-V lasers is generally limited to the
100 kHz to 1 MHz range by passive waveguide losses well above 1 dB em™!, with best
demonstrated linewidth below 100 kHz [39]. Phase and amplitude noise scale according
to the square of cavity losses [24] 25]. Thus, hybrid integration, where the active II1I-V
and passive photonic chips are assembled post-fabrication, and heterogeneous integration
[40], where III-V material is directly bonded to the passive chip during fabrication, have

emerged as primary technologies to create narrow-linewidth integrated lasers. As shown
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Table 4.1: Integrated Laser Comparison. Linewidth of best-to-date integrated
narrow-linewidth lasers. Based on a similar table from [16].

. .. . Instantaneous
Operating principle Configuration Linewidth (Hz) Ref
Self-injection locking . .

(this work) Hybrid I1I-V/SizNy 0.04 [17]
Self-injection locking . . :
(this work) Hybrid I11-V /SisN, 1.2 6]
Self-injection locking  Heterogeneous I1I-V/SisN, 25 [19]
Self-injection locking  Hybrid III-V/SizN, 25 [20]
External Cavity Hybrid I1I-V/SizNy 40 [41]
External Cavity Heterogeneous I11-V/Si 140 [42]
External Cavity Heterogeneous I11-V/SigN, 4,000 [43]
External Cavity Monolithic III-V 50,000 [39]

in Table [4.1] hybrid and heterogeneous integration can produce linewidth well below
1 kHz. The best instantaneous linewidth demonstrated is below 0.04 Hz [17], limited
by the measurement noise floor. This substantially improves upon the 1.2 Hz linewidth
we demonstrated with smaller mode-volume resonators [16]. Furthermore, both results
are more than an order of magnitude better than the best results to date [41} 19, 20].

Additionally, the integrated linewidth, Av, calculated as follows [24] [42],

/OO Sl’(zf) df = lrad2 (4.3)
Av f ™

yields an integrated linewidth of 280 Hz, which is the lowest such linewidth demonstrated
for any chip-scale laser. These results compare favorably to results achieved in non-
integrated systems as well. Besides our earlier comparison to a commercial fiber laser,
the achieved instantaneous linewidth below 0.04 Hz also surpasses the 0.1 Hz linewidth

using non-planar crystalline resonators [37], achieved by self-injection locking.
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Discussion

In conclusion, we self-injection-lock a DFB laser to high @) resonators with various
mode volume, achieving frequency noise at the thermorefractive noise limit. The result-
ing devices have outstanding frequency noise characteristics capable of exceeding those
of a high performance fiber laser. These hybrid-integrated devices are readily applica-
ble to many coherent optical systems. For example, while laboratory communication
experiments pursuing spectral efficiency approaching 20 bit s=! Hz™! rely on high perfor-
mance single-frequency fiber lasers [15], narrow-linewidth integrated photonic comb lasers
could accelerate the adoption of similar schemes in practical data-center and metro links
[44), 145, 146, [47), 48], [18]. Microwave photonics [9, [10] [TT], 12, [13], atomic clocks [I], 2], and
quantum information [49] will also benefit greatly from the reduced size, weight, power
and cost provided by the combination of ultra-high ) and photonic integration.

Many improvements beyond the results presented here are feasible. We infer prop-

1 ig feasible in thinner

agation loss of 0.1 dB m™!, however, lower loss of 0.045 dB m~
cores [50], suggesting that the limits of @ for this platform have not been fully explored.
Finally, heterogeneous integration of III-V lasers and ultra-high-@Q) microresonators may

eventually unite the device onto a single substrate [42] 43, 40], enabling the production

of mass-manufactured laser sources with fiber-laser-equivalent coherence on chip.
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Chapter 5

Nonlinear effects

In the previous chapter, a DFB laser, self-injection-locked to ultra-high ) microres-
onators, was shown to be capable of producing ultra-low frequency noise, rivaling the co-
herence of commercial fiber lasers. Within the same configuration, a new regime of Kerr
comb operation in microresonators is supported. Specifically, the comb demonstrates
turnkey operation [I] as well as attaining coherent comb operation under conditions of
normal dispersion, without any special dispersion engineering. The comb’s line spacing
is suitable for dense wavelength division multiplexed (DWDM) communications systems.
Moreover, each comb line benefits from the exceptional frequency-noise performance of
the disciplined pump, representing an important advance for DWDM source technology.
The microwave phase noise performance of the comb is also comparable to that of existing
commercial microwave oscillators.

In addition to Kerr nonlinearity, this low-loss silicon nitride platform is also demon-
strated to exhibit significant Raman and Brillouin nonlinearities. The Brillouin nonlin-
earity is measured to be on-par with other silicon nitride results, while a novel resonator
design results in a significantly enhanced mode selectivity, leading to the demonstration

of a single-mode Raman laser.
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The self-injection-locked Kerr comb results were originally published in [2]. The

results on Raman and Brillouin nonlinearity are under preparation for publication.

5.1 Mode-locked Kerr combs

FSR =5 GHz

Da/(2m)= -20.3 kHz

n

300 -200 -100 O 100 200 300
0 FSR=10GHz

D:/(2m)= -80.2 kHz

Integrated dispersion D, /2n (GHz)

>

1

50 100 50 O 50 100 150
Mode index p

Figure 5.1: Measured mode family dispersion is normal. The plot shows the
integrated dispersion defined as Diy = w, — w, — D1 where w,, is the resonant
frequency of a mode with index g and D; is the FF'SR at p = 0. The wavelength
of the central mode (u = 0) is around 1550 nm. The dashed lines are parabolic fits
(Dint = D2opi?/2) with Do/27 equal to —20.3 kHz and —80.2 kHz corresponding to
5 GHz and 10 GHz FSR, respectively. Note: Dy = —cD?B3/n.g where Bo is the
group velocity dispersion, ¢ the speed of light and neg the effective index of the mode.
Reproduced from [2].

The ultra-high Q of the microresonators enables strong resonant build-up of the cir-
culating intensity, providing access to nonlinear optical phenomena at low input power
levels [3]. As an example, optical frequency combs have been realized in continuously
pumped high-@Q) optical microresonators due to the Kerr nonlinearity and they are find-
ing a wide range of applications [4]. To explore the nonlinear operating regime of the

hybrid-integrated laser in pursuit of highly-coherent Kerr combs, the mode dispersion
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of racetrack resonators with 5 GHz and 10 GHz F'SR was characterized. Their mode
families are measured to have normal dispersion across the telecommunication C-band
(Figure . Also, the dispersion curves exhibit no avoided-mode-crossings, which is
consistent with the single-mode nature of the waveguides. As distinct from microres-
onators with anomalous dispersion wherein bright soliton pulses are readily generated,
comb formation is forbidden in microresonators with normal dispersion, unless avoided-
mode-crossings are introduced to alter mode family dispersion so as to allow formation
of dark pulses [5]. Surprisingly, however, it was nonetheless possible to readily form
coherent combs in these devices without either of the aforementioned conditions being
satisfied.

a.

1FSR=5GHz

Kerr combs
Laser on

Comb power (arb. unit.)

1552 1554 1556 1558 1560

1FSR=10GHz

Power (10 dB per division)

£=10.873 GHz

RF Power (arb. unit.)
0 1
[ S |

Frequency (MHz
+10.873 GHz)

0 10 20 30 40 50 1552 1554 1556 1558 1560
Time (ms) Wavelength (nm)

Figure 5.2: Observation of Kerr comb generation. (a) Experimental comb power
(upper panel) and detected comb repetition rate signal (lower panel) with laser turn-on
indicated at 5 ms. (b) Measured optical spectra of mode-locked Kerr combs with
5 GHz (upper panel) and 10 GHz (lower panel) repetition rates. The background
fringes, observed below 1553 nm and above 1559 nm for the 5 GHz comb, and below
1552 nm and above 1561 nm in the 10 GHz comb, are attributed to the DFB laser.
Reproduced from [2].

Indeed, deterministic, turnkey comb formation was experimentally observed when the
DFB laser was switched-on to a preset driving current (see Figure [5.2h). A clean and
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stable beatnote of the comb is established 5 ms after turning on the laser, indicating that
mode-locking has been achieved (see Figure ) Plotted in Figure. are optical
spectra of the mode-locked Kerr combs in racetrack resonators with 5 GHz and 10 GHz

FSR, where the typical spectral shape of dark pulses is observed [6, [5, [7], 4].
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Figure 5.3: Single-sideband phase noise of dark pulse repetition rates. Dark
pulses with repetition rate 10.8 GHz and 5.4 GHz are characterized. Inset: electrical
beatnote showing 5.4 GHz repetition rate. Reproduced from [2].

The stability of mode-locking is characterized by measurement of the comb beat note
phase noise (Figure. [5.3). For Kerr combs with 10.8 (5.4) GHz FSR, the phase noise
reaches -100 (-114) dBc Hz™! at 10 kHz and -129 (-140) dBc Hz™! at 100 kHz offset
frequencies. We note that in order to suppress noise at high-offset frequencies, the pump
is excluded in the photodetection using a fiber Bragg grating filter, as suggested by
previous works [§].

This unexpected result is studied theoretically in the supplement to [2]. Here, results
from that study are briefly summarized. A phase diagram of the microcomb system is
given in Figure , and separates resonator operation into continuous-wave (c.w.) and

Kerr comb regimes based on the viability of parametric oscillation [9]. The intracavity
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Figure 5.4: Kerr comb modeling. (a) Phase diagram of microresonator pumped by
an isolated laser. The backscattering is assumed weak enough to not cause mode-s-
plittings. The detuning is normalized to one half of microresonator linewidth, while
the intracavity power is normalized to parametric oscillation threshold. Green and
red shaded areas indicate regimes corresponding to the c.w. state and Kerr combs.
The blue curve is the c.w. intracavity power, where stable (unstable) branches are
indicated by solid (dashed) lines. Simulated evolution of the unisolated laser is plot-
ted as the solid black curve, which first evolves towards the middle unstable branch
of the c.w. intracavity power curve, and then converges to the comb steady state
(average normalized power shown) as marked by the black dot. The initial condition
is set within the self-injection locking bandwidth [I], while feedback phase is set to 0.
(b) Simulated intracavity field and (c) optical spectrum of the unisolated laser steady
state in (a). Reproduced from [2].
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power exhibits a typical bi-stable behavior as a function of cavity-pump frequency detun-
ing when pumped by a laser with optical isolation [4]. In contrast, a recent study shows
that the feedback from a nonlinear microresonator to a non-isolated laser creates an op-
erating point for the compound laser-resonator system in the middle branch [I]. The
operating point is induced through a combination of self- and cross-phase modulation,
and is associated with turnkey operation of soliton combs operating under conditions
of anomalous dispersion [I]. Here, we have validated through simulation that a similar
operating point allows access to dark pulses (normal dispersion) without the require-
ment for extra dispersion engineering provided by avoided mode crossings. As has been
previously shown for bright solitons, the phase of the feedback path plays a major role.
Indeed, control of this phase through precision control of the coupling gap between and
laser and resonator chips enabled suppression of comb formation for frequency noise mea-
surements reported in Figure and Figure [4.3p. The black curve in Figure gives
the dynamics of the compound laser-resonator system when initialized at a point that is
within the locking bandwidth of the system. It first evolves towards the operating point
located on the middle branch of the c.w. power bi-stability curve, where comb formation
can be initiated, and then converges to a steady Kerr comb state (average normalized
power shown). The spectral and temporal profile of the steady state solutions show that
flat-top pulses are formed in the microresonator with normal dispersion (Figure )
Though the possible presence of dark pulse formation in microresonators pumped by
a self-injection locked laser has been previously observed [6] [7, [10], the theory of the
mutually coupled system has only recently been clarified [T}, 2, 1T, 12].

The combs generated in these devices exhibit several important properties. In Fig.[5.5h,
the spectrum of a 43.2 GHz repetition rate comb is presented. Curiously, this spectrum
was generated in a microresonator having a 10.8 GHz F'SR. The appearance of rates that

are different from the F'SR rate has been observed for dark pulses [5]. This line spacing
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Figure 5.5: Coherence of integrated mode-locked Kerr combs. (a) Optical
spectrum of a mode-locked comb with 43.2 GHz repetition rate generated in a mi-
croresonator with 10.8 GHz F'SR. (b) Single-sideband optical frequency noise of the
pump and comb lines as indicated in panel a, selected using a tunable fiber-Bragg-grat-
ing (FBG) filter. (Inset: the same data in log-log format) (c) Wavelength dependence
of white frequency noise linewidth of comb lines in panel a. Reproduced from [2].

83



Nonlinear effects Chapter 5

is compatible with DWDM channel spacings and 10 comb teeth feature on-chip optical
power over -10 dBm, which is a per channel power that is readily usable in DWDM
communication systems [13]. However, most significant, is that the white-frequency-
noise-level floor for each of these optical lines (Fig. [5.5b) is measured to be on the order
of 1 Hz? Hz=!. We note that these spectra are white at higher offset frequency, i.e.,
not rising for higher offset as discussed above for the laser source. The corresponding
linewidths of the comb teeth are plotted in Fig. [5.5¢. One of the lines exhibits de-
graded linewidth of approximately 30 Hz, which is suspected to be due to its coincidence
with a sub-lasing-threshold side-mode of the DFB laser. Notably, certain comb teeth
are quieter than the pump due to the filtering of pump noise by the ultra-high-) modes.
These results represent a two order-of-magnitude improvement as compared to previously

demonstrated integrated microcombs [14] [15] 1l 10].

5.2 Stimulated Brillouin scattering

Stimulated Brillouin scattering (SBS) is a nonlinear process involving the scattering
of optical waves by acoustic waves [16]. The mechanical properties of a silicon nitride
and silicon dioxide are such that the acoustic velocities in silicon nitride core exceed
those of silicon dioxide cladding. As a result the optical waveguide forms an acoustic
anti-guide, and acoustic energy generated in the stimulated Brillouin scattering process
is generally radiated from the silicon nitride core rather than confined within it. This
acoustic rejection reduces the acoustic lifetime of SBS phonons, resulting in a weaker
SBS gain than would be expected from bulk material [17].

A measurement of SBS gain is shown in Figure for a silicon nitride waveguide
with 2.8 pm width, 100 nm height cross-sectional geometry, and with 14.5 pm silicon

dioxide lower cladding, and 2.2 pm silicon dioxide upper cladding. 21+1 dBm of on-
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Figure 5.6: Measured SBS gain spectrum in a 6 m long silicon nitride waveg-
uide, with 2.8 um width and 100 nm thickness, and 0.25 dB/m of propagation loss,
under 21+1 dBm on-chip pump power. (left panel) A narrow SBS gain feature at
10.87 GHz is attributed to optical fiber in the measurement path, while the multiple
spectral peaks spanning 11 GHz to 16 GHz frequency are attributed to the silicon
nitride waveguide. (right panel) The largest feature of the gain spectrum is shown,
with maximum 0.24 dB of net gain at 11.14 GHz, corresponding to a Brillouin gain

of 0.940.2 m~! W~ and FWHM of approximately 160 MHz.
chip power at 1550 nm was coupled in the forward direction to a 6 m long waveguide
featuring 0.25 dB/m of propagation loss. A probe signal was injected in the reverse
direction and swept in the vicinity of the pump wavelength using a continuously tunable
laser. The transmitted probe signal was separated from the pump signal with a circulator
and narrowband (10 GHz bandwidth) tunable fiber Bragg grating, and measured with
an amplified photodetector to characterize the SBS gain.

In the left panel of Figure the sharp feature at 10.87 GHz frequency is attributed
to SBS within optical fiber in the measurement path. The remaining features are at-
tributed to SBS within the silicon nitride waveguide. The presence of multiple SBS
features in the silicon nitride waveguide is likely caused by acoustic reflections at the
interface of the silicon dioxide lower cladding and the silicon substrate, as well as the
interface of the silicon dioxide upper cladding with the air above, similar to the acous-

tic resonances observed in [17]. These interfaces form a reflecting waveguide, such that

the SBS interactions at frequencies corresponding to the resonant acoustic modes of the
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silicon dioxide cladding are enhanced.

The largest feature of the SBS gain spectrum is shown, enlarged, in the right panel
of Figure [5.6] The peak, observed gain of 0.24 dB corresponds to a SBS gain coefficient
of 0.9 m~! W~ with the uncertainty of 0.2 m~! W~ corresponding to uncertainty in
the fiber-to-chip coupling loss. The full-width-half-maximum is approximately 160 MHz.
The spectrum exhibits two local maxima and a shoulder feature, and is likely comprised
of multiple super-imposed acoustic resonances. The gain coefficient of 0.9 m~* W~! is
comparable with previously measured gain coefficients of 0.10 m~! W~! in 40 nm thick,
7 pm wide silicon nitride waveguides [I8], and 0.067 m~'W~! in 800 nm thick, 2 pm
wide silicon nitride waveguides. This level of SBS gain, combined with the ultra-low
propagation loss, is compatible with the formation of a narrow linewidth SBS laser [1§],
and is potentially useful for applications involving microwave signal processing, as well

as rotation sensing [19, [18].

5.3 Single-mode Raman laser

In integrated photonics, Raman lasing has been explored in a variety of material
systems. In silica microcavities, single-mode Raman oscillation has been observed with
threshold powers below 100 pW for cavity diameters below 50 pm [20]. Notably, the first
demonstration of continuous-wave lasing in silicon photonics was realized for a silicon Ra-
man laser [21]. Raman lasing has also been observed in integrated photonic microcavities
formed from diamond [22], aluminum nitride [23], and lithium niobate [24]. In crystalline
media, such as the silicon, diamond, aluminum nitride, and lithium niobate platforms,
the Raman gain spectrum generally exhibits a larger peak value, as well as narrow gain
bandwidth as compared to amorphous media [25]. As a result, if the microresonator

FSR is selected larger than the Raman gain bandwidth, single mode Raman oscillation is
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guaranteed. By contrast, single-mode Raman lasing in amorphous glass microresonators
generally requires resonator diameters below 50 nm. Large FSR provides the necessary
mode selectivity to compensate for the broad gain bandwidth, while small mode volume
provides higher field intensity, which compensates for relatively weak magnitude of the
Raman gain. In the high-aspect ratio silicon nitride platform, ultra-low waveguide loss
enables the observation of Raman interactions, however single mode lasing is difficult to
achieve due to bend radius larger than 700 pm, which limits FSR below 50 GHz. In this
section, a resonator design is presented to provide enhanced modal selectivity, to enable

single-mode Raman laser operation.
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Figure 5.7: Raman laser design. (a) Schematic of the resonator structure. The

pump light is injected through the port labeled in. The Raman laser output is mea-

sured from the port labeled drop. (b) Simulated resonator transmission spectrum,

measured at the port labeled through. The frequency axis is normalized to the res-

onator FSR.

A resonator is designed to use an unbalanced Mach-Zehnder-interferometer-based di-
rectional coupler. Length imbalance between the two arms results in frequency-dependent

interference interaction in the coupled power, which provides a periodic coupling spec-

trum. A schematic of the design is shown in Figure [5.9n. The resonator is pumped
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through the input waveguide, which couples to the circular, resonator waveguide in two
locations. The coupling coefficients at each point are selected to be identical, and much
larger than the intrinsic loss of the resonator, such that the resonator is highly overcou-
pled except at those wavelengths for which the coupler fields interfere destructively and
the coupling becomes very weak. The device is expected to lase in a resonance for which
the coupler interference is destructive and the coupling is minimized, thus resulting in
a higher loaded @ factor approaching the intrinsic @) factor. At such a wavelength, the
out-coupling of the coupler waveguide is close to zero. Thus an additional waveguide is
coupled to the coupler waveguide between the coupling points to the resonator, labeled
drop in Figure 5.7 The coupling of this additional waveguide to the coupler waveguide
is designed to be much weaker than the individual couplings of the coupler waveguide
to the ring waveguide, such that power routed to the drop port does not significantly
modify the destructive interference phenomena in the coupler waveguide. At the lasing
frequency, the Raman signal is resonantly enhanced within the coupler waveguide, and
the Raman spectrum can be observed at the drop-port.

The modeled transmitted power at the through-port is plotted in Figure [5.9b. At 0
normalized frequency, there is destructive interference between the couplers, and the res-
onator is uncoupled from the coupler waveguide, resulting in a negligible extinction ratio,
as well as the highest intrinsic () factor. The highest exinction ratio is observed for the
adjacent resonances, at which the effective coupling coefficient approaches the intrinsic
loss. For higher detuning from 0 normalized frequency, the resonances exhibit reduced
extinction ratio, as the resonator becomes increasingly overcoupled. Consequently, the
loaded @) factor falls with increasing detuning. Close inspection of the resonance shapes
in Figure reveals that the resonances exhibit a Fano-resonance asymmetric line-
shape [26]. In this case, the Fano-resonance lineshape can be attributed to antiresonance

within the twice-coupled coupler waveguide. When the electric field within this section
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and the resonator are antiresonant, the transmission loss attributed to the drop-port
coupler waveguide is eliminated, resulting in a slight enhancement of power transmitted
to the through port.

In Figure [5.8] experimental characteristics for a fabricated resonator are demon-
strated. The resonator was designed with a bend radius of 1 mm, with FSR of approxi-
mately 30 GHz. The path length imbalance of the coupler interferometer is approximately
145 pm, resulting in a FSR in the coupler of 1.3 THz. The amplitude coupling factor
of coupler waveguide to the ring waveguide is designed as k& = 0.35 at each of the cou-
pling regions, while the amplitude coupling factor of the coupler waveguide to the drop
port waveguide is designed to be £ = 0.08. Figure shows the measured transmis-
sion spectrum of the resonator through-port. The resonator waveguide supports multiple
transverse modes, and resonances belonging to two mode families are evident. Those
belonging to a higher-order transverse mode are indicated. Those modes corresponding
to the resonator fundamental mode exhibit similarity to the simulated spectrum of Fig-
ure [5.7p. In Figure [5.8b, the transmission spectrum is measured from the drop-port. At
the resonance frequencies of the fundamental mode, the field within the coupler waveg-
uide experiences resonant enhancement, and the transmitted power is higher. Figure[5.8
shows the intrinsic, coupled, and loaded @) factors of the fundamental mode resonances
fitted from the measured transmission spectrum shown in Figure [5.8p. The intrinsic @
factor of the fundamental mode is approximately 50 M, while the coupler () factor varies
with frequency. The loaded () factor varies similarly, such that the loaded @ factor is
highest for 1559.4 nm, at which the coupler () is also highest, and the loaded () nearly
identical to the intrinsic @) factor.

To operate the device as a laser, the device is pumped at the input-port, and the
output collected from the drop-port. In the experiment, a pump wavelength of 1559.3 nm

was selected, corresponding to a higher-order-mode resonance of the resonator, which
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Figure 5.8: Device characterization. (a) The spectrum of a fabricated device, mea-
sured from the through-port. The resonator waveguide supports multiple transverse
modes, and resonances belonging to two mode families are evident. Those belonging
to a higher-order transverse mode are indicated. Those corresponding to the resonator
fundamental mode exhibit similarity to the simulated spectrum of Figure [5.7b. (b)
The spectrum of a fabricated device, measured from the drop-port. At resonances of
the fundamental transverse mode, the field within the coupler waveguide experience
resonant enhancement. (c¢) Intrinsic, coupled, and loaded @ factors of the fundamental
mode resonances, determined by fitting the transmission spectrum at the through—
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Figure 5.9: Raman emission. (a) optical spectrum including both pump wavelength
at 1559.3 nm, as well as single-mode Raman lasing signal at 1669 nm, for a pump power
of 60 mW in fiber. (b) High resolution optical spectrum, demonstrating that only a
single optical mode is excited. The lasing linewidth is instrument limited. (c) optical
spectrum for the same conditions as (a), with the pump laser further red-detuned.
(d) The high resolution optical spectrum exhibits multiple lasing lines.
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exhibits high extinction ratio. The optical spectra, measured from the drop-port of the
device, for 60 mW of pump power, are shown in Figure [5.9 Figure [5.9a,b show a single-
mode Raman emission line. No optical emission above the measurement noise-floor is
evident in the adjacent resonator modes, which have approximately 30 GHz spacing.
Thus the side-mode suppression ratio exceeds 40 dB. Figure [5.9k,d show the device with
a multi-mode emission state. As compared to Figure [5.9n,b, the pump laser has been
slightly red-detuned. Due to optical absorption of the pump light, the resonator is loosely
thermally-locked to the pump frequency, and so that the red-detuning of the pump laser
causes the resonator itself to also be red-detuned. Since the optical mode exhibits different
intensity in the resonator versus coupler waveguides, the red-detuning of the pump leads
to differential heating of the resonator and coupler waveguides, which alters the coupling
condition. Thus, device can be tuned from a single-wavelength emission state into a
multiple-wavelength emission state by differential tuning of the resonator and coupler
waveguides. Notably, the slight red-detuning of the pump wavelength causes the emission
peak to red-shift from 1669 nm to 1682 nm, which is attributed to the red-shifting of the
coupling spectrum of the Mach-Zehnder interferometer coupler. The 1669 nm emission
shown in Figure [5.9h,b corresponds to a Raman shift of 12.6 THz, whereas the 1682 nm
emission shown in Figure [5.9c,d corresponds to a Raman shift of 14.0 THz. Both are in
good agreement with the Raman gain spectrum of silicon dioxide glass, which exhibits a

broad peak spanning 12 THz to 15 THz [27, 28].

Summary

Comprised entirely of large-bandgap dielectric materials, ultra-low loss silicon waveg-
uides are frequently touted for their high power-handling capability and compatibility

with nonlinear photonics [29]. Thus, a key benefit of ultra-high @ resonators and reduced
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propagation loss is the improved accessibility to nonlinear phenomena. In this section,
we demonstrate that in spite of stronly normal waveguide dispersion, a wide range of
nonlinear phenomena may both be observed and engineered, including highly coherent,
dark soliton frequency combs, Brillouin gain, and single-mode Raman lasing.

For Kerr-effect based devices, we expect future work to explore additional design-
driven approaches to improving device performance and demonstrating novel capabilities.
For example, the use of edge-less grating resonators [30], inter-modal coupling [31], and
inter-resonator coupling [32] [33] 34] have been demonstrated to enable degrees of freedom
in engineering nonlinear phenomena beyond just waveguide dispersion. Additionally, the
use of coupled resonators has also been used to improve the efficiency of comb generation
[35]. This platform is well-suited to the application of such approaches, due to its capabil-
ity to support multiple devices on the same die, with high yield and low loss. The narrow
Brillouin gain spectrum in this platform may also be useful for narrowband microwave
photonic filters. Further work on the Raman device may further leverage the design to
create integrated lasers at wavelengths for which semiconductor-based gain media are

not readily available.
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Chapter 6

Seamless multi-reticle photonics

While Moore’s law predicted shrinking transistors would enable exponential scaling of
electronic circuits, the footprint of photonic components is limited by the wavelength of
light. Thus, future high-complexity photonic integrated circuits (PICs) such as petabit-
per-second transceivers, thousand-channel switches, and photonic quantum computers
will require more area than a single reticle provides. In our novel approach, we overlay and
widen waveguides in adjacent reticles to stitch a smooth transition between misaligned
exposures. In SiN waveguides we measure ultra-low loss of 0.0004 dB per stitch, and
produce a stitched delay line 23 m in length. We extend the design to silicon channel
waveguides, and predict 50-fold lower loss or 50-fold smaller footprint versus a multi-
mode-waveguide-based method. Our approach enables large-scale photonic integrated
circuits to scale seamlessly beyond the single-reticle limit. The contents of this chapter

are published as [1].
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Introduction

While major progress in the interconnect bandwidth of PICs has been driven by in-
creasing modulation rate, further improvement in bandwidth will require spatial, spectral,
and polarization multiplexing [2 13]. Indeed, a recent demonstration with 1.6 Thits™!
capacity used 16 parallel 100 Gbits™* lanes [4]. As each lane needs a driver, modulator,
and fan-out for electrical and optical connections, future higher-capacity optical inter-
connects will occupy even larger chip area. Similarly, switches [5], optical phased arrays
(OPA) [0, 7], quantum circuits [§], and tensor cores [9] have all demonstrated optical
systems with component count from several hundreds to tens of thousands, and will
grow in area as their capabilities improve. The need for large chips is especially acute
for ultra-low-loss photonic platforms [I0} [I1] that are desirable for microwave photonics
[12, T3], nonlinear optics [10], and gyroscopes [14], 15, 16]. These platforms may have
bend radius 1 mm or larger [10], and often require PICs at the cm-scale.

The availability of 300 mm substrates in silicon foundries and the relatively large
dimensions of PIC components enable PICs to be fabricated at low cost and high volume
using prior-generation process nodes. Thus, increasing the area of PICs to the size
of a reticle and beyond is an economical way to continue to scale performance. In
Table we estimate performance as die size grows to multiple reticles. With switch
bandwidths projected to reach 51.2 Thits™! by 2024 [3], the footprint of interconnect
PICs interfacing with those switches may soon surpass a single reticle. A 8192 element
active OPA spanned an entire reticle [7]. Optical switches [5] and gyroscopes [16] have
already reached multiple reticles, while a photonic quantum computer could achieve
quantum supremacy in a system spanning three reticles [8]. The need for multi-reticle
PICs motivates us to seek a stitching method optimized for photonics.

Multi-reticle exposures have already been used in electronic circuits for large-scale
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Table 6.1: Multi-reticle performance of integrated optical systems. We as-
sume single-reticle size 2 cmx2 cm. Interconnect bandwidth based on bandwidth
density 100 Gbits~! mm~2 [4]. Switch radix based on 110 ymx 110 pm unit cell [5].
Neural network, quantum circuit size based on density of 2450 phase tuners per 21 cm?
[§]. Passive 2D OPA size based on 4096 emitters per 576 pmx576pm [6]. Active 1D
OPA emitter density based on an 8192 emitter chip [7]. Delay line length, gyroscope
scale factor (rotation rate per Sagnac phase) based on Archimedes spiral of 50 pm
pitch, 1 mm minimum bend radius [14].

# of reticles

1 2x2 4 x4
Interconnect bandwidth (Thits™!) 40 160 640
Optical switch (2D) radix 180x180  360x360 720x 720
Optical neural network size (neurons) 470 1,900 7,500
Quantum circuit mode count (qubits) 21 43 86
OPA (2D, passive) emitters 5,000,000 20,000,000 80,000,000
OPA (1D, active) emitters 5,000 20,000 80,000
Delay line length (m) 6 25 100
Gyroscope scale factor ((°/h)/prad) 180 23 2.8

phased-array antennas and image sensors. Misalignment of exposures normal to the
reticle boundary (x-direction in Fig. can lead to a gap between reticles, and is
addressed by overlaying the adjacent reticles by a distance L larger than the alignment
tolerance (Fig. [6.1h). Lateral misalignment & (y-direction) causes an abrupt step in the
sidewall as the waveguide crosses the reticle boundary. Deep-UV stepper alignment error
of tens-of-nanometers [17] has little impact on all but the narrowest electronic wires, but
such sidewall discontinuities lead to appreciable loss in photonic waveguides.

We propose enlarging the overlay distance, and widening the waveguides as they
traverse the stitch length L, which results in a seamless transition (Fig. ) To design
for alignment tolerance dyax, the waveguide in each reticle widens linearly by 20yax as
it traverses the stitch length, L. The angle of the sidewall with respect to the propagation
axis is 6 = tan™! (dyax/L) = dmax/L. Our scheme applies to positive photoresist, in

which exposed areas (indicated by hatching) are dissolved in developer and etched to
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Figure 6.1: Optimized stitching method. (a) Plan-view of un-optimized stitched
waveguide between adjacent reticles. Black (red) hatched areas indicate regions which
are exposed by the left (right) reticle; the waveguide is defined by the remaining
unexposed areas; the dashed lines indicate the centers of the respective waveguides;
0 indicates the lateral alignment error. Stitching causes abrupt steps in the sidewall
at the reticle boundary. (b) Instead, widening the overlaid waveguides over a larger
distance L results in a continuous sidewall; the angle of the sidewall to the propagation
axis is given by 6; the waveguides widen by 2dyax yielding alignment tolerance dnax;
regions with both black and red hatching are exposed by both reticles. The stitched
waveguide’s plan-view-profile varies from (c) zero misalignment, to (d) intermediate
misalignment, to (e) the maximum tolerable misalignment. Reproduced from [I].
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form the waveguide. For negative resist, each waveguide should instead be narrowed.
In the case of perfect alignment (Fig. [6.1k), the waveguide widens and then narrows
in the stitch region. For misalignment half of the alignment tolerance (Fig. [6.11), the
waveguide widens at the beginning of the stitch region, and narrows at the end, as in
the previous case. However, the width of the waveguide in the center of the stitch is
constant, with propagation direction tilted from the input and output waveguides by the
angle §. For a misalignment equal to the alignment tolerance (Fig. ), the waveguide
width is constant throughout the stitch region, and angles by 6 with respect to the
input and output waveguides. Thus, the lateral misalignment is accommodated by a
corresponding length of waveguide with offset angle . The widening of the waveguide
should be adiabatic enough that mode conversion loss is negligible, so the loss of the
stitch can be entirely attributed to the junctions at either end of the angled waveguide,
where the propagation direction changes and the phase fronts of the waveguide modes are
misaligned. Accordingly, we refer to the stitched waveguide of Fig. [6.1h as an “abrupt”
stitch, and our optimized design of Fig. as an “angled” stitch consisting of two

“angled” junctions.

Measurement and Modeling

We validate our design using 100 nm thick silicon nitride waveguides in a CMOS-
foundry ultra-low loss photonic platform [I0]. Prior work in a similar platform [16] [15]
for which 0.1 dB/m loss is achievable [I1] demonstrated abrupt stitching junctions with an
estimated loss of 0.006 dB/stitch, contributing around 0.2 dB/m to the total loss in a 3 m
delay line. We demonstrate our improved stitching method by fabricating stitched delay
lines 23 m in length with an order-of-magnitude lower stitching loss (Fig. . In our

design, the input to the stitch is a single-mode waveguide of 2.8 pm width. We select dyax
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1cm

Figure 6.2: Fabricated 200 mm wafer with stitched, 23 m long, delay lines
on the perimeter of each die. The delay line of the center die has been highlighted.
Fach die consists of two stitched reticles. The interior of each die is occupied by test
structures. Reproduced from [IJ.

a. b.

Figure 6.3: Micrographs of stitching test structures. (a) Micrograph of vernier—
type alignment test structure between adjacent reticles. Each half of the mark is
exposed separately, each mark represents an additional 10 nm alignment bias between
left and right reticles. We estimate an alignment error below 20 nm. (b) Stitched race-
track resonator test structure. (c¢) Micrograph of stitched waveguides in a resonator.
Reproduced from [1].
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Figure 6.4: Experimental stitching results. (a) Measured stitching loss versus
wavelength for each test structure. Nine configurations were measured, consisting of
three different stitch lengths each evaluated for three mask offsets. (b) Comparison of
measurement with simulation of our design at 100 nm misalignment. Reproduced

from [1]).
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of 300 nm, so that the waveguide widens to a width of 3.4 pm at the edge of the reticle.
When exposed, adjacent reticles are overlaid by 500 pm. We design structures with stitch
length L of 20 pm, 100 pm, and 450 pm. We observe a lateral misalignment below 20 nm
on the fabricated wafer (Fig. ), so we use mask bias to apply additional misalignment
(y-direction) of -100 nm, 0 nm, and 100 nm for each stitch length. We fabricate a stitched
racetrack resonator for each configuration (Fig. ) The resonator transmission spectra
were measured and fitted to determine the resonator round-trip loss, and compared to
a control device from the same die, consisting of a non-stitched resonator of identical
dimensions. Any excess round-trip loss of the stitched devices versus the control device
was attributed to the stitch design. The control device features an intrinsic () factor of
45 M and round-trip loss of 0.005 dB at 1550 nm wavelength, allowing us to measure very
low stitching losses. The measured data is presented in Fig. [6.4h. For 20 pm, 100 pm,
and 450 pm stitch lengths, the mean stitching losses, averaged over 100 nm bias and
spectral range 1510 nm to 1600 nm, are 0.0167 dB, 0.0014 dB, and 0.00041 dB, with
standard deviations of the means 0.0003 dB, 0.00008 dB, and 0.00004 dB, respectively.
The measured loss of 0.0004 dB/stitch represents an order-of-magnitude improvement
compared to prior work [16] 5.

We compare our measured results with simulation. Rather than simulate the full
structure, we observe that for short stitch lengths, we expect input and output waveguide
modes to couple directly through the near-field such that the loss approaches that of
an abrupt junction, which we simulate by the modal overlap of the input and output
waveguides with 100 nm alignment error. For large stitch lengths, the stitch is modeled
by two junctions of waveguides with propagation directions differing by 6, which we
calculate by finite-difference-time-domain simulation. The waveguide width of the stitch
at the angle junction tapers up to dyax wider than the input waveguide (W) depending

on the misalignment, but dyax < W so the dependence of loss on misalignment is small.
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The waveguide width at the junction is simulated as W + dyax, which provides a tight
upper bound on the loss. The results of these two models are plotted with the measured
stitching loss (Fig. ) The loss of the 20 pm device agrees with the abrupt junction
model, whereas the losses of the 100 pm and 450 pm devices agree with the angled
junction model. Indeed, this suggests for a given misalignment (in this case 100 nm),
the abrupt junction model imposes a maximum loss for the stitched waveguide, that is,
the abrupt junction model is valid for stitch lengths below the point at which the models
intersect (here, 35 pm), while the angled junction model is valid above it. The data of
Fig. are consistent with this interpretation: the loss in an abrupt junction should
vary with the alignment error, and the loss in the 20 pm long stitch indeed exhibits the
lowest loss for 0 nm alignment bias. On the other hand, we expect the loss in the angled
junctions to depend only on the angular misalignment 6 ~ dyax/L, independent of the
alignment error 0. Accordingly, the measured losses in 100 pm and 450 pm long stitches
do not depend on alignment bias.

We use our validated model to compare the performance of seamless “angled” stitch-
ing method to the typical “abrupt” stitching method. Indeed, other authors [5] have
employed abrupt stitching of 10 pm wide waveguides to achieve loss of 0.004 dB/stitch.
While the abrupt stitch itself occupies zero length, the mode converters on either side
of the stitch must be included in the length as well. We calculate the necessary length
according to Milton and Burns [18] L = n.gWnax?/a), where L is the total length of the
abrupt stitch including two mode converters, Wyax is the width of the waveguide at the
abrupt stitch, nqg is the effective index of the mode at the stitch, a = 1 is a scaling factor
unity or lower for low-loss, and A = 1550 nm is the wavelength. The loss of the stitch
is then calculated by mode overlap at the wide-waveguide abrupt junction. For simplic-
ity, the conversion from single-mode to multi-mode is assumed lossless. In Fig. we

compare the abrupt stitch loss to the angled stitch loss for an alignment error of 100 nm.
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In the angled stitch design, we retain the 2.8 nm silicon nitride waveguide width at the
stitch input and output, but choose dyax of 100 nm. This reduction of dyax from 300 nm
in measured devices to 100 nm still represents a conservative alignment error, since a 3o
value of alignment error below 18 nm is achievable for deep-UV stepper lithography [17].
The abrupt stitch loss is simulated up to a waveguide width of 10 pm. For stitch length

beyond 12 pm, the angled stitch outperforms the abrupt stitch.
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Figure 6.5: Simulated loss vs length of “abrupt” and “angled” stitching at
100 nm alignment error for a, 100 nm thick silicon nitride waveguides and b, 220 nm
thick silicon waveguides. To compare the loss and length of abrupt stitches with
angled stitches, abrupt stitch loss is simulated as a function of waveguide width, while
the length is calculated as the length of the corresponding mode converters for each
waveguide width. Reproduced from [I].

To demonstrate the generality of the approach, we also consider widely-available,
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220 nm thick, deeply-etched silicon channel waveguides. In this stitch design, we adopt
400 nm single-mode waveguide width at the input and output of the stitch, dyax of
100 nm, and we again simulate the performance of our design as a function of stitch
length L (Fig. [6.5b). The abrupt stitch loss is simulated up to a waveguide width of
14 pm. Our optimized design in this silicon waveguide platform approaches 0.001 dB per
stitch for a stitch length below 10 pm, compared to over 50 pm in the silicon-nitride-
based design. We attribute this reduction to the narrower waveguide width of 400 nm,
compared to 2.8 pm. This is because a narrower optical mode, for the same angle 6,
accumulates less phase error across its width due to the mismatched phase fronts at the
angled junction. At a stitch length of just 6 pm, our silicon waveguide stitch design
achieves approximately 50-fold lower loss for the same length, or approximately 50-fold

smaller footprint at the same level of loss, compared to the abrupt stitching approach.

Discussion

In conclusion, we presented a novel method for stitching photonic waveguides to en-
able seamless transitions between reticles. We demonstrated both in simulation and
experiment that it produces stitched waveguides with smaller footprint and lower loss by
over an order of magnitude compared to prior approaches. For delay lines and interfero-
metric gyroscopes where the waveguide crosses a stitching boundary multiple times per
round trip, ultra-low stitching loss is critical. In our 23 m long device, the 332 stitches
contribute just 0.13 dB to the total loss. However, for optical switch and interconnect
applications, no signal path should cross a stitching boundary more than a handful of
times, so the small stitch footprint is more valuable. Indeed, an abrupt stitch limits the
pitch of waveguides crossing the reticle boundary to a value above the waveguide’s width

—over 10 pm in prior works [5]. In our approach, the width of the stitched waveguide can
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be kept close to the single mode width, allowing a high density of waveguides to traverse
reticles. Furthermore, while our approach was developed for the case of deep-UV stepper
lithography in a foundry context, we note that it could be applied to the contact, i-line
stepper, and even E-beam lithography tools that are common in research contexts.
Initially driven by demand for low-cost interconnects for datacenter networks and
high-performance computing, photonic integrated circuit performance and scale have
grown dramatically in recent years. Large-scale devices have emerged: high-radix op-
tical switches; optical phased arrays for LiDAR, free-space communications, and aug-
mented /virtual reality displays; meshed interferometer networks for artificial intelligence,
machine learning, and quantum computation; and ultra-low loss delay lines and res-
onators for nonlinear optics and metrology. Many of these applications have already
demonstrated PICs at or beyond the single reticle limit, and will continue to grow as
fabrication yields improve. We believe low-loss multi-reticle photonic integrated circuits

will soon become a critical tool in the optical system designer’s toolbox.
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Chapter 7

Deuterated silicon dioxide for
heterogeneous integration of

ultra-low-loss waveguides

Ultra low-loss waveguide fabrication typically requires high-temperature annealing be-
yond 1000 °C to reduce hydrogen content in deposited dielectric films. However, realizing
the full potential of ultra low loss will require integration of active materials that can-
not tolerate high temperature. Uniting ultra low-loss waveguides with on-chip sources,
modulators, and detectors will require low-temperature, low-loss dielectric to serve as
passivation and spacer layers for complex fabrication processes. We report a 250°C
deuterated silicon dioxide film for top cladding in ultra low-loss waveguides. Using mul-
tiple techniques, we measure propagation loss below 12dBm™! for the entire 1200 nm to
1650 nm range and top-cladding material absorption below 1dBm™! in the S, C, and L

bands. The contents of this chapter were originally published as [1J.
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Bonded IlI-V active material

Low-temperature deposited SiO-

Bonded Si waveguide

(a) (b) (c)

Figure 7.1: Diagram of the heterogenous integration approach in [12] for the
waveguide geometry used in this work. (a) The ultra-low loss waveguide with
its optical mode profile overlaid, (b) the silicon to ultra low-loss transition, and (c)
the hybrid silicon/III-V active waveguide. Low temperature oxide, indicated above, is
necessary for passivation and electrical routing after I1I-V material has been bonded.
It must also have low optical loss, as it overlaps the mode of the ultra low-loss waveg-
uide at (a). Reproduced from [IJ.

Introduction

Recent advances in ultra low-loss (<10dBm™!) waveguide technology have enabled
photonic integrated circuit (PIC) demonstrations of a variety of applications typically in
the domain of fiber and bulk optics, including narrow linewidth lasers [2] 3], 4], [5], optical
gyroscopes [0l [7], and nonlinear optical frequency conversion [8,[9]. However, the majority
of ultra low-loss devices require co-packaging with fiber [10] or active PICs [5], 4] [I1], since
integration of on-chip light sources is highly challenging. To date, the only technology
capable of providing electrically-pumped light generation and detection to ultra low-loss
devices on a single chip is heterogeneous integration of III-V semiconductor gain media
I3, 12.

Through heterogeneous integration, active material is bonded above the passive waveg-
uide so that light may couple vertically between active and passive layers. After the active
material has been bonded, a strict thermal budget must be imposed for all following pro-
cess steps, otherwise coefficient of thermal expansion mismatch with the substrate will
cause proliferation of material defects in the gain medium [13, 14]. However, as shown in
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Figure 7.2: Absorbance of SiOs:H and SiO3:D thin films by Fourier-trans-

form infrared (FTIR) spectroscopy. The fundamental SiO-H vibrational mode

at 2.73 pm shifts to 3.74 pm for SiO-D. The full FTIR spectrum is shown in the in-

set. A model of the Fabry-Perot ripple was fitted over 2500 cm™! to 4000 cm ™' and

subtracted to reveal the absorption spectra of the fundamental vibrational modes of

SiO-H and SiO-D as shown above. Reproduced from [1J.

Fig.[7.1] any additional passivation or spacer dielectrics for electrical routing will become
upper cladding for the low-loss waveguide, and must therefore exhibit low loss without the
high temperature annealing typically required to reduce hydrogen content [I5] [16]. This
barrier to heterogeneous integration is especially severe for high aspect-ratio waveguides
in which the optical mode is squeezed into the cladding to achieve losses below 1 dBm™!
[17, 2]. To integrate gain media with such devices without degrading performance, a
low-loss, low-temperature deposited oxide cladding is required.

This problem is also relevant to the nonlinear integrated photonics community. As
the field moves beyond the well-studied silicon nitride waveguide, promising new non-
linear platforms have emerged which require low-loss top cladding, but cannot tolerate
high-temperature annealing. These include LiNbO3 [9], AlGaAs [1§], and GaP [19] on
insulator, all formed by direct wafer bonding. It also includes Tay,O5 [20] which un-

dergoes phase change at 650°C. Furthermore, for integrated atomic clock applications,

probing atomic resonances around 700 nm by frequency doubling will require eliminating
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the SiIO—H absorption at 1390 nm.

In this work, we explore plasma-enhanced chemical vapor deposited (PECVD) SiO,
films from a deuterated silane (SiD,) precursor. We choose the PECVD technique due
to its ability to provide high-quality, conformal silicon dioxide films at low deposition
temperature, as opposed to other chemical vapor deposition (CVD) techniques that re-
quire high temperature, or wafer bonding [I7] which requires a planarized surface and
so cannot provide a conformal coating. The main impact of the isotopic substitution of
deuterium for hydrogen in the PECVD film is to shift the fundamental SiO—H absorption
from its peak value at 2.73 pm to 3.74 pm, as shown in Fig. [7.2] In the near-infrared, the
corresponding first overtone of this absorption shifts from 1390 nm to 1870 nm, reducing
the material loss in the technologically important C and O telecommunications bands. A
summary of known hydrogen-induced absorption peaks in SiO4:H and their correspond-
ing locations in SiOy:D can be found in [2I]. While deuteration has been used to deposit
PECVD silicon nitride [22], 23], and to suppress O—H losses in optical fibers [21], 24],
deuterated silicon dioxide (SiO4:D) has yet to be thoroughly explored in the context of

integrated photonics.

Experiment

We employ a silicon nitride waveguide with 90 nm thick and 2.8 pm wide core, which
is single mode in the C band. Due to the high-aspect-ratio design, the mode (shown in
Fig.[7.1p) has a large overlap with the cladding and low impact of sidewall roughness al-
lowing for loss as low as 1dBm™! [15] — ideal for probing the intrinsic material loss limit
of the SiO4:D top cladding. We note that to measure the loss of the low-temperature top
cladding, high temperature processes are used to prepare a low-loss lower cladding and

core. To prepare the samples, 90 nm of stoichiometric SisN, is deposited via low-pressure
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Figure 7.3: Overview of OFDR and resonator loss measurement techniques.
(a) Fitting the slope of the backscattered OFDR signal as a function of distance
allows for (b) measurement of waveguide loss as a function of wavelength. For the
2m segment analyzed in (a), the fitting generates a 95 % confidence interval (CI) of
4+0.07dB m~! indicated by the shaded area in (b). Through design of the (c) resonator
and coupler mode, and (d) fitting the optical linewidth, we demonstrate (e) robust
fitting of multiple resonance spectra to measure spectral dependence of propagation
loss, with mean 95 % CI of £0.025dBm™!. Reproduced from [I].
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chemical vapor deposition from dichlorosilane and ammonia precursors on 15 um of ther-
mal silicon dioxide at 800 °C. The silicon nitride layer is patterned using 248 nm deep UV
lithography and inductively-coupled plasma (ICP) etching in CHF3/CF,/O, gas. Prior
to top cladding deposition, the samples are annealed at 1050 °C for 7h. We measured
that this reduces the residual SiN—H overtone at 1520 nm from over 50 dBm™"! to about
1dBm™!. Finally, the low-temperature top cladding is deposited to a thickness of at
least 1.5 um by inductively-coupled plasma chemical vapor deposition. The deposition
parameters were: 5 sccm SiHy, 15 sccm Og, 800 W ICP power, 0 W radio-frequency (RF)
bias power, 5 mTorr chamber pressure, and 250 °C temperature. This recipe produces
a film with refractive index of 1.459 at 632.8 nm and 1.451 at 1550 nm wavelength as
measured by ellipsometry. After depositions with SiH, were complete, the line was evac-
uated and swapped to a SiD, gas cylinder with 99 % isotopic enrichment, and depositions
were carried out with the same recipe parameters. The silane mass flow controller was
not recalibrated after switching to SiD,, as film parameters such as buffered oxide etch
rate and refractive index were observed to be insensitive to minor changes in gas flow.
Devices in the following configurations were prepared: (1) 2.8 pm wide waveguide with
SiH-based top cladding, and length either 0.8 cm or 0.5m, (2) 2.8 pm wide waveguide
with SiDy-based top cladding, and length 3 m, and (3) whispering-gallery ring resonators
with SiD-based top cladding, designed with long, phase-matched pulley couplers [25] as
shown in Fig. [7.3[c) for selective coupling to the fundamental mode in either the C or
O bands. All devices were laid out with at least 1 mm bend radius to ensure negligible
bend loss.

Finally, samples were diced into chips, and tested by edge coupling using cleaved fiber
and index-matching gel with coupling loss of approximately 3dB per facet. In order to
measure waveguide loss, multiple techniques, each with unique benefits and drawbacks,

were used to probe the loss at various wavelengths. By comparing them, we were able
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to obtain loss estimates with high accuracy and spectral resolution.

e Optical frequency domain reflectometry (OFDR) (Luna OBR 4400 and 4413) was
used to measure propagation loss over 1525 nm to 1610 nm and 1280 nm to 1340 nm.
Spectral data was obtained by analyzing the backscatter signal in 5 nm windows at
0.5nm increments, shown in Fig. [7.3|(a-b). OFDR provides an accurate measure-
ment of propagation loss that is independent of coupling loss to the chip, however
precision is proportional to the propagation distance and can require prohibitively

long lengths due to the stochastic nature of distributed backscatter.

e Ring resonator linewidth was measured using a tunable laser (Keysight 81608A)
and photodetector over 1240 nm to 1380 nm and 1450 nm to 1650 nm. By fitting the
lineshape of under-coupled ring resonators, accurate measures of propagation loss
could be obtained in wavelength ranges where OFDR was not available. As shown
in Fig. [7.3[d-e), the uncertainty introduced by fitting is negligible. Instead, the
precision of the measurement was limited by phase noise of the laser, which caused
jitter in the tuning rate. This source of noise can be addressed by simultaneous use

of an interferometer to correct the tuning rate [10].

e Tunable laser (TL) (Keysight 81608A) transmission spectrum over 1240 nm to
1380 nm and 1450 nm to 1650 nm was able to resolve fine spectral features. How-
ever, due to uncertainty in the coupling loss it was necessary to reference this
data to more accurate measurements such as OFDR and ring resonator linewidth.

Broadband spectral dependence of coupling loss also distorts the data.

e Superluminescent diode (SLED) transmission spectra, spanning 1200 nm to 1700 nm
and measured with optical spectrum analyzer (OSA) (Yokogawa AQG6370C), pro-
vided broadband estimates of waveguide loss. However, difficulty of obtaining con-
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sistent coupling to the chip over a broad wavelength span, as well as environmental
perturbations due to long scanning duration required to improve OSA sensitivity,
led to severe uncertainty in coupling loss to the chip, in particular large spectral
variability of the coupling loss. As such, while the spectra produced by this method
provide qualitative insight into resonance wavelength and magnitude, the accuracy
is poor when fiber-to-chip coupling losses greatly exceed accumulated propagation
loss within the waveguide. This problem is more acute in spectral windows where

the propagation loss is low.

1000 k SiO—H — 0.5m, OFDR
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B I N 3m, SLED (SiD
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Figure 7.4: Waveguide loss with top cladding from SiH, precursor. Uniform
offsets were applied to the SLED transmission spectra to obtain approximate agree-
ment with OFDR-measured loss in the C-band. We also show the loss from SiD,
precursor (reproduced from Fig. to demonstrate 30x reduction at the 1390 nm
peak. Reproduced from [IJ.

The data obtained by these techniques are summarized for SiO4:H top cladding in
Fig.[7.4] and SiOy:D top cladding in Fig. [7.5] with a comparison of the two in Fig. In
particular, we observe that the loss from the SiO—H overtone at 1390 nm is thirty times
lower, reduced from 300dBm™"! to 10dBm™!. We attribute the residual absorption at
this wavelength to isotopic impurity of the source and trace HyO contamination within

the chamber. Regarding the other absorption features, deuteration shifts the 1240 nm
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Figure 7.5: Waveguide loss with top cladding from SiD, precursor. Uniform
offsets were applied to SLED and TL transmission spectra to obtain approximate
agreement with OFDR and ring resonator data in C and O bands. Reproduced from

(1.

Loss [dB/m]

—_
[\

—_
o

(o]

(e]

N

loss data
loss model
scattering model

~ -
-
~
-~
-
==
-
-

-~
-~

1300

1400
Wavelength [nm]

1500

Figure 7.6: A simple model including scattering and material losses was fitted
to data from Fig. [7.5] for waveguides with deuterated top cladding. The region above
the scattering model has been shaded to indicate where the material loss is below

1dBm™L.

The scattering loss follows a 1/A\ dependence where p = 3.86 £ 0.04,

while each absorption is approximately modeled by a Lorentzian resonance (95 % CI,

R? = 0.99). Reproduced from [I].
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SiOy:H resonance, visible in Fig. , to 1680nm [21], the tail of which is visible in
Fig. [7.5 SiO,:H absorption lines at 950nm and 1130nm are shifted to 1270nm and
1580 nm following deuteration [21], as observed in Fig.[7.5] Common to both of Fig. [7.4]
and Fig. is the residual 1520nm SiN—H overtone absorption [22, 23] due to the
waveguide core.

To infer the relative contributions of scattering loss and material absorption loss,
we fit an approximate model to the data in Fig. [7.5] We adopt a scattering loss model
age < 1/ where ay. is the scattering component of propagation loss, A is the wavelength,
and p is a fitted parameter. Based on analytical scattering models, we expect p ~ 4
[15]. In addition, we also fit a Lorentzian distribution to each of the absorption peaks
around 1270nm, 1390 nm, 1520 nm, 1580 nm, and 1680nm. As the O—H absorption
feature in reality consists of multiple overlapping vibrational modes [26], a Lorentzian
fit to a single line has limited accuracy. Nonetheless, an adequate fit to the data was
obtained, as shown in Fig.[7.6, We conclude that in the transmission windows 1310 nm to
1360 nm and 1440 nm to 1630 nm, the majority of propagation loss is due to scattering,
with material absorption contributing below 1dBm~!. We note that the 1520nm peak

1 is associated with the core, rather than the top

contributing approximately 1dBm™
cladding. Furthermore, as shown in Fig. the loss measured by OFDR in a single-
mode waveguide (2.8 pm width) agrees closely with the loss extracted from resonance
fitting of whispering gallery mode resonators (12pum width). Since sidewall scattering
loss typically falls with increasing waveguide width [27], we conclude sidewall scattering

is negligible, and that the scattering loss is mostly due to roughness at the top surface

of the waveguide core (R, = 0.4nm).
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Discussion

As the field of integrated photonics matures, it will move beyond the communications
O, S, C, and L wavelength bands studied in this manuscript. In particular, the visible
and near-visible wavelength ranges of 0.4 pm to 1.0 pm will be of interest for applications
involving quantum information [28] and frequency stabilization to atomic resonances [29].
Nonetheless, we believe that the low-temperature, low-loss cladding material developed
in this work will prove critical to heterogeneous integration of frequency-doubling based
approaches [29], as such systems will still require ultra-low loss in the near infrared.
However, we expect that deuteration will provide reduced benefit to propagation loss in
the near-visible, since O—H absorption bands in this spectral range correspond to orders-
of-magnitude weaker fourth and fifth harmonic overtones of the O—H bond resonances,
rather than second and third harmonic overtones in the near infrared [30), 21]. Rather, we
expect losses in this range to dominated by scattering losses due to the 1/\* dependence
of scattering loss on wavelength as discussed above.

In conclusion, we have demonstrated a high quality, 250 °C SiO, film for use as top
cladding in ultra-low-loss waveguides. In high-aspect-ratio silicon nitride, we measured

1 and material absorption loss below 1dBm™!

a total propagation loss below 5dBm™
across the entire S, C, and L bands without annealing after top cladding deposition. We
believe this approach will be critical for integration of active III-V material with ultra-
low loss waveguides and other platforms with limited thermal budget, thereby enabling

a new generation of compact, all-on-chip narrow linewidth lasers, sensors, and nonlinear

devices.
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Chapter 8

Piezoelectrically tuned silicon

nitride resonator

Typical integrated optical phase tuners alter the effective index. In this chapter, we
explore tuning by geometric deformation. We show that tuning efficiency, V. L, improves
as the device size shrinks down to the optimal bend radius, contrary to conventional
index-shift based approaches where VL remains constant. We demonstrate that this
approach is capable of ultra-low power tuning across a full FSR in a low-confinement
silicon nitride based ring resonator of 580 pm radius. We demonstrate record performance
with Vpsg = 16V, VL = 3.6 VdB, V,La = 1.1V dB, tuning current below 10nA, and
unattenuated tuning response up to 1 MHz. We also present optimized designs for high
confinement silicon nitride and silicon based platforms with radius down to 80 pm and
45 pm, respectively, with performance well beyond current state-of-the-art. Applications
include narrow-linewidth tunable diode lasers for spectroscopy and non-linear optics,
optical phased array beamforming networks for RF antennas and LIDAR, and optical
filters for WDM telecommunication links. The contents of this chapter were orignally
published as [I].
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Introduction

Ultra-low loss integrated photonic platforms are universally hamstrung by a lack of
effective phase tuning mechanisms. The typical thermo-optic tuning approach requires
1mW to 100mW per free spectral range (FSR) per device in silicon-based platforms
[2, B3], and 200mW to 500mW per FSR per device in silicon nitride-based platforms
[4]. Electro-optic or charge-carrier-based approaches tend to increase propagation loss
and degrade device performance. Demonstrations of tuning by the photoelastic effect
show low propagation losses and low tuning power, however the effect is weak, requiring
impractically long devices to tune by a full FSR [B, [6]. Real-world optical beamforming
networks for RF antennas [7, 8] would require thousands of devices [4], so low tuning
power, low optical loss, and small size are required for practical applications. In this
work, we will show that all three requirements may be simultaneously satisfied by a
purely geometric tuning approach. We demonstrate this by incorporating a PZT thin
film piezoelectric actuator with suspended waveguides. In what follows, we will present

the theory, detailed analysis of the design, and comparison with current state of the art.

Theory

Within an optical resonator, the resonance condition is expressed as
Lneg = mA (8.1)

where L is the round-trip device length, n.g the effective index of the optical mode,
A the free-space wavelength, m the longitudinal mode number and a positive integer.

This results in a periodic array of resonance wavelengths, with spacing given by the free
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spectral range (FSR)
/\2

ngﬁgL

Alpsr =

(8.2)

where ng o is the effective group index. Tunability by an FSR, representing a 27 phase
shift, is a critical metric, as it allows for aligning a resonance to any arbitrary wavelength.
Equivalently, tuning by an FSR corresponds to changing the longitudinal mode number

by exactly 1 for fixed wavelength, that is,

Am =1 (8.3)

AN =0 (8.4)

Differentiating Eq. (8.1]), and substituting Eq. (8.3) and Eq. (8.4), we obtain
LATLQH -+ neﬁAL =\ (85)

Typical approaches to tuning employ the first term on the left hand side of Eq. .
Instead, we target the second term on the left hand side of Eq. . By fabricating
a piezoelectric actuator on a suspended membrane containing an optical ring resonator,
we form a radially symmetric unimorph cantilever structure, shown in Fig. B} In a

piezoelectric material, electric fields are related to mechanical deformation through [9, 10].

T =—eE+ S (8.6)

D=eS+é°E (8.7)

where e and e are piezoelectric stress tensors, S the strain tensor, T' the stress tensor,
c? the stiffness tensor, D the electrical displacement vector, E the electric field vector,

and €° the dielectric permittivity tensor. With the application of an electric field across
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Figure 8.1: Geometry for fabricated devices. Undercut of the ring allows the
resonator to deform, straining the waveguide and tuning the optical resonance. (a)
The geometry is roughly symmetric about the dashed cross-section plane. Devices
were designed with two coupled bus waveguides in the add-drop configuration. (b)
Detail view of the area denoted by solid rectangle in (a). Simulated TM optical mode

profile and device shape under 0V (c) and 16V (d) applied bias to PZT actuator. (e)
radial displacement in nm between (c) and (d). Reproduced from [1].

(b)

100 um undercut
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the actuator, an in-plane contraction of the piezoelectric causes the structure to curl
upwards (Fig. B.1f(c), B-(d)). This upwards displacement is accompanied by a radial
displacement, AR, (Fig.|8.1)e)), and corresponding contraction in the path length of the
ring resonator, AL, given by

AL = 27AR (8.8)

Ignoring any perturbation to the effective index (Anez = 0), and substituting Eq. (8.8))
into Eq. (8.5) we observe that the required radial displacement for tuning by an FSR is

in fact independent of device size and is given by

AR = A

— 8.9
2T Nefr (89)

To explore the relationship between tuning efficiency and device size, we consider a
fixed cross sectional geometry (as in Fig. [8.1[(b)), fixed tuning voltage, and fixed released
membrane distance, changing only the bend radius. We note that even a device ap-
proaching infinite bend radius (corresponding to a straight waveguide) still experiences
a radial (i.e. lateral) displacement under applied voltage that is identical to the lateral
displacement of a unimorph cantilever beam with the same cross-section. Thus, in the
limit of large bend radii, we expect the radial displacement to be independent of device
radius.

Since the required radial displacement for tuning by an FSR in Eq. , and the
radial displacement itself are both independent of device radius, we conclude that a
device design tunable by an FSR remains tunable by an FSR as device size is reduced,
so long as the bend radius is large. However, since FSR grows as the device size is
reduced in Eq. , this leads to the counterintuitive result that the tuning range of

the device actually improves as the device size is reduced. When the device radius
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Figure 8.2: Geometry for proposed devices. (a) cross-sectional geometry based

on dual strip SiN waveguide of [II]. (b) cross-sectional geometry based on deeply

etched SOI waveguides. TE mode within the dual-strip nitride waveguide under 0V

(c) and 30V (d) bias. TE mode within the silicon waveguide under 0V (e) and 30V

(f) bias. Reproduced from [I].
becomes comparable to the released distance, the structure will stiffen as the radius is
further reduced and eventually the ratio of tuning range to FSR will fall. We show in
the following section that there is an optimal bend radius, on the order of the release
distance, for which the absolute tuning range is maximized.

In contrast, tuning caused by electro-optic effect is linearly proportional to applied
voltage and interaction length, leading to a natural figure of merit VL which remains
constant as device length is changed, where V. is the voltage required to induce a 7 phase
shift. Borrowing this same figure of merit, we find that in the large radius limit of this

proposed structure, VL in fact decreases proportionally as we reduce the device length,

and it is V. that remains constant.
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Design

To demonstrate this principle, we select the high-aspect-ratio SisN, waveguide plat-
form of [I2]. However, since we hope to induce a significant geometric deformation
of the structure, we choose thinner upper and lower claddings of 1.5um and 4pm,
respectively. For the piezoelectric we select PZT due to its large piezoelectric coeffi-
cient ez ; of —8Cm™2 to —12Cm™2, an order of magnitude better than other read-
ily available strongly piezoelectric materials such as AIN (e3¢ = —1.05Cm™?2) or ZnO
(ez1r = —1.00Cm™2) [I3]. The designed geometry and mode profile of the fabricated
structure is shown in Fig. [8.1}(a), B.I}(b), B.1|(c). To explore the limits of the approach,
we will also consider the dual-stripe SizN, platform of [I1], and a deeply etched silicon-
on-insulator (SOI) waveguide platform, shown in Fig. [8.2(a) and 8.2(b), respectively.
For each design we choose a fixed undercut distance and maximum applied voltage, and
simulate the tuning range as a function of bend radius. Finite-element-method simu-
lations were carried out at 1550 nm in cylindrically symmetric geometry, incorporating
simultaneous effects of mechanical deformation as well as photoelastic index shift. The
photoelastic coefficients of amorphous SisN, are unknown in the literature; as a coarse
approximation, they were assumed equal to the photoelastic coefficients of SiO,. The
photoelastic coefficients of SiO, used were p1; = 0.121, p1s = 0.270, pyy = —0.075
[14], whereas the photoelastic coefficients of Si used were p;; = —0.094, p;o = 0.017,
pag = —0.051 [15]. Otherwise, standard literature values for the mechanical and optical
properties of Si, SiOs, SizNy, Pt, and PZT-5H were used. For the design of Fig. 8.1 16 V
was chosen as the simulation voltage, as it was the voltage for which we demonstrated
tuning by a full FSR. For the other designs, a simulation voltage of 30 V was chosen, for
a field of 300kV em™! consistent with the dielectric strength of high quality PZT films

16, 17, [18).
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Figure 8.3: Simulated tuning range versus ring radius for fixed undercut
distance and voltage for each design. Tuning range as (a) a fraction of FSR and
(b) in nm for the fabricated single-stripe nitride waveguide design (100 pm undercut,
16V bias). Tuning range as (c) a fraction of FSR and (d) in nm for the proposed
dual-stripe design (67 pm undercut, 30 V bias). Tuning range as (e) a fraction of FSR
and (f) in nm for the proposed Si waveguide design (37 pm undercut, 30 V bias). In
each case, the tuning penalty due to photoelastic effect is between 15% to 30% of
the total tuning range. When expressed as a fraction of FSR in (a), (c), and (e), the
tuning range is independent of ring radius for large radii. When expressed in absolute

terms in (b), (d), and (f), the tuning range tends to improve as ring radius shrinks.
Reproduced from [1].
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Table 8.1: Parameters and results for the simulations shown in Fig.
For each design, we determine the minimum bend radius tunable by a full FSR. At
this minimum bend radius, we also simulate the fundamental mechanical resonance
frequency to determine the maximum tuning speed. Reproduced from [I].

Platform Simulation Minimum Fundamental
parameters bend radius mechanical
resonance
Single-stripe SizsN, | 100 pm undercut 580 pm 550kHz at 0V
16V bias 550kHz at 16 V
Dual-stripe SizNy 67 pm undercut 80 pm 500kHz at 0V
30V bias 720kHz at 30V
SOI 37 ym undercut 45 pm 780kHz at 0V
30V bias 1100kHz at 30V

In Fig.[8.3|(a),[8-3((c), B-3|(e), we observe that the ratio of wavelength tuning to FSR is
independent of bend radius when the radius is much larger than the undercut distance,
consistent with our prediction of constant V. for large radii. However, even as the radius
approaches the undercut distance, the wavelength tuning range continues to improve, as
shown in Fig. [8.3(b), B.3[(d), B.3|f). Tuning efficiency improves as the device shrinks. To
quantify the impact of the photoelastic effect, the same simulations have been performed
setting photoelastic constants p1; = p1s = pg = 0, and the results displayed by the
dashed traces in Fig.[8.3 In all cases, the photoelastic effect represents a tuning penalty
ranging from 15 % to 30 % of the total tuning range, represented by the difference between
solid and dashed traces in Fig. [8.3] For each design, a minimum bend radius tunable
by a full FSR was determined, shown in Table [8.1] For released membranes under net
compressive stress, buckling of the membrane may occur [19]. For the minimum bend
radius of each design, a full 3D solid mechanics simulation was performed to confirm that

the membranes do not buckle for the range of applied voltages, which would negatively
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Figure 8.4: Fabricated device images. SEM (colorized) images have been tinted:
actuator-yellow, SiO,-blue, SisN,-magenta. (a) SEM image — oblique view. (b)
Cleaved ring resonator. (c) Cleaved waveguide core. (d) Height map by confocal
microscopy with image stitching. The color scale is non-linear, to emphasize vertical
displacement at the actuator surface. The distances marked 1 and 2, 75 pm and 155 pm
respectively, indicate the approximate undercut in those regions. (e) SEM image of
cladding, left rough by PZT actuator processing, adjacent to an etched trench and
diced facet. (f) AFM heightmap of rough upper surface. The rough surface impacts
propagation loss, but process optimizations should remedy it. Reproduced from [I].
impact tunability.
To characterize the tuning speed of the structures, we perform eigenfrequency stud-
ies within the cylindrically symmetric geometry. From the data tabulated in Table [8.1]
we observe that the mechanical resonance shifts to higher frequencies with applied DC
bias, an effect we attribute to the stress in the PZT causing a stiffening of the structure.
For each design, the resonant frequency of the fundamental vibrational mode is between
500kHz to 1000 kHz. This represents an upper bound on the highest frequency compo-
nent present in the driving electrical signal for quasi-static operation. Through direct

digital synthesis and low pass RF filtering of the driving signal, we expect a switching

time of 1 ps to 10 ps may be achieved.
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Fabrication

The fabrication of waveguides begins by forming a 4pm thick lower cladding by
thermal oxidation of a 100 mm diameter prime Si wafer. 175 nm of stoichiometric SizN, is
deposited by low-pressure chemical vapor deposition. The 2.2 pm wide waveguide core is
defined by deep ultra-violet lithography and etched by inductively-coupled-plasma (ICP)
reactive ion etch (RIE) with CHF3/0,/CF, gases. An upper cladding of SiOj is formed
by plasma-enhanced chemical vapor deposition (PECVD), and annealed at 1050 °C for
seven hours.

The fabrication of the actuator [20] begins by planarizing the top cladding by chemical-
mechanical polishing to 1.5 pm thickness. This step is critical to ensuring crack-free de-
position of the PZT. To form the actuator, Ti is sputtered and oxidized to form a 35 nm
seed layer of TiO, [2I]. This forms a template to sputter a 100 nm Pt lower electrode. A
PZT film with a Zr/Ti ratio of 52/48 is then deposited by chemical solution deposition
(CSD) [20, 22, 23] and heated to 700°C for 2 minutes by rapid thermal annealing in
flowing oxygen to crystallize the film. The process is repeated several times to form a
1 pm thick, (001) oriented polycrystalline film, with grain size on the order 100 nm. The
actuator is capped by a 100nm Pt top electrode and patterned in three RIE steps by
C,Fg/Cly gases. The first step etches the top electrode. The second step etches through
the PZT and lower electrode to stop on SiO,. The third step etches through the PZT to
access the lower electrode. Next, a contact metallization comprised of 730 nm Au/20 nm
Pt/20nm Ti is deposited by electron beam evaporation and patterned by lift-off.

Finally, deep trenches are etched adjacent to the waveguides through the SiO, to
access the Si substrate for release using ICP RIE with CHF3 etch gas. The wafers are
diced and the facets polished and coated by ion-beam deposition with a 250 nm layer of

Si0,. In the final step prior to testing and measurement, XeF, gas etches the exposed Si
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substrate through the deep trenches in order to undercut and release the waveguides.

Experiment

Images of fabricated devices are shown in Fig.[8.4l Until now, we have considered only
perfectly radially symmetric geometries. However, a practical ring resonator requires a
bus waveguide to couple light into the ring. To achieve this, the release trench along the
circumference of the resonator is interrupted, so that a bus waveguide may be run adjacent
to the ring waveguide. The bus waveguide itself is also released to avoid leakage of the
optical mode into the substrate. Due to intrinsic stress gradients within the oxide cladding
and stress mismatch between oxide and the actuator, the released structure curls upwards
and the waveguide core rotates, as demonstrated by simulation in Fig. 8.1c),8.1(d), and
real device in Fig.|8.4c). The height map in Fig.8.4{d) reveals that the release distance
is not uniform, due to irregular structure of the trenches through which XeF, gas etches
the silicon substrate isotropically for release. The undercut adjacent to the coupling
regions, marked 2 in Fig. [8.4{d), is greater than 155 pum, more than double the distance
in regions spatially distant from coupling regions, marked as 1 in Fig. [8.4(d), of about
75 pm.

The static tuning of the TM mode resonance as a function of applied voltage for the
best device is shown in Fig. [8.5(a). For the measurement, a tunable laser source was
coupled into on-chip waveguides through edge facets, and the response was measured by
a photodetector at the through port. Electrodes were contacted by DC probes, and the
spectrum was measured at each voltage bias. The device is tuned by a full FSR at 16 V
applied bias, consistent with a simulated resonator of 100 pm uniform undercut distance.
In this device, however, the undercut, measured indirectly as in Fig. |8.4(d), was greater

than 200 pm adjacent the coupling region, and about 86 m away from the coupling
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Figure 8.5: Static tuning across a FSR is demonstrated. Vpgr = 16V. (a)
Measured TM mode transmission spectra for the same device at various applied volt-
ages. Adjacent notches are dashed to clarify the tuning of a single resonance in solid.
(b) Simulated (lines) and measured (data points) tuning of TM mode versus voltage.
Nonlinearity in tuning arises due to large mechanical deformation and hysteresis in the
PZT. (c) PZT dielectric constant varies with the applied field and displays hysteresis,
characteristic of ferroelectrics. Device area is 0.01 cm?. (d) This hysteresis is observed
in the ring resonator tuning as the electric field is reversed. Reproduced from [I].
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region. This was the maximum amount of undercut achievable prior to structural failure
due to the concentration of compressive stress at sharp features near coupling regions.
In the simulated trace of Fig. [8.5[b), we observe that tuning is not perfectly linear.
This is due to the rotational component of the deformation shown in Fig. B.1fc), B.1|d).
The displacement of the cantilevered structure is normal to its surface, and thus as
the displacement increases, a larger fraction of the incremental displacement lies in the
radial direction. In the real structure however, the nonlinearity is more pronounced.
This is due to the ferroelectric nature of PZT, which was not included in the simulation.
The characteristic hysteresis of the dielectric constant, measured by the Sawyer-Tower
method, is shown in Fig. [8.5]c), and the resultant hysteresis in the device tuning is shown
in Fig. [8.5(d).

The leakage current was below 10nA, limited by equipment sensitivity, for voltages
below 5 V. For biases above 5V to 10 V, we observe a gradually increasing leakage current
versus time. Up to 20V bias, devices remain operational for several minutes during
which measurements were taken. At 25V bias, instantaneous failure was observed. We
credit this to abnormally high particulate count due to poor airflow from a PZT sol-gel
deposition process optimized for 150 mm wafers rather than 100 mm wafers. This resulted
in low dielectric strength and poor yield. For optimized processes, nA leakage currents
at long-term sustained bias above 30V are readily achieved [16], 17, 1§].

Following the design of [12] for a high extinction ratio TM mode filter, we expect the
high Q to be limited by coupling and coupler losses rather than propagation loss. We
measure ) = 8.6 x 10* in the TM mode. Lower propagation loss and coupling in the TE
mode yield @ = 1.0 x 10°. Ring resonator round-trip losses (including waveguide losses
and coupling losses from add and drop ports) were estimated by fitting ring resonator
spectral response to be 0.11dB to 0.12dB in the TE mode and 0.25dB to 0.27dB in TM

mode, corresponding to an upper bound of 0.30dBcm™! to 0.35dBcm™ for TE losses,
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and 0.65dBem™ to 0.75dB cm™! for TM losses. Absolute measures of waveguide loss are
attainable through optical backscatter reflectrometry (OBR) or cutback measurements,
however no waveguide spirals of sufficient length for OBR could be measured due to low
yield. For an identical released waveguide without any PZT processing, a waveguide loss
of 0.12dBem™! for the TE mode was measured by OBR, consistent with the results of
[12]. We attribute the additional 0.1dBem™! to 0.2dBem™! loss in the TE mode and
0.5dBem ™! to 0.6 dB em ™! loss in the TM mode both to coupling losses and extraordinary
roughness and deep pitting of the SiO, upper cladding surface from C4Fg/Cly RIE etch
used to pattern the PZT actuator. The TM mode is disproportionately impacted due
to its lower core confinement and larger mode area, resulting in a larger interaction
with the top cladding surface. For the same reason, the TM mode experiences a larger
coupling coefficient, as well as larger coupling losses. AFM scan and SEM image of the
top surface are shown in Fig.[8.4[(e),[8.4[f). The peak-to-peak vertical deviation is greater
than 200 nm, while the RMS roughness R, is 20nm. An alternative patterning processing
using an Argon ion-mill etch to pattern the actuator followed by wet etch removal of an
etch stop layer should reduce or eliminate top cladding surface roughness contribution
to loss in future fabrication runs.

The small signal frequency domain response of the tuning was characterized by fix-
ing the laser source wavelength to a value 3dB below maximum transmission, near a
resonance notch. A network analyzer supplies electrical input to tune the actuator, and
analyzes the resulting electrical output response of the photodetector. The measure-
ments were taken at 0V DC bias. The device capacitance is 10nF, the source output
impedance is 502, and there is approximately 4 () parasitic resistance. This indicates
an RC-limited response beyond 300 kHz. To obtain flat response to higher frequencies, a
10 Q resistor is placed in parallel with the device to shunt the capacitance, increasing the

RC frequency to about 1.3 MHz. The frequency response of the same device as in the
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Figure 8.6: Dynamic device response. (a) Measured resonator modulation re-
sponse of the device in Fig. [8.4(d) with regions of interest indicated by A, B, and C.
(b) Simulated vibrational eigenmode frequencies versus undercut. Fundamental (c)
and first higher order (d) vibrational mode shapes, respectively. Redder colors indi-
cate greater displacement from equilibrium. Simulated eigenfrequencies in (b) provide
insight into the real resonances in (a). We ascribe A and C to fundamental and first
order resonances of 100 pm to 160 pm undercut areas, respectively. We ascribe B to
fundamental vibrations of 80 pm undercut areas. (e) Measurement by laser doppler
vibrometry of the lowest frequency resonance. The movement is localized to the region
of largest undercut. Reproduced from [IJ.
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heightmap of Fig. 8.4(d) is shown in Fig. [8.6[a). At mechanical resonance, we observe
large enhancement of the tuning range. Furthermore, the frequency response exhibits
many distinct features, which we ascribe to localized oscillations of the released waveg-
uide membrane with frequency determined by the amount of undercut in the region of
oscillation. For example, Fig. (e) shows the vertical displacement field for the lowest
frequency resonance of a ring as measured by laser doppler vibrometry. The movement
is localized to just the small region near the directional coupler where the undercut is
largest. The relationship between undercut distance and mechanical resonance frequency
is given in Fig. [8.6|(b), where we model the vibrational eigenfrequencies as a function of
undercut distance in a radially symmetric geometry. We ascribe the strong resonance
peaks at 265kHz, 359kHz, and 430kHz indicated by A in Fig. [B.6(a) to vibrations in
areas adjacent to the coupling regions, where the undercut is 100 pm to 160 pm. For
this range of undercut distances, the model predicts fundamental vibrations (with shape
as shown in Fig. [8.6/(c)) at 200kHz to 500kHz. Distinct resonances at 1384kHz and
1700kHz correspond to higher order vibrations (in the shape of Fig. [8.6(d)) in the same
physical regions. Many competing resonances indicated by B are present in the 600 kHz
to 1000 kHz range which we assign to regions away from the directional couplers where
the undercut is consistently around 80 pm. In the radial direction, these modes have the
shape of the fundamental oscillation depicted in Fig. (C), but may have a significant
wavevector component in the azimuthal direction with slight change in frequency, leading
to the presence of many closely spaced resonances. The response falls off rapidly beyond

1 MHz, due to both RC limitations, and roll-off in the mechanical response.
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Discussion

V. denotes the voltage required to induce a 7w phase shift (rather than 27 for a
full FSR). We observe that this condition is met for about 10V in Fig. [8.6(a) in the
TM mode. For the TE mode, whose tuning is within 4% of the TM mode, we also
observe V; = 10V. For a 580 pm ring radius and TE waveguide loss of 0.3dBcm ™!, we
calculate VL = 3.6 Vcm, and V,La = 1.1 VdB. This value of VL is larger than values
achievable with silicon or ITI-V phase modulators. However, taking into account optical
losses through the V;La figure of merit, these results demonstrate tuning efficiency at
parity with current state-of-the-art phase modulators.

Free carrier plasma dispersion-based modulators in silicon can achieve modulation ef-
ficiency below 1V ¢m for pn-junction or MOS capacitor devices [24], 25, 26]. However, free

1 and

carrier absorption limits the propagation loss in these devices to above 10dBcm™
V.La > 10V dB. Phase modulators based on III-V quantum wells may reach better effi-
ciency, for example the II1I-V quantum well modulator demonstrated in [27] with VL =
0.09 V cm, and loss of 20dB cm™! leads to a figure of merit V;La = 1.8 V dB. Recently,
a III-V/Si MOS capacitor structure has achieved VL = 0.09 V em with 26 dB em™! loss
[28].

Phase tuners using electro-optic polymers have also been demonstrated with extraor-
dinarily low VL (< 0.1V cm), at the expense of high waveguide loss (> 10dB cm™1) [29].
In [30], a VL of 0.62V cm with loss of about 10dBcm™! was demonstrated. In [31], a
VL = 0.052V cm was demonstrated, with waveguide loss of 40dBcm™!, for a V, La of
2.08 VdB.

Ferroelectric ceramics with strong electro-optic (Pockels) effect have potential to re-

duce waveguide losses. By incorporating lithium niobate thin films on silicon, VL =

3.8Vem and o = 1.2dBem ™! have been achieved [32], yielding VyLa = 4.6 VdB. In
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[33], a thin-film epitaxially grown BaTiO3; modulator on MgO substrate was reported
with VL = 1.25V cm, and less than 1dBcm™! loss, for V,La = 1.25V dB. More recent
work on epitaxially grown BaTiO3 on silicon shows good modulation efficiency (1.5V cm)
but poor propagation loss (44 dBcm™') [34]. PLZT on sapphire [35] has demonstrated
VL =3Vecm, and o = 2.7dBem™! for a V,La = 8.1V dB. Recent progress using PZT
with lanthanide-based seed layer on a silicon substrate show impressive performance
(V.L = 1Vem, V,La = 1V dB) however losses (v ~ 1dBem™!) remain too high to
qualify as ultra-low loss [36].

An interesting approach is the stress-induced Pockels effect in silicon waveguides
[37], which could enable low-propagation-loss electro-optic phase tuning. The effect is
extremely weak however; to date VL = 89V cm has been reported [38]. AIN is another
interesting material platform for integrated photonics as it exhibits both piezoelectricity
and Pockels electro-optic effect. In [39], low waveguide propagation loss of 0.6 dBcm™! is
reported, however the tuning efficiency is also low, tuning just 15 pm across 30 V applied
bias. More recently [40], a tuning efficiency of VL = 240V cm has been reported.

Thermal phase shifters may be tuned by a full FSR down to extremely small device
sizes and low voltage, however in this case, it is the power requirement that is prohibitive.
In ultra-low-loss SizNy, 200 mW to 500 mW are required per device [4]. In Si, 10mW to
100 mW of power per device are typical, and 2.3 mW per FSR has been demonstrated
with undercut waveguides at the expense of tuning speed (170 ps) [3]. For applications
requiring thousands of devices, even single mW of DC power per phase shifter becomes
significant, and thermal crosstalk complicates system operation.

Prior to this work, optical MEMS based approaches have been explored by various
authors. For example, in [41], 42, [43], ring resonators are tuned by electrostatic actuation
of freestanding structures in the evanescent field of the waveguide. MEMS-actuated air-

gap directional couplers have been explored to create more dramatically reconfigurable
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optical systems [44], including a 50 x 50 crossbar switch [45]. Notably, in [46], a tunable
ring cavity is formed by two fully suspended silicon waveguide sections linked by air-gap
directional couplers. By lateral displacement of the waveguide sections relative to one
another, an impressive tuning range of 10 nm is achieved. However, techniques such as
those described above require complex structures within the mode of the waveguide that
tend to increase scattering losses, and their applicability to low-loss waveguide platforms
has yet to be demonstrated. In a similar vein, MEMS movable mirror approaches [47, 48],
49, [50] have also been demonstrated, however these approaches require free propagation
regions through air that add reflections and pose a challenge for integration into planar
light-wave circuits.

Dynamic actuation of the stress field in a waveguide by PZT has also been explored
[511, 521 53, 5] 6], with the potential for lower optical losses than the air-gap-based MEMS
approaches described above. Photoelastic modulation in a silicon-nitride-based low-loss
platform has been demonstrated [6]. While the effect is weak (VL = 50V cm), the waveg-
uide loss is low (=~ 0.1dBcem™!), leading to a reasonable performance V,La = 5V dB.
Recently, in [54], an AIN piezoelectric actuator was deposited on a suspended silicon
nitride waveguide to form a unimorph cantilever, in a geometry that bears similarity to
this work. However, due to an unoptimized geometry and low piezoelectric constants of
AIN relative to PZT, the tuning range is just 20 pm under 60V bias. Though a radial
displacement of 1nm is claimed, the tuning exhibits large polarization dependence, in-
dicating that tuning may be largely due to photoelastic index modulation, rather than
modulation of the physical length of the resonator. Thus, even among optical MEMS
based approaches, phase tuning is largely performed by perturbing the waveguide effec-
tive index. Those works that explore perturbing the cavity size have done so by employing
air-gaps, either in the form of free propagation regions [47, 48, 49| [50] or suspended di-

rectional couplers [46]. To the best of the authors’ knowledge, the in-plane component of
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macroscopic deformation in monolithic waveguides has been largely ignored until now.

Despite fabrication challenges which significantly degraded waveguide loss and limited
the applied voltage, the figure of merit V,La = 1.1V dB demonstrated in this work is
already at parity with the best reported numbers across all technologies. However, in
contrast to all approaches considered thus far (apart from thermal tuning), the tuning
efficiency, V. L, improves as the effective device size is reduced. Performance in the current
demonstration was constrained by the intrinsic compressive stress of about —260 MPa to
—320 MPa in thermally grown and deposited SiO, layers, leading to mechanical failure
for large undercut. This is especially severe in the coupling regions, where asymmetry
and sharp corners lead to high concentrations of stress. To bypass this limitation and
take advantage of the favorable scaling of the effect with reduced size, we present the two
optimized designs shown in Fig. [8.2(a), [8.2(b), discussed earlier. Notably, in the dual-
stripe SigN, based design, the combination of dual silicon nitride (> 800 MPa tensile
stress) layers within an oxide cladding of comparable thickness serve to balance the
overall stress in the structure. For the silicon-on-insulator based design, the silicon itself
is stress-free.

With regards to excess waveguide loss caused by the PZT fabrication and release pro-
cesses, we note that no excess loss was observed in structures without PZT processing, as
mentioned earlier. Furthermore, released structures have been demonstrated with qual-
ity factors up to 875 million for freestanding resonators, and 200 million with integrated
bus waveguides [55] [56]. While XeF, gas used for release is known to slowly attack SiO,
in the presence of Si [57], there is no evidence of roughening of the SiO, surface. Thus,
if the top-surface SiO, can be protected from PZT processing by the method proposed
earlier, this phase tuning technique may be applied with zero excess waveguide loss.

The propagation loss for dual stripe SisN, waveguides was reported in [I1] to be

0.08dBem™! to 0.09dBcm™!. In the modified design presented here, the core confine-
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ment is within a 10 % of the core confinement of the original design. Thus, we expect that
scattering loss at the core-cladding interface should be roughly identical in both configu-
rations. For a hypothetical dual stripe design with 0.09 dB cm ™! loss, 80 pm bend radius,
and tunable by a FSR with 30V applied bias, or a half-wave voltage of about 20V, we
estimate V;L = 1Vem and Vi;La = 0.09 VdB. For the silicon-based design with ring
radius 45 pm, we estimate a VL = 0.57 Vcm. A conservative estimate of 1dBem™! for
deeply etched Si waveguides would yield V; La = 0.57V dB, however, shallow etched sili-
con waveguides with sub 1dB cm™! loss have been demonstrated [58, 59, 60], which could
potentially push performance into V;La < 0.1V dB range. Similarly, recently improve-
ments in high-confinement silicon nitride waveguides [61] have yielded o < 0.01 dBcm™!
waveguide loss at similar bend radii. Applying this approach to such low-loss waveguides

would allow a further order-of-magnitude improvement in V, La.

Conclusion

We have presented a novel phase tuning approach by geometric deformation with
ultra-low power operation and tunability that scales favorably with reduced device size.
In a proof-of-concept demonstration, we have already demonstrated performance at par-
ity with state-of-the-art published results, with a clear path towards a further improve-
ment by an order of magnitude. We expect this work to primarily be of interest to
the ultra-low-loss community, and especially for the RF photonics community where low
propagation loss is critical, and bend radii of 100 pm and above are typical. If our pro-
posed design down to 45pm bend radius may be experimentally realized, this would
enable thousands of devices to be integrated on a single 20 mm by 20 mm die, with ap-

plications such as wavelength-selective crossbar switches, and optical phased arrays for

LIDAR.
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Chapter 9

Summary and outlook

After decades of development, integrated photonics has become a practical technology
with applications in communications, sensing, and computation. Using the benefits of
scalable, low cost manufacturing inherited from electronic integration, integrated pho-
tonics has provided low-cost, compact, and efficient solutions to problems for which
bulk-optic-based or fiber-optic-based systems would be infeasible. Contrary to integrated
electronic circuits, however, the transition from bulk optics and fiber optics to integrated
photonics often requires a sacrifice in performance, as integrated waveguides often exhibit
significantly higher propagation loss.

In this thesis, significant improvements to propagation loss in an ultra-low-loss sil-
icon nitride waveguide platform were realized through the transition from a university,
research-oriented clean-room to a commercial, CMOS foundry. As a result, propagation
loss in integrated waveguides as low as 0.1 dB/m were observed, leading to the demon-
stration of resonators with @) factors as high as 260 M, and record high finesse among
integrated devices. The relatively compact, mm-scale footprint of these devices enabled
corresponding innovations in device design, such that meter-scale waveguides could form

coiled resonators occupying less than 1 cm? area, novel resonator structures with im-
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proved modal selectivity could be engineered to enable a single-mode Raman laser, and
anywhere from tens to hundreds of devices could occupy a single reticle. Furthermore,
novel stitching structures were designed to enable large-scale optical systems to scale
beyond the single-reticle limit, with excess loss of just 0.0004 dB/stitch.

These novel capabilities enabled the demonstration of ultra-low-noise integrated lasers
with frequency-noise performance exceeding that of a commercial, high-performance fiber
laser. Furthermore, the performance of the platform was also shown to be sufficient to
enable ready access to various nonlinear phenomena, with demonstrations of Brillouin
gain, a Raman laser, and an integrated, ultra-low noise, Kerr-effect frequency comb with
turn-key operation.

In this thesis, a pathway to more complete, heterogeneous integration was also pro-
posed, in which direct wafer bonding or deposition of disparate materials could endow
ultra-low loss silicon nitride waveguides with additional capabilities. A low-temperature,
hydrogen-free, deposited silicon dioxide film was developed to enable back-end heterogeneous-
integration of I1I-V gain materials while retaining low waveguide loss. An approach to
introducing piezoelectric material on suspended silicon nitride waveguides was also pre-
sented, by which ultra-low-loss integrated photonic circuits could be reconfigured without
the energy inefficiency of thermal tuning. These approaches could eventually lead to com-
plete optical systems, including low-loss resonant cavities, efficient tuning, modulators,
photodetectors, and gain material, on a single substrate.

Building on these results, numerous directions for future research are potentially
fruitful. With regard to fabrication process improvements, a thorough understanding of
the precise sources of scattering loss, whether originating from the sidewall in the sili-
con nitride etch process, the top surface in the silicon nitride deposition process, or the
bulk materials themselves, may lead to further reduction in propagation loss. Process

improvements in the heterogeneous integration process presented in Chapter [7| could en-
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able extremely low frequency noise performance on a single chip. Further development
incorporating piezoelectric or electro-optic materials while retaining ultra-low loss could
enable efficient, large-scale, reconfigurable photonic systems with high performance. In-
novations in device design could also enable novel capabilities within this platform. For
example, use of gratings [1], higher-order modes [2], and multiple resonators [3] 4] 5], [6] has
already been explored by other authors to engineer nonlinear phenomena, as discussed in
Chapter 5] Finally, demonstrations of this ultra-low-loss integrated photonic platform to
real-world applications are also of interest. Coherent communications [7, 8], LIDAR [9],
and optical-atomic-clocks [10] for precision metrology are applications for which the low-
noise integrated lasers and frequency combs demonstrated herein are already applicable,

improving the noise, cost, and portability of such systems.
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Appendix A

Silicon-on-insulator photonic

integration

This chapter discusses the extension of the results achieved in silicon nitride waveguides
to silicon-on-insulator waveguides. In particular, the further improvement of propagation
loss in silicon-on-insulator waveguides is discussed with respect to improving the perfor-
mance of narrow-linewidth lasers, similar to Chapter [ If a similar level of loss could
eventually be achieved, a more straightforward demonstration of Hertz-linewidth lasers
on a single chip could be achieved by heterogeneous integration with silicon alone, obvi-
ating the need for ultra-low loss silicon nitride. Additionally, the PZT-on-silicon platform
proposed in Chapter [§|is extended to the fabrication of an acousto-optic modulator based

on a guided acoustic slab modes, known as flexure waves.

A.1 Ultra-low-loss silicon-on-insulator waveguides

Recent optimizations in silicon-on-insulator waveguide geometry have enabled hetero-

geneously integrated lasers to be directly coupled to high-Q) factor resonators on the same
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chip [I}, 2, B]. This section presents the result of process development to further reduce
propagation loss in ultra-low loss silicon waveguides. The primary differences between
this fabrication process and previous efforts on the same platform [I] involve photoresist
reflow, and a combination of dry and wet etch patterning of a SiOy hardmask, prior to

silicon etching.

100nm UCSB
X 35,000 20.0kV SEI SEM WD 7.1lmm

Figure A.1: Reflowed photoresist profile. Scanning electron microscope image of
a reflowed photoresist profile.

The fabrication process begins with a 100 mm diameter silicon-on-insulator wafer
featuring 500 nm thick silicon device layer and 1000 nm buried oxide, which is compat-
ible with heterogeneous I1I-V/Si integration [3]. A 180 nm silicon dioxide hardmask is
deposited on the surface by plasma-enhanced chemical vapor deposition at 300 °C. To
pattern the hardmask, a backside anti-reflection coating (Brewer Science DUV42P) a
0.8 pm thickness postive DUV photoresist layer (Rohm and Haas UV6) are applied to
the surface, and patterned by 248 nm DUV stepper lithography. Following photoresist
patterning, a thermal reflow is applied by baking the sample at 155 °C for 3 minutes us-
ing a hotplate with backside vacuum. An example of a reflowed photoresist cross-section
is shown in Figure [A.1] The reflow of the photoresist, which is driven by surface ten-

sion, results in differing cross-sectional profiles for different pattern size, such that wider
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structures (pattern width much larger than photoresist thickness) may end up with a less
vertical sidewall, and a narrower pattern than the original mask dimension, while narrow
structures (pattern width less than photoresist thickness) may feature outward bulge of
the photoresist sidewall, and wider pattern than the original mask dimension.

The backside anti-reflection coating is etched by Oy plasma using reactive-ion etching
(RIE), and the hardmask is subsequently dry-etched using a CHF3/0,/CF, gas chemistry
using an inductively-coupled plasma reactive ion etch (ICP-RIE). The hardmask is dry-
etched to a depth of approximately 155 nm, at which point the photoresist mask is
stripped using a combination of solvents, O plasma, and piranha solution (HSOy4, HoO4
and HyO. The remaining 25 nm of hardmask is subsequently removed by wet etching in
a buffered HF solution (Transene Buffer-HF-Improved), at 1:99 dilution, to complete the

hardmask patterning process.

sidewall

494 nm
1.86 pm

500 nm

sidewall —

Figure A.2: Images of etch profile for two silicon etches. (a) Scanning electrom
microscope (SEM) cross-section of C4Fg/SFs/CFy-based etch. (b) Oblique view of
C4Fs/SF¢/CF, etched sidewall, viewed from an angle approximately 30° from surface
normal. (c) SEM cross-section of Cly-based etch. (d) Oblique view of Cly etched
sidewall, viewered from an approximately 60° angle from surface normal.

166



Silicon-on-insulator photonic integration Chapter A

In the experiment, a silicon ICP-RIE etch chemistry featuring C,Fg/SF¢/CF, chem-
istry was compared to another etch, featuring Cly chemistry. The etch profiles are com-
pared in Figure[A.2] Both samples were etched to a depth of approximately 190 nm. The
Cly-based etch shows evidence of micro-trenching at the sidewall, visible in Figure [A.2k,
whereas the C4Fs/SFg/CF, etch shown in Figure does not. The surface of the side-
wall in the C4Fg/SFg/CF, etch, shown in Figure , appears to feature small bumps,
while the sidewall of the Cly etch in Figure seems smoother. Nonetheless, both etch

chemistries resulted in identical waveguide propagation loss.
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Figure A.3: Optical frequency domain reflectometry (OFDR) loss analysis of
silicon-on-insulator waveguides. The left panels show the raw OFDR traces used
to extract propagation loss. The right panel shows the extraced loss from each trace,
as a function of wavelength. The propagation loss decreases for increasing waveguide
width, as would be expected for propagation loss limited by scattering loss from the

waveguide sidewall roughness.

The propagation loss measurement of waveguides patterned using the Cly-based etch
is presented in Figure [A.3] for selected partially-etched waveguide widths, with device
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layer thickness of 500 nm, and an etch depth of 180 nm. All of the waveguide geome-
tries considered support multiple transverse modes. The loss was extracted using optical
frequency domain reflectometry [4] to fit a linear model to the waveguide backscatter. Ex-
cess scattering is observed at the center of the waveguide in the left panels of Figure [A.3]
and is attributed to an un-optimized s-bend at the center of the spiraled waveguide,
causing coupling to higher-order modes and excess sidewall scattering due to the reduced
bending radius within the s-bend. The center part of each trace is excluded from the
linear fit. The resultant loss for the three widths of waveguide is plotted as a function of
wavelength in the right panel of Figure [A.3] Notably, though the etch depth of 180 nm
is more than three times the 56 nm etch depth used in [I], the loss is almost identical,
with as low as 4 dB/m to 5 dB/m measured in the 8 pm waveguide. The lithographic
pattern used in this experiment was also identical to that used in [I]. Thus, realizing an
equivalent loss in spite of a significantly greater etch depth illustrates the improvement
in sidewall roughness achieved with this improved process. If this experiment had been
repeated with 56 nm etch depth, a propagation loss below 2 dB/m may be feasible.

If such low waveguide loss could be realized, large-mode volume, spiraled resonators
similar to those demonstrated in Chapter[d might be realized within a silicon-on-insulator
platform, enabling both the suppression of thermo-refractive noise and two-photon ab-
sorption. Such devices could be used to overcome the performance limitations of recent
ITI-V on silicon heterogeneous-integrated lasers [3, 2], and simultaneously achieve a high

power and ultra-narrow linewidth laser source on a single chip.

A.2 Flexural waveguide acousto-optic modulator

In this section, the concept and design for a silicon-photonic acousto-optic modulator

are presented. The device is based on the suspended, PZT-on-silicon waveguide platform
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initially proposed in Chapter [§ A silicon device layer, with the underlying buried oxide
(BOX) removed, forms a suspended membrane. For acoustic waves, free surfaces form
perfectly reflecting boundaries, such that suspended membranes may form acoustic slab
waveguides, analogously to how total-internal reflection between two optical interface can
form an optical slab waveguide. Such acoustic slab modes are known as Lamb waves.
Here, a structure is proposed provide lateral acoustic confinement to a specific class of
Lamb wave, known as a flexure wave, and in such a way that the acoustic mode may
be driven electrically. The same structure may also be engineered to accommodate an
optical waveguide, such that acoustic and optical modes co-propagate to form an efficient
acousto-optic modulator.

To understand how lateral confinement of a Lamb mode may be achieved, the general
dispersion relation of Lamb waves may be understood using the Rayleigh-Lamb equations
[5]. These equations are solved, and the dispersion relations for the lowest-few order
Lamb modes are plotted in Figure [A.4h for a 1 pm thickness silicon dioxide membrane.
The lowest order antisymmetric mode is notable for having a lower phase velocity than
both the bulk longitudinal wave velocity, V;, and the bulk shear wave velocity, V. For
sufficiently large propagation constant, 3, the lowest order symmetric and antisymmetric
modes asymptotically approach the same phase velocity, which is lower than the bulk
shear wave velocity, V. In this regime, these modes are localized to the surfaces of the
slab, and are known as Rayleigh waves. Conversely, at low propagation constant, the
lowest order antisymmetric mode is strongly dispersive, and in this regime is known as a
flexural wave.

In Figure[A.4b, the dispersion of the lowest-order Lamb wave is compared for a 1 pm
and 2 pm slab. For any given frequency, w, the 1 npm slab exhibits a higher propagation
constant, that is, lower phase velocity, than then 2 pm slab. This suggests that if a 1 pm

slab were bordered by 2 pm slabs, this lowest-order mode might be guided within the
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Figure A.4: Lamb wave dispersion. (a) Dispersion diagram for lamb wave acoustic
modes in a 1 pm thickness silicon dioxide slab, having normalized the propagation
constant and frequency to the slab thickness, b, and acoustic shear wave velocity,
Vs. The (anti)symmetric modes are plotted in (blue) red, while the dispersion of
bulk acoustic waves with longitudinal (V;) and shear (Vj) displacement are plotted
with dashed lines, for comparison. (b) Comparison of the lowest-order Lamb wave
dispersion for 1 pm and 2 pm thickness silicon dioxide slabs. The propagation constant
is higher in the thinner slab for any given frequency, which enables an acoustic wave
to be guided within a thinner membrane bordered by thicker membranes.
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1 pm slab, and decay evanescently in the adjacent, thicker slab. Such guided flexure
waves are shown in Figure [A.5a,b.

If Figure the simulated structure consists of a 1 ym PZT-on-Pt actuator, de-
posited on a silicon dioxide on silicon layer. The PZT membrane is then removed at
the center of the structure, and the remaining thinner layer, consisting of a silicon diox-
ide/silicon bimorph, forms the center of the flexural waveguide. Prior to any PZT depo-
sition, the silicon dioxide/silicon membrane itself would be formed by etching a 500 nm
silicon-on-insulator device layer to form a silicon optical rib waveguide. A silicon dioxide
layer would be deposited on the silicon, and planarized by chemical-mechanical polishing
prior to PZT actuator deposition. The silicon waveguide core would be positioned at the
central node of the antisymmetric, higher order flexure wave shown in Figure [A.5p.
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Figure A.5: Guided flexure wave. (a) Simulated lowest order guided flexure wave
with 11 pm wavelength, and (b) first higher-order mode flexure wave with 12 pm
wavelength, at 88 MHz frequency. Total displacement is indicated by the color. (c)
Three-dimensional simulation of electrical excitation of the flexural wave by means of
electrodes placed on the PZT surface. The vertical displacement is indicated by the
color.

In order to achieve acousto-optic modulation, the acoustic propagation vector should
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be selected to match the propagation vector difference between the fundamental TE and
TM mode in the optical waveguide [6]. In this case, an acoustic wave with a wave-
length of approximately 12 pm and frequency around 88 MHz is capable of matching the
propagation vectors. The antisymmetric flexural wave, shown in Figure [A.5p, effectively
rotates the waveguide core, and is predicted to provide a modulation index of unity for
single mm-scale modulation lengths and single nm-scale peak displacement, accounting
for both stress-optic coupling and moving boundary effects [7]. Under operation, such a
device would rotate the polarization between TE and TM, while simultaneously providing
either a positive or negative 88 MHz frequency shift, depending on whether the optical
and acoustic waves were co-propagating or counter-propagating. To excite the antisym-
metric flexural wave, electrodes may be placed at quarter-wave intervals on the PZT
film, within the evanescent tails of the flexural wave, enabling the acoustic wave to be
driven along the full length of the acousto-optic interaction region. In Figure[A.5, a fully
three-dimensional frequency-domain simulation demonstrates that the desired acoustic
wave may be efficiently excited by this technique. In this simulation, an additional sili-
con dioxide layer has been deposited onto the PZT film outside the extent of the driving
electrodes. This additional layer provides stronger confinement of the acoustic energy
to the acousto-optic region, and in a physical device would also accommodate electrical

routing to the electrodes.
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