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ABSTRACT

This thesis is focused on making ultra-high-Q optical microresonators on silicon
chips based on design and constructing ultra-low-loss optical waveguides (with
losses around 20 dB/km), their fabrication process development, and device applica-
tions in on-chip nonlinear optics, including frequency combs, low-noise microwave

generation, and narrow-linewidth lasers.

First, using thermally grown oxide (thermal silica) and wedge microresonator struc-
ture, a record Q factor exceeding 1.1 billion is achieved. Then, the limitations of
the Q-factor due to surface roughness scattering loss and OH absorption loss are in-
vestigated and identified. Absorption limited Q-factor of 8 billion mainly attributed
to OH ions is measured. To further explore the potential of thick thermal silica as
under cladding material, wedge resonator fabricated in 25-pm-thick thermal silica
achieves a Q-factor of over 60 million, along with a sixfold improvement in ther-
mal stability and a 5 billion absorption-limited Q-factor. Subsequently, low noise
microwave signal generation is demonstrated using these devices in a fully optical
packaged form, operating soliton microcomb to generate beatnote microwave sig-
nals. Noise limitations arising from dispersive waves induced by distinct transverse
modes are identified. Additionally, a low-fundamental-linewidth microcavity Bril-
louin laser is demonstrated, benefiting from device high Q-factor. The noise limits
stemming from thermal refractive fluctuation at low offset frequencies and laser
output power at high offset frequencies are identified. To improve device integration
level, an engineered reduction of interface scattering using TM mode enables a
demonstration of 700 million Q factor in a fully-integrated high-aspect-ratio thin
SiN platform fabricated in a CMOS foundry. To add one more thing, room tem-
perature soliton microcomb generation is demonstrated for the first time in high-Q

AlGaAs microresonators.
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Chapter 1

INTRODUCTION

1.1 Historical perspective
Light is present in everybody’s everyday life. To engineer, control, amplify and

purify light as a tool to serve mankind is an eternal pursuit.

Since the invention of the laser enabled by optical cavity [1, 2], optics and photonics
have revolutionized science and technology. The Internet would be impossible with-
out the ultra-high-bandwidth ultra-low-loss information transmission made possible
by fiber optic communications. For scientific explorations, gravity waves were
detected using amazing laser interferometers (LIGO). Also, special mode locked
lasers called frequency combs [3] now make possible the most accurate clocks in
the world. And exotic states of matter are only possible through the process of laser
cooling. Indeed, optical physics and photonics have become key technological and

scientific pillars on which the modern world rests.

Low optical loss is one of the major considerations to design an optical and photonic
device/system. Low loss enables efficient transportation of energy and information
through light. One example is the fiber communication enabled by ultra-low loss,
which deeply shaped the modern world [4, 5]. For mass deployment of optical
networks (such as in data centers), low loss means low power dissipation, small
heat generation, high energy efficiency, and high signal fidelity. Low loss also
enables enormous multiplication of light electric field intensity using a structure

called optical cavity to enhance light-matter interactions, which enabled lasers.

Dielectric optical waveguide technology provides an effective solution to control
light propagation, boasting several essential properties. Dielectric materials offer
a diverse selection pool with a wide range of properties, affording considerable
design flexibility. An engineered difference in refractive index between the core and
cladding conveniently confines light to an area measured in um?, thereby avoiding
free-space diffraction. The waveguides can be designed to bend, enabling the light
to be directed in any desired direction. Moreover, these devices can be fabricated
on semiconductor wafers like silicon wafers using well-established semiconductor
fabrication technology, particularly electronic CMOS technology. Such flexibility
in bending allows for the high-density deployment of devices, paving the way for



interconnected system construction known as integrated photonics.

The arbitrarily light bending property of dielectric optical waveguides allows for
the construction of specialized structures, such as making a waveguide into a loop.
This operation creates a special type of devices: optical cavity, or called optical
resonator. The optical resonance conditions are based on the facts that light is a
wave and can coherently interference to add up together when each round-trip of
propagating light are in phase. Compared with Fabry—Perot cavities, where the
mirrors can only reverse the direction of light, such cavities offer greater design
flexibility.

The combined concepts of integrated photonics and optical cavity have led to the
development of an important class of devices: optical microcavity, also known as

optical microresonator [6] in the on-chip form.

The applications of optical microcavities can be categorized into the following main

classes:

1. Enhance light intensity to enable access to nonlinear optics, which offers
superior performance in terms of coherence, such as frequency combs [7-9],
narrow-linewidth lasers [10], low-noise microwave generations, mode locking

to form pulses [11].

2. In frequency domain, provide a narrow stable spectral feature, so that laser
can reference to it using techniques such as Pound-Drever-Hall (PDH) [12]
or feedback to semiconductor laser (SL’s) to narrow its linewidth using tech-

niques such as injection locking [13].

3. Study light-matter interactions such as in cavity quantum electrodynamics
(cavity QED), cavity optomechanics [14, 15].

4. Enhance electro-optical (EO) modulation efficiency such as in Si microring

EO modulators [16] for transmitters and inter-chip data communications.
5. On system level, construct miniature precision metrology systems [17, 18].
6. Spectral filter.

7. Reflector.

High optical Q factor is critically important in optical microcavities where it
determines performance for almost all these applications.
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Q factor frequently enters quadratically into device performance. For example, in
Raman [19], parametric [20, 21], and Brillouin [22—24] nonlinear optical oscillators,
threshold varies inverse quadratically with Q. Moreover, this same Q dependence
enters the fundamental linewidth of laser oscillators [2] such as microcavity Brillouin
lasers [10] and self injection locked semiconductor lasers [25]. Ultimately, these
considerations are key performance drivers in soliton microcomb systems [11],
microresonator gyroscopes [26—29], and microwave sources [30, 31]. At the same
time, the many benefits of high Q factors have stimulated remarkable progress in
boosting its value across a range of material systems and device platforms, spanning
both on-chip platforms — such as thermal silica [24, 32, 33], fused silica [34], high
index silica [35], high aspect ratio thin silicon nitride (SiN around 100 nm) [13, 36,
37], thick SiN (around 800 nm) [38, 39], Si (Si on insulator, SOI) [40], thin film
lithium niobate (TFLN) [41], AlGaAs [42, 43], tantala [44], aluminum nitride (AIN)
[45], gallium phosphide [46], diamond [47], silicon carbide (SiC) [48], chalcogenide
[49], SiGe [50] — as well as other forms mainly in whispering gallery mode (WGM)
such as fiber tip microsphere [51], crystalline (MgF; and CaF,) [52], fiber preform
[53], lithium niobate, lithium tantalate, and sapphire [54].

In addition to optical quality factors (Q), various other properties of optical mi-
croresonator systems merit consideration during device design. These attributes
encompass mode volume, mode area, dispersion, single mode operation, backscat-
tering strength, robustness, quietness, nonlinearity strength (such as y®, y)),
fabrication difficulty and compatibility, thermal properties, reliability, tuning capa-
bilities. As is often the case, these requirements are to a certain extent mutually

exclusive. A trade-off decision needs to be made when design a device.

Generally, the strategy aimed at improving the quality factor (Q) tend to be winning.
For instance, enlarging the mode area and mode volume typically leads to an increase
in Q, and Q is approximately proportional to the mode volume (V). Given that the
threshold for parametric oscillation scales as V/Q?, opting for a larger mode area in

exchange for a greater Q results in a Q% advantage

Thermal silica has a unique place in the high-Q world both because its losses are
extremely low and also it has many favorable qualities for low noise operation of
combs, lasers and other devices compared to other material platforms. For example,

the low n, and the ability to operate with large mode volumes are both advantageous.

A logical goal is to push the Q-factor as high as possible while making some trade-

offs and along this investigation, understand the device physics which sets the limits
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so that device performance can be optimized for a particular application. By doing
this one might be find ways to modify either material or structure to make devices
which are well performing for certain applications. To explain further and to provide
an introduction to the basic concepts and topics covered in this thesis, we now review

optical microresonators and thermal silica wedge microresonators.

A basic familiarity with this topic is assumed throughout this thesis. For more com-
prehensive reviews of optical microresonators, the reader is referred to references
such as Vahala [6].

1.2 Optical microresonator
In optical resonators (cavities), Q-factor (quality factor) is a dimensionless measure
of the optical storage time of light in the resonator. High-Q means that light coupled

into the resonator is stored for longer periods of time.

O=wr=2 (1.1)
K

Q factor is inversely proportional to the optical loss in the constituent waveguides.

2nng

Qo = 4343 x (1.2)

where Qo is intrinsic Q-factor (billion), n, is the group refractive index, 4 is the

wavelength (nm), and « is the optical propagating loss (dB/km).

0 '=0"+0! (1.3)

Indeed, the various attributes of optical microresonators are intrinsically linked to

the properties of their constituent waveguides.

Microresonator free-spectral-range (FSR) is determined by waveguide group index
(ng) (group velocity (vg)):
c

FSRyy, = & = (14)
L T g L '

where L is microresonator single round-trip length.

Microresonator second-order dispersion parameter (D> ) is determined by waveguide

group velocity dispersion (GVD) (8>):

C
Dy=-—Di B (1.5)
Rg



where D = 2m X FSR.

As a natural consequence, microresonators serve as a powerful tool for assessing
various optical waveguide properties, including loss, group velocity, and group
velocity dispersion (GVD). They are also highly effective for characterizing material

properties such as absorption rates [55] and impurity concentrations [56].

The microresonator critical coupling condition is reached when the intrinsic loss

rate k; equals coupling rate kex [57]:
Ki = Kex (1.6)

Equivalently,
Qo =0c (1.7)

This condition for coupling indicates that a higher quality factor (Q) not only
eases the coupling requirements but also brings additional advantages. Specifically,
when the intrinsic loss «; is minimized, the associated required coupling loss kex 1S
reduced. This reduction allows for a greater separation between the coupling waveg-
uide and the microresonator. In turn, perturbations from the coupling waveguide
to the microresonator—which is usually perfectly symmetric—are diminished, as
is perturbation-induced scattering loss, a component of the intrinsic loss. Conse-

quently, the intrinsic loss «; is further reduced, leading to even higher quality factor

Q.

The microresonators enhance the circulating intensities by a factor, defined by the

ratio of Q factor and cavity mode volume (V)

i = Pin;—ng% (1.8)
Lire = 3 GW/cm? (1.9)
Py =1 mW (1.10)
Peire = iPinf (1.11)

2



6

Because the resonators themselves are very small in both cross section (effective
mode area A.f) and diameter dimensions, the resulting stored optical energy is
confined to an extraordinarily small mode volume (effective mode volume V).
This, in turn, results in very large circulating intensities (MegaWatt/cm?) even with
relatively low (about 1 milliWatt) input power levels. These intensities are high
enough to access all of the nonlinear phenomena of the dielectric used to fabricate

resonators.

When the nonlinear gain exceeds the loss, the oscillation starts. For instance, the

threshold for Kerr parametric oscillation is [20, 58]:

2
TngwAe 1 Wiy Ver

Py, = = — 1.12
. dnny  D1Q?  8cnan Q? (1.12)

where 7 = Q/Qcx characterizes the waveguide to resonator loading.

The enhanced electro-optical interactions within microresonators have paved the
way for their extensive high-volume use in commercial applications. For instance,
they feature prominently in silicon photonics (SiPh) microring modulators [16, 59],
which are key components of optical pluggable transceiver modules widely deployed
in data center networks. Additionally, they are integral to co-packaged optics (CPO)
transceiver solutions, designed for high-performance computing (HPC) systems
[60].

1.3 Thermal silica wedge microresonator

Thermal oxidation is a CMOS (complementary metal-oxide—semiconductor) pro-
cess. Thermal oxide is one of the most used material in CMOS systems. A unique
property of silicon is that it can produce a very uniform oxide layer on the surface
with little strain in the lattice, allowing the fabrication of from as thin as a few tens
of angstroms (only a few atomic layers) such as gate-oxide layers to as thick as 25
microns such as under cladding layer for on-chip optical waveguides. In CMOS
systems, in addition to serving as the gate dielectric, thermal oxide act as a pro-
tective coating in many steps of fabrication. Also, in areas between the devices, a
thick layer of thermal oxide, called the "field oxide" (FOX) is grown, providing the
foundation for interconnect lines that are formed in subsequent steps.

Thermal oxide is grown by placing the exposed silicon in an oxidizing atmosphere
such as oxygen for dry oxidation and water for wet oxidation at a temperature around
1000°C.
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The ultra-high-Q thermal silica wedge microresonator technology was first demon-
strated in 2012 by Lee et al. [24] and the Q-factor as high as 875 million is achieved.
The fabrication process steps are presented in Fig. 1.1. The optical modes are
guided at the perimeter of the wedged silica disk. In 8 pum devices, mode area is

around 60 um?. More details can be found in Chapter 2[33].

Si wafer Buffered HF wet etch
Thermal Oxidation: 8-10 um thick oxide layer
PN
Surface treatment .
Photoresist spin coat/bake Resist Removal
—
Photolithography and development XeF, Silicon dry etch for undercut
p-
» Diced into chips

Figure 1.1: Fabrication process steps of thermal silica wedge microresonators.

The thermal silica wedge microresonators are usually probed using a fiber taper
coupler [61-63]. By incorporating an additional process step, it is also feasible
to create an integrated device featuring a silicon nitride (SiN) coupling waveguide
[32].

As detailed in Suh er al. [64] (shown in Fig.1.2), an optical packaging technology
has been developed to make thermal silica wedge microresonator chip a functional

module.

Two key nonlinear optical effects are prominently featured in thermal silica wedge
microresonators, leading to a multitude of important applications and demonstra-

tions.

The dissipative Kerr soliton microcomb [11] formed in thermal silica wedge mi-
croresonators was first realized in 2015 by Yi et al. [58]. Building upon this
groundbreaking comb technology, advancements have been made in various appli-
cations, including dual comb spectroscopy (DCS) [65, 66], dual comb ranging [67],
and dual comb imaging [68].

The stimulated Brillouin laser (SBL) generated in thermal silica wedge microres-

onators was first successfully demonstrated in 2012 by Lee et al. [24] and Li et al.



Soliton Microcomb

< 3D Cross-sectional view >

C—

Diode Laser

Microresonator

Figure 1.2: Schematics of a fiber-connectorized module with TEC temperature
control. Upper left inset, a photograph of a 10 GHz soliton module with fiber
pigtails. Lower right inset, a schematic cross-sectional view of a silica wedge disk
resonator. Reprinted with permission from Suh ez al. [64]

[10]. Leveraging this highly coherent light source, a range of powerful devices have
been developed, including gyroscopes capable of measuring Earth’s rotation [26,
29], as well as systems for electro-optical frequency division and stable microwave
synthesis [69].



Chapter 2

GREATER THAN ONE BILLION Q-FACTOR ON CHIP:
THERMAL SILICA WEDGE MICRORESONATORS

1 Abstract

High optical quality (Q) factors are critically important in optical microcavities,
where performance in applications spanning nonlinear optics to cavity quantum
electrodynamics is determined. In this chapter, a record Q factor of over 1.1 billion
i1s demonstrated for on-chip optical resonators. Using thermal silica whispering-
gallery resonators on silicon, Q-factor data is measured over wavelengths spanning
the C/L bands (100 nm) and for a range of resonator sizes and mode families. A
record low sub-milliwatt parametric oscillation threshold is also measured in 9 GHz
free-spectral-range devices. The results show the potential for thermal silica on
silicon as a resonator material, establishing a new practical upper bound on Q using
this CMOS compatible material.

The many applications of high optical quality (Q)-factor microresonators [6] have
stimulated remarkable progress in boosting its value across a range of material
systems and device platforms. Before this thesis work, for all the chip-based photonic
systems, silica microresonators using thermally grown oxide (thermal silica) offered
the highest Q factors, around 875 million [24]. In this chapter, by optimizing
fabrication methods for thermal silica whispering-gallery resonators on silicon, the
Q factor of this system has been boosted to over 1.1 billion (a record on-chip
Q-factor). The results are confirmed through linewidth, ring-down and parametric

oscillation measurements.

In the investigation, wedge whispering-gallery resonator devices are fabricated using
a combination of thermal oxidation (8 um thickness on 4-inch high-purity float-zone
silicon wafers), stepper projection optical lithography (i-line ), buffered HF silica
wet etch and XeF; silicon dry etch as detailed in reference [24]. The wedge angle
was 27-30°. To boost overall Q performance, several process and mask layout

improvements were implemented. The resist pattern and subsequent buffered HF

IWork presented in this chapter has been published in “Greater than one billion Q factor for on-chip
microresonators," Optics Letters 45, 5129-5131 (2020) [33]
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Figure 2.1: Microresonator images and mode profiles. (a) Scanning electron mi-
croscope (SEM) image of microresonator (~22 GHz FSR; 3 mm diameter). Dotted
white line indicates cross section in panel b. (b) False-color SEM cross section with
narrow trench structure and 120 um undercut. (c) Left (right) panel, fundamental
TE (TM) mode electrical field distribution from numerical simulation. Arrows in-
dicate electric field vectors.

wet-etch-defined silica trenches are narrowed as illustrated in Fig. 2.1(a,b). This
lowers dry-etch time for silicon removal and thereby reduces unintended microscopic
silica dry etching. The temperature of each fabrication step is also strictly controlled
within a +£0.5°C range. This includes both the dry etcher temperature and the XeF;
source temperature, both of which are servo controlled to ensure reproducible results.
The importance of this latter temperature control is that it permits a more precise
determination (and maximization) of silicon undercut so as to completely remove
silicon residue at the bottom side of the disk. Such control is also believed to
minimize bottom-side surface roughness, which is an important source of loss in
current resonator configurations [70]. The ultimate limit of undercut is determined
by silica buckling [71]. Finally, the silica microresonators are annealed 2-3 times

for 20 hours in an ultra-pure nitrogen ambient at 1000°C to remove water and to
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Figure 2.2: Q measurements. (a) Measured intrinsic Qg versus resonator diameter.
FSR, resonator diameters, and Q( values are indicated. Red dotted line corresponds
to a finesse of 60,000. (b) Left panel: resonance linewidth measurement of a 10
GHz FSR device at 1585 nm. Upper trace is resonance transmission (blue dots) with
Lorentzian lineshape fitting (red curve). The linewidth is 220 kHz, corresponding
to an intrinsic Qg = 1.1 billion and loaded Q; = 860 M. Lower trace is a frequency
calibration (black dots) from a Mach-Zehnder interferometer (FSR is 5.979 MHz)
with sinusoidal fitting (cyan curve). Right panel: ring down measurement (blue)
of the device measured in the left panel. An exponential decay fitting is shown in
red. Photon lifetime is 704 ns, corresponding to loaded Q; = 840 M. (c) Intrinsic
Qo and loaded Q; data measured from 1530 nm to 1630 nm. (d) Distribution of
Qp values measured from different mode families for TE (left panel) and TM (right
panel) mode polarization measured in a single FSR.

release bulk stress in the suspended silica structure.

Intrinsic Q factors (Qg) are measured by characterization of resonance linewidths
(accounting for waveguide loading effects) and through cavity ring down mea-
surements. Coupling to the resonators used a tapered fiber coupler [61] and a
polarization controller was used to excite modes that are primarily TE or TM like
(see Fig. 2.1(c)). As an aside on the optical coupling, mechanical vibrations are
present on the tapered fiber coupler. To suppress these vibrations it is possible to
place the tapered fiber on the top of the wedge edge in contact with the silica surface.
As a result, the coupling condition becomes stable without inducing much scatter-

ing loss to the resonator. At the same time, the amount of coupling can be readily
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Figure 2.3: Sub-milli-Watt parametric oscillation threshold measured in device
having a 9 GHz FSR. (a) Experimental setup. AOM: acousto-optic modulator, PC:
polarization controller, FBG: fiber Bragg grating filter, PD: photo detector, OSA:
optical spectrum analyzer, OSC: oscilloscope, AFG: arbitrary function generator.
(b) Plot of parametric oscillation power versus input power (1550 nm) showing
oscillation threshold of 0.946 mW. Inset: parametric oscillation spectrum (solid
blue) and filtered pump (dashed gray) at 1.12 mW input power.

controlled by simply moving the contact location of the taper on the resonator. This
has the effect of adjusting the distance between the taper waveguide and the location
of the optical mode (see Fig. 2.1(c)) to thereby adjust the resonator loading by the

waveguide.

Fig. 2.2(a) plots the highest intrinsic Q-factors obtained for several device diameters.
Two device diameters have Q factors over 1.1 billion. A typical spectral measurement
is illustrated in the left panel of Fig. 2.2(b), which shows a transmission spectrum
for a device having a free-spectral-range (FSR) of approximately 10 GHz (diameter
6.5 mm). The full-width-at-half-maximum linewidth is measured (at 1585 nm) to
be 220 kHz, corresponding to a loaded Q factor Q; = 860 M. By measuring the
transmission depth, a coupling Q factor of Q. = 3.6 billion is determined from
which an intrinsic Q¢ = 1.1 billion is inferred (note: 1/Q; = 1/Q¢ + 1/0.). The
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rising dependence of intrinsic Q factor with increasing resonator diameter has been
previously observed in the wedge resonator structure and results from round trip loss
that is limited by surface scattering [24, 70]. To further confirm the Q results, ring-
down of cavity power was also performed. Ring down data from the same device
measured in the left panel of Fig. 2.2(b) is shown in the right panel of Fig. 2.2(b).
The ringdown decay gives a photon lifetime of about 704 ns, which corresponds
to Q1 = 840 M in close agreement with the linewidth-inferred loaded Q. To the
authors’ knowledge, these are the highest optical Q factors reported for on-chip
devices. In particular, previous high performance results for silica resonators are
also plotted as blue and green points in Fig. 2.2(a) [24, 72]. It is also worth noting
that the Q¢ > 1 billion performance has been maintained for more than half a year
to date by enclosing the resonators in a purged plexiglass box. The devices possess
ultra-high-Q over a broad spectral band as shown in Fig. 2.2(c) where measured
intrinsic and loaded Q factors in a 9 GHz FSR resonator (diameter 7.3 mm) are

plotted versus wavelength.

In a typical resonator, there are dozens of modes from different mode families and
polarizations that have ultra-high-Q factors. Histograms of measured Qg values for
TE (left panel) and TM (right panel) mode families in a 9 GHz FSR resonator (near
1550 nm) are plotted in Fig. 2.2(d). Q-factors in the histograms are measured by
linewidth fitting on spectra taken by fast frequency scanning of an external-cavity
diode laser. The scan was intentionally performed from blue to red wavelengths so
that resonator thermal hysteresis effects [73] would tend to degrade the apparent Q
factor. As aresult, the measured Q values are likely somewhat lower than the actual

Q values.

To further confirm the Q measurements, parametric oscillation threshold was also
measured using the experimental setup in Fig. 2.3(a). As shown in Fig. 2.3(b), a
sub-milliwatt threshold (0.946 mW) was measured using a 9 GHz FSR device at
1550 nm. This is a record low threshold for this low FSR [72]. To perform this
measurement the pump line was filtered using a fiber Bragg grating as shown in the
setup. The pure frequency comb power was then measured and plotted. The inset to

Fig. 2.3(b) shows both the filtered and unfiltered spectrum at 1.12 mW input power.

In summary, by optimizing fabrication methods and recipe parameters, we have
demonstrated a record on-chip Q-factor over 1.1 billion in silica microresonators.
Future efforts will be directed towards implementing these improvements in fully-

waveguide-integrated ultra-high-Q resonators [32]. Moreover, besides pure silica
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structures, there is significant progress in ultra-high-Q structures where silica pro-
vides the cladding for low confinement silicon nitride waveguides [13, 28, 74]. In
these structures, it is important to understand loss limits imposed by silica on the
overall design. More generally, the results presented here establish an upper bound

for optical loss in structures using thermally grown silica.

More numbers
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Chapter 3

SURFACE SCATTERING AND OH ABSORPTION: LIMITING
FACTORS

2 Abstract

Thermal silica is a common dielectric used in all-silicon photonic circuits. Addition-
ally, bound hydroxyl ions (Si-OH) can provide a significant component of optical
loss in this material on account of the wet nature of the thermal oxidation process.
A convenient way to quantify this loss relative to other mechanisms is through OH
absorption at 1380 nm. In this chapter, using ultra-high-quality factor (Q-factor)
thermal-silica wedge microresonators, the OH absorption loss peak is measured and
distinguished from the scattering loss baseline over a wavelength range from 680 nm
to 1550 nm. Record-high on-chip resonator Q-factors are observed for near-visible
and visible wavelengths, and the absorption limited Q-factor is as high as 8 billion
in the telecom band. Hydroxyl ion content level around 2.4 ppm (weight) is inferred
from both Q measurements and by secondary ion mass spectroscopy (SIMS) depth

profiling.

High-Q integrated resonators have become an essential component in nonlinear
photonics. Most often, the guided light in these structures has a significant fractional
overlap with silica (e.g., all-silica wedge resonators [24, 33] and silica-clad ultra-
low-loss silicon nitride waveguides [13, 36]). It is therefore important to understand
the loss limits imposed by the silica used in silicon photonic processing. Besides
interface scattering loss, optical absorption from bound hydroxyl ions (Si-OH) can be
a significant component of loss [55], especially since thermal silica is prepared using
a process involving water. Bound hydroxyl ions produce a well-known fundamental
absorption peak at 2720 nm [75] and the overtone at 1380 nm is used in this chapter to
measure OH absorption loss in ultra-high-Q thermal-silica wedge microresonators.
Further comparison to scattering loss is made over a wavelength range from 680 nm
to 1550 nm. Also, using cavity-enhanced photo-thermal spectroscopy [55] near the

1380 nm band, the OH ion content level is estimated to be 2.4 ppm (weight). This

2Work presented in this chapter has been published in "Hydroxyl ion absorption in on-chip high-Q
resonators," Optics Letters 48, 3511-3514 (2023) [56]
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Figure 3.1: Optical loss measured from 680 nm to 1550 nm reveals the existence
of the OH absorption peak near 1380 nm. The data are obtained by optical Q-factor
measurement. The purple solid line is the predicted loss from surface-roughness
scattering (see text). The light blue solid line is the estimated OH absorption loss in
1380 nm band (corresponding to 2.4 ppm weight). Dashed contours correspond to
different Q-factor values. Inset: typical optical micrograph of the optical resonator
used in the measurements.

value also agrees with Secondary Ion Mass Spectroscopy (SIMS) depth profiling
performed on the resonator material. Outside of the 1380 nm band, scattering loss
is confirmed by measurement and modeling to be the dominant loss mechanism in

the samples tested.

Thermally-grown silica wedge whispering-gallery resonator devices were prepared
as measurement samples, and featured 8 pum thermal oxide thickness with resonator
diameter 6.5 mm (10 GHz free spectral range, FSR). The fabrication steps are
detailed in reference [33] and a photo micrograph of a typical resonator is the Fig.
3.1 inset. The thermal silica was grown from float-zone (low background doping
level) silicon wafers using the wet oxidation method. As a final step, the devices
were annealed for 18-hours at 1000°C in N,. The samples were stored and measured
in a dry N; environment to minimize environmental impact on optical loss. Tapered

fiber couplers [61, 62] were used to couple probe light to the resonator samples.

Fig. 3.1 summarizes the optical loss measurements using six of these devices
measured at wavelengths from 680 nm to 1550 nm. All resonators feature intrinsic
quality factor (Q-factor) over 500 million at 1550 nm. The corresponding Q-factors
are also given in the plot (dashed contours). Significantly, the devices have record-

high Q values for on-chip devices in the shorter wavelength bands: 300 million at
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685 nm, 500 million at 780 nm, and 600 million at 1064 nm. As an aside, the loss

per unit length @ (dB/km) is determined from the optical Q-factor measurement
2rng
Q0
billions, n, is the group refractive index and A is the wavelength (nm). The intrinsic

Q-factor Qy is obtained from the relationship 1/Q¢ = 1/Q; —1/Q. by measuring the
resonance linewidth with Lorentzian lineshape fitting to obtain the loaded Q-factor

using the relationship @ = 4343 x

(dB/km), where Qg is intrinsic Q-factor in

Q. followed by measurement of transmission depth to infer the coupling Q-factor

Q..

A strong increase in loss near 1380 nm is apparent in all six samples, correspond-
ing to the OH absorption band and reaching over 200 dB/km. This absorption
quickly decreases for wavelengths above and below 1380 nm. The loss in other
spectral regions is believed to be dominated by Rayleigh scattering. The wave-
length dependence of this scattering within the resonator mode volume would scale
approximately as A4, and does not fit the data. Modeling of surface scattering
is described in the Methods and provides better agreement with the wavelength
dependence. This theoretical dependence is given by the purple curve (for the
fundamental TE mode) where surface roughness variance (1.9 nm) and correlation
length (350 nm) are assumed in the plot [76]. The origin of the increased loss at the
shortest wavelengths measured is not known, but possibilities include absorption
loss from metallic ion impurities and scattering from material density fluctuations.
For example, SIMS data has shown that Chromium is a residual contaminant in our
processing, and Cr>* ions can contribute 1.6 dB/km/ppbw at 800 nm (peak at 625
nm) to absorption [77].

Material 1385 (dB/km) | 1550 (dB/km)
thermal silica in this study 152 32
1 ppmw OH in silica [75] 62.7
Wet fiber studied in [75] 48500 100
Fiber studied in [78] 1.172 0.045
low-OH fiber [4, 5] 0.05 0.02

Table 3.1: Summary of absorption loss rates at both 1385 nm and 1550 nm from
Fig. 3.2 and taken from the literature. Note that ppmw is parts per million in weight

(equivalently, ug/g).

Cavity-enhanced photothermal spectroscopy (CEPS) [55] was used to further study
the OH absorption loss. This method measures the microresonator resonance ther-

mal triangle formation induced by the thermo-optical effect [73] to determine mode
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Figure 3.2: Absorption loss measurement results. Absorption loss as measured by
cavity-enhanced photothermal spectroscopy in the 1380 nm band. Red dots: data
from Sample 1 in Fig. 3.1. Blue solid line: 2.4 ppm (weight) OH content level
absorption lineshape based on reference [75].

volume absorption. Details on this method are provided in reference [55]. Fig. 3.2
summarizes the wavelength dependence of the measured absorption loss in both the
1380 nm band and at 1550 nm. The measured absorption near 1380 nm follows
reasonably well the OH overtone lineshape in silica as determined elsewhere [75]
(blue curve superimposed in plot). To fit the magnitude of the lineshape function to
the data, an OH content level of 2.4 ppm weight is used. Also, the data near 1550
nm indicates that by further reduction in scattering loss, the existing thermal silica
can provide absorption limited Q factors as high as 8 billion. This value is 2x larger
than measured for wedge resonators in a previous study [55] and is attributed to
application of an improved resist cleaning step. The absorption loss measurement
results at 1385 nm and 1550 nm are summarized in Table 3.1 and compared with
values from the literature. The measured absorption ratio a(1385 nm)/a(1550 nm)
in the current data is more consistent with the report in ref. [12]. The high OH

concentration in ref. [6] could possibly account for this difference.

To further confirm the OH ion impurity level and also study its spatial distribution
over the resonator oxide thickness, secondary ion mass spectroscopy (SIMS) depth
profiling [79] was employed (see Fig. 3.2). The absolute OH ion concentration
in this measurement is obtained from the ratio '"OH/3°Si, as calibrated against
reference samples [80, 81]. The OH concentration remains nearly constant along

the depth direction with a value in reasonable agreement with the CEPS results in
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Fig. 3.2. This uniformity is believed to result from diffusion-driven equilibrium
[78] during the long oxide growth process and the post high-temperature annealing
process [33]. The higher OH concentration near the surfaces is consistent with the
hydrophilic nature of silica causing water to be adsorbed on the surfaces [51, 82,
83].

10

[OH] (ppm wt)

Depth (um)

Figure 3.3: OH ion depth distribution measured using secondary ion mass spec-
troscopy (SIMS) over the resonator thickness (Sample 1 in Fig. 1). Dashed line
indicates 2.4 ppmw level inferred from data in Fig. 3.2.

In summary, using thermal silica wedge microresonators and by measuring optical
loss from 680 nm to 1550 nm, the OH ion absorption peak in 1380 nm band stands
out from base line scattering loss. Absorption-only loss in the 1380 nm band
was also measured using cavity enhanced photo-thermal spectroscopy. This gave
a maximum absorption loss of 152 dB/km at 1385 nm. Fitting of the absorption
spectrum gives an OH content level of 2.4 ppm weight, which is consistent with
separate measurements performed on the resonator oxide by Secondary Ion Mass
Spectroscopy. Outside the OH overtone absorption band, surface scattering was
determined to be the dominant loss mechanism. Record high Q factors (limited
by scattering) were measured for visible and near-visible wavelengths. Also, with
further reduction scattering loss, Q values approaching 8 billion are feasible at 1550
nm. This value is higher than determined in previous measurements [55]. Overall,
this investigation highlights the potential for even lower loss levels and higher Q

factors using thermal silica in photonic devices.

3.1 Calculation of surface scattering loss for wedge resonators
The scattering loss for silica wedge resonators is dominant by surface inhomogeneity

scattering rather than bulk inhomogeneity scattering, as evident by the following two
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experimental observations. First, the optical loss is roughly inversely proportional to
the bending radius [33], a characteristic feature for surface roughness scattering [51,
84]. Second, with bending radius over 1 mm, the resonances of wedge resonators

never have splitting effect [85] even with Q-factor over 1 billion [33].

Surface scattering loss can be modeled as dipole radiation of surface inhomo-
geneities polarized by the local electrical field [76]. The equivalent current density

induced by the corresponding dipole moments is
.7(?) = —ia)eo(n(z) — n%)ﬁ(?)

where w is the angular frequency of the light, €y is the free space permittivity,
no, np are refractive indices of cavity and cladding materials, and E (F) is the local

electrical field. The corresponding radiation field and Poynting vector are given by

il’l]kor

A =
(7) dxr
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where k is the wave number of the light and A(7)dS is the volume element of

inhomogeneity. When adding up the radiation field from different parts of surface,
their coherence is limited by the correlation length. Using the correlation function
of surface roughness (h(x)h(y)) = o?R ()%), and assuming that the correlation
length B is small enough to ignore the variation of the field within this length, the
Poynting vector field can be reduced to

puwniko

S = f2(47rr)2

o’B? 75 \J(7) x F2R[B(F) = nikofy (7)) dS’

where I?(l_c)) is Fourier transformation of R(X), ﬁ (;7’ ) is the propagation constant of

cavity mode at r’, and A (1) is the component of 7 parallel to the surface at .

In the calculation of S and the radiation power, the parameters of the cavity
mode, such as mode profiles and propagation constants, are acquired by numer-
ical simulation (Lumerical MODE). The mode used for calculating the purple curve
in Fig. 3.1 is the fundamental TE mode. The correlation function of surface

roughness in the calmzllation is assumed to be a Gaussian function with the form
R(’%) = B%/ﬂe_%. The parameters of the surface roughness are acquired by
Atomic Force Microscopy (AFM) measurements, fitted with Gaussian-type func-
tion, revealing that the lower surface has o of 2 nm, whereas the upper and wedge

surfaces have o smaller than 0.5 nm [24, 70].
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Chapter 4

25-MICRON-THICK THERMAL SILICA WEDGE
MICRORESONATORS

3 Abstract

Very thick thermally grown silica layers on silicon wafers (up to 25 um) are an im-
portant starting backbone material for weakly confined ultra-low-loss waveguides
as under cladding. In this chapter, we fabricated monolithic wedge microresonators
using 25 um thick thermal silica and more than 60 million Q factors were demon-
strated. The wedges were perfectly formed by advanced fabrication technology.
This is the first time such a thick on-chip optical microresonator device has been
made and such a thickness improves the resonance thermal stability by 6 times for
device operation. Although over 1 million times more Boron dopant are present in
the material, the absorption limited Q factor Qs of 5 billion is measured. Such a
thick on-chip wedge structure with the ability to modify vertical dimension will also

benefit application such as PIC 3D integration.

For ultra-low-loss waveguides [13, 36, 37], the under-cladding layer is critically
important. The very thick thermally grown silica layers on silicon wafers (up to 25
um) are essential as starting material because a large distance between the waveguide
core and Si substrate is required to isolate the mode light from Si. To characterize
such a material’s optical property, one of the best methods is to make a optical
resonator out of it to measure its resonance property. In this chapter, we fabricated
monolithic wedge microresonators using 25 um thermally grown silica and more
than 60 million Q factors were demonstrated. The on-chip wedge structures were
perfectly formed by advanced fabrication technology, confirmed by SEM cross

section measurements.

The previous thermal silica wedge whispering-gallery microresonator demonstra-
tions usually feature 8 ym thickness [24, 33, 72] mainly in consideration of pro-
cedure feasibility because of the slow growth rate of thermal oxidation (8 pum/10

days). To start device fabrication, the layout patterns are designed to have diameter

3Work presented in this chapter has not been published yet.
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of 8.6 mm on wafer, which corresponds to 7.5 GHz free spectral range (FSR). The
device fabrication starts from 25 um thermal oxidation of silicon wafers (4 inch,
I mm thick). The thermal silica layer is of high quality and both wafer in-plane
uniformity and surface uniformity is less than 0.5%. The resist patterns are formed
using stepper projection lithography (projection ratio 5x). After resist development,
hours-long buffered HF wet etch is implemented to form wedge structure, which
leverages the photoresist peel-off effect [86]. The wedge angle can be tuned by
changing the adhesion between the photoresist and the thermal silica surface. The
silicon isotropic undercut etch is implemented using ICP-RIE plasma etch. High
temperature (1000°C) annealing is implemented at the wafer level for hours long.
The wafer is diced into 25 chips for device singulation. The device cross section
SEM is shown in Fig. 4.1.

Figure 4.1: SEM cross sections of the 25 um thermal silica wedge microresonator.
Perfect wedge structure is formed by buffered HF wet etch with wedge angle 23.5°.
110 pm Si undercut is implemented using ICP-RIE plasma etch.

The device is probed using fiber taper coupler and near critical coupling condition
can be achieved. As shown in Fig. 4.2, 43 million loaded Q factor Q is measured,
and from which, 62 million intrinsic Q factor Qg is inferred assuming an under-

coupled condition.

The absorption limited Q factor Q,ps 1s measured using cavity enhanced photother-
mal spectroscopy (CEPS) [55] and 5 billion Q4 is obtained, which corresponds to
5.1 dB/km absorption loss. This number is close to the number obtained in 8 yum



23

Q0=62.42M, Q1=141.2M, Q=43.28M, Transmission=0.1496

08

< MZlinterferogram

Sinusoidal fit
O Transmission
Lorentzian fit

06F

04

Normalized outputs

Frequency (MHz)

Figure 4.2: Resonance transmission linewidth measurement of a 7.5 GHz FSR
device at 1550 nm

thermal silica grown from float-zone silicon wafers [56]. It’s worth noting that the
current wafers (resistivity < 0.03 €-cm) have over 1 million times increase in Boron
dopant level compared with float-zone silicon wafers (resistivity > 10000 Q-cm),
which indicates reasonable amounts of Boron dopants do not contribute appreciable

absorption loss.

The increased structural thermal conductivity and thermal capacity significantly
improve the resonance thermal stability. The differential resonance frequency shift
per unit input pump power from thermal-optical effect [73] is measured to be 1.05
MHz/mW, which is 1/6 of the 8 um devices.

In summary, 25 pum thermal silica wedge microresonators are demonstrated with
over 60 million Q-factor and 5 billion absorption limited Q factor. Compared with
8 um devices [33, 70], 25 um thickness features much better resonance thermal
stability and therefore reduced thermal refractive noise (TRN), which benefits many
applications such as chip-based narrow-linewidth lasers [87], microwave generation
[88] and on-chip reference cavities [12, 25]. Such a thick on-chip thermal silica
wedge structure will enable vertical dimension possibilities on photonic integrated
circuits (PIC) and benefit application such as optical waveguide 3D integration [89,
90].
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Chapter 5

SOLITON MICROWAVE SOURCES USING THERMAL SILICA
WEDGE RESONATORS AND DISPERSIVE-WAVE INDUCED
NOISE LIMITS

4 Abstract

Compact, low-noise microwave sources are required throughout a wide range of
application areas including frequency metrology, wireless-communications, and
airborne radar systems. And the photonic generation of microwaves using soliton
microcombs offers a path towards integrated, low noise microwave signal sources.
In these devices, a so called quiet-point of operation has been shown to reduce
microwave frequency noise. Such operation decouples pump frequency noise from
the soliton’s motion by balancing the Raman self-frequency shift with dispersive-
wave recoil. In this chapter, we explore the limit of this noise suppression approach
and reveal a fundamental noise mechanism associated with fluctuations of the dis-
persive wave frequency. At the same time, pump noise reduction by as much as
36 dB is demonstrated. This fundamental noise mechanism is expected to impact
microwave noise (and pulse timing jitter) whenever solitons radiate into dispersive

waves belonging to different spatial mode families.

Soliton mode locking in optical microresonators is receiving intense interest for
chip-scale integration of frequency comb systems [11]. Apart from frequency
comb applications, the microwave signal produced by detection of the microcomb
output is, itself, potentially important as a new microwave signal source (see Fig.
5.1). However, mode locking of microcombs at microwave rates is challenging on
account of their unfavorable pump power scaling with repetition rate [58]. Indeed,
only ultra-high-Q discrete silica and crystalline devices were initially able to operate
efficiently at microwave rates [31, 58, 72, 91]. Nonetheless, new generations of
integrated ultra-high-Q resonators are emerging that both access the microwave-
rate realm [13, 32, 92] and offer more complete integrated functionality [13, 93].

Because of their superior phase noise performance compared to other miniature

4Work presented in this chapter has been published in "Dispersive-wave induced noise limits in
miniature soliton microwave sources," Nature Communications 12, 1442 (2021) [88]
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photonic microwave approaches [28, 30, 94, 95], these devices are stimulating

interest in miniature stand-alone soliton microwave sources.
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Figure 5.1: Soliton microcombs as microwave signal sources. (a) Apparatus for
microwave signal generation using a soliton microcomb. A microresonator pumped
by a continuous-wave (cw) laser emits a repetitive soliton pulse train, which is
directed into a photodetector (PD) to produce a signal current. (b) Representative
optical spectrum of a soliton microcomb with 15.2 GHz repetition rate (left panel).
The pump (black dashed line) has been attenuated by an optical notch filter. The
right panel shows the corresponding microwave-rate beat signal with resolution
bandwidth (RBW) of 10 Hz.

While the fundamental limit of phase noise (and equivalently timing jitter) in the
detected soliton pulse stream is induced by quantum fluctuations [96, 97], in practice,
phase noise is dominated by sources of a more technical origin that couple to the
soliton motion in various ways. For example, the Raman self frequency shift in
microcombs [98, 99] provides a mechanism for transduction of changes in the
detuning frequency (difference in the frequencies of the resonator mode being
pumped and the pumping laser field) into the soliton repetition rate [100]. It does this
by causing a frequency shift in the center frequency of the soliton spectrum (which
has an overall sech® envelope) as the pump detuning frequency is varied. Group
velocity dispersion then converts these spectral shifts into changes in the soliton
round-trip propagation time and hence the repetition rate. The Raman process

thereby couples any fluctuation of the resonator frequency (e.g., thermorefractive
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noise [101-104]) or the pump frequency into microwave phase noise. Dispersive
waves can also induce a spectral center shift in the Kerr soliton [100, 105]. Dispersive
waves can emerge as a result of higher-order dispersion [105, 106], supermodes
[107], or when solitons radiate into resonator modes that do not belong to the soliton-
forming mode family. And the spectral shift they induce can offset the Raman self
shift. Indeed, when dispersive wave and Raman shifts are in balance, a quiet
operating point is attained whereby coupling of detuning frequency fluctuations into

the soliton repetition rate are greatly reduced [108].

Here, by investigating possible limits in application of the quiet operating point, we
report the observation of a fundamental noise source in the soliton repetition rate.
Referred to as spatio-temporal thermal noise, it originates from uncorrelated thermal
fluctuations between distinct transverse modes of the microresonator, and can couple
into the soliton repetition rate through the formation of a dispersive wave. Theory
and experiment show that the spatio-temporal thermal noise imposes a considerable
limitation on the repetition rate stability of soliton microcombs emitting dispersive
waves into spatial mode families that are distinct from the soliton-forming mode
family. Beyond the study of the dispersive-wave noise, a convenient way to operate
the soliton microwave source at the quiet point while also disciplining it to an

external reference, such as a clock, is demonstrated.

5.1 Soliton generation in thermal silica wedge microresonators

A silica disk microresonator with intrinsic Q factor exceeding 300 million and
free-spectral-range (F'SR) around 15 GHz is used in the study [24, 33]. The
microresonator is packaged with active temperature stabilization [64] and operated
under an acoustic shield to block environmental perturbations (Fig. 5.2a,b). By
continuously pumping the resonator with an amplified fiber laser, bright soliton
pulses are generated, which are further stabilized by servo control of the pump laser
frequency with respect to the average soliton power [109]. The residual error in the
feedback loop is monitored by an electrical spectral analyzer. The soliton beatnote
is photodetected and characterized using a phase noise analyzer and a frequency
counter. The beatnote of the soliton microcomb shows a 15.2 GHz repetition rate
(see Fig. 5.1). Its phase noise exhibits a smooth spectral shape across a wide
frequency range as a result of isolation provided by the package and acoustical
shield (Fig. 5.2b). As a benchmark of the stability, the fractional Allan deviation of
the beatnote is plotted in Fig. 5.2c and reaches 5.7 x 10~ !! at 50 ms averaging time.
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Figure 5.2: Experimental setup and preliminary microwave signal characteriza-
tion.(a) Experiment setup for soliton generation. PM: phase modulator; EDFA:
erbium-doped-fiber-amplifier; AOM: acousto-optic modulator; FBG: fiber-Bragg-
grating notch filter; PD: photodetector; OSA: optical spectral analyzer; ESA: elec-
trical spectral analyzer. (b) Typical phase noise spectrum of detected soliton pulse
stream (scaled to 15.2 GHz) obtained using packaged/unpackaged microresonators.
Inset: photo of a packaged microresonator. (c) Fractional Allan deviation of soliton
pulse rate.

5.2 Quiet point operation
Plotted in Fig. 5.3a is a representative optical spectrum of the soliton microcomb,

showing its characteristic sech? spectral envelope. Dispersive waves (the spectral
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Figure 5.3: Noise spectra near and away from the quiet point. (a) Soliton optical
spectrum showing spectral envelope (red solid line), the attenuated pump (black
dashed line), and a strong dispersive wave. The spectral center of the soliton (red
dashed line) is shifted in frequency relative to the pump frequency. (b) Measured
soliton repetition rate versus laser-cavity detuning (dw/2x), where the existence of a
quiet point is revealed. (c) Electrical spectrum showing soliton repetition rate. Two
sidebands at 10 kHz offset frequency are induced by phase modulation of the pump
and are used to calibrate the contribution of detuning noise. (d) Soliton microwave
phase noise (solid curves) and calibration tone power (triangles) at different detuning
frequencies (indicated by color in accordance with panel b). The optical detuning
noise is the blue dotted line. At the quiet operating point, its calibration-inferred
contribution to microwave noise is the dashed red curve. Noise induced by the
pump intensity fluctuation (gray dotted line) is also plotted. The phase noise
analyzer instrumental noise floor is shown as the black line. (e )Plot of actual
noise suppression versus calibration tone suppression at several offset frequencies.
The dashed line indicates the expected phase noise suppression if detuning noise is
dominant.

spurs on the envelope) also appear in the spectrum and result from frequency
degeneracy between comb lines and other transverse modes that do not belong to
the soliton forming mode family [91, 100, 108, 110]. It is noted that the spectral
envelope center of the soliton is offset from the pump frequency. This is caused
by the cumulative effect of the Raman-induced soliton-self-frequency-shift (SSES)
Qraman [98-100] and dispersive-wave induced spectral recoil Q,...;; [108, 110,
111]. The soliton repetition rate, w,p, is related to these frequency shifts by [100,
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108]
D,
Wrep = Dy + D_(QRaman + Qrecoil)’ (5.1)
1

where D /2r is the FSR and D, is proportional to the group velocity dispersion
(GVD) of the soliton-forming mode family [58, 112]. Therefore, through the
respective dependence of Qggman and Q,.ci; on detuning frequency dw = w, — wp
(w, 1s frequency of the cold cavity mode being pumped by optical field at frequency
wp), the soliton repetition rate becomes a function of the detuning frequency. As
reported in previous literature, noise in wp often plays a dominant role in causing
fluctuations in dw, and subsequently, by way of Eq. (5.1), also in w;.p, [108, 113,
114]. However, it has also been shown that interplay between Raman SSFS and
dispersive-wave induced spectral recoil can be used to suppress this noise transfer
[108, 114]. Along these lines, Fig. 5.3b is the measured dependence of soliton
repetition rate on detuning dw/2m, and shows a parabolic-like trend instead of
a monotonic trend. The slope, f = dw,.p/00w, vanishes at around 11.5 MHz
detuning, corresponding to the quiet point of operation where dispersive wave and
Raman induced shifts are in balance. Here, the detuning dw is calculated based on
equation (5.23) in Methods. By operating the soliton microcomb near this quiet
point, the contribution of detuning noise to the soliton repetition rate noise can be
reduced [108, 114].

To actively monitor the degree to which the detuning noise contribution is suppressed
through quiet point operation, we modulate the phase of the pump laser at 10 kHz
to create a large spike in the detuning noise spectrum. This induces calibration
tones in the vicinity of the soliton beatnote [114], as shown in Fig. 5.3c. Measured
phase noise spectra of the detected soliton microwave signal along with the power
of calibration tone (see colored triangle points) are plotted in Fig. 5.3d for different
detuning frequencies. As an aside, the pronounced bump around 20 kHz in the
phase noise spectrum is caused by the piezoelectric tuning bandwidth of the pump
laser. Away from the quiet point, the phase noise is largest and is found to follow
the spectral profile of the detuning noise, which is extracted from the residual error
signal in the locking loop. The contribution of the detuning noise can be scaled based
on the power of calibration tone to determine its contribution in each measurement.
At the quiet point, 36 dB of noise suppression is measured using the calibration
tone. And the corresponding inferred detuning noise contribution (dashed orange
spectrum in Fig. 5.3d) is below the actual measured noise spectrum at the quiet

point (purple spectrum in Fig. 5.3d). This indicates that another noise source is
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Figure 5.4: Concept of dispersive-wave-induced noise and identification of mode
families. (a) Spectral relationship of soliton spectrum to dispersive wave forming
mode. Blue lines indicate soliton spectral lines. Red and green shaded regions
denote soliton-forming and dispersive-wave resonator modes, respectively. (b) Left
side: physical steps involved in coupling fluctuations in Aw (intermode noise) into
soliton repetition rate. Right side: physical steps involved in coupling fluctua-
tions in dw (detuning noise) into soliton repetition rate. Noise sources (top) are
transduced (@ and S coupling channels) into the soliton repetition rate (bottom).
Detuning noise results mainly from the pumping laser noise contributing to dw
and thereby causes technical noise in the soliton repetition rate. Intermode noise
results from fundamental thermo-refractive noise of the dispersive wave and soliton
mode frequencies contributing to Aw. (c¢) Measured mode family dispersion of the
microresonator. Numerically simulated cross sections of soliton (TMy) and disper-
sive wave (TM4) modes are plotted and identified with the corresponding frequency
branches. Orange and green bands (and wavy lines) are suggestive (and highly
magnified) fluctuations induced by thermo-refractive noise (TRN). (d) Measured
transmission spectra of soliton and dispersive wave resonator modes. The intrinsic
(Qo) and coupling (Q¢) Q-factors are extracted by fitting the Lorentzian lineshapes
and transmission minima.

limiting the phase noise at the quiet point. As one possible source of this limit, pump
intensity noise could also couple into the soliton repetition rate through the combined
effect of Kerr and Raman nonlinearity [113, 114]. However, its contribution (see
dashed gray curve in figure) is evaluated in the Methods and appears to be negligible
in this measurement. Fig. 5.3e gives a comparison of the measured phase noise

reduction (referenced to the highest phase noise trace) versus the reduction inferred
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Figure 5.5: Intermode thermal noise (between dispersive wave and soliton modes)
and its impact on soliton repetition rate. (a) Simulated temperature correlation R
between transverse mode volumes versus frequency of thermal fluctuation. Specific
transverse mode pairs are indicated in the legend. Green region corresponds to R <
0.5. (b) Measured and simulated TRN of a TMy mode. The simulated intermode
TRN between TM( and TMy is also displayed. Green region corresponds to R < 0.5
in panel a. (c) Contribution of Raman SSFS and dispersive recoil to total spectral
center frequency shift of the soliton. The error bar indicates standard deviation,
and is contributed from fitting of the lineshape. (d) Measured and calculated
noise transduction factors. The error bar indicates standard deviation. The error
in detuning is contributed by the lineshape fitting, while the transduction factor
error comes from the signal analyzer. (e) Measured phase noise at maximum quiet
point suppression and calculated dispersive-wave induced noise originating from
intermode TRN. Quantum timing jitter and thermorefractive noise (TRN) of the
FSR are also plotted for comparison.

by the calibration tone. A clear saturation in the measured noise reduction near the
quiet point is shown at several different offset frequencies, suggesting again that a
new source of noise is present. The saturation is stronger at lower offset frequencies
indicating that the noise mechanism is larger at lower frequencies (see Fig. 5.3d). As
an aside, the quiet-point-induced phase noise reduction is also slightly higher than
indicated by the calibration tone for lower noise suppression levels (when measured
at 500 Hz and 1 kHz offsets). This could result from possible instrument calibration

error associated with calibration using a 10 kHz tone.
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5.3 Dispersive-wave induced noise

Prior analysis of fundamental sources of repetition rate noise assume that the soliton
is formed and couples solely within a single transverse mode family. However, the
practical need for higher Q resonators favors larger resonator cross section so as
minimize the impact of interface and sidewall roughness [39]. Typically, several
transverse modes besides the soliton forming mode exist in the microresonator.
And when longitudinal modes in these other families experience near degeneracy
with a mode in the soliton, the soliton radiates power creating a dispersive wave
(Fig. 5.4a) [91, 100, 108, 110]. The radiative power depends strongly upon the
degree of resonance as determined by Aw (the frequency difference between the
two modes), Aw, (the frequency difference between the soliton comb line and the
soliton-forming mode with index r), and xp (the optical loss rate of the dispersive
wave mode). The relationship between these difference frequencies is illustrated
in Fig. 5.4a. The radiated power causes a frequency recoil, €,...i;, in the soliton

spectral center relative to the pump frequency which takes the form [108]

1
Qrecoil X ’ (5.2)

(Aw)2[(Aw, — Aw)? + 2]

where Aw’ is the frequency difference between the partially hybridized crossing
mode and the soliton mode, denoted by Aw’ = Aw/2 + \/m (where G is
the coupling strength between the soliton and crossing mode). Aw, is determined
by both detuning dw and recoil (and thereby Aw). And this equation provides a way
for fluctuations in dw and Aw to impact the soliton repetition rate. Specifically, the
resulting fluctuations in €,..,;; cause spectral center fluctuations of the soliton that
randomly vary its round trip time as a result of second order dispersion. The physical
process steps involved in this new noise transduction mechanism are depicted in Fig.
5.4b. A transduction factor @ = dw,.,/0Aw relating the repetition rate to changes
in Aw is defined and noted in the figure. For comparison, the process steps involved
in the transduction of detuning noise into repetition rate changes (5 factor defined
earlier) are also provided. As noted earlier, detuning noise can be quieted through
interference between the pathways indicated in Fig. 5.4b, one of which uses portions

of the dispersive wave recoil process.

To identify the mode families that constitute the soliton microcomb and the disper-
sive wave in the experiment, we perform mode family dispersion spectroscopy using
a scanning external-cavity-diode-laser (calibrated by a separate Mach-Zehnder in-

terferometer), as shown in Fig. 5.4c. Comparing the measurement with numerical
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modeling of the modal dispersion, the mode family that gives rise to the strong
dispersive wave in Fig. 5.3a is determined to belong to the TMy mode family, while
the soliton is formed on the TMg mode family. Their Q factors are also measured,

as shown in Fig. 5.4d.

Thermal noise in the dispersive wave

Fluctuations associated with thermal equilibrium result in spatial and temporal vari-
ations of temperature in the microresonator [101-104, 115]. Such temperature
fluctuations, characterized by a spectral density Ss7 of the modal temperature fluc-
tuations, induce a frequency fluctuation 6D in the resonator FSR (and in turn the
soliton repetition rate) through the thermo-optic effect that is characterized by the

spectral density Ssp,,
2

)
Sspy = — D1Sst, (5.3)
nO
with n7 the thermo-optic coefficient and n, the refractive index of the mode. This

noise contribution to the soliton repetition rate, and that induced by quantum vacuum
fluctuations [96, 97], are found to be much smaller than the measured noise in Fig.
5.3d. However, as now shown, thermorefractive noise (TRN) induced in the modes
participating in dispersive-wave emission can be a major source of repetition rate

noise.

From the analysis in the previous section, noise in relative frequency, Aw, will
couple to the repetition rate through the parameter &. The TRN induced noise in

Aw is given by the following spectral density (see Methods),

2
n
Saw = n—ﬁwi(Sm + Ss1p, = 2R Ss15S511), (5.4)
o

where 6Ts and 6Tp give temperature fluctuations of mode volumes associated with
the soliton and dispersive-wave modes involved in the definition of Aw. R is
a frequency dependent function discussed in the Methods section that accounts
for correlation between the fluctuations 675 and 67p. This correlation can be
modeled using the finite-element-method (FEM) and the fluctuation-dissipation
theorem (FDT) [103, 104, 115]. Simulation results for different pairs of transverse
modes are plotted in Fig. 5.5a. On account of thermal diffusivity, the function
R decreases rapidly with increasing frequency, so that beyond a thermal-limited
rate the temperature fluctuations of the two modes become uncorrelated. When this
happens, the value of Sy, exceeds Ssp, by several orders since it reflects temperature

fluctuations in absolute (as opposed to relative) optical frequencies.
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In order to test the numerical results and parameters used to simulate these thermally-
related quantities [103, 104], we measured the TRN of the soliton mode. The fre-
quency fluctuations of the mode were tracked by Pound-Drever-Hall (PDH) locking
a fiber laser to a cavity resonance. The locked laser frequency is then measured
using an optical frequency discriminator as described in the Methods. The mea-
sured single-sideband TRN is plotted in Fig. 5.5b, and is in good agreement with
the simulation. The calculated phase noise of the intermode TRN using the soliton
mode and dispersive wave mode is also plotted for comparison. Suppression of in-
termode TRN is apparent at low-offset frequencies relative to the single mode TRN.
However, at higher offset frequencies (above ~ 1 kHz), the intermode TRN becomes
the summation of TRN contributions belonging to each mode. The TRN of the F'SR
is also shown for comparison. Notice that despite the improved correlation of the
intermode TRN at lower offset frequencies, it still dominates the microwave phase
noise measured in Fig. 5.3d and Fig. 5.3e. This happens because the TRN noise
rises very rapidly as offset frequency decreases, even overcoming the improving

correlation of TRN between the dispersive wave mode and soliton forming mode.

An additional measurement of soliton microwave phase noise was performed except
using PDH locking of the pump laser to the resonator as opposed to servo control
using soliton power. Under these conditions, the pump frequency tracks the cavity
resonance, thereby suppressing its technical noise contribution to the soliton phase
noise. As expected the measured noise spectrum showed a limitation consistent

with the dispersive wave noise.

A summary of noise contributions to the soliton repetition rate yields

To evaluate the noise transduction factors, experimental results are fitted with theory
based on the Lugiato-Lefever equation (see Methods). The Raman frequency shift
and dispersive-wave recoil are plotted in Fig. 5.5c, where the error bar is the
standard deviation contributed from fitting of the soliton spectral envelope. The
frequency recoil in eqn. 5.2 is fitted in the same graph to evaluate mode coupling
coeflicients. Noise transduction factors a and S are then calculated and plotted in
Fig. 5.5d together with the measured results. Figure 5.5e shows both measured and
calculated phase noise of the soliton repetition rate while operating at the quiet point.
Excellent agreement with the predicted intermode TRN induced noise is obtained

by setting @« = —24.5 dB (measurement value), which is close to the theoretical
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value @ = —23.6 dB. Other fundamental noise contributions are also plotted, but

are not limiting factors in the current measurement [96, 101-104].
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Figure 5.6: Soliton repetition rate disciplined to an external microwave source. (a)
Electrical beatnote of locked soliton repetition rate showing fine tuning control of
the repetition rate. The resolution bandwidth is 10 Hz. (b) Phase noise of free-
running (dashed red line) and disciplined soliton microcomb (indicated by color in
accordance with panel a). The trace measured near the quiet point is indicated. The
phase noise of the microwave reference source is also displayed (gray dashed line).

5.4 External reference locking at the quiet point

Most signal sources provide a feature that allows the oscillator frequency to be
conveniently locked to an external reference such as a clock so as to provide long
term frequency stability [18]. In the present device, there is a straightforward way to
achieve this locking that also provides fine tuning control of the microwave frequency
near the quiet point. As a proof of concept, instead of servo controlling the soliton

system by controlling the soliton power [109], we lock the soliton repetition rate
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to a high-performance electrical signal generator by servo controlling the optical
pump frequency. The resulting soliton beatnote is shown in Fig. 5.6a, and can track
the frequency of the microwave source over a 30 kHz range to achieve fine tuning
control. This range is likely determined by the soliton existence range, which is,
in turn, determined by the pump laser power [112]. At the same time, the soliton
microwave phase noise, shown in Fig. 5.6b, is disciplined to the reference oscillator
within the servo locking bandwidth. The peak around 10 kHz is induced by the servo
locking bandwidth. At high-offset frequencies, the soliton phase noise outperforms
the electrical oscillator (a Keysight PSG) by up to 20 dB. A variation in noise
performance with fine tuning is apparent with the best performance corresponding

to operation near the quiet point.

Table 1 | Miniature photonic-based microwave oscillators
Phase noise
SSB phase noise (dBc/Hz, scaled to 15.2 GHz)
Material Configuration Carrier freq. (GHz) 1 kHz 100 kHz Ref #
SiO, (this work) Bright soliton 15.2 -90 -140
MgF, Bright soliton 141 -121 -155 35
SiN, Bright soliton 19.6 -82 -132 7
SiN, Dark soliton 5.4 -76 -131 8
Sio, SBS 21.7 -71 -113 10
SiN, SBS 218 -55 -102 13
chalcogenide-on-silicon SBS 40.0 -93 -110 39
Relative Allan deviation
Material Configuration Min. Adev. gate time (ms) Min. Adev. Adev.@1s Ref #
SiO, (this work) Bright soliton 50 6x10" 2x10°10
MgF, Bright soliton 200 5x102 10" 4
SiN, Bright soliton 1 3x109 8x108 7
Sio, SBS 20 10° 10 10

Table 5.1: Comparison of miniature reported photonic-based microwave oscillators.
Performance of an on-chip silica bright soliton microcomb (this work), a Crystalline
bright soliton microcomb [31, 114], a Si3Ny bright soliton microcomb [92], a Si3Ny
dark soliton microcomb [13], a SiO; Brillouin laser [30], a SizN4 Brillouin laser
[28], and a hybrid electric-Brillouin oscillator [116].

In conclusion, we demonstrated a low-noise 15 GHz oscillator based on soliton
microcombs. The measured phase noise of -90 dBc/Hz at 1 kHz and -140 dBc/Hz
at 100 kHz offset frequencies is a record low among existing photonic-chip-based
microwave sources [13, 28, 30, 92, 94, 95] (scaled to 15 GHz). A comparison of
miniature photonic-based microwave oscillators is included in Table. 5.1. The low
noise performance was obtained by operation near the soliton mode locking quiet
point [108], where technical noise suppression as large as 36 dB was measured.

Discipline of the soliton microwave source to an external microwave reference was
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also demonstrated, which could be useful in combination with miniaturized optical
clocks [18].

A new fundamental noise mechanism associated with dispersive waves belonging
to non soliton-forming mode families was also identified and theoretically modeled.
Since dispersive waves induced by distinct transverse modes are ubiquitous across
many soliton microcomb systems [45, 58, 92, 112, 117], this noise mechanism is
expected to appear in other soliton microwave systems. Nonetheless, several meth-
ods can be implemented to mitigate this noise. First, use of dispersive waves within
the same longitudinal mode family (as formed by higher order dispersion [105, 106,
118, 119]) could be investigated. In this case, better overlap of the dispersive-wave
modal profile with the soliton mode would be expected to reduce the dispersive wave
noise. Also, increasing the modal volume, reducing the thermo-optic coefficient
or moving to cryogenic temperatures [120] could also greatly enhance the thermal
stability of the microresonator [12, 31]. Such techniques might ultimately endow

these photonic microwave sources with quantum-limited performance [96].

Experimental details

The resonant frequencies of the modes are measured by scanning an external cavity
diode laser across a broad wavelength span (1520 nm - 1630 nm in this mea-
surement). The laser scan is precisely measured by a radio-frequency calibrated
Mach-Zehnder interferometer [58, 121]. The resonant frequency at mode index u

is expanded up to the second order with respect to the mode number p,
1
Wy :a)o+D1y+§D2,u2+O(,u3). (5.6)

From the measurement, the parameters of the soliton mode family are Ds/(27) =
15.21857 GHz, D,s/(2n) = 7.5 kHz, and the parameters of the dispersive wave
mode mode family are Dp/(27) = 15.17479 GHz, D,p/(27) = 7.5 kHz.

The soliton microcomb is amplified to around 5 mW using an EDFA before coupling
into the high-speed photodetector. The phase noise of soliton repetition rate is mea-
sured using a Rohde-Schwarz FSUP26 phase noise analyzer with cross-correlation
function. The soliton beatnote is down-mixed with a high-performance electrical
oscillator (Agilent E8257D PSG analog signal generator) before sending into a

frequency counter for the measurement of Allan deviation.

The detuning noise is obtained by monitoring the residual error signal of the locking

loop. The transduction factor (slope) between error signal and pump-cavity detuning
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Figure 5.7: TRN measurement and resonator geometry. (a) TRN measurement
setup. MZI: Mach-Zehnder interferometer. OSC: oscilloscope. PD: photodiode.
PM: phase modulator. (b) Cross sectional view of the microresonator. Multiple
transverse modes are supported in the suspended wedge-shaped whispering gallery.
The surrounding silica, silicon, and air serve as a heat reservoirs. The ambient
temperature is denoted by 7.

is calibrated by mapping the error signal with respect to different soliton operation
points. No obvious dependence of detuning noise on specific soliton operation point
is observed, indicating that the detuning noise is primarily determined by the pump

laser and the servo.

The TRN measurement setup is shown in Fig. 5.7a. A fiber laser is locked to a
soliton forming mode using the Pound-Drever-Hall (PDH) locking technique. To
mitigate the thermo-optic locking effect [73, 122, 123], the power launched into
the microresonator is reduced. Also, the locking point is set to a sideband of the
PDH error signal to reduce the power coupled into the microresonator. The TRN is
then extracted by monitoring the laser frequency in real time using a Mach-Zehnder

inteferometer as an optical frequency discriminator.

The error of the results are contributed from instrumental and fitting errors. In the
phase noise measurement, the signal analyzer contributes an uncertainty of < 1 dB
for 100 Hz to 10 MHz offset and < 3 dB for 1 Hz to 100 Hz and 10 MHz to 30 MHz



39

offset. In the detuning noise measurement, the measurement uncertainty is < 3 dB.

Fitting uncertainty is evaluated using nonlinear regression.

Thermal noise theory
In this section, we derive the spectral density of modal temperature fluctuation
based on the Fluctuation-dissipation theorem (FDT) [103, 115, 124]. As shown in
Fig. 5.7b, the microresonator exists in a heat reservoir with temperature 7,. The
temperature deviation from thermal equilibrium follows the heat equation
00T 06 068
pC—— - kV26T = a_zQ =Ty— -~
where p, C, and k are respectively the material mass density, heat capacity, and

(5.7

thermal conductivity. 6Q and S are local fluctuation of heat and entropy. First
we study the fluctuation of the optical-mode-weighted average temperature, which

takes the form
oT = / 6Tq(r)d°r. (5.8)

Here the density ¢(r) represents the normalized distribution of the electrical field

intensity (Fig. 5.7b), which can be written as

. EMP
AT

As described in previous literature [103, 115], to properly formulate the FDT a

(5.9)

periodic entropy injection is applied onto the system such that
0S8 = F,cos(2m ft)q(r). (5.10)
The resulting time-averaged dissipation power yields

Wiss = / Tﬁ < (V8T)? > dr, (5.11)

o

where <> denotes time-averaging, which, according to the FDT, gives the single-

sideband power spectral density (PSD) of 6T,

thiss ﬂ'hf
—(f) = th (—— 5.12
S§T(f) ﬂng Cco (kBTO)’ ( )

with kp Boltzmann’s constant.

This approach can be extended to reveal the PSD of temperature difference between
two optical modes, Sar, by introducing the difference in field intensity distributions
as follows:

|Ei(n)]? |E2(r)?
JIE(®PEr [ |Er)Pdr

q(r) = q1(r) - q2(r) = (5.13)
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where E| and E; represent the respective electrical fields of the two modes. From

these results, the spectral density of the difference in modal-weighted temperatures

is given by,
Sar(w) = FA< [6T1(1) = T2 (D][6T1 (1 +7) = 6Ta (1 + 7)] >} (w) 5.14)
= Sg7(w) + S5 (w) — 2Real{ F[< ST (1)0Tr(t + 1) >](w)} .
where Fourier transformation is denoted by #. With the definition,
R(w) = Real{ F[< 6T (t)6T»r(t + 1) >](a))}. (5.15)
S5T79573

Eq. 5.14 gives Eq. 5.4 in the main text when the thermo-optic properties are taken

into account.

In practice, the energy dissipation Wy;,, can be acquired by Fourier transformation

of Eq. 5.7 with respect to ¢, yielding
iwpCF (6T} — kV>F{6T} = iwTyFoq(r), (5.16)

where w = 27 f and only positive frequency components of ¢S are considered.
An FEM solver (COMSOL multiphysics in this work) can be used for simulations
using the above equation. Critical parameters used in the simulation of thermal
properties are: density p = 2.2 x 103 kg/m?, heat capacity C = 740 J/(kg-K),
thermal conductivity £ = 1.38 W/(m-K), thermorefractive index ny = 1.2 X 1079/K,
and ambient temperature of 300 K. The silica resonator has 22 mm radius and 8 um
thickness, supported by a silicon pillar with 140 ym in undercut. The wedge angle
is 30°.

Theory of noise transduction

In this section, we overview the theoretical analysis used to determine the noise
transduction factors @ and . The following pair of Lugiato-Lefever equations
[108, 112, 125] are utilized to predict the dynamics of the soliton field with another

transverse mode family field coupled to it so as to provide dispersive wave radiation,

OE Djyg 0?2 J|E s|?

(9ts (———(5 176752+ig5|E5|2+iys £ VEs+f,+iGEp, (5.17)
OF D,p 02
8—tD = [—KTD —i(6w + Awy —zAD—) +1i ;D 95

(5.18)
O|E D|2

d¢

+igp|Ep|* +iyp lEp+iGEs,
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Figure 5.8: Influence of pump laser RIN. (a) Measured SSB RIN of the pump laser.
(b) Simulated noise transduction factor y ( f) between pump laser RIN and soliton
repetition rate.

where E g (E p) is the slowly varying field envelope (photon number normalization)
for the soliton (dispersive wave), ks p are the corresponding energy decay rates, dw is
the pump-cavity frequency detuning, gsp = ha)(z)nzD 15.0/2mnpA ¢f is the nonlinear
coupling coefficient with A ¢ the effective nonlinear mode area, y sp = g spD 15Tr
is the Raman coefficient with 7 the Raman shock time, ¢ is azimuthal angle in the
cavity, Awg = wop — wos, and AD = Dp — Dyg. Also, f, = VK ex(P in is the pump
field amplitude where k ¢ is the external coupling rate of the soliton mode and P i,
is the pump power. G is the coupling strength between the soliton and dispersive

wave mode families.

After considerable algebra, the spectral recoil  Rrecoii induced by the dispersive

wave can be obtained using moment analysis, as given by [108]

Q econ = AT [ [ ¢ 1 —. 619
(Aw)?[(Aw, — Aw')? + =]
with A 2
A= %. (5.20)
Combined with the Raman-induced SSFS [98]
Q Raman = —%, (5.21)

1§° 8
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the overall soliton spectral shift yields
€2 = Q Raman + £2 Recoil - (5.22)

In addition, the detuning dw is obtained by [98, 108]

Dos

ow = 2D2 (— Q?). (5.23)
It is noted Q and 7 are fitted through optical spectra of the soliton with a sech?
envelope. All parameters that are required to describe the system are obtained either
from direct measurement or by fitting experimental data. Critical parameters are:
TR =2.71s,gs = 7.9x 107 rad/s. Fitted parameters include G /27 = 11.55+2.03
MHz and Aw’ /27 = 15.93+1.51 MHz. Based on these parameters, the transduction
factors are calculated numerically as shown in Fig. 5.5d. The analytical model is

further verified with numerical simulation in the Supplement.

Impact of pump intensity noise

The impact of the relative intensity noise (RIN) from the pump laser on the soliton
repetition rate is obtained by numerical simulation of the above-mentioned coupled
Lugiato-Lefever equations. Specifically, a sinusoidal perturbation at frequency f is

applied on the pump so that

fo= fi(1+ g sin 27 £1). (5.24)

By tracking the motion of soliton peak position, the change of repetition rate can be

revealed which further gives the following noise coupling coefficient:

rep

x(f) = | [ (5.25)

Therefore, with the measured pump RIN (Fig. 5.8), the RIN-induced phase noise
can be derived as shown in Fig. 5.3d.

Quantum timing jitter

Quantum timing jitter of soliton microcombs originates from vacuum fluctuations
in each cavity mode. The predicted SSB phase noise spectral density of the detected
soliton pulse stream at the repetition rate is given by [96]

ngs [2Das kg 47r2f2 10w
S 1+ —)"—]. 5.26
o) =" g (1 =) ] (5.26)

S
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Chapter 6

ON-CHIP WEDGE MICRORESONATOR BRILLOUIN LASER
REACHING THERMAL REFRACTIVE NOISE LIMIT

5 Abstract

A on-chip thermal silica wedge microresonator Brillouin laser is demonstrated
reaching thermal refractive noise limit by through suppression of Brillouin cascade.
A fundamental frequency noise of 9x10~3 Hz?/Hz is achieved. The results set new

performance targets for chip-based Brillouin laser platforms.

Narrow-linewidth lasers are important to many applications including precision
metrology, positioning, navigation, communications and sensing systems, and their
chip-scale miniaturization is receiving increasing attention due to reduced size,
smaller cost but comparable linewidth performance with bulk laser devices. Stim-
ulated Brillouin lasers (SBLs) using high-Q optical microresonators have emerged
as a powerful platform for narrow linewidth on-chip operation [10, 126]. SBLs
have been demonstrated in many on-chip photonic platforms [24, 28, 32, 49, 127,
128]. On-chip SBL microlasers are key functional components for many powerful
systems including Sagnac gyroscope [26, 28, 29], microwave synthesizer [30, 69]

and microwave processor for communication [126].

Frequency noise is an important observable in laser systems. It is approximately
described by two regime. Low offset regime (offset frequency 100 Hz - ~500
kHz) includes mainly the technical contribution to noise (such as noise coupled
from the pump wave noise) and the fundamental source of noise (such as thermal
refractive noise). High offset regime (offset frequency beyond ~500 kHz) is where
white noise floor starts to manifest. This white noise floor is fundamental in nature
and is critically important in applications that rely upon the beatnote of co-lasing
waves such as Sagnac gyroscope and microwave generation where the technical
noise and the thermal refractive noise are largely common mode and can be entirely

cancelled, thus only fundamental noise contributions are left. As an example, ultra-

SPart of the work presented in this chapter has been published in "Towards milli-Hertz laser frequency
noise on a chip," CLEO SF20.2,(2021) [87]
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Figure 6.1: Experimental setup consisting of SBL generation and frequency noise
measurement sections.

low fundamental noise enabled the extreme sensitivity to measure earth rotation

using a single chip [29].

In this chapter, a frequency noise reaching thermal refractive noise limit and an
ultra-low fundamental noise level of 9x10~3 Hz?/Hz in an on-chip SBL are demon-
strated. The noise level has a power dependence and magnitude that are consistent
with fundamental white frequency noise, and would correspond to a fundamental
linewidth of 60 mHz. This linewidth is 5x lower than previous SBL reports, and
it is measured using an enhanced self-heterodyne optical frequency discriminator
method [129, 130]. The ultra-low noise level is made possible by the high optical
Q of the resonator in combination with higher single-mode laser power through

suppression of Brillouin cascade.

The interaction between acoustic waves and light waves generates Brillouin at a
frequency down shifted position (2 ~ 10.8 GHz in silica) from the pump wave. The
SBL occurs when a resonance mode sits in this Brillouin gain bandwidth (I" ~200
MHz). The fast dissipation rates of Brillouin phonons (100 - 200 MHz) significantly
suppresses the noise coupling from the pump light and enables generation of narrow-
linewidth laser from a normal-linewidth laser. The fundamental noise formula for
SBL exhibits Schawlow-Townes like behavior. It varies inversely with SBL optical

power and roughly inverse-quadratically with cavity Q factor:

hv3ng,
S =(1+a>)—2 6.1)
sBL.r = ( ) 2Pspr.O1.0ex

These features provide effective ways to reduce fundamental noise of SBL: increase
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Figure 6.2: SBL single side-band frequency noise at two different power levels. The
dashed red line gives the simulated thermo-refractive noise.

SBL output power and leverage ultra-high-Q microresonators [33].

Typically, to satisfy the phase matching condition, SBL microcavities are designed so
as to align the free-spectral-range (FSR) to the Brillouin shift frequency. However,
as the FSR dispersion is often small, a neighboring longitudinal mode can also
phase match to the initial Stokes laser wave, leading to lasing cascade. Cascading
is detrimental to low frequency noise operation as the laser power of the first Stokes
wave (now the pumping wave) becomes clamped. Moreover, frequency noise is
increased due to the presence of the second-order Stokes wave [131]. A natural
strategy is to use different transverse mode families for pumping and Stokes waves to
block cascade, so that Brillouin laser power can be substantially increased, resulting

in reduced fundamental frequency noise.

A thermal silica wedge resonator is used for the SBL, which features FSR of 8.9
GHz, as shown in Fig. 6.1 inset. The resonator chip is optically packaged into a
operational module [64]. Both pump mode and SBL mode feature high intrinsic

Q-factors around 550 million (after packaging).

The experimental setup is shown in Fig. 6.1 An Pound-Drever-Hall locked external-
cavity diode laser (ECDL) is amplified by an erbium-doped fiber amplifier (EDFA)
and sent to a tapered fiber for coupling to the resonator. The Brillouin laser wave,

propagating in the opposite direction of the pump wave, is collected with a circulator.
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Figure 6.3: Dependence of SBL fundamental frequency noise levels on SBL output
powers. Blue dots: data. Black solid line: theoretical prediction from Eq.6.1
01 = 270M, Q¢ = 730M ). A good agreement is obtained.

An optical spectrum analyzer (OSA) is used to monitor pump and SBL spectra and

to ensure that no cascading occurs.

To measure the frequency noise (more specifically, power spectral density), the
laser output is sent to a self-heterodyne optical frequency discriminator enhanced
with a cross correlation method (XCOR) [130]. The reason to implement cross
correlation is that at high offset frequencies (above 1 MHz), the frequency noise floor
and measurement sensitivity were found to be limited by technical noise from the
photo-detectors (PD). The cross correlation of the electrical signals produced at the
interferometer output is found effective to overcome this limitation. For operations,
as shown in Fig. 6.1, an AOM was used to split the input light into frequency-shifted
(1st order) and un-shifted parts (Oth order), the latter being delayed by a 1-km-long
fiber. However, instead of a single photodetector, two photodetectors receive the
optical signals. Their outputs are recorded using an oscilloscope for subsequent

XCOR to remove detector technical noise.

The SBL frequency noise measurement results are presented in Fig. 6.2 with
a comparison of two SBL output powers. The purple solid line corresponds to
0.9 mW SBL output power and the blue solid line corresponds to 0.2 mW. Both
traces overlap well at low offset frequencies (below 500 kHz) and they are limited
by thermo-refractive noise (TRN) coming from dielectric resonator mode volume
based on numerical simulation shown by red dashed line. The purple dashed line

indicates the white noise floor at 0.9 mW. By averaging the white-like portion of
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Figure 6.4: C/L band operations of ultra-low-fundamental noise SBL.

the measured frequency noise (between 1.5 MHz to 2 MHz), this noise floor is
estimated to be 9x10~> Hz?/Hz (equivalent to a Lorentzian linewidth of 60 mHz).
This is 1/5 of the white noise floor at 0.2 mW (blue dashed line). The white noise
floor at varied SBL output power levels is summarised in Fig. 6.3. And this noise
is found to vary inversely with Stokes power and to also agree reasonably well with
the theoretical predictions of the expected fundamental white noise level (see Eq.6.1
where 01, = 270M and Qe ~ 730M are used), which proves its fundamental nature.
The further increase of SBL output power is limited by the comb generation pumped
by SBL in the anomalous dispersion region [132, 133]. This places a lower limit to

the fundamental noise level:

hv3ng, _(1+ az) 2hv3nthn2n2

S L 6.2
2QLQethh ( )

SseLr > (1+a?)
néVeﬂ"
where Py, is the parametric oscillation threshold [20, 58] and n; is the nonlinear

refractive index (n2gilica = 2.2 X 1072°m?/W).

The wedge optical microresonators feature ultra-high-Q over very wide spectral
band and high mode densities separated by hundreds of MHz in every FSR [33],
which induces high probabilities of satisfying phase matching condition for SBL
generation at any input wavelength, even into visible [56, 134]. As a demonstration,
the ultra-low-fundamental noise SBL is measured over the whole C/L band (1535
nm - 1570 nm) as shown in Fig. 6.4. The fine tuning of SBL laser frequency in
the GHz range can be achieved by either thermal tuning or piezo tuning through

integrating these control elements with our photonic chips.
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Figure 6.5: Multiple-soliton state generated by SBL. Optical spectrum, beatnote
and 8.9 GHz microwave signal phase noise performance.

When the SBL output power reaches 1 mW (y®) parametric oscillation threshold
[33]), SBL starts to generate Kerr microcomb. And SBL pumped comb favors
mode-locked soliton state [11]. One representative multiple-soliton state generated
by SBL is presented in Fig. 6.5. The 8.9 GHz beatnote microwave signal features
phase noise of -88 dBc/Hz at 1 kHz offset and -110 dBc/Hz at 10 kHz offset, a
performance comparable with ’quiet point’ operation result [88]. The reason is
attributed to the low noise of SBL waves as soliton pump credited to the Brillouin

acoustic filtering effect.

In summary, a 9x10~3 Hz?/Hz ultra-low fundamental frequency noise in an on-chip
SBL system at an output power of 0.9 mW has been demonstrated. This corre-
sponds to 60 mHz fundamental Lorentzian linewidth. The boosted performance is
enabled by a combination of ultra-high-Q factors with increased SBL power through
suppression of Brillouin cascade by cross mode SBL operation. The same noise
performance is measured over the whole C/L band. These results demonstrate the
potential for silica-based high-Q laser platforms to achieve extremely narrow laser
fundamental linewidths to a new target level . Even while the noise at low offset
frequencies remains high, these noise sources can be suppressed in certain applica-
tions such as the Sagnac gyroscope that rely upon relative coherence of co-lasing

waves [26].
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Chapter 7

TM MODE ENABLES 700M INTEGRATED THIN SIN
MICRORESONATORS

6 Abstract

Recently, photonic integrated circuits based on high-aspect-ratio SiN waveguide
structure is emerging as a powerful ultra-low-loss on-chip platform for applica-
tions spanning narrow-linewidth lasers to nonlinear optics. However, the Q-factors
achieved are usually limited at the level of 200 million by scattering loss. In this
chapter, by leveraging TM mode, Q factor as high as 680 million is achieved. The
group velocity dispersion (GVD) of TM mode is 1/4 of TE mode. Both increased Q
and reduced GVD are in favour of broad-bandwidth comb generation for applications

such as optical frequency division (OFD).

Recently, photonic integrated circuits based on high-aspect-ratio SiN waveguide
structure [13, 36, 135] is emerging as a powerful ultra-low-loss on-chip platform
for applications spanning narrow-linewidth lasers to nonlinear optics. However,
the Q-factors achieved are usually limited at the level of 200 million. The optical
loss in high-aspect-ratio SiN waveguides is mainly limited by scattering loss at the
SiN-silica interfaces. One natural strategy is to reduce the electric field strength
at the interfaces. Compared with TE mode, TM mode feature much smaller field
strength, with the trade off of larger mode area. In this chapter, by leveraging TM

mode, Q factor as high as 680 million is achieved.

The theoretical analysis in the limit of infinite planar waveguides can show that the
scattering loss ratio between TM and TE modes at the top/bottom core/cladding

interfaces is:

n ing\0 1
aTMO ~ ( claddmg) ~ = (7.1)
QTEQ 7

The infinite planar waveguide model is indeed a good approximation for the high-

Ncore

aspect-ratio SiN waveguide structure considering that the lateral dimension (~ 10

pm) are much larger than vertical dimension (100 nm).

¢Work presented in this chapter has not been published yet.
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Figure 7.1: Resonance transmission linewidth measurement of a 8 GHz FSR device
(8 mm diameter) at 1550 nm. Intrinsic Q-factor of Qg of 670 million and loaded
Q-factor Qr, of 375 million are measured from fitting, with backscattering induced
splitting of 0.56 MHz.

The device is fabricated in a CMOS foundry. The device is a microring with
diameter of 8 mm, which corresponds to free-spectral-range (FSR) of 8 GHz. The
core thin SiN thickness is 100 nm. The top cladding thickness is 4 ym and the under
cladding thickness is 14.5 um. Multiple factors specially for TM mode are carefully
considered during the design process. First, ring waveguide width is increased to
20 pm to support 4 mm bending radius and only support single mode. Second, the
device radius needs to be safely larger than cutoff bending radius and TM cutoft
radius is much larger than TE. Last but the most importantly, the coupler is carefully
designed. Because of the intrinsic loss rate (k;) of TM is much smaller than TE, the
required coupling rate (kex) to achieve critical coupling condition is much smaller.
As a result, the gap between the bus waveguide and microring can be set very
large to have very small coupling rate, while TE mode is super-undercoupled. As
a side benefit of larger coupling gap, the intrinsic loss is further reduced because
the perturbations of the coupling waveguide to the microresonator (usually perfectly
symmetric) and this perturbation-induced scattering loss are reduced and higher Q
is achieved. The coupling gap (edge to edge) is selected to be 9 um and the coupling

waveguide is selected to be 3.25 yum here.
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Figure 7.2: Resonance dispersion measurement. D,/2m of -12.3 kHz and FSR
(D1 /2r) of 7.958 GHz are extracted . The crossing point at u ~ —170 results from
TM/TE mode hybridization due to 0.5% difference in FSRs between TM and TE
modes.

The device bus waveguide is interrogated through edge coupling using cleaved fiber
with index match gel. TM mode feature large mode area, reduced mode ellipticity
and better mode matching with fiber mode, so a 2 dB/facet edge loss is achieved

assisted by chip edge waveguide tapering.

The Resonance transmission linewidth measurement result is shown in Fig. 7.1.
From the fitting based on the split resonance model augmented with backscattering
[85], the loaded Q-factor Q. of 375 million, intrinsic Q-factor of Q¢ of 670 million
and splitting of 0.56 MHz are extracted.

The microresonator (TM mode) dispersion measurement [121] is shown in Fig. 7.2.
Based on the integrated dispersion relationship: w, = wo + D1u + %Dz,u2 (u is the
mode number relative to the reference center mode), D, /27 of -12.3 kHz and FSR
(D1/2r) of 7.958 GHz are obtained from data. Based on the relationship between
waveguide group velocity dispersion (GVD) parameter (52) and resonator GVD
parameter (D;): Dy = —(c/ng),BzDZ, GVD S, of +154 ps?/km is obtained. This
number is one quarter of TE mode previously reported [13]. And reduced GVD is
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beneficial for increasing comb bandwidth, which is critically important for many
applications such as optical frequency division (OFD) [136]. The bending radius
of 4 mm induces the FSR difference between TM and TE modes. The FSR of TM
mode is roughly 0.5% larger than that of TE mode, which causes the sing mode
crossing point near 1560 nm (u = —170 ) from TM/TE mode hybridization. Such
a mode crossing enables dark comb generation with normal dispersion only using

continuous wave (CW) pump [137].
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Chapter 8

ALGAAS SOLITON MICROCOMBS AT ROOM TEMPERATURE

7 Abstract

Soliton mode locking in high-Q microcavities provides a way to integrate frequency
comb systems. Among material platforms, AlGaAs has one of the largest optical
nonlinearity coefficients, and is advantageous for low-pump-threshold comb gener-
ation. However, AlGaAs also has a very large thermo-optic effect that destabilizes
soliton formation, and femtosecond soliton pulse generation has only been possible
at cryogenic temperatures. Here, soliton generation in AlGaAs microresonators
at room temperature is reported for the first time, to the best of our knowledge.
The destabilizing thermo-optic effect is shown to instead provide stability in the
high-repetition-rate soliton regime (corresponding to a large, normalized second-
order dispersion parameter D;/k). Single soliton and soliton crystal generation
with sub-milliwatt optical pump power are demonstrated. The generality of this
approach is verified in a high-Q silica microtoroid where manual tuning into the
soliton regime is demonstrated. Besides the advantages of large optical nonlinear-
ity, these AlGaAs devices are natural candidates for integration with semiconductor
pump lasers. Furthermore, the approach should generalize to any high-Q resonator

material platform.

Optical frequency combs have revolutionized precision time and frequency metrol-
ogy, and they find a wide range of applications in areas as diverse as spectroscopy,
optical communications, distance measurement, and low-noise microwave genera-
tion [139]. Recent advances in chip-integration of optical frequency combs [11,
140-143] could accelerate their widespread use even beyond the laboratory en-
vironment. Taking advantage of chip-based high Q-factor microresonators [6],
dissipative Kerr soliton (DKS) formation is a promising method of comb forma-
tion [11]. Because the Kerr nonlinearity exists in all optical materials, DKSs have
been demonstrated in many materials including silicon nitride [105], silica [58],
aluminum nitride [144], and lithium niobate [117, 145].

7Work presented in this chapter has been published in "AlGaAs soliton microcombs at room tem-
perature," Optics Letters 48, 3853-3856 (2023) [138]
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Among various materials, AlGaAs offers a combination of large nonlinearity and
high refractive index that are well suited for low (uW-level) pump threshold [42, 43,
146, 147]. Moreover, because of its compatibility with semiconductor lasers, it has
the potential to be integrated with pump lasers. However, the large thermo-optic
effect of AlGaAs has prohibited femtosecond soliton pulse generation at room tem-
perature, and either cooling to cryogenic temperature [120] or generation of dark
soliton pulses [148] has been necessary to achieve stable microcombs. Here, we
demonstrate stable room-temperature bright-soliton generation in AlGaAs micro-
rosonators for the first time. Single soliton states are generated in waveguide-coupled
AlGaAs microresonators at a repetition rate of 1 THz. The coherence of these soli-
ton microcombs is confirmed by beatnote measurements with a self-referenced fiber
comb system and observation of perfect soliton crystals (PSC) [149]. The approach
uses the scaling of soliton power with the normalized second-order dispersion pa-
rameter D,/ [58], and is further verified by soliton generation in a high-Q silica
microtoroid using only manual tuning (i.e., no special triggering [58]) of the optical

pumping frequency.

Room temperature generation of solitons in AlGaAs is frustrated by a large thermo-
optic coeflicient with an abrupt drop of intra-cavity power that usually accompanies
soliton formation [112]. The subsequent rapid cooling of the mode volume causes
the resonator frequency to quickly tune away from the pumping frequency. If
the thermo-optic effect is large, this tuning prevents stable soliton formation. On
the other hand, the thermo-optic effect will also self-stabilize an optically pumped
system if the intracavity power increases with laser blue-to-red tuning [150]. For
soliton generation, the stability benefit of this increase has been noted in soliton
crystal formation ( [151, 152]).

To reduce the temperature decrease, a simple strategy is to increase soliton power.

The emitted soliton power normalized by parametric oscillation threshold power is

P 8V2i? [ [D
SO] — \/_77 _(l) _2 (8,1)
P bg K K

where dw = w—wy is the detuning of pumping frequency w relative to the frequency

given by [58]:

wy of the cavity mode that is pumped, D> is the second-order dispersion parameter
(see Fig. 8.1b caption), and x = w/Q is the optical loss rate where Q is the optical
Q-factor. Also, n = Q/Q. is the waveguide-to-resonator loading factor, where Qex
is the external coupling Q factor ( 1/Q = 1/Q¢ + 1/Qex Where Q is the intrinsic Q
factor). In Fig 8.1a, plots of Eq. 8.1 versus normalized detuning (20w/«) at several
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Figure 8.1: AlGaAs and silica microresonator properties and soliton generation with
increasing D, /k. (a) Numerical simulation of normalized intracavity power versus
normalized pump laser detuning (20w/« = 2(w — wy)/k) for three microresonators
having D,/« values of 1, 0.1, 0.01. The dashed lines are analytical results from
Eq. 8.1. The pump power is set to 25 times parametric oscillation threshold for all
three traces. Table summarizes D;/« values in various soliton generation devices
from the references [58, 105, 118—-120] and the devices tested in this work. (b)
Measured integrated frequency dispersion for the AlGaAs resonator (red points)
is plotted versus the relative mode number, u. To construct this plot the center
wavelength of each split mode is measured using an OSA. The mode frequency is
given by w, = wo+uD + %Dz,u2 and the blue dashed curve is a fit using D /27 =
1.0126 THz and D, /27 = 235 MHz. The measured modes span wavelengths from
1516 to 1620 nm and ¢ = O corresponds to the pump mode wavelength at 1532
nm. A slight avoided mode crossing near u = —5 originates from TE/TM mode
hybridization. Upper right inset: optical micrograph of the device with scale bar
indicated. Lower left inset: SEM micrograph of AlGaAs waveguide cross section.
(c) Silica microtoroid dispersion plot with the similar content to (b). Upper right
inset: SEM micrograph of the device with scale bar indicated.

values of D;/k are superimposed on numerical simulations of normalized soliton
power using the Lugiato Lefever equation [125]. Increasing D;/«k results in higher
soliton power at a given pump detuning. Since D, = —(c/ ng)ﬂzD% (where S, is the

group velocity dispersion, GVD), larger D; (equivalently larger FSR = D /27 and
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Figure 8.2: AlGaAs microresonator and silica microtoroid soliton generation
behavior at different pump power levels. (a)-(b) Single soliton generation for
500 W on-chip pump power showing soliton power versus pump frequency scan
(a) and optical spectrum (b) at scan location given by the blue arrow in (a). (c)-
(d) 3-FSR perfect soliton crystal formation at 660 W on chip pump power with
content similar to (a)-(b). (e)-(f) Scan (e) and optical spectrum (f) for soliton comb
generation in the microtoroid resonator.

larger soliton repetition rate), larger 5, and smaller x will increase the normalized
soliton power and mitigate the photothermal instability. A comparison of D/«
values taken from different devices reported in the literature as well as the devices

studied here is provided in the Fig. 8.1a Table.

The Aly2Gag gAs devices had FSR = 1 THz (12.46 um radius) and details on their
fabrication are provided in [43]. The microresonator waveguide cross section had
600 nm width and 400 nm height (see SEM image in Fig. 8.1b inset). With these
dimensions, the fundamental TE mode has a calculated GVD S,= -431 psszm at
1532 nm (the pumping wavelength in this study). This value is in good agreement
with the measured microresonator GVD S, = —ny,D»/ cD% ~ —455 ps*/km (see Fig.
8.1b and caption for dispersion measurement details). Intrinsic Q factor Qg = 1.7
million and total Q factor Q = 0.92 M at the pumping wavelength were measured
by characterizing the transmission spectrum. The spectrum featured a full-width-
half-maximum linewidth of «/27r = 210 MHz which was broadened slightly by
mode-splitting of 92 MHz [85]. The parametric oscillation threshold was measured
(in-waveguide) to be approximately 20 uW which is in good agreement with the
theoretical value of 22 uW [20, 58] where ny ~ 1.7 X 10717 m2/W [55] was assumed
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in addition to the following calculated parameters: effective index ne=2.899, group
index ng=3.746, and effective mode area A.g= 0.256 ymz). The refractive index of
Alg »,Gag gAs is taken from the material refractive index database [153].

The high-Q silica microtoroid used in this work was fabricated by laser reflow and
optical coupling employed a tapered fiber as descibed elsewhere [20]. It featured
an FSR of 1.018 THz (see SEM image in the inset of Fig. 8.1c). Intrinsic Q factor

Qo = 37 million and total Q factor 0 = 26 million were measured.

Both AlGaAs and silica microcomb devices were pumped using a tunable ECDL
(Toptica CTL1550). For AlGaAs measurements the laser light was coupled in/out
of the chip bus waveguide through a pair of fiber lenses and pump power is adjusted
by a variable optical attenuator and monitored before and after the resonator chip
by integrating sphere power meters (ISPMs). The ISPMs allowed estimate of the
coupling loss to the chip to be 3.3 dB per facet. The bus waveguides were tapered
to 200 nm to minimize this loss. Silica microtoroid devices were pumped using a

fiber taper with less than 0.5 dB insertion loss.

A summary of AlGaAs microcomb behavior for pumping at 1532 nm is provided
in Fig. 8.2 a-d. Beginning with panels Fig. 8.2 a-b, panel a gives the comb power
for constant on-chip bus waveguide pump power of 500 uW as the pump laser is
scanned in frequency (horizontal axis). A Mach-Zehnder interferometer is used to
calibrate the laser frequency scan. The pump line is filtered using a WaveShaper.
As can be seen in Fig. 8.2a, the power initially decreases slightly where the system
transitions to a single soliton state. However, the soliton power eventually rises above
the initial power drop and the photothermal effect works to stabilize the system. In
fact, it was possible to manually tune the laser frequency into the soliton state and
stably measure comb spectra as has been reported elsewhere [118, 119]. A single
soliton spectrum measured at the detuning indicated by the blue arrow in Fig. 8.2a
is presented in Fig. 8.2b. The comb line spacing equals one FSR (1 THz, 8 nm). As
an aside, the 1572 nm comb line (indicated by the red arrow) is reduced in power
as a result of the perturbation to the parabolic dispersion at 4 = —5 in Fig. 8.1b.
Also, the state appearing in Fig. 8.2a for larger detuning than the single soliton state
is believed to result from mode-locking on a hybrid mode state associated with the

mode spliting. This state is under further investigation.

In Figs. 8.2c-d, the same measurements are repeated for 660 W on chip pumping
power. Here, the optical spectrum in Fig. 8.2d reveals that the state is a perfect
soliton crystal state [149, 151] with its repetition rate equal to 3 FSRs (3 THz,
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Figure 8.3: Single soliton comb line beatnote with self-referenced fiber comb.
The peak at 250 MHz gives the fiber comb repetition rate fp. In the red trace, the
2 small peaks are beatnotes between the filtered 1548 nm single soliton comb line
with 2 fiber comb lines (see inset). The blue trace is the beatnote of the ECDL laser
pump line with two fiber comb lines.

24 nm), corresponding to three soliton pulses circulating in the cavity. The comb
spectrum is spectrally broad spanning 400 nm (1300-1700 nm). Importantly, the
ability to observe a soliton crystal further confirms the coherence of the soliton
pulses in this system, since this is required to form the 3 FSR comb from coherent

interference of three underlying 1 FSR combs.

Finally, Figs. 8.2e-f show soliton power versus tuning and single soliton comb
spectra for the microtoroid device. Significantly, on account of the large D/« for
this device (see Table in Fig. 8.1a) the soliton step rises. As a result, it was possible
to excite this soliton using only manual tuning. As an aside, the large D>/« value
of these systems also means that parametric oscillation initiates on the neighboring
sidemodes of the pumping mode. Specifically, the peak parametric gain occurs at
1= fpump ~ Vk/D2 = 1[11].

To further confirm microcomb formation in the single soliton state of the AlGaAs
device, one of the comb lines (1548 nm line in Fig. 8.2b, u = -2) is filtered out
and beat with a self-referenced [3] fiber comb (Menlo FC1500-250-ULN, fip=250
MHz and carrier-envelope-offset frequency fcgo = 35 MHz). The beatnote between
microcomb and fiber comb is shown in Fig. 8.3 as the red trace. The strong peak
is the fiber comb repetition rate, while the neighboring weaker peaks are beatnotes
produced by two fiber comb teeth with the filtered THz comb tooth. The beatnote
peak at 247.1 MHz has a full width at half maximum linewidth of 59 kHz, which
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is an order-of-magnitude narrower than in previous work at 4K temperature [120].
For comparison, the beatnote between the pump laser (Toptica ECDL) and the
fiber comb is also plotted as the blue trace. As an aside, on account of the THz
repetition rate, it was not possible to directly detect the comb rate [154]. Likewise,
autocorrelation measurements were difficult due to the sub femto Joule pulse energy.
Also, amplification of the pulses was challenging due to the limited bandwidth of

erbium fiber amplifiers in comparison to the soliton spectrum.

We have demonstrated soliton generation in AlGaAs microresonators at room tem-
perature for the first time. In the experiment, large D/« resonators were used to
create higher power soliton steps and leverage the large thermo-optical effect to
stabilize (as opposed to destabilize) soliton formation. Low-noise 1 THz repetition-
rate soliton generation was possible with only sub-milliWatt optical pump power.
Combined with on-chip optical amplifiers [155], such a high repetition-rate optical
pulse source can be useful in applications such as pulse driven optical computation
[156, 157] (e.g. coherent Ising machine [158, 159]) and for THz wave generation
[154]. It should also be possible to integrate these devices with III-V pump lasers,
e.g., by further using heterogeneous integration of InP laser on top of nonlinear
waveguides [160]. Finally, the same strategy of increasing D/« should be appli-
cable for soliton generation in all material systems, including other semiconductor
systems such as GaP [46]. To demonstrate the generality of this approach, soliton
generation in high-Q silica microtoroids was demonstrated using only manual tuning

of the pumping frequency to initiate soliton formation.
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