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Abstract

Noise is an ever-present reality of the world we live in. From the non-
deterministic movement of matter to the fluctuations of the physical
fields surrounding us, noise is the ultimate adversary of all things pure.
Noise limits the fidelity of information transfer, particularly for quan-
tum signals relying on coherence. Yet at sufficiently low temperatures,
ambient thermal noise is suppressed to a level where even quantum sig-
nals can maintain coherence, making them available for technological
applications. Modern cryogenic technologies enable access to environ-
mental temperatures of 10 mK, allowing quantum-coherent transfer and
processing of signals with carrier frequencies in the GHz range.

A technology that operates in this regime is the optomechanical crys-
tal: a nanofabricated device that supports high-quality resonances for
both optical and acoustic fields and enables coherent coupling between
the two. Through the optomechanical interaction, the acoustic mode
can serve as a universal bus for the optical field, coherently linking it to
other nonlinear systems, such as superconducting qubits — thereby en-
abling quantum microwave-to-optical transduction. As with many quan-
tum systems, however, device performance is constrained by excess noise.
In optomechanical crystals, this noise primarily stems from optical ab-
sorption combined with insufficient thermal anchoring. Achieving robust
quantum-level operation in future devices therefore requires a detailed
understanding and careful mitigation of these noise mechanisms.

This thesis makes progress toward overcoming optical-absorption-
induced noise in optomechanical crystals by (I) introducing a new class of
optomechanical devices with superior thermal anchoring: the release-free
optomechanical crystal; and (II) carefully investigating its noise perfor-
mance and potential for microwave-to-optical transduction. The results
presented in this thesis contribute to the understanding of noise limits
in silicon optomechanical crystals and showcase the release-free platform
as a viable alternative for on-chip, low-noise optomechanics.
Keywords: Release-free silicon optomechanical crystal, optomechanics,
cryogenic silicon thermometry, single-phonon counting.
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CHAPTER 1

Introduction

1.1 Micro- and nanoscale mechanical elements

In an age increasingly defined by software, data, and artificial intelli-
gence, the significance of technologies based on physical motion is easily
overlooked. At the dawn of the computing age, Charles Babbage en-
visioned the Analytical Engine: an all-purpose computer with working
principles based on the motion of mechanical elements, long before the
invention of electricity-based transistors [I]. While never fully completed,
the massive machine with its thousands of gears and levers would be a
magnificent sight to behold — even now almost two centuries later.

The mechanical elements of today can be significantly more sub-
tle, and some are integral to the technologies we interact with daily.
Micro-electromechanical systems (MEMS) using micro-sized mechanical
elements are widely applied in systems such as accelerometers in phones
and satellites [2], beam-steering LiDAR for automotive [3], and filters
for compact RF signal processing [4]. Mechanical elements are unique in
their ability to interact strongly with many other physical systems, of-
ten thanks to the properties of the materials constituting the mechanical
element’s moving parts. Gravity pulls on anything with mass and mag-
netic materials are accelerated by magnetic fields, just to name a few.
Oscillating electromagnetic fields such as optical light also affect objects’
motion. This is described in the field of physics called optomechanics.
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1.1.1 Light-interacting mechanical elements

Optomechanics details the interplay between optical light and the move-
ment of mechanical objects. While dependent on the intensity of the
interacting light, the optomechanical interaction is strongest when light
is highly concentrated in tiny regions of space — making it especially
interesting for micro- and nanoscale systems. A common application
where light is tightly confined to a small region is the optical fiber. A
single-mode optical fiber core for laser light with 1550 nm wavelength
has a diameter on the order of a few micrometers, and when optical
powers are high, light sometimes scatters off the thermal vibrations in
the core in a process related to optomechanics called Brillouin scatter-
ing [5] (Fig. [1.1k). Brillouin scattering affects the transmitted power
and spectral features of propagating light and can be regarded as both
a desirable effect and an unintended nuisance. Since the first reported
measurements in silica glass optical fibers [6], fiber-optic Brillouin scat-
tering has been studied in many more exotic fiber systems with examples
such as chalcogenide photonic crystal fibers [7] and liquid core fibers [§].

The rise of nanofabrication in the 21st century brought a new playing
ground to the field of optomechanics [9]. The novel techniques allowed
for microscale mechanical resonators with high frequencies and quality
factors to be combined with optical cavities. Micro-scale mirrors on vi-
brating cantilevers [10] and membranes [II] could act as end mirrors
in Fabry—Pérot cavities (Fig. ), while whispering-gallery mode res-
onators [12] [I3] [I4] confined optical and acoustic energy to microscale
discs for increased interaction rates (Fig. [I.1k). From these resonant
systems, the field of cavity optomechanics emerged in which light could
be used to manipulate the state of mechanical motion. Through op-
tomechanics, effects such as cooling of mechanical modes were observed
[13, [11], further promising quantum-level operation in future implemen-
tations. The quantum regime was later breached in a microwave op-
tomechanical system where GHz microwaves cooled a superconducting
microscale drum capacitor close to its quantum ground state [15].

The list of micro- and nanoscale optomechanical systems is long,
and every implementation has unique opportunities, strengths, and chal-
lenges [17]. However, the ever-present pursuit toward increased sensitiv-
ities calls for higher interaction rates, which are often achieved through
more tightly confined optical and mechanical fields. The next advance-
ment in 1550 nm nanoscale optomechanical systems thus took this con-
cept one step further.
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Figure 1.1: Simple schematics of systems with microscale mechanical elements
interacting with light (red glow). Vibrational motion indicated in purple. a.
Vibrations in the core material of optical fibers cause the guided light to scatter
in an effect called Brilouin scattering [6] [7, [§]. b. A resonant optomechanical
system can be formed with microfabricated membranes or cantilevers. With
attached mirrors, the vibrational modes interact with light when implemented
as end mirrors in Fabry—Pérot cavities [10, [I1]. c¢. Microfabricated whispering-
gallery-mode resonators in materials such as silicon confine both light and me-
chanical vibrations in all three dimensions for increased interaction rates [16].

1.2 The optomechanical crystal cavity

Through the precision of nanofabrication, periodic patterns on the scale
of the wavelength of light can be used to precisely tailor the properties
of optical waves. This had previously led to photonic crystal cavities
which formed localized optical modes in thin dielectric slabs for con-
trolling spontaneous emission in semiconductors [I8]. In a natural hap-
penstance, the wavelength of the near-infrared light and sound waves
in the dielectric slabs are both on the order of 2ppm — owing to the 5-
orders-of-magnitude difference in their propagation speed. This meant
that the principles governing the photonic crystal cavity also could ap-
ply to acoustic vibrations. By designing simultaneous bandgaps for both
optical and acoustic waves in high-index materials such as silicon, the
optomechanical crystal cavity (OMC) was formed [19].

With its strong interaction, small mode volumes, and high optical and
mechanical quality factors, the OMC has been widely studied in various
experimental settings, and many different designs have been proposed
to tackle specific problems posed by experimental conditions (Fig. [1.2]).
The main purpose of a majority of experiments is to use the coherent
optomechanical coupling to manipulate the state of the OMC mechanical
mode down to the quantum regime — as had been previously shown in
the microwave domain [I5]. This endeavor has proven fruitful and has
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Figure 1.2: Simple schematics of suspended silicon optomechanical crystal
cavities (OMCs). Vibrational motion indicated in purple. a. Classical sus-
pended nanobeam OMC with elliptical holes. A “breathing”style GHz me-
chanical motion couples to light guided within the nanobeam [26] 24, 2T]. b.
“Zipper’-style OMC. The nanobeam is split in half, leaving an air gap along
the length of the nanobeam. The thin gap enables record-high coupling to
MHz-range mechanical modes but also increases optical losses [27]. ¢. Two-
dimensional “b-dagger’-style OMC designed for high coupling and low noise
[28].

led to experiments such as laser cooling of GHz mechanical modes close
to the quantum ground state |20} 2], remote mechanical entanglement
[22], and the study of topological phonons [23], to name a few. The light
field can also be manipulated by the interaction to create non-classical
states in the optical domain [24], 25].

1.2.1 Microwave-to-optical transduction

The efficient coherent coupling between the near-infrared light and GHz
acoustic waves brings opportunities beyond the optomechanical inter-
action. The prospect of a similarly efficient coupling between 1550 nm
optics and GHz microwaves offers promises within both classical and
quantum technologies [29, [30]. This steers active research into inter-
connecting devices sometimes referred to as microwave-to-optical (MO)
transducers within the field of quantum technology. As direct electro-
optical coupling generally requires strong optical pumping to reach ap-
preciable interaction [3I], 2], many currently explored approaches use
an intermediary physical system as an alternative transduction path.
By efficiently interacting with both domains, a multistage process can
thus achieve stronger effective coupling between microwave and optical
domains [30]. Among explored intermediary systems such as spin waves
[33], Rydberg atoms [34] 35], ions [36], and vacancy centers [37, [38], we
again find mechanical motion, which, as previously established, has a
unique ability to couple strongly to many physical systems — including
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optics and microwaves [39].

By functionalizing the OMC with a piezoelectric material, the me-
chanical mode can be driven by both optical light and GHz microwaves.
With previously demonstrated operation in the quantum regime, the
OMC-based approach is especially appealing for the quantum technol-
ogy industry. Qubits realized by superconducting circuits are one of
the promising avenues for realizing fault-tolerant quantum computation
[40], but they face serious scaling challenges [41] that could be alleviated
through remote entanglement achieved through MO transduction [42].
Research into MO transducers based on optomechanics has led to im-
portant achievements such as optical readout of superconducting qubits
[43, [44] and microwave—optical photon entanglement [45, 46, 47]. But
even though prospects for further progress with OMC-based quantum
transducers are promising, there is a major challenge that has been hin-
dering progress for OMCs in the quantum domain from the very first
experiments: optical-absorption-induced thermal noise.

1.2.2 Optical-absorption-induced thermal noise

For quantum operation of an MO transducer, it is imperative that any
thermal excitations are expelled from the system which would otherwise
decohere sensitive quantum signals. For devices such as the OMC with
its GHz acoustical frequencies, noise primarily enters from the thermal
environment of the mechanical mode. Owing to the GHz frequencies,
ground state operation can in principle be achieved by using modern
cryogenic equipment reaching temperatures of 10mK. However, when
optical light used for operating the devices absorbs in the OMC material,
the temperatures quickly rise beyond operational tolerances. For high-
fidelity operation, this effect must thus be minimized.

The path toward low mode volumes and high optical and mechan-
ical quality factors had led silicon OMC devices to be designed in a
platform based on suspended nanobeams (Fig. ,b). This resulted
in devices with small thermal capacity and limited pathways for effi-
cient thermal conduction away from the optomechanically active region.
A suspended nanobeam device would thus be even more susceptible to
absorption-induced heating (Fig. ) Reducing the mechanical iso-
lation by decreasing mechanical quality factors [48] and the designing
of two-dimensional suspended OMCs [49, 28] (Fig. [1.2¢) are two of the
common approaches to this problem which have both shown recent suc-
cess [50], 28] 25]. Despite this, thermal noise still limits the operation in
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Figure 1.3: Artistic rendition of laser-induced thermal noise in OMCs. a.
Two suspended OMCs on both sides of a bus waveguide. The device’s sus-
pended nature leads to heat buildup on optical pumping illustrated as red-hot
glowing. b. Adding a substrate beneath the OMCs makes them release-free.
The generated heat now conducts through the substrate, reducing the heat
load on the OMCs at constant applied optical power.

many quantum implementations [50} 25]. This motivates the exploration
of other approaches to reduce the effect of absorption-induced thermal
noise in optomechanical crystals — bringing us to the contributions of
this thesis.

1.3 This thesis

In this thesis, we approach the problem of optical-absorption-induced
thermal noise in silicon optomechanical crystals through the exploration
of a new design paradigm for silicon OMCs. Through careful design
considerations, we fabricate release-free OMCs with a working principle
that does not rely on suspending the device layer. This type of OMC
device would therefore have firmer thermal anchoring to the chip bulk,
making it more resistant to thermal noise buildup (Fig. [1.3p). In Paper
A, we present a release-free OMC specimen at room temperature with
optomechanical coupling gom/(27) ~ 500kHz and mechanical quality
factor limited by thermal scattering. At the time of publication, this
was the first sideband-resolved release-free silicon optomechanical system
with potential for quantum MO transduction.

In Paper B, we investigate the behavior of laser-induced thermal
noise in the release-free devices when cooled down to cryogenic temper-
atures of 10 mK. We show that when comparing release-free devices to
conventional suspended nanobeam OMCs, the release-free devices show
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increased robustness to the thermo-optic nonlinearity as well as toler-
ating significantly more optical power at a constant noise level below
one phonon. We further study the time dynamics of the thermal noise
in both suspended and release-free OMCs and identify noise components
with both fast and slow decay dynamics. Although slowly decaying noise
currently limits performance, we run pulsed experiments with average
noise < 0.5 phonons at 100 kHz repetition rate and 5 % scattering rate.

With the distant goal of remote entanglement between distant su-
perconducting qubits, we implement a release-free OMC into a full MO
transducer and present the results of room temperature measurements in
Paper C. With this first-generation device, we measure MO transduction
both in continuous wave and pulsed operation with an efficiency limited
by the impedance matching to the 50 2 microwave feedline.

The thesis contributes to the understanding of laser-induced thermal
noise in silicon optomechanical systems, a field of research with many
currently open questions. With detailed investigations of noise dynam-
ics for both suspended and release-free devices in two distinct material
platforms, we provide a perspective that benefits low-noise silicon op-
tomechanics in general — regardless of architectural implementation.

The thesis is outlined as follows: In Chapter 2, we give the back-
ground optomechanics and Brillouin scattering theory that is used in
design and measurement of release-free OMCs. Chapters 3, 4, and 5
then follow with complementary context, theory, methods, and measure-
ments for Papers A, B, and C, respectively. In Chapter 6, we summarize
and conclude the research performed as part of this thesis work and look
toward the future of release-free OMCs and MO transducers.
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CHAPTER 2

Interaction between light and nanoscale motion

Interaction between light and matter is all around us and is one of the
primary media through which we humans observe the universe. Light
scattering off physical objects conveys information about the state of
matter letting us infer positions and trajectories. This is natural to any
living organism with eyes, but that light itself also affects the motion
of macroscopic objects is harder to imagine. The effect was initially
observed by Kepler who in 1619 noted that a comet’s tail is repelled
by the sun [5I], but it was not until the invention of the laser before
technological applications could be properly explored. Light’s effect on
the motion of physical objects is now a widely known phenomenon and
is crucial to fields such as nanophotonics and fiber optic communication.

This chapter serves to provide much of the theoretical framework
required to understand the results in this thesis with emphasis to pro-
vide a solid foundation in the physical mechanisms underpinning the
optomechanical interaction. The chapter also describes the fundamen-
tal experimental techniques used to gauge a system’s optomechanical
properties.
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2.1 Optical and acoustic waves

At its essence, optomechanics describes the interplay between two phys-
ical fields; one expressed in the forces between atoms of matter, and the
other in the properties of the electromagnetic field. In this thesis we re-
strict ourselves by treating the acoustic field in solid matter exclusively,
although optomechanics can be studied in other physical systems such as
micro- [10, 11l 52] and macroscopic [53] moving mirrors and superfluid
helium [54, 55, 56]. Although vastly different in physical appearance, the
laws governing the two ingoing fields can be reduced to something near
identical, save only for the values of shared properties. This is a beau-
tiful notion that is at the heart of optomechanics, and will be further
explored once introducing piezoelectricity in Chapter 5. To appreciate
this symmetry, we will begin by giving a basic treatment of the elec-
tromagnetic and acoustic fields. While leaving detailed descriptions to
masterful works such as those by Griffiths [57] and Auld [58|, we proceed
more modestly here with general concepts to provide context for further
discussion.

2.1.1 Optical waves

We start with the optical part of optomechanics which shares its origin
with electricity and interatomic forces as consequences of the electromag-
netic field. The field itself is a physical property permeating all space
described by the two vector quantities E and B representing electric field
and magnetic field density, respectively. Being two faces of the same
physical field, E and B have an intimate relation, both to each other
and to electric charge and current which serve as the field’s sources. The
interaction is succinctly described in Maxwell’s equations:

. . B
V'E:p/E, VXE:—%,
e (2.1)
= - - OF
V-B=0, VxB=upJ+pe—.

ot

In the above — and throughout the thesis — we restrict ourselves to linear,
homogeneous and isotropic media with permittivity € = e,e¢. This gives
the constitutive relation D = eE where D is the electric displacement
field. In addition, we have permeability u = prpo, charge density p,
and current density J. These equations are the foundation to rich fields
of physics, and when omitting the source terms p, j, Egs. (2.1) can be
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2.1. Optical and acoustic waves

combined and formed into two separate wave equations

2 73 273
V2E = Eua&f, V2B = a,u%f. (2.2)
These equations describe the evolution of the electromagnetic field in
time and space as waves propagating with the speed ¢ = (6,u)*1/ 2. Here
we also encounter the refractive index, an important material property
defined by n = ¢y/c where co = (eopo) /% ~ 3-103ms~! is the speed
of light given by the permittivity (£9) and permeability (uo) of vacuum.
In a non-magnetic material where pu = pg, the refractive index is given
directly by the material’s relative permittivity n = (¢/g9) /2 = \/&;.

The wave nature of the electromagnetic field allows it to act as an
efficient carrier for information and energy. Sending and receiving infor-
mation through light or electrical pulses lays the foundation to both how
we view the world and much of the technology that we develop. In recent
history, the field of photonics has revolutionized how we communicate
across the globe. Through the use of optical fibers that cleverly exploit
total internal reflection to guide light, fast and long-distance commu-
nication is made possible, forming the backbone of the global internet.
Even more recently, the power of low-loss and high coherence that op-
tical frequencies provide has been scaled down to chip-size with the rise
of nanofabrication; bringing photonics to smartphones and data centers
alike.

2.1.2 Acoustic waves

The second part of optomechanics is the one concerning the motion of
matter. When thinking about moving objects, it is common to imagine a
solid object moving through space with non-zero center-of-mass velocity
and acceleration. Although this way of describing the mechanical degree
of freedom also leads to the results derived in later sections, we will start
this discussion from a more microscopic viewpoint. All solid objects
consist of one or several materials which in turn are made up of atoms
sitting in a rigid structure. Even if the macroscopic object itself is at
rest, the atoms of its materials can move with respect to each other and
interact with the electromagnetic waves we introduced previously.
Though all materials consist of discrete and point-like atoms in more
or less structured order, it is convenient to treat their motion with contin-
uous fields. When an object deforms, the material volume redistributes
in space from its original position. Consider an infinitesimal volume

11



Chapter 2. Interaction between light and nanoscale motion

,”

Figure 2.1: The volume dV with displacement « is moved from its equilibrium
position 7 to the displaced position 77,.

dV with equilibrium position 7 (Fig. . When the object deforms, dV/
moves to a new position 7, and we can define its displacement i = 7, — 7

The displacement field 4 serves as the free variable in the study of
acoustic motion and is governed by the following relations

2—»
Qaat;LZV‘O'-i-F, g=c¢c:9,
2.3)
o L 1(af | o (
Vil = S, (Vsf)ij '_2<8rj+8ri>'

The top left equation of Egs. is Newton’s second law, stating
that the acceleration of dV depends on the material’s density o, the di-
vergence of the second-order stress tensor & and applied force density
F. To find the stress tensor, we use the constitutive relation (top right
of ), which relates stress to the strain S through ¢ which is the
fourth-order stiffness tensofZl Note that we here have omitted viscos-
ity. Finally, S links back to the displacement @ through the symmetric
gradient Vg which is defined in the bottom right equation of Egs. .

Although slightly more mathematically complex than Maxwell’s equa-
tions (Egs. (2.1))), Egs. can still grant valuable insights when con-
sidered in a simplified material system. For an isotropic material, the
fourth-order stiffness tensor is simplified and reduces to c;jr = Ad;j0x +
p(0ik 0140401 ), where d;; is the Kronecker delta and A and p are stiffness
coeflicients. Using this relation together with the constitutive relation

Y@ : b)i; := aijribr in Einstein’s compact notation.
2This constitutive relation is a generalization of Hooke’s law.
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2.1. Optical and acoustic waves

and the definition of strain, Newton’s second law for F = 0 takes the
following form

0%
PR
Eq. shares many features with the wave equation for electromag-
netic waves (Eq. (2.2)). Indeed, this is also a wave equation with the
added feature that it not only describes transverse waves with phase
velocity ¢, = +/j1/0, but also supports longitudinal waves with phase
velocity ¢ = /(A +2u)/o.

The wave nature of the acoustic field is retained for realistic ma-
terials with more complexity, allowing acoustic vibrations to propagate
throughout solid materials much like the electromagnetic field travels
through space. This forms a symmetry between our fields of interest
which is a defining feature of optomechanics. The result is that parallels
and analogues can be found between the fields that can help in describ-
ing observations. One such parallel is total internal reflection which is
most commonly thought of as a concept within the study of optics. We
will later see that this phenomenon also applies to acoustics and that it
is crucial for the release-free optomechanical crystals (Sec. [3.1.1]).

(n+NV(V - @) + Vi = o (2.4)

2.1.3 Optical forces

Having introduced the physical fields, it is now time to study how they
interact. But before we move on, we comment briefly on terminology.

Studying the literature for descriptions on the optomechanical inter-
action is made confusing due to the many different forms of terminology
one can encounter [59]. One of the main sources of confusion is that two
distinct viewpoints — with associated terminology — are offered on how
to understand the interactions’ origins. In the first viewpoint, the inter-
action stems from optical forces imparted upon physical objects; while
the other describes the interaction through the electromagnetic energy
which is perturbed by acoustic deformation in dielectric materials. How-
ever, for lossless optical forces, these viewpoints are simply two sides
of the same coin and can be fully consolidated. Optical forces acting
on a physical object results in mechanical work, and thus move energy
between the electromagnetic and acoustic fields. Therefore, due to the
conservation of energy, one can derive the optical forces as gradient of
the electromagnetic energy with respect to physical motion.

While describing the same underlying concept, it is up to personal
preference on which perspective one takes. Therefore, we will for now
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Chapter 2. Interaction between light and nanoscale motion
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Figure 2.2: Optical forces. a. Radiation pressure is exerted by optical pho-
tons reflecting off physical objects through the change in their momentum
Ap = pr — pi. The force ﬁrp experienced by the object is proportional to
the photon flux determined by the electric field intensity for a traveling wave.
b. A lattice of atoms that act like dipoles in an electric field with dipole mo-
ment d and potential energy U. The electrostriction force F.qis proportional
to electric field intensity gradients.

proceed with the force perspective as it suits well for building basic in-
tuition for the interactions’ origins. In the following, we will mainly
discuss the two dominant optical forces in silicon optomechanics: Radi-
ation pressure and photoelasticity. For a complete treatment including
the roto-optic effect, and moving polarization, see Ref. [5].

Radiation pressure originates from the momentum carried by the
waves of the electromagnetic field. The effect can easily be imagined
through the wave-particle duality of quantum mechanics which allows us
to see light-waves as particles with wave-momentum p = hw/c. Here h is
Planck’s reduced constant and w is the light angular frequency. For the
electromagnetic field, the quantized particles are called photons which
impart impulses to solid objects as they reflect (Fig. ) Although
each photon impulse is weak, the collective effect of many photons can
be strong, especially in nanoscale structures. Even macroscopic objects
can be significantly impacted by strong light sources which is the working
principle of solar sail propulsion [60)].

The second relevant interaction is rooted in the dielectric properties
of solid materials. When a dielectric particle-like object is placed in an
electric field, the electric charges of the material are redistributed to bal-
ance the electromagnetic forces. This electrically polarizes the particle,
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2.2. Brillouin scattering

making it act as an electric dipole with its dipole moment proportional to
the electric field. A dipole in an electric field is naturally pulled towards
regions of space with stronger electric field where it minimizes its poten-
tial energy (Fig. ) This is the working principle of optical tweezers
which traps dielectric objects in an electric field with strong intensity
gradients [6I]. Now, in a solid material the atoms themselves act as
dipoles in strong electric fields. An electric field gradient will therefore
cause atoms to redistribute in their lattice causing mechanical stress in
the material. This stress is commonly termed electrostriction and is the
second dominant interaction in silicon optomechanics.

With a basic understanding for the relevant interactions as optical
forces, it is now time to formalize them mathematically. However, de-
scribing the interactions in terms of perturbations to the electromagnetic
energy is more convenient to the Hamiltonian description that we will
adopt in coming sections. We will thus change the viewpoint for the rest
of the thesis in which the radiation pressure is the gradient of the moving
boundary (MB) interaction while electrostriction is the consequence of
photoelasticity (PE).

2.2 Brillouin scattering

To properly continue the discussion from here, we must make an impor-
tant distinction about the types of waves we study. Due to both tech-
nical and historic reasons, the study of interacting optical and acoustic
waves have different names and terminology depending on them being
either traveling or stationary. The traveling wave picture is described by
Brillouin scattering while stationary /resonant fields are more commonly
associated with cavity optomechanics. Although both pictures describe
the same physics, they come with different ways of thinking about the
optomechanical system. Since both pictures have clear relevance for this
work, we will continue with introducing both pictures, starting with Bril-
louin scattering.

The notion that light scatters on thermal sound waves in transparent
media was originally proposed by Léon Brillouin in 1922 [62]. Although
the phenomenon was attributed to Brillouin through its naming, the
Soviet physicist Leonid Mandelstam also played a central role in the
theory’s development [63]. Regardless of the original conceptualist, the
theory has since its formulation excelled in describing the interaction
between light and sound in several different media, especially when the
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Chapter 2. Interaction between light and nanoscale motion

fields are confined to propagate close together in a common waveguide.
This has been particularly important after the invention of the laser, the
optical fiber, and, in later years, the field of integrated nanophotonics in
which optomechanical interactions can be exceptionally strong.

The full description detailing the time evolution of overlapping acous-
tic and optical waves is most commonly formulated in terms of a set of
coupled mode equations (CME). The derivation of the CMEs has been
given in several previous works and will not be repeated in full here
[5, 59], but a brief overview sets the stage and introduces several impor-
tant concepts for the following discussion.

2.2.1 Interaction-free Hamiltonians

Although only a subset of Brillouin scattering experiments is performed
to observe quantum effects, the derivation of the CMEs is commonly
treated quantum mechanically. This allows the theory to describe quan-
tum effects such as vacuum fluctuations while still making it available
for classical interpretation at will. The quantum description arrives at
the dynamics through Heisenberg’s equation of motion

90 i . 4

— = —[Hiot, O]. 2.5

o = 3 O] (25)
Here, O is a field operator (either acoustic or electromagnetic) and the
total system Hamiltonian

I:Itot = ﬁEM + fIM + I:IOM (2.6)

is compiled of optical (EM), acoustic (M) and optomechanical (OM)
contributions. The goal is thus to formulate the Hamiltonians in terms
of field operators of the ingoing physical fields and apply Eq. .

We begin by restricting the analysis to a waveguide system with
translational symmetry along the z-direction (Fig. . In such symme-
try, we can express the ingoing fields as

B =% / kg () exp(ikz) En (2, y) + hec.,
" ) (2.7)
aFt =3 / dgbmg (1) exp(iq2)Gmg (2, ) + hic.,

where h.c. stands for hermitian conjugate. Here we assume that the elec-
tromagnetic (acoustic) fields can be decomposed in a set of orthogonal
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2.2. Brillouin scattering
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Figure 2.3: Optomechanical waveguide mode decomposition. a. Simple ex-
ample of a rectangular waveguide guiding optical and acoustic fields along the
z-axis. b, c. Examples of normalized transverse mode profiles for optical (Enk)
and acoustic fields (#pq). The acoustic field is displayed with displacement.
d. Optical band diagram displaying the waveguide-supported modes of the
electric field in Eq. (2.7). Acoustic spectrum follows analogously.

eigenmodes with field annihilation operators a, (l;mq) at wavevector k
(q), where n (m) denotes the mode index. Each mode has a transverse
mode profile given by Enk (Umg) with appropriate normalization to give
the field operators unit y/m. Being quantum mechanical field operators,
ant and qu follow equal-time commutation relations

[k (t), @60 ()] = S (k — K,

[bring (£), Bl ()] = S — @),

with §(z) being the delta distribution. The decomposition Eq. (2.7)) im-
mediately gives familiar expressions for the interaction-free Hamiltonians

(2.8)

Fon(t) = 3 [ dbtionsins(t) i (e),
" (2.9)

~

() =Y / G gbg (8) g (£),

where wy, and 2,4 denote frequencies of the optical and acoustic modes,
including any potential dispersion. We also have that @, (t)Ta,(t)dg
(lA)mq(t)TlA)mq(t)dk:) describes the number operator for the photonic (phon-
onic) mode with mode profile E,j, (Umgq) at time t. Note that we in
Eq. leave out vacuum fluctuations since they do not add to the
following dynamics.
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Figure 2.4: Simplified view of a cross section in the integration domain of
Egs. (2.10). An acoustic wave with displacement field @ gives rise to a strain
distribution S. Through photoelasticity the strain locally changes the refractive
index n of the bulk material while the material spatial extent is perturbed by
the displacement field u. Difference in material permittivity along the edge
gives rise to a moving boundary contribution.

2.2.2 Interaction Hamiltonians

Having introduced the interaction-free Hamiltonians we now turn to the
interaction term H,,. As touched upon in Sec. 3| this term can be
thought of as a complement to the optical Hamlltoman where acoustic
waves are thought of as perturbations to the material properties of the
light-bearing medium. In this picture, the acoustic waves cause both
variation in the bulk refractive index through photoelasticity and alter
the physical extent of medium through moving its boundaries (Fig. [2.4]).
We split up the perturbatlon in electromagnetic energy of these two
effects through HOM = HpE + HMB which expressed in the ingoing field
variables have the forms [64]

Hpp(t) = con’ / SFE (7,4 E; (7, OpijuSu (7, 1),

Fran (1) = 5 / 7l (7. ) (2.10)

—

x [(ea = &)liv x B 0P = (e5 — 5 M)l D(7, )2 .

The photoelastic term is governed by the photoelastic tensor p;;x; which
determines a material’s refractive index shift under applied strain S;;
and is integrated in the bulk. The moving boundary effect however, is
evaluated at the two-dimensional boundary C' between materials where
7 is the normal unit vector pointing from material b to material a with
permittivities e, and ey, respectively.
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2.2. Brillouin scattering

2.2.3 Full dynamics
Armed with the Hamiltonians (2.9 and (2.10)), we can now apply (2.5))

to find the full Brillouin scattering dynamics. However, we will here
spare the reader from most technical details as they serve little to pro-
vide further context to the results in this thesis and can furthermore be
found in firmer rigor elsewhere [5]. The most important formalities and
assumptions can however be found in App. [A]

The process of obtaining the CMEs from (2.5 starts by noting the
nonlinearity of the interaction Hamiltonians . The nonlinearity
results in a three-wave-mixing interaction between any two optical modes
and one acoustic mode. Even though all optical and mechanical modes
can be considered for coupling, conservation laws and input conditions
allows for a truncation in the modal spectrum. The CMEs are thus
commonly formulated for one pair of optical modes interacting with one
acoustic mode. In the terminology of Brillouin scattering, the two optical
modes are labeled pump (p) and Stokes (s) fields, mirroring that of
Raman scattering. The reduced form of the Brillouin CMEs thus follows
as

vy O + Oy, = —ikply — i§0ésbm, (2.11)
v 0 & O,05 = —iksds — idodpbl, (2.12)
0 Db & 0.by = —igmbm — i§odpal. (2.13)

We first note that the mode operators for pump (a;), Stokes (as) and
acoustic (Bm) fields now represent flux-normalized amplitude envelope
operators and have units s~'/2. These are annihilation operators for
photons and phonons at time ¢ and position z along the waveguide in
each respective mode (App. . For each mode, we have also introduced
group velocities vy, /s /m, and wavenumbers ky /s, ¢gm. For the wavenumbers,
a phase-matching condition k, = ks + ¢ is assumed which will play a
major role in the description of release-free optomechanical crystals in
Chapter [3] The propagation direction of pump and Stokes fields can
either be co- or counter-propagating which is represented by the =+ sign
in and . The coupling rate gy describes the strength of the
three-wave mixing interaction and is obtained through overlap integrals
of the transverse fields. The coupling is also commonly described in terms
of the Brillouin gain G which is the primary metric used in Sec. and
Sec. (see App. [A] for more details).

Eqs.— describe an interaction with many different con-
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Figure 2.5: Optical band diagrams depicting Brillouin scattering with co-
propagating pump and Stokes waves. a. Intramodal scattering where both
interacting optical modes occupy the same spatial mode (red line) b. Inter-
modal scattering provides coupling between two disparate spatial modes. For
both processes, momentum and energy conservation require k, — ks = ¢ and
wp — Ws = Q.

figurations. Apart from pump and Stokes fields being either co- or
counter-propagating, they can also inhabit the same or different spa-
tial modes. While momentum and energy conservations are respected,
mixing between optical modes in both differing and the same spatial
mode is permitted, given that no spatial symmetries are broken in the
process (Fig. [2.5)). Despite the many different versions, all types of Bril-
louin scattering achieve the same fundamental phenomenon: establishing
a channel for coherent energy transfer between the optical and acoustic
domains. This property is what mediates transfer of information across
five orders of magnitude in frequency, a feature that is highly sought
after in both classical and quantum technologies.

2.3 Cayvity optomechanics

In the last section, we studied the interplay between optical and acoustic
waves traveling together in translationally invariant waveguides. Even
though the optomechanical crystals of this thesis can be fully understood
in this waveguide picture, they have additional properties that allows for
a slightly more elegant description. The relevant property is the spectral
distribution — or the bandwidth — of the device. A simple waveguide
is a broadband device that can be operated in an as large part of the
band diagram that material properties allow (Fig. . An optomechan-
ical crystal on the other hand is a resonant system, technically acting as
a filter for optical and acoustic waves, permitting only a narrow band
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2.3. Cavity optomechanics

of excitation frequencies and wavelengths. The sacrifice in bandwidth is
repaid in amplified interaction strength and robustness to fabrication im-
perfections, both of which are well received properties for many relevant
applications.

For resonant optomechanical systems, the theory of cavity optome-
chanics is well-developed and applies to a plethora of different physi-
cal implementations ranging from optical microtoroids [65] 13| [16], sil-
ica microspheres [66], Fabry—Pérot (FP) cavities with moving mirrors
[111, 52} [67], microwave resonators with moving capacitor plates [15], and
more. The theory has been well-established since late 2000’s and has
predicted a plethora of effects on both classical and quantum levels. As
in the previous section, the derivations leading to applicable results are
already well-covered in previous work [I7] and will only be covered here
to the extent that it introduces useful concepts for further discussion.

2.3.1 Cavity optomechanical Hamiltonians

We start the discussion by considering two quantum harmonic oscilla-
tors, one embodying the optical degree of freedom and the other one
the mechanics. We assume that these two oscillators have unperturbed
resonance frequencies w, and wy, for optics and mechanics, respectively,
where wo/2m ~ 194 THz and wy, /27 ~ 5 GHz for the majority of this
thesis. Being a quantum description, we assign annihilation operators to
the two oscillators that follow standard commutation relations

"
"

[a,

b (2.14)
b,b1] =1, '

o>

—

where we here follow the notation of the last sections and take a for optics
and b for mechanics. To model the coupling between these modes, we
proceed as in the previous section and view the mechanics as a perturba-
tion of the energy in the optical mode. Adopting the working principles
of a standard FP-cavity with a movable mirror (Fig. , we linearize
the optical frequency dependence on displacement = according to

. Ow A s
Wo = Wo + & —2 :wo—l—gom(b—i—bT), (2.15)
Ox =0
where & = fEpr(I; + BT) is the mechanical oscillator’s position oper-

ator with zero-point fluctuations z,,r. The coupling strength is de-
termined through the zero-point optomechanical coupling rate gom, =
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Figure 2.6: Basic optomechanical FP-cavity. The right mirror oscillates at
wp, with position & = 0, affecting the optical resonance frequency w,(&).

TpfOrwola—0. Using Eq. (2.15) the standard Hamiltonian for harmonic
oscillators immediately turns into

Hiot /B = woild + wmb'b + gomala(b + b)), (2.16)

which contains much of the relevant physicﬂ However, the interaction
Hamiltonian is most commonly linearized in the optical field by assuming
a strong coherent optical pump such that & = @+ da where @ is the strong
pump amplitude. We assume @ € R w.l.o.g. such that @ = \/n. where
ne = (a'a) is the average optical photon population in the optical cavity.
While the terms quadratic in @ leads to a static shift in &, they do not
contribute to the dynamics. We thus only keep terms linear in @ and
arrive at the linearized interaction Hamiltoniarfl

Hint tin = Pgomv/Ne(@ + at) (b + bh). (2.17)

The strong optical pump is assumed to have an angular frequency w
with a detuning with respect to the optical mode A = w; — w,. By
moving to frame rotating at wj, the operator products in Eq.
rotates either fast or slow depending on the value of A. When A =
wm, we have that dTl;T, ab are stationary while &TZA), ab' rotate at +2wp,.
For this detuning, the latter terms are thus removed in a rotating wave
approximation (RWA) while the former are removed when A = —wy,

(see also App. [B.2)).

3Note that the sign of the interaction Hamiltonian is dependent on the coordinate
system chosen for & and is thus arbitrary.

“Note that we in get rid of the J in the linearized cavity operator notation
for later brevity.
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2.3. Cavity optomechanics

2.3.2 Coupling to thermal baths

To complete the theoretical picture we have to introduce additional cou-
plings for both optical and mechanical degrees of freedom which allows
the system to interact with its surroundings. This is what introduces
the system to loss, noise and external drive and is commonly modeled
through input-output theory which we summarize briefly below. A more
detailed description can be found in other works, see e.g. Ref. [6§].

In input-output theory, the environment is modeled as one or sev-
eral ensembles of harmonic oscillator modes that couple to one of the
system’s degrees of freedom. We take the optical mode as an example
for which the dynamics are derived through the ensemble’s (or bath’s)
annihilation operators {é, 22 ; that are assumed to couple to the optical
mode through

Hiyy = _Zhan a'c, — n n (218)

with f,, being complex coupling coefficients. To properly analyze how
this affects the dynamics of the optical cavity the Markovian approxi-
mation is taken which sets the coupling rates equal (\/|fn]? = f) and
assumes a constant frequency domain density of states (p.) for the bath
over the relevant range of frequencies. With these simplifications we can
define input and output operators for the bath

~ —iwnp (t—t —iw t t
am = ch tO n 0); CLout tl n(t—t1)

VPe 5

bl

(2.19)
where w,, are the bath modes’ oscillation frequencies and ¢y (¢1) are
distant times before (after) relevant interactions. If the remaining system
Hamiltonian (i.e. Eq. (2.17)) is independent of the bath modes, the
input- and output-fields are related through

ot (t) = din(t) — v/Rea(t), (2.20)

where k. = f%p.. Eq. is commonly referred to as the input-
output relation and is a useful result for both predicting measured system
responses and to hide complicated environment dynamics behind input
fields with predefined properties.

2.3.3 Cavity optomechanical dynamics

Now we combine the linearized optomechanical Hamiltonian with the
results of input-output theory to get the CMEs of cavity optomechanics
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Figure 2.7: Basic optomechanical mode diagram. Optical and mechanical
modes are denoted a and l;, respectively. The mechanical mode couples to the
optics through the optomechanical scattering rate Yom = 4g2,,/% (Sec.
and to the thermal environment ~y. Apart from its coupling to 13, a couples to
the thermal environment with x; and to an input waveguide with k.

as a set of quantum Langevin equations
X . R\ . . 2 2 ~ ~
a= (zA - 2) i — in/Negom (b + ) + \/Feliin e + v/Fidiini,

) (2.21)
b=— <iwm + 7;) b — i/MeGom (@ + a') + /Yobin,o-
Here, we moved into the rotating frame for the optical degree of freedom
which rotates with the excitation laser frequency w;. This introduces the
detuning parameter A = w) — w, into the equations which determines
the dominant interaction. When taking the RWA in these equations, we
remove &,l; from the interaction terms when A = wy, and af, b' when
A= —wy.
We have also introduced two decay channels for the optics and one
for the mechanics which we summarize below (Fig. [2.7)):

e External (e) optical coupling allows for exciting and reading out
the state of the optical cavity with rate ke,

e Internal (i) optical decay mainly accounts for inaccessible photon
loss to the environment at rate k;,

e Internal decay through phonon loss with rate «y. Due to the rela-
tively low mechanical frequency, this coupling is also a significant
channel for input thermal noise.

Taken together, the two optical couplings give the total optical decay
rate Kk = ke + Kj.
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2.3. Cavity optomechanics

The temperatures of the environmental baths are defined via the
autocorrelation functions for the input fields. Within the Markov ap-
proximation the autocorrelation functions are defined as

@MMW&MW»=Nr¢m

@ me/l(t)ame/l( ) =
(bin.0()B], o () = (m+¢ﬁ@—ﬂ)
(b, 0 (0)bino () = nod(t —1'),

where (-) is the quantum mechanical expectation value and ng is the
average bath population of thermal phonons at given temperature and
oscillation frequency governed by Bose—Einstein statistics. The average
bath photon number is assumed to be 0 throughout this thesis due to
the high optical frequenciesﬂ

(2.22)

2.3.4 Symmetries between optomechanical pictures

When arriving at Eq. , we have presented CMEs for both station-
ary optomechanical cavities and for traveling optical and acoustic waves
(Eq. —). At first glance these two pictures seems somewhat
detached, although both theories treat optical waves and vibrations of
some kind. However, these two pictures are intimately connected and
one set of CMEs can be derived from the other given correct assump-
tions. It is not in the interest of this thesis to go into any significant
depth no this discussion, but we will mention that the connection stems
from mean-field envelope operators

L
a(t) = % /0 oz, t)dz. (2.23)

In this description, boundary conditions a(0,t) = a(nL,t) applies where
n € Z and L is the cavity round-trip length. This leads to the result

Iy, )wm
o lon () = g2 (2.21)

which connects the optomechanical coupling gom to the Brillouin gain
coefficient G (for more details, see App. [B.3)). Newly introduced quanti-

ties are the pump frequency w, and the mechanical quality factor Q.
The interested reader finds the full details in Ref. [69].

5Average 5 GHz phonon occupation at room temperature ~ 1.2 - 103. Average
194 THz optical photon at room temperature ~ 3.3 - 107 4.
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Chapter 2. Interaction between light and nanoscale motion

Before moving on to discuss the measurable consequences of the op-
tomechanical coupling, we comment briefly on the relevance of the two
different pictures of optomechanics to different parts of this thesis. Bril-
louin scattering is of primary interest when describing the design of the
release-free optomechanical crystal cavity (OMC). Being waveguide sys-
tems, the concepts of pump and Stokes fields, moving-boundary and
photoelastic interactions, and co-/counter-propagating waves are crucial
for design and optimization of device properties.

When the OMC is designed and fabricated, however, it acts as a
canonical cavity optomechanical system and does not require the con-
cepts of Brillouin scattering to be understood in the lab. It is here that
the cavity optomechanical picture is paramount to building intuition for
the physical phenomena that experiments unveil.

2.4 Optomechanical consequences

With an established coupling between the optical and mechanical sys-
tems, we can now turn our attention to what effect this coupling has on
the ingoing systems. These consequences of the optomechanical coupling
mainly serve as tools to manipulate the properties or quantum states of
the ingoing systems, but they also serve practical uses such as provid-
ing experimental gauges for the properties of the combined system. In
this section we will introduce some effects that has been important for
the work in this thesis. We base this discussion on the theory of cavity
optomechanics which was introduced in Sec.

2.4.1 Thermomechanical scattering

To properly begin this discussion, it is helpful to introduce the three-wave
mixing formalism from Brillouin scattering (Sec. into cavity op-
tomechanics. Unlike the Brillouin scattering CMEs (Eq. (2.11))-(2.13)),
the CMEs of cavity optomechanics (Eq. ) do not make it obvious
that they describe the interaction between one mechanical and several
optical frequencies. A way to visualize this is through Doppler shifting.
Photons occupying the optical cavity can scatter off the movable mirror
of the mechanical mode and are either shifted up or down in frequency
depending on the mirror’s current velocity (see Fig. [2.6]).

We can make this more formal by thinking about the photons inter-
acting directly with the phonons in the mechanical mode (Fig. [2.8]). Two
scenarios are of relevance here,
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Figure 2.8: Three-wave mixing processes of optomechanics. The lower panels
show optical spectra where the optical cavity density of states is used to single
out the desired scattering process. a. Stokes scattering for which the two-mode
squeezing Hamiltonian is dominant. This process dominates for blue detuning
(A = wy,) and causes pump photons (wj) to generate entangled photon-phonon
pairs. b. Anti-Stokes scattering which gives rise to a beam-splitter Hamilto-
nian. When red detuned (A = —wy,), pump photons are consumed along with
mechanical phonons to generate upconverted anti-Stokes photons.
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Chapter 2. Interaction between light and nanoscale motion

1. The input optical photon at frequency w; splits into an entangled
particle-pair with a phonon at frequency wy, and a (Stokes) photon
at w; — wm,

2. The input photon combines with a phonon into an upconverted
(anti-Stokes) photon at the sum frequency. This process transfers
quantum information from the phonon to the upconverted photon.

The photons at the sum and difference frequencies can be thought of
as optomechanical sidebands that carry information about the optome-
chanical interaction. With an optical cavity with narrow full-width-half-
maximum (FWHM) k such that k < wy,, we can actively choose which of
the two scattering processes that dominates by placing the pump laser
such that the desired sideband is resonant with the cavity (Fig. .
This is equivalent to taking the RWA by choosing detuning A = twp,
as discussed in Sec. 2.3.11
Both types of scattering processes are stimulated on mechanical phonon

occupancy, meaning that the more mechanical phonons present, the more
sideband scattering events occur [70]. When A = fwy, in the sideband
resolved mgimeﬁ7 the cavity optomechanical CMEs gives the base rate
for this scattering event )

Nom = 74”050111, (2.25)
which we call the optomechanical scattering rate. The total sideband
photon flux inside the optical cavity can thus be estimated by Yom”m,
where n,, is the average phonon occupation which is assumed to be > 1
at room temperatureﬂ If Yom < 70, this allows for an estimation on the
expected power P,y in the optical sideband created when pump light
reflects off the optomechanical cavity

Pom ~ m17omnmno

277090m 2
thl‘pin"m( ” ) (2.26)

m

. ( 2169om > 2
= LinTlm .
Wm

Here we used that w, < w; and introduced the optical coupling ef-
ficiency 1, = ke/kK expressing the probability that a sideband photon

5i.e. the limit when x < wWm.
Tat cryogenic temperatures when nm, ~ 1, the scattering is asymmetric for A =
+wm. This is covered in Sec. @
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2.4. Optomechanical consequences

in the cavity is extracted into the input waveguide for detection. Fi-
nally, we use the sideband-resolved expression for n. ~ ®i,ke /w?n with
®;,, being the input optical photon flux (see App. . Taking the ratio
P,/ Py yields the relative power in the optomechanical sideband which
depends on optomechanical properties and temperature. For reasonable
optomechanical properties this ratio is on the order of —50 dBc for room
temperature experiments. This signal is easily detected through a va-
riety of detection schemes such as direct photo-detection, homo- and
heterodyne detection, and single-photon counting.

2.4.2 Optomechanical back-action

The optomechanical scattering rate introduced in the last subsection is
an important parameter which not only governs the power in the op-
tomechanical sideband but also directly influences the dissipation in the
mechanical mode. The Stokes process injects phonons into the mechan-
ical mode with a well-defined phase reference to the optical pump and
therefore works against phonon leakage. Conversely, the anti-Stokes pro-
cess consumes phonons leading to additional dissipation (Fig. .

The above dynamics can be elucidated by solving the cavity optome-
chanical CMEs (Eq. ) By assuming either A = +wy, and solving
for the mechanical degree of freedom. The results show that the op-
tomechanical coupling gives rise to an altered mechanical susceptibility
17

1
/

R ) RN CTE o)
In the above, we have omitted the optical spring-effect and the minus sign
is chosen for A = wy,. This predicts that the optomechanical coupling
opens up an additional mechanical dissipation channel which can work
in both directions depending on detuning (Fig. . Since Yom X nc,
this effect is commonly used to gauge the optomechanical coupling of

sideband-resolved systems, such as the release-free OMC in Paper A.

The implications of this effect are many. Since the optical environ-
ment can be assumed to be at zero temperature (Eq. the additional
dissipation granted for red detuning does not come with any added ther-
mal noisdf} This allows for an effective “cooling” of mechanical modes
which is routinely used to reach lower phonon occupations than the en-
vironmental temperature allows. Examples of systems where this has

for w ~ wp,. (2.27)

8Tt does however come with quantum fluctuation noise.
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Chapter 2. Interaction between light and nanoscale motion

been successfully applied to reach phonon occupations at or near the
quantum ground state include integrated micro-mirrors in FP-style cav-
ities [II], SiN membranes in membrane-in-the-middle cavity configura-
tions [67], microwave-driven capacitor membranes [15] and silicon OMCs
[20, 211, 28]. The limits to the achievable cooling depends on external
heating and ultimately the quantum back-action noise in the drive laser
[17].

In the case of blue detuning, the optical pump drives the mechanical
mode through a stream of phonons generated via the Stokes process.
Each injected phonon can, in turn, seed another coherent scattering
event, thereby building up the amplitude of the mechanical oscillation.
This typical case of parametric amplification is governed by the optome-
chanical cooperativity

Com = 122 (2.28)

0

This property can be viewed as the relative odds for a phonon to stimu-
late an optomechanical scattering event over being lost through intrinsic
decay. When the cooperativity exceeds unity under blue detuning, the
mechanical mode enters a regime of self-induced oscillation, producing
what may be regarded as a phononic laser source. This phenomenon is
demonstrated in Paper A and is relevant for radio-frequency (RF) signal
processing |71l [72] [73].

The optomechanical cooperativity has major significance even
under red detuning. When the beam-splitter Hamiltonian is active (Fig,. ,
coherent swapping between phonons and cavity photons is made possi-
ble. In this regime, Coy governs the fidelity of a swap operation, i.e.
the degree to which a swapping operation is successful over phonon loss.
This is especially important for microwave-optics transduction and will
be returned to in Chapter 5.

2.4.3 Electromagnetically induced transparency

The effects discussed up to this point have involved scattering driven
by thermal mechanical occupation. These signals are easily observed in
room temperature when phonon occupation is high, giving easy access
to optomechanical properties. However, at dilution refrigerator temper-
atures of ~ 10mK, a well thermalized mechanical mode with wy, /(27) ~
5GHz is at ny, < 1 without external heating. In this regime, thermo-
mechanical signatures are weak, requiring quantum-limited measurement
techniques such as homo-/heterodyne detection or single-photon count-
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Figure 2.9: Electromagnetically induced transparency. A pump tone (gray)
at w; is modulated with an EOM probe at A, (magenta). The beating be-
tween pump and probe tones generates a coherent mechanical excitation that
stimulates an optomechanical sideband at w; + A, (orange). The interference
between probe and optomechanical sideband depends on the probe detuning
dp = Ap — wy, from the thermomechanical sideband (red), causing optome-
chanical dependence to the probe reflection.

ing to properly resolve. But in cases when the thermal properties of the
mechanical device is not of primary concern, the thermal stimulus can
instead be substituted with coherent driving.

Electromagnetically induced transparency (EIT)H is an effect com-
monly observed in atomic and molecular systems where an optical probe
tone can experience a window of transparency due to self-interference
through the coupled system [75]. The optomechanical Hamiltonian also
supports this effect, allowing for probing optomechanical properties with-
out relying on thermal mechanical occupancy.

The effect is best observed while detuned to either motional sideband
(A = fwy,) and the optical pump is modulated with an electro-optic
modulator (EOM) at frequency A, ~ wy, before being sent to the op-
tomechanical system. Due to the optical density of states, the field inside
the cavity predominantly consists of the pump tone at w; and the EOM-
modulated sideband (or probe tone) at wi+ Ay, ~ w, (Fig.[2.9). The two
tones inside the cavity cause the internal light intensity to beat, driving
the mechanical mode through optical forces at frequency A,. The co-
herent mechanical excitation at A, stimulates optomechanical scattering
with the strong pump at w, giving rise to an optomechanical sideband
at w; + Ap which coincides with the EOM-modulated sideband. Since
coherence is preserved throughout this process, the tones interfere which
can cause the optomechanical system to appear transparent for the probe
tone.

9also sometimes known as optomechanically induced transparency (OMIT) [74].
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Chapter 2. Interaction between light and nanoscale motion

To find theoretical understanding, we return to the cavity optome-
chanical CMEs (Eq. (2.21))). The following derivation will treat A =
—Wp but is similar for A = wy. We are interested in the system re-
sponse when driven by a strong pump at w; ~ w, — wy, modulated with
an intensity modulating EOM at Aj,. By omitting the contribution from

~

Qin i, bin,o We find the solution for the output optical field using input-

output theory Eq. (2.20]) (see App. Eq. )
Ke
Xo ! (@) + xm (W) G2,

= 7(w)ain,e(w).

dout,e (w) =1 din,e(w)

(2.29)

Remember that the equations are formulated in a rotating frame for the
optical degree of freedom. Apart from vacuum fluctuations, the input
field contains the strong pump at w = 0 and modulation tones at £A,
where the upper tone at A, is called the probe. When reflecting off the
system, these tones will pick up reflection coefficients r(—Ap) ~ r(0) ~ 1
(for kK < wn) and r(Ay), respectively. Looking closer at the probe tone
reflection coefficient we get

Re
—i(Ap — wm) + K£/2 + Ga, /(—i(Ap — wm) +70/2)
. —idp +70/2
¢ _i(sp + (70 + ’Yom)/27

r(Ap) =1-

~1-—2

(2.30)
where we introduced 6, = A — wy, which is assumed to be comparable
to 7o such that 6, < x/2. We thus see probe tone’s reflection coefficient
is dependent on the optomechanical coupling.

The intensity modulated input field can now be expressed with the
classical amplitude

ain = ap(1 4 BeBet 4 geitet), (2.31)

where 8 <« 1. After interacting with the optomechanical system, the
output field has picked the reflection coefficients and is approximately
given by

Qout = ap(1 + Br(Ap)e Bl 4 geitety, (2.32)

To measure this signal, we detect the beating between pump and probe
on a high-speed photo-detector (HSPD) and demodulate the signal at
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Im (-)

Figure 2.10: a. Setup for measuring EIT. A laser is modulated by an EOM
before being sent to the device under test (DUT). To bring the signal above
the electronic noise floor of the HSPD, the signal is amplified before detection
with an erbium-doped fiber amplifier (EDFA). A VNA coherently detects the
photo-detector output at the modulation frequency A,. b. Typical EIT data
for a blue detuned pump at varying n. with fits to .

Ap with a vector network analyzer (VNA). The demodulated complex
voltage signal Vet at Ay will thus follow

Vaet(Ap) oc 14 7(Ap). (2.33)

Normalizing this to the signal at |6p| > 70 + Yom while still satisfying
|0p| < K/2 gives the following useful result

. Vaer(Ap)
Ve norm Ap) =1 5 7 N
o () = i 228

770/2 “Yom
1I- Mo _i(sp + (70 + 70m)/2.

(2.34)

=1+

The above equation describes a complex Lorentzian with FWHM ¢ +
Yom, Where the minus sign is chosen for A = wmm

Eq. allows for measurement of the optomechanical scattering
rate vyom through coherent excitation of the mechanics. A common way
to perform this measurement is by using a VNA to both generate the
probe tone and to measure the detected signal at A, (Fig. . Lastly
we note that phase delays and differing losses for pump and probe tones
alters the measured signal slightly. To compensate for this, we introduce
auxiliary parameters A, 0 € R to define the final fitting function

Aei@
_i(sp + (70 + 70m)/2 .

Ofor blue detuning one also redefines 6, = A, + wm.

Vet fit(Ap) =1+

(2.35)
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Figure 2.11: Sideband asymmetry. Due to vacuum fluctuations in the me-
chanical mode, the optomechanical sideband differs in power depending on the
pump laser’s detuning A. For low cooperativities, the output optomechanical
sideband flux in the anti-Stokes process (a) is lower than in the Stokes process
(b) with difference given by vyom7o-

2.4.4 Sideband asymmetry

In Sec. we discussed how thermal occupation in the mechanical
system leads to Stokes- and anti-Stokes scattering, leaving an imprint
on light scattered off the optomechanical system. We noted that due to
the stimulated nature of the processes, the power in the scattered side-
bands is dependent on the phonon occupation in the mechanical system.
This gives an opportunity to optically infer the phonon population by
studying the reflected light. However, the power in the sidebands is also
affected by other parameters such as input power, system coupling rates,
optical losses and detection efficiency. To gauge phonon occupancy, an
experiment therefore needs to be properly calibrated. To help in this
endeavor, quantum mechanics coincidentally offers a unique way of cali-
brating such experiments through sideband asymmetry.

The concept of sideband asymmetry is strictly quantum mechan-
ical and can be understood through the scattering picture (Fig.
where the asymmetry is immediately recognizable from the Stokes- and
anti-Stokes processes. The fundamental difference is that the Stokes
process generates a phonon, whereas the anti-Stokes process requires
one as input. So if there are no phonons present on average, the anti-
Stokes process will be completely suppressed. The Stokes process on the
other hand can happen spontaneously, meaning that the process can be
“stimulated” by quantum mechanical vacuum fluctuations. This effect
produces an asymmetry between Stokes and anti-stokes scattering rates
when ny, ~ 1.
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2.4. Optomechanical consequences

To understand the phenomenon quantitatively, we once again turn to
the cavity optomechanical CMEs and consider a sideband resolved sys-
tem pumped with a noiseless laser. We're interested in the output field
Gout,e and how its interaction with the mechanical mode differs when
changing the dominant scattering process (i.e. changing the detuning
A = twy,). From the solutions (Egs. (B.8),(B.6)), we see that when
moving from red to blue detunlng, the dominantly coupled mechanical
operator changes from bl,[1 o to bm - This manifests in the sideband pho-
ton flux of the output mode that is given by the power spectral density

defined in Eq. (B.4)

Stonne @)y = [ {8buee@)itous o))

Yom7Y07lo 1
~ —(1F1
(w :FWm)2 + ('70 + ’70m)2/4 (nO * 2( i )) ’
(2.36)

where in the last step we adiabatically eliminated the optical mode.
Eq. , describes the sideband photon flux as a Lorentzian centered
at twy, for red and blue detuning respectively (Fig. [2.11]). The last
factor contains a (1F1)/2-term that originates from the bath’s quantum
mechanical correlators (Eq. ) Integrating over the sideband yields
the total photon flux

1
F|A::me = % /dw S&Out,e ((JJ)’

Y0 1
pr— om 07 - 1 1 .
Yom) P <n0+2( ¥ )) (2.37)

A=Fwm

1
~ YomTo (nO + 5(1 + 1)) s for Com < 1,

where the factor 1/(27) comes from the Fourier transform definition (see
Eq. ) We find that for small cooperativities Cyp,, the sideband
photon scattering rates differ by exactly one equivalent excitation repre-
senting the vacuum fluctuations in the mechanical mode. We use this to
calibrate the thermometry experiments described in Chapter [

The above derivation gives appreciable understanding for the origin
of sideband asymmetry, but it omits two crucial facts that must be men-
tioned for completeness.

Firstly, the output mode also contains the reflected pump which is
not visible in Eq. . However, the sharp pump tone at w; is gen-
erally filtered away before detection, either through low-pass filtering in

35



Chapter 2. Interaction between light and nanoscale motion

heterodyne detection [76] 21} [77], or by sharp optical filtering when using
single-photon detection |70}, 49, [7§].

Secondly, we assumed a pump laser stripped from classical noise
sources such as phase noise or relative intensity noise. It has been
shown that classical laser noise at the mechanical frequency can not
only drive the mechanics, but can also interfere with the optomechan-
ical sidebandE, causing incorrect estimations of sideband photon flux
[79, [80].

The above two points are important experimental considerations that
we return to in Sec.

1VWith similar physics as what governs EIT.
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CHAPTER 3

The release-free optomechanical crystal

At the beginning of this thesis work, release-free silicon optomechanics,
and consequently, the release-free optomechanical crystal cavity (OMC)
was a largely unexplored concept. Pioneering work by Sarabalis et al. in
the mid 2010’s |81} [82] had shown that both release-free Brillouin active
waveguides and particular geometries of OMCs could be supported on
silicon-on-insulator (SOI), but efforts had not yet yielded fully desirable
results and lacked important features such as sideband resolution. Yet,
the promise of thermally stable release-free devices on potentially novel
material platforms was an enticing goal and served as the guiding star
at the inception of this project.

The work led to the publishing of Paper A which presents the, to
our knowledge, first demonstration of a sideband-resolved release-free
optomechanical crystaﬂ The release-free OMC has since its conception
been the basis of other nanofabricated devices such as microwave-optic
transducers [83] 84] and electromechanical crystals [85]. In this chapter
we give further context to the inception of the release-free design and
expand on the methods and measurement results presented in Paper A.

!The attentive reader notices that clamped is used to describe the thermal anchor-
ing in Paper A. This was in later papers changed to release-free, both to comply with
the terminology of Sarabalis |82], but also to resolve the — perhaps understandable —
confusion it regrettably caused.
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Figure 3.1: Bulk phase velocities for materials studied in this thesis. The
velocities are calculated in the given material plane for an angle range of 7
radians which spans the full range of velocities due to symmetry. Blue curves
represent compressional waves whereas orange and green curves give velocities
for out-of-plane and in-plane sheer waves, respectively. Stiffness matrix coeffi-
cients for sapphire are extracted from Ref. [86].

3.1 Design

3.1.1 Total internal reflection for acoustic waves

The obvious problem one tackles when designing release-free OMCs is
the risk of increased phonon loss through the substrate. A pathway for
increased heat dissipation could as well act as an extra decay channel for
the optomechanically important coherent phonons. However, despite this
increased contact between device layer and substrate, the wave nature
of the acoustic radiation can still allow for efficient confinement which is
achieved through careful engineering and material choices.

To understand this in detail we turn to the optical fiber which here
can be considered an optical analogy for the acoustics. In a standard
solid-core optical fiber, light is confined to the fiber core even though a
continuum of radiation modes is present in the cladding. The principle
behind this confinement is well-known and commonly referred to as total-
internal-reflection (TIR). The common strategy to achieve TIR is to have
a core with a lower phase-velocity (or higher refractive index in the case
for optics) than the surrounding cladding. This ensures that a guided
mode’s wave vector component along the propagation direction is larger
than any of the available modes in the cladding continuum, making any
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3.1. Design

scattering prevented through momentum conservatiorﬂ.

Due to their wave-nature, acoustic vibrations in solid materials have
similar properties to optical waves, and as such, are also governed by
principles such as TIR. Naturally, one therefore looks to design release-
free acoustic waveguides in device layers with low phase-velocities com-
pared to their surrounding substrate. The bulk phase velocities of the
materials studied in this thesis are presented in Fig. from which we
see that materials such as sapphire is a promising substrate for release-
free silicon optomechanics. However, the quality of the device layer and
material bonding is also of prime importance which is not guaranteed
for all material stacks.

3.1.2 Unpatterned release-free optomechanical waveguides

Guided by the principles of TIR, we
start the design process by studying
unpatterned release-free optomechanical
waveguides (OMW). A convenient start-
ing point comprises a rectangular waveg-
uide cross section where the waveguide
bottom surface is fully attached to a sub-
strate that covers the lower half plane
(Fig.3.2). Note that the coordinate sys-
tem is now changed w.r.t. Sec. 2.2 to Figure 3.2: Cross section of
comply with conventions in the field. The unpatterned release-free OMW
device layer is chosen to be a (100) crys- with thickness ¢ and width w.
talline silicon plane with crystal orienta-
tion such that the [110] direction is parallel to the waveguide. For the
substrate, we choose a sapphire R-plane which effectively highlights the
design principles of release-free optomechanics due to its high speed of
sound (Fig. . The SOI material platform, out of which the devices in
the thesis’ appended papers are fabricated, is a natural extension that
will be treated as a special case later. We thus proceed with a silicon-
on-sapphire (SOS) release-free OMW.

Dispersion diagrams for both optical and mechanical modes of this
system are readily available through finite-element simulations using
COMSOL. We study a 500 nm wide waveguide made from a 220 nm

2Formally the wave vector can be seen as quasi-momentum, containing contribu-
tions from the electromagnetic properties of the material.
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Figure 3.3: Band diagrams for a 220 x 500 nm silicon OMW on an R-plane
sapphire substrate. a. The optical band diagram consists of transverse electric
(TE) and transverse magnetic (TM) modes of which the TE-like mode is most
confined to the silicon. b. Five mechanical modes confined to the device layer
can be found for high mechanical wavenumbers, three with positive symmetry
about y = 0 (+,) and two with negative (+,).

tick device layer and present its dispersion in Fig. [3.3l Being release-
free, both optical and mechanical band diagrams feature a continuum of
modes that are separated from guided modes by the light cone for optics
and the Rayleigh cone for mechanics. The slope of the Rayleigh cone is
set by the lowest phase velocity surface acoustic waves (SAW) and bulk
acoustic waves (BAW) in the substrate. For R-plane sapphire, this lower
limit is set by Rayleigh-type SAWSs with phase velocity around 5800 m/s
[83]. For sufficiently high wavenumbers, mechanical modes fully guided
in the device layer emerges from the continuum which can be used for
Brillouin interactions. This stands in contrast to an identical OMW
fabricated on an SiOg substrate. The SOI platform does not generally
support guided mechanical modes due to the wider Rayleigh cone of the
SiOs substrate. However, as alluded to earlier, guided mechanics is not
impossible in SOl OMWs. This was shown in the early work by Sarabalis
|81}, 82] and will be further explored in Sec. [3.1.3]

For release-free OMWs, symmetry in the substrate normal direction
(z) is inherently broken due to the presence of the substrate. In the
waveguide transverse direction (y) however, symmetry is given by the
properties of each mode. While intramodal scattering can only reach
significant coupling with positive transverse symmetry (4, ), intermodal
scattering can utilize (—,)-symmetry to scatter between optical modes
of opposing symmetries [87]. In this work, we focus on intramodal scat-
tering and thus favor modes with (+,) symmetry.

The process of calculating optomechanical coupling for the release-
free OMWs begins with choosing ingoing optical and mechanical modes.
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Figure 3.4: BSBS gain (G/Qn) in a t = 220nm SOS release-free OMW with
variable width. a. Mechanical modes and Rayleigh cone. Color coding for
the mechanical modes matches Fig. 3:3p. b. Total intramodal BSBS gain
for the mechanical modes in a with identical color coding. Gain is calculated
with the TE-like optical mode in Fig. 3.:3h. c. Intramodal BSBS gain with
photoelasticity (PE) and moving boundary (MB) contributions for the lowest
frequency (+,) symmetry mode (orange in a and b).

For intermodal scattering, two optical and one mechanical mode are cho-
sen, whereas for intramodal scattering, only one optical mode is required.
Next, we must choose whether to calculate the coupling for backward
stimulated Brillouin scattering (BSBS) or forward stimulated Brillouin
scattering (FSBS). The mutual direction of ingoing and outgoing optical
modes is important for release-free optomechanics since it determines the
wavenumber for the mechanics through the phase matching condition

ko = K. + k. (3.1)

Here k, (k]) is the wavenumber of the ingoing (outgoing) optical mode
and ky, is the resulting mechanical wavenumber’] In FSBS, the in-
teracting optical modes co-propagate, which generally stimulates long-
wavelength (kp, &~ 0) mechanical modes. On the contrary, BSBS features
counter-propagating optical waves, which stimulate mechanical modes
with approximately half the optical wavelength (kn, ~ —2k,). The high
mechanical wavenumbers stimulated by BSBS are beneficial for release-
free optomechanics to evade the Rayleigh cone (Fig. [3.3b). This re-
duces the effectiveness of intramodal FSBS since its stimulated mechan-
ical modes generally fall within the Rayleigh cone and are thus lost to
the continuum. Therefore, we mostly consider BSBS when calculating
Brillouin gains.

We use the theory established in Sec. 2.2 and App. [B:3| to calculate
the optomechanical coupling strength in terms of intramodal BSBS gain

3We now use kn, and wm to denote mechanical wavenumber and angular frequency.
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Chapter 3. The release-free optomechanical crystal

G/Qm. We do this for all available mechanical modes while using the
TE-like mode at 1550 nm as optical input and output (Fig. . Of the
five modes presented in Fig. [3.3b, only the three with (+,) symmetry
yields non-zero gain on account of the overlap integrals being linear in
u (Eq. ) However, even the modes with correct symmetry have
around 2 orders of magnitude lower Brillouin gain compared to similar
suspended waveguides [88] 89 59]. One of the reasons for this low total
gain is that the overlap integrals for PE and MB is comparable in mag-
nitude but opposing in sign, therefore causing cancellation (Fig. [3.4c).

Another issue is that the available mechanical modes that generate
non-zero Brillouin gain with guided mechanics have frequencies greater
than 10 GHz. We will later discuss the integration of release-free op-
tomechanics in a hybrid quantum system to be integrated with trans-
mon qubits. For efficient coupling between qubits and mechanical modes,
their frequencies must match, making mechanical frequencies in the qubit
frequency range around 5 GHz more desirable.

However, both of the above issues has a simple solution when ex-
panding the design space beyond translationally invariant waveguides.
In the next subsection we exchange translational invariance for discrete
periodicity, which we will see allows for both stronger coupling and lower
mechanical frequencies.

3.1.3 Patterned waveguides and the pinch mode

Introducing a discrete periodicity to waveguides through a patterning of
holes is a common strategy to engineer the dispersion of both optical
and acoustic modes within a waveguide. This is the design philosophy of
OMCs and can also be exploited for applications such as optical storage
with slow-light waveguides [90, O1]. In release-free OMWs it also serves
the important role of introducing the waveguide to additional surfaces.
Although surfaces are commonly associated with material imperfections,
they are also important for optomechanical coupling through to the MB
effect.

Since the MB effect is only present at material interfaces, waveg-
uide surfaces can contribute to a large part of the total optomechanical
coupling. This is especially important in silicon which has weaker pho-
toelastic interactions as compared to materials as chalcogenide glasses
[92]. To achieve a strong MB interaction, it is required that a significant
part of the mechanical mode displacement is perpendicular to boundaries
where the electric field is strong (Eq. ) This leads to a weak MB
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interaction for mechanical modes where the majority of the displacement
is in the waveguide material bulk. By cutting holes in the waveguide,
we introduce surfaces that are perpendicular to longitudinal waveguide
motion which otherwise would not be contributing to the MB interac-
tion. The electric field in the waveguide center can also be strong, further
increasing the potential of a strong MB contribution.

In addition, patterning the waveguides with holes — and thus in-
creasing its surface-to-volume ratio — also reduces the frequencies of the
available mechanical modes through geometrical softening [81]. This ge-
ometric effect is unique to acoustic waves and stems from the free bound-
ary conditions on surfaces bordering to vacuum. Atoms on the surface
of a solid have fewer neighboring atoms than those in the bulk, and will
thus experience a weaker restoring force when displaced. This reduces
the effective stiffness of the material and lowers available resonance fre-
quencies. This is the same principle that allows for confined SAWs and
thus also SAW-based devices [93, [73].

To see the above principles applied in
action, we study a periodic release-free
OMW by performing finite-element sim-
ulations on a unit cell structure with pe- z
riodic boundary conditions in the waveg-
uide longitudinal direction. For now, we
continue with the SOS material platform
from the previous section and define the
unit cell by extruding the waveguide cross
section by a period length a (Fig.[3.5). Fi-
nz.illy, we et(.:h a elliptical hole concent'ric Figure 3.5: Release-free
with the unit cell through the waveguide y\W unit cell with period a
device layer with principal axis lengths and elliptical hole parameters
hy, hy. Asin 2D OMW cross section sim-  h,, and width h,.
ulations, optical and mechanical eigen-
mode frequencies and fields are given for each predefined wavenumber
ko, km.-

The simulation results for a unit cell with parameters {a,t, w, hy, hy}
= {188,220,662,94,321} nm are presented in Fig. E where ¢ and w
denote the thickness and width of the waveguide, respectively. In the op-
tical band structure, we find a TE-like mode at ko, = 0.57/a. This mode
will be the primary choice for optomechanical coupling due to phase
matching considerations. Looking to the mechanical band diagram, we

h
hy \¢
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Figure 3.6: Dispersion diagram for a release-free SOS unit cell. Geomet-
rical parameters are found in the main text. a. Optical dispersion diagram.
Wavenumbers in the longitudinal direction is now given in terms of /a where a
is the unit cell period. b. Mechanical dispersion diagram with modes marked
1-3 representing the mode shapes in c. The solid continuum is bounded by
the Rayleigh cone for the sapphire substrate. The gray dashed line represents
the Rayleigh cone for an SiOs substrate (vgaw = 3400 m/sec). ¢. Mechanical
mode profiles at k,, = 7/a for the three lowest frequency modes in the unit
cell. Mode 1 is referred to as the “pinch” mode.

see that the dispersion is less trivial compared to the unpatterned struc-
ture (Fig. [3.3p) and that frequencies are significantly lower at high &y,
due to geometrical softening. At the edge of the Brillouin zone, the
lowest frequency mode even falls below the Rayleigh cone for an SiOs
substrateﬁ — an essential prerequisite for the SOI-guided mechanics used
in the thesis’ appended papers. The lowest frequency mechanical mode
has displacement primarily in the waveguide longitudinal direction. This
is a version of the “pinch” mode that was first presented along with the
initial suspended OMC designs [19] and, as it turns out, is exceptionally
well suited for release-free optomechanics.

Comparing the release-free unit cell design in Fig. to that of a con-
ventional suspended OMC with breathing mode mechanics [26], the stark
difference is in the shape and periodicity of the holes. The release-free
design deploys tightly spaced holes with elliptical principal axis lengths
satisfying hy/h, ~ 2. A shorter periodicity a increases the span of avail-
able longitudinal wavenumbers by increasing the size of the first Brillouin
zone By = {—n/a,m/a}. To have available guided mechanical modes in

4For Si02, we use the SAW velocity vsaw = 3400 m/s to define the Rayleigh cone
[94].
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Figure 3.7: a. Intramodal BSBS unit cell coupling gom,uc and equivalent total
Brillouin gain G/Qy, for 10 mechanical modes in the SOS unit cell (ky, = 7/a
in Fig.[3.6b). gom,uc is shown with MB and PE contributions. To satisfy BSBS
phase matching, we choose the optical mode at k, = 0.57/a. b. Normalized
real component of the MB and PE integrands (see Eq. ) on the unit cell
surfaces when calculated for the pinch mode at wy,/(27) = 6.078 GHz.

the device layer, the first Brillouin zone must include wavenumbers that
support modes outside the Rayleigh cone (Fig. . We discuss this
design consideration in Paper A and conclude that periods of around
a =~ 200nm are well suited for release-free optomechanics on both SOS
and SOI.

Finally, we look at the optomechanical coupling in the unit cell. For
optimal mechanical confinement, we choose the Brillouin zone edge (X-
point) as operating point in the mechanical dispersion diagram (k,, =
m/a) which constrains the optical wavenumber to k, = 0.57/a through
BSBS phase-matching (Eq. ) In these unit cell simulations, we
use the standard 3D formulation of the optomechanical overlap integrals
to calculate the unit cell coupling gomuc while making sure to adapt
them for BSBS (see App. |B.4)). To properly compare the result to the
unpatterned case, we also convert the unit cell coupling to Brillouin gain
using with L = a.

When calculating both couplings and gains for all mechanical modes
up to 14 GHz, the pinch mode at 6.078 GHz clearly stands out as the
strongest coupled (Fig. [3.7)). The unit cell coupling rate gom,uc/(27) =
3.5 MHz is equivalent to G/Qm = 9.7(Wm)™* — almost a factor 100
larger than what was achieved in the unpatterned waveguide (Fig. [3.4)).
As in the unpatterned waveguide case, the contributions from MB and
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Chapter 3. The release-free optomechanical crystal

PE are generally opposing in the unit cell simulation; however, this does
not affect the total coupling severely due to the MB effect being largely
dominant.

The large calculated G/Qy, for the pinch mode is comparable to sim-
ilar Brillouin-active waveguides in integrated silicon photonics [92]. This
is in part due to the slow-light effects achieved in a periodic waveguide
[90]. Previous silicon demonstrations with high gain commonly rely on
FSBS or co-propagating intermodal scattering which generally stimulate
mechanical modes within the Rayleigh cone. Due to the BSBS interac-
tion however, the pinch mode offers strong coupling while simultaneously
being completely shielded from the mechanical continuum, enabling high
mechanical quality factors without waveguide suspension. These proper-
ties make the pinch mode uniquely suited for serving as base for designing
full release-free optomechanical crystal cavities.

3.1.4 Release-free optomechanical crystal cavities

An optomechanical crystal cavity (OMC) consists of three essential parts:
(1) the defect region consisting of unit cells which support optical and
mechanical modes close to the desired frequencies which couples strongly,
(2) two surrounding mirror regions which are designed to reflect radiation
from the defect region, and (3) the transition region which bridges mirror
and defect. While the unit cell from the last subsection will serve as the
defect unit cell, we design a second release-free unit cell serving as the
mirror unit cell. The transition region is then formed as a set of unit cells
with parameters that smoothly transition between those of the mirror
and defect regions. The design principles we employ for the release-free
OMCs are similar to those used in suspended optomechanical crystal
design [95] and will not be explained in detail here, but there are some
interesting differences that are worth mentioning.

The purpose of the transition region is to deform the the unit cell
band structure between defect and mirror unit cells. Localized defect
modes are achieved when the mirror cell has bandgaps at the defect
resonance frequencieﬂ For the pinch mode, the chosen operating point
(km = 7/a) attains the highest mechanical frequency for that mode in the
first Brillouin zone, causing even a tiny unit cell deformation that pulls
the band towards lower frequencies to immediately open up a bandgap

5In fact, it is sufficient for some of the transition region unit cells to posses
bandgaps at the desired frequency to reach appreciable quality factors in both simu-
lation and measurement. This is demonstrated in Papers A and B.
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Figure 3.8: a./b. Sketch of optical/acoustic band diagrams in the unit cells
under defect-to-mirror deformation. The defect mechanical mode at ky, = 7/a
is immediately pulled into the bandgap upon unit cell deformation while the
optical mode (initially at k, = 0.57/a) requires a greater deformation to fully
open up a bandgap at w,. c. Optical and acoustic field distributions in a
release-free OMC with Ng = 31 and N; = 7.

(Fig. ) On the contrary, the optical mode at k, = 0.57/a has avail-
able states for both lower and higher frequencies around w,. A bandgap
is not opened up until the deformation is large enough to remove all
states with w > w, (Fig. [3.8b). A consequence of the delayed open-
ing of the optical bandgap is that the optical mode penetrates further
into the transition compared to the mechanics. For modes with Gaus-
sian spatial for the field spatial envelopes, optimal coupling is generally
achieved for optical and mechanical modes satisfying Lo, = v/2L,, where
Lo m is the full-width-half-maximum (FWHM) spacial extent of the op-
tical /mechanical mode in the OMC longitudinal direction [96]. Due to
the delayed optical bandgap, the optical mode generally gives Lo, > Ly,
resulting in a non-optimal total coupling.

A counteraction to the problem of non-optimal spatial overlap is to
increase the size of the defect region in relation to the transition. This
causes the non-optimal tapering of the modes in the transition region
to have a lower impact on the total overlap. In Paper A, the number
of defect unit cells is Ng = 31 compared to the transition unit cells
Ny =7 (Fig.|3.8c). This longer OMC achieves satisfactory mode overlap
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but suffers in sheer mode volume which also lowers coupling roughly
according to Ny 1/2 [96]. For this release-free OMC design, overlap and
mode volume counteract almost perfectly while increasing the OMC size,
making the achieved coupling in long OMCs comparable to short designs
with Ng = 1. From a thermal noise perspective, a larger mode volume
also increases thermal transport area to the chip bulk which is a desirable
property from the perspective of low noise optomechanics (Sec. .
However, a longer OMC is more susceptible to fabrication imperfections
which is discussed further in Sec. B.3.3l

In summary, the design process laid out in this section yields release-
free OMCs with localized modes for both SOS and SOI material plat-
forms, where the latter is dependent on geometrical softening. For SOI,
both short OMCs with Vg = 1 and longer designs with Ng = 31 yield
coupling rates of gom /(27) ~ 500 kHz. Coupling rates tends to be slightly
higher in SOI compared to SOS (around 20%) which is likely due to the
higher index sapphire substrate pulling the optical mode away from re-
gions of high mechanical energy.

Lastly we comment on simulated optical and mechanical losses. In
SOI, quality factors with scattering as primary loss mechanism exceeds
10% and 10° for optics and mechanics, respectively [94]. In SOS, higher
optical scattering losses are expected due to the wider light cone of sap-
phire compared to SiOs. The opposite is true for mechanics leading to
higher radiation-limited mechanical quality factors for SOS compared to

SOL.

3.2 Fabrication

With the design of the release-free devices finished, we now turn to fabri-
cation. The OMC is a relatively simple device. Even so, to achieve high
quality samples, utmost care must be executed in all steps of the fab-
rication, from material choice, lithography, etching, and cleaning. This
section covers the silicon processing that yielded the measured devices
during this thesis work. We give detailed information about our SOI
processing; however, due to its early development stage and lack of pub-
lished results, details on SOS fabrication will not be given in this thesis.

For fabricating release-free OMCs on SOI, we start with 8 SOITEC
wafers with a 220nm device layer (o > 7500 - cm) and 2pm thermal
buried oxide (BOX). We dice the SOI wafers in 5x10cm chips with an
in-house physical dicing system (Disco DAD3350) for rapid prototyping.
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Over the course of this thesis work, many samples were fabricated
while optimizing fabrication recipes and device designs. This means
that the presented devices in this thesis are not guaranteed to have been
fabricated with identical process parameters or tools, as tool availability
and performance varies in a shared clean room with many users. As such,
this section only covers the broad strokes of the fabrication processes that
yielded measurable devices during this thesis work. We present the most
important process steps with notes in Tab.

3.2.1 Silicon dry-etching

Arguably the most intricate step of release-free OMC fabrication is the
etching which transfers the design pattern into the silicon device layer.
In this process, all vertical surfaces of the devices are defined which are
responsible for both positive properties such as MB optomechanical cou-
pling, but also introduce optical and mechanical scattering losses. In
addition, it is believed that dry etching can leave the remaining mate-
rial surface with a damaged crystalline structure and/or unwanted ion
implantation [97] which may have a significant impact on absorption in-
duced thermal mechanical noise. This is further explained in Sec.
Etching of silicon nanostructures is most commonly performed through
inductively coupled plasma (ICP) reactive ion etching (RIE). Through
both chemical and physical action, plasma ions remove chip material
uncovered by protective resist. Common elements used for silicon pro-
cessing are F, Cl and Br. Methods based on fluorine are generally re-
ferred to as pseudo-Bosch techniques where etch gases such as SFg are
used in combination with a polymer-depositing gas such as C4Fg to con-
trol selectivity and etch anisotropy [98]. Fluorine-based etching has seen
much success in silicon photonics and has produced photonic crystal
devices with internal Q-factors exceeding 107 at A = 1560nm [99]. A
fluorine-based pseudo-Bosch is also routinely used for silicon OMCs and
has produced internal Q-factors of 10° for optics and 10'° for mechanics
[100} [76]. Although not as common for silicon optomechanical crystals,
a fluorine-based chemistry can also be used with Oy as passivation gas
at cryogenic temperatures [101].
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Table 3.1: Outline of SOI release-free OMC fabrication process.

Process Step

Description

Spin e-beam
resist

E-beam lithog-
raphy

Development

Etching

Resist removal
and surface
treatment

(OMC suspen-

sion)

ARP6200-9 and -13 is both used with comparable
success. The thicker ARP6200-13 resist is diluted
with anisole at a ratio of 2:1 (resist:anisole).

E-beam system: Raith EBPG 5200. Smoother
silicon sidewalls are attained through a multi-pass
routine which divides the dose in sensitive expo-
sure areas over up to 4 passes.

O-xylene development of ARP6200 resist.

RIE with Cl- and HBr-based chemistry. More
details below.

Piranha solution with 3:1 concentration
(H2S04:H049) followed by 2% hydrofluoric
acid (HF) to remove native oxides. Oxide strip
must be quick to avoid sacrificing buried oxide.

For comparison to our release-free devices, we also
fabricate OMCs with a final suspension step using
either 15% HF or vapor HF with an SPTS uEtch
tool.
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Figure 3.9: Silicon etching with three different recipes and tools. a-b.
Clo+HBr in an STS Multiplex ICP etcher. The cross section reveals a slight
footing and a 20nm undercut of the SiOs due to the short 2% HF surface
treatment (Tab. . When the breakthrough etch fails, silicon nano-grass can
be observed. c-d. Cross section and vertical hole profiles with a pseudo-Bosch
etch in an Oxford PlasmaPro 100. This etch produces a near perfect sidewall
verticality and well-defined OMC holes. e-f. Cl,+HBr in an Oxford PlasmaPro
100. The sidewall angle is approximately 5° off vertical.

The alternative to fluorine-based etching are techniques using Cl and
Br. Compared to F, Cl and Br etches silicon with high selectively with
respect to SiOs without added polymer deposition. This allows for SiO-
to be used as passivation layer without cryogenics. Therefore, common
techniques use gases such as Cly and/or HBr in combination with Og to
control selectivity, anisotropy and etch rates [102] [103]. As with pseudo-
Bosch etching, Cl- and Br-based chemistry has been successfully used
for optomechanical crystal fabrication |28, [104].

The tools available during this thesis work allowed for trials with both
F- and Cl+Br-based etching. Recipes for both methods were developed
across multiple tools. The quality of the etch is gauged from several
different aspects: (1) accuracy of design transfer in the top silicon surface,
(2) etched sidewall angle, (3) sidewall and line roughness, (4) optical
quality factors.

The devices featured in Papers A and B were fabricated with a
Clo+HBr etch in an STS Multiplex ICP tool. The development of the
recipe involved optimizing the initial oxide breakthrough step and the
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Table 3.2: Process parameters for Cly+HBr etching of silicon in an Oxford
PlasmaPro 100. The breakthrough step physically etches the native oxide which
otherwise acts as a stop layer for the main etch. We run the main etch until the
silicon device layer is fully etched through by monitoring progress with laser
end point detection. When etched through, we keep etching in an over-etch to
make sure that small features which can etch slower are also through-etched.
Nominal etch rate for the main etch is ~ 35 nmmin ™"

Parameter Unit Breakthrough Main Etch

ICP RF W 800 250
Table RF w 110 60
Cl, flow scem 0 20
HBr flow scem 40 50

O9 flow sccm 0 2
Temperature °C 25 25
Time sec 10 End point

ratio of Og to Cly and HBr flow. Failing to break through the silicon
native oxide leaves passivated patches which leads to the formation of
silicon nano-grass [105] in the etched regions (Fig. [3.9n). Increasing the
breakthrough time and power generally allows for physical removal of
the native oxide if the chamber Oy content is not too high. The fi-
nal recipe produced grass-free samples with decent sidewall roughness.
Despite imperfect sidewall verticality, this etch produced devices with
optical quality factors of up to 280 - 103 [94].

Since the fabrication of the device presented in Papers A and B, two
other tools have been used to fabricate samples. A pseudo-Bosch recipe
was developed in an Oxford Plasma Pro 100 tool which produced almost
perfectly vertical sidewalls with very low roughness. Due to malfunction-
ing of this pseudo-Bosch tool, another Clo+HBr etch based on the etch
in the STS tool was also developed in a separate PlasmaPro 100 with
recipe details inspired by [106]. This etch is the currently stable version
in use at the writing of this thesis and was used in the fabrication of
the transducer device in Paper C. This etch has been shown to produce
optical quality factors in release-free OMCs exceeding 500 - 103.
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Figure 3.10: Room temperature characterization setup. a. Chip mount-
ing pedestal with vertically mounted microscope for fiber alignment. Fibers
mounted on motorized stages guide light to and from the chip via on-chip
grating couplers. A microwave probe (background) is used to couple in mi-
crowave signals for transducer measurements. b. Microscope view showing the
angle-cut fiber tip and on-chip devices. c. Diagram of room temperature opti-
cal experimental setup. FPC: Fiber polarization controller, EOM: Amplitude
electro-optic modulator, VOA: Variable optical attenuator, DUT: Device un-
der test, EDFA: Erbium-doped fiber amplifier, VNA: Vector-network analyzer,
ESA: Electrical spectrum analyzer.

3.3 Room-temperature measurements

The first step toward thermal noise characterization at cryogenic tem-
peratures is to gauge the properties of the device under test (DUT) in
room temperature. The room temperature experimental setup is de-
signed for rapid characterization of optomechanical properties of OMCs
and micro-ring resonators (Fig. . In addition, microwave probe ac-
cess was later made available to allow for the transduction experiments
presented in Paper C. The results of room temperature characterization
of release-free SOI OMCs is in majority presented in Paper A; however,
this section gives additional information that was either cut from the
manuscript or obtained after publication.
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Figure 3.11: Optical OMC characterization. a. Normalized OMC reflection
spectrum. After fiber-chip coupling via a grating coupler, light at the correct
wavelength interacts with the OMC before reflecting off a Bragg-reflector. The
reflection is coupled back into the fiber through the same above mentioned grat-
ing. b. Single-tone spectroscopy of an OMC optical mode with Lorentzian fit.
c./d. Two-tone optical spectroscopy using a pump and a swept sideband. The
beat note is detected on a high-speed photo-detector (HSPD) and measured
with a vector network analyzer (VNA) to yield a compex Lorentzian response
from which the detuning A is extracted.

3.3.1 Optical properties

The main laser of the room temperature setup is a tunable Santec TSL570
external cavity diode laser (ECDL). This laser serves as a rapid char-
acterization laser with fast scan speeds with decent reliability over the
GHz level tuning required to gauge optical linewidths.

To couple light from optical fibers to the on-chip devices, we use angle
cut fibers together with on-chip grating couplers. The grating coupler
design is inspired by the two-step apodized grating couplers presented in
Ref. [107]. The gratings provide an approximately Gaussian transmission
spectrum (Fig.|3.11p) with center wavelength and insertion loss (IL) both
set by grating and fiber properties [I08]. At maximum transmission, we
measure different grating IL depending on the material platform. For the
SOITEC SOI, we reach a minimal 1L of 4.4dB. Other grating couplers
fabricated on a 220nm Shin-Etsu SOI platform with 3 pm BOX reach
a minimal grating IL of 3.2dB, likely due to a more optimized light
incidence angle [I07]. For SOS chips, the minimally attained grating IL
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is around 5 dB. Other fiber-chip coupling methods such as edge-coupling
[109] or tapered fibers [110] could be employed but was not prioritized
to reduce alignment and fabrication complexity. In addition, grating
couplers allow for easy access to devices across the entire chip surface
which is important for the full piezo-optomechanical transducer Sec.

After finding the OMC resonances in the grating spectrum, we mea-
sure their optical properties by sweeping the tunable laser and recording
the reflected light on a photo-diode (Fig. [3.11p). This measurement
yields the total optical loss k and a measure of how well internal and
external optical losses are matched in form of the resonance extinction
(or dip depth). We determine the optical coupling 1, = ke/k by inves-
tigating the optical extinction as a function of bus waveguide distance
[111] or through optical two-tone spectroscopy (Fig. /d) We per-
form two-tone spectroscopy with the Electromagnetically induced trans-
parency (EIT) setup described in Sec. which measures the complex
optical reflection response of the OMC through the beating between
a swept sideband and an optical pump [I12]. The response is approxi-
mately a complex Lorentzian which we fit with a custom resonator fitting
package in Python [IT3].

3.3.2 Mechanical properties

With optical properties of the devices measured, we use the optome-
chanical interaction to probe the mechanical modes of the OMC devices.
Using the principles described in Sec. [2.4.1] we generate optomechani-
cal sidebands on a pump laser by placing it in the vicinity of the OMC
optical mode. All devices presented in this thesis are sideband-resolved
(wm > k), meaning that a non-zero detuning A produces a measurable
beating between the sidebands and the pump [17]. We detect the beat-
ing on an HSPD (Fig. [3.10c) which produces a power spectrum in the
generated radio-frequency (RF)-signal at the mechanical frequency.

By measuring the power spectrum with an electrical spectrum an-
alyzer (ESA) we can fit for the mechanical susceptibility (Eq. (2-27))
to receive the optomechanically altered dissipation rate vm = Y0 £ Yom
(Fig.|3.12p). By sweeping the input power and converting to intracavity
photons n¢, the optomechanical coupling gom, can be calculated through
a linear fit (Fig.|3.12b). When only accounting for optomechanical back-
action, the linear slope is expected to be equal in magnitude on both red
and blue side, differing only by a sign. However, due to several reasons,
this is commonly not the case and has the risk of corrupting coupling
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Figure 3.12: a. Normalized room temperature thermomechanical spectrum
of the release-free OMC presented in Papers A and B. We fit the signal to a
sum of Lorentzians representing the different orders of the pinch mode within
the OMC [83]. b. Optomechanical backaction for the mechanical mode at
wm/(27) = 5.365 GHz in a. Measured optomechanical coupling is gom/(27) =
0.5 MHz.

results. To attain accurate results for gom, the optical resonance must
first not have significant Fano-like features which does not guarantee
that ne(A) = nc(—A) for the same input power [I14]. Secondly, thermal
contributions to the nc.-dependent =y, is independent of A and can thus
introduce asymmetry to the backaction curves [I15]. In the context of
cryogenic silicon OMC studies, these thermal effects are sometimes re-
ferred to as a hot-bath coupling ~, which will be discussed in Sec. [£.1.2}

3.3.3 Disorder in longer devices

We experiment with more OMC device designs to map the space of
available properties and limitations. In particular, we are interested in
devices with of different lengths which we tune by altering the amount
of defect unit cells. A longer OMC is interesting in several aspects. The
longer device has: (1) better optomechanical overlap and thus utilizes
the defect unit cell’s high coupling more optimally (Sec. , (2) more
device material that increases the total thermal capacity of the device,
(3) greater thermal contact area to the chip bulk, and (4) a larger optical
mode volume that reduces the maximum electric field at fixed n¢, po-
tentially reducing the effect of non-linear optical absorption mechanisms
(Sec. . All of the above motivate the choice of device design with
Ny = 31 presented in Papers A and B.

However, a larger defect region does not only bring positive properties
to the OMC. A major challenge with longer devices is apparent when
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Figure 3.13: Normalized mechanical power spectra for release-free OMCs
with different lengths. For each device length, spectra for five devices are
presented with a vertical offset for visual clarity. All devices are fabricated
on the same chip. a. Spectra for long OMCs as presented in Paper A with
N4 = 31 defect unit cells. b. Short OMC spectra where Ngq = 1.

measuring mechanical power spectra. While a short OMC design with
Ng = 1 produces devices that with high yield agrees with simulation
results, the longer OMC does so with poorer yield. Investigating several
devices with Nq = 1 and 31 with nominally equal designﬂ we see a stark
difference in the variation of the mechanical power spectrum for the two
device classes (Fig. . The short design features a single prominent
mechanical mode, while the long design produces an unpredictable set of
modes around the expected frequency with differing coupling. We believe
that this speaks towards the long OMC having a higher susceptibility
to fabrication imperfections on account of the larger mechanical mode
volume [83].

Despite the low yield, long SOI devices with clean mechanical spectra
that agree with simulation is manufacturable with the fabrication tech-
niques presented in Sec. However, the results presented in Fig. [3.13
cause designs spanning more than 30 defect unit cells seem less appealing.
Even so, the impact of device size is still interesting from a thermometry
viewpoint (Sec. , making a solid case for further investigations into
larger devices.

Sup to a small scaling factor.
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CHAPTER 4

Laser-induced thermal noise at cryogenic temperatures

The study of laser-induced thermal noise in optomechanical crystals at
cryogenic temperatures is both challenging and enticing. Even though
many state-of-the-art devices report this type of noise as the limiting
factor to performance [50, 25, [116], few have fully committed to under-
standing its fundamentals. With the release-free optomechanical crystals
introduced in the last chapter, we are uniquely positioned to study ther-
mal noise dynamics in silicon nano-structures from a novel perspective
that could bring valuable insights to the entire field of low-noise silicon
optomechanics.

The majority of the thermometry methods and results are summa-
rized in Paper B, which serves as the centerpiece of this thesis. How-
ever, in this chapter, we give further context and details to more fully
capture the progress in understanding optically induced thermal noise.
The chapter proceeds as follows: we first describe the problem posed by
optical-absorption-induced thermal noise and summarize the field’s cur-
rent understanding of the phenomenon. Next, the measurement setup is
introduced with further details than those presented in Paper B. Lastly,
we present thermometry data taken with additional devices, which add
further insight to the Paper B results.
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Chapter 4. Laser-induced thermal noise at cryogenic temperatures

4.1 Laser-induced thermal noise

4.1.1 Optical absorption in silicon

To understand the limitations of low-noise cryogenic silicon optomechan-
ics, it is important to have a foundation in optical absorption. In the
context of this work, we will mainly discuss three absorption types: (1)
two-photon absorption (TPA), (2) free carrier absorption (FCA), and (3)
electronic defect absorption (EDA). The two former types are commonly
treated within room-temperature low-loss and high-power silicon pho-
tonics [I17, [I18], whereas EDA is the most commonly stated source for
absorption-induced noise in low-power and cryogenic applications [119].
In this section, we briefly discuss the significance of all three types of
absorption.

In contrast to three-wave mixing (Sec. , optical absorption refers
to a scattering event where the energy of the ingoing photon completely
leaves the optical domain. As the telecom photon is a relatively high-
energy particle, the available physical degrees of freedom that can reli-
ably accept its energy are limited. All of the previously stated absorption
processes thus rely on the electronic degree of freedom, which has avail-
able transitions in the single-eV range.

The bandgap energy of silicon (E; = 1.12eV) exceeds that of the
telecom photon (~ 0.8eV), which generally prevents single-photon ex-
citation from the valence band to the conduction band. However, high
powers can support TPA, which annihilates two photons to make the
transition possible. Being a two-photon process, the TPA rate scales
quadratically with power and is thus most prominent at high powers.
Apart from absorbing a photon, the result of a TPA-event is an excited
electron in the conduction band. These free carriers are subsequently
responsible for the next type of absorption: FCA.

Carriers in the conduction band have a continuum of available states
for higher energies, making them susceptible to all types of photon ab-
sorption. FCA is thus linear in optical power granted that there are
available free carriers in the conduction band. However, high resistiv-
ity Si wafers are designed for low carrier concentrations and can reach
< 10% ecm™3 at room temperature for resistivities ¢ > 1Qcm [118]. In
addition, thermally excited carriers are frozen out at low temperatures,
making linear FCA irrelevant for the cryogenic discussion. However,
TPA-excited carriers can still yield a significant FCA contribution. For
a simple Si waveguide, the TPA-excited carrier concentration Nrpa is
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\H\'\HV defect/ dopant

E, = B, E,

Figure 4.1: Optical absorption in silicon. a. A telecom photon at hw, =
0.8eV cannot bridge the band gap energy F, = FE. — E, = 1.12eV; however,
at high optical power, two photons can annihilate simultaneously to excite an
electron from the valence band to the conduction band in a TPA process. b. A
free carrier electron already present in the conduction band — put there through
thermal excitation or other absorption effects — can absorb single photons. c.
Dopants or lattice defects can lead to electronically active states in between
valence and conduction bands. These localized defect states can bridge the gap
for single photons to be absorbed and excite carriers into the conduction band.

given by

BI*T

2hw,
where I is the light intensity, 8 ~ 0.7cm/GW is the two-photon ab-
sorption cross-section and 7 is the carrier recombination time [I17]. At
low temperatures, the recombination time can be 100 ps in silicon-on-
insulator (SOI) waveguides [120], which would lead to carrier concen-
trations Nrpa > 10 ¢cm™ in our release-free optomechanical crystal
cavity (OMC)s at an input power of 1 mW.

Now, being nonlinear in power, both TPA and TPA-assisted FCA are
weak for low optical powers. Therefore, it is the linear absorption mech-
anisms that dominate in the low-power regime regularly accessed within
low-noise quantum optomechanics. This leads us to the final type of op-
tical absorption, which we call EDA in the context of this thesis. EDA
is mediated by localized defects that act as intermediary energy levels
between the valence and conduction bands (Fig. ). Even intrinsic,
high-resistivity Si has trace amounts of dopants that are frozen out at
low temperatures. A dopant such as boron could therefore accept elec-
trons from the valence band in an optical absorption event. However, the

Nrpa = (4.1)
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Chapter 4. Laser-induced thermal noise at cryogenic temperatures

energy mismatch between the telecom photon energy and boron’s acti-
vation energy (45meV) likely lowers the probability of this transition. A
more probable event is absorption through dangling bond defects present
at Si/SiO2 interfaces [119].

Dangling bond defects, commonly referred to as Py-type defects,
have been extensively studied in the context of semiconductor CMOS-
technology [12I]. The defects are formed in the transition where the
(near) perfect Si crystal structure transitions into unordered thermal /native
SiO2. Dangling bonds can act as traps for both electrons and holes with
energy levels between valence and conduction bands, reducing carrier mo-
bility and causing unwanted leakage currents [121I]. It has been shown
that Pp-type defects can have both donor-like and acceptor-like defect
states in the Si bandgap, which closely matches the telecom radiation
energy [122]. Although no study has yet analyzed the density of these
defects at low temperatures, it is still a strong hypothesis that P,-type
defects are a major cause of linear absorption in the context of quantum
silicon optomechanics.

A common way to deal with P,-type defects is through hydrogen
passivation. A hydrogen atom can occupy a dangling bond, thereby ex-
tinguishing its electronic activity. Surface passivation of Si through HF-
etching has been shown to significantly reduce absorption in Si whispering
gallery mode (WGM) resonators [16]. While HF-etching is an effective Si
surface treatment, its reach is limited and cannot affect the Si/thermal
SiOg-interface attaching the SOI release-free OMCs to their substrate.
On the other hand, forming gas annealing (FGA) is known to diffuse
hydrogen into thin-film Si and can thus lead to deeper passivation in
release-free OMCs [123].

4.1.2 Hot-bath model

The absorption events discussed in the last subsection transform energy
in the electromagnetic field into charge carrier kinetic energy. But how
does this process lead to a higher thermal occupation in the OMC me-
chanical mode at ~ 5 GHz? Even though a microscopic description for
the origin of optical absorption induced noise is not yet fully understood
by the international community, theoretical models on its treatment have
been presented and compared to measurement results [119, [49, T00]. A
general consensus on a proper noise model has not yet been reached
among research groups studying cryogenic silicon optomechanics, mak-
ing measurement results across studies harder to compare. In an effort to
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Figure 4.2: Hot-bath model for optical absorption heating. a. FEnergy is
transferred from optical to acoustic domains through phonon-mediated elec-
tronic defect absorption/relaxation. The energy populates a band of high-
frequency (THz) phonons with fast internal scattering. The THz-phonons are
thus defined as a hot bath with temperature T},. Finally three-wave mixing at
rate v, populates the mechanical mode at wy,. b. Full interaction environment

for the mechanical mode b. The optical mode & couples to b through o, and is
in turn coupled to the input waveguide and its thermal environment at rates s,
and k;, respectively. Optical absorption populates the hot bath which interacts
with b with rate vp- Finally, b couples to the cryostat cold bath through ~q.

bolster comparability, we thus choose to base the analysis in this thesis
on the most generally cited model presented by Meenehan et al. in 2014
[I19] — even though its general applicability is still under investigation.

The model is based partly on the assumption that EDA (and the
reverse relaxation process) is phonon-mediated. This is a reasonable as-
sumption since the local electric field around a silicon dangling bond
depends on the presence of electric charge. As an electron trapped at
the dangling bond is ionized by an optical photon, equilibrium positions
of neighboring atoms are likely perturbed, leading to acoustic excitations
upon lattice relaxation. The EDA events thus inject a shower of phonons
into the OMC, assumed to be of high frequency due to the energy scale
of the absorbed photon. The injected phonons then inter-mix on a time
scale that allows them to form a thermal bath with a common tempera-
ture T}, [100] (Fig.[4.2). This thermal bath of THz phonons is labeled the
“hot bath” and is the noise source populating the mechanical mode with
excess acoustic energy in a cryogenic environment. We note that to what
extent T}, is well-defined depends on internal scattering and relaxation
for the THz phonons and might not be equal for all device geometries.
This adds to the qualitative nature of the model, making experiments
important for proper verification.
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Chapter 4. Laser-induced thermal noise at cryogenic temperatures

Table 4.1: Table of n. exponents. Exponents are here defined through n,,
(ne)® and v, o (ne)?. In most low-loss device n,, = n,. Some exponents are
presented in regimes of low /high n.. BC: Butt-coupled, SC: Side-coupled, RF:
Release-free. Blanks are left where data is not provided/no simple power law
was identified.

Device type Reference Year @ B

1D Meenehan et al. [IT9] 2014 0.25 -

1D MacCabe et al. [I00] 2020 0.33 0.66
BC 2D Ren et al. [49) 2020 0.33 0.61/0.29
SC 2D-1 Sonar et al. [78§] 2025 0.31 0.29
SC 2D-II Somar et al. [78] 2025 021  0.29/0.39
RF 1D Kolvik et al. [125] 2025 0.44/0.61 0.98
1D Kolvik et al. [125] 2025 0.29 -
High ~o 1D Fig. [4.12b 2026 0.72/0.33 -
10UC SOS Fig. 4.10 2026 0.81 -
31UC SOS Fig. 4.10 2026 0.63 -

Due to the vast frequency gap between the hot bath’s THz-phonons
and the GHz mechanical mode, coupling between them is mediated by
three-wave phonon-phonon scattering. The interaction is conjectured
to be facilitated by the anharmonicity in the atomic lattice, which also
governs Landau-Rumer and Akheizer damping [124]. Through Fermi’s
Golden Rule, a non-linear interaction rate v, can be defined, which de-
scribes the mechanical mode’s interaction with the hot bath at an ef-
fective occupation n, = (exp{hwm/(ksTp)} — 1)~1 [119]. Absorption-
induced heating is thus phenomenologically described by a local thermal
bath with a temperature T}, and thermal population np, which interacts
with the mechanical mode with rate .

With the hot bath defined, the analysis can be extended to describe
how the hot-bath parameters depend on input optical power. Using a
polynomial ansatz for the hot-bath density of states and assuming that
the hot bath radiates energy like a black body leads to [100]

2(d—1)/(d+1)
Yp X Nc o

1)(d11) for Tp>>T:B ,
Np X N (42)
vy o p24-D/(@+1) _ :

np < exp [_hwm/ (an%/(d+1))} for T, < E

In (4.2), d is a parameter representing the spatial dimensionality of the
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4.1. Laser-induced thermal noise

hot bath, which would differ based on device geometry. The model thus
predicts an n. power-law dependence for both the effective population
np and the interaction rate v, for high 7},. While the bath dimensional-
ity argument has shown some agreement with early measurement results
for 1D suspended OMCs (in which a hot bath dimensionality d = 2 was
assumed due to the estimated frequencies of the hot bath phonons), the
model has not held up consistently across continued studies on different
device types. Tab. compiles power-law exponents reported in the
literature, including results from the release-free device presented in Pa-
per B and Figs. [L.I0J4.12] Notably, the effects behind these power-law
dependencies do not appear to be tied to physical dimensionality alone,
since devices with the same geometry sometimes yield different results.
Disorder and surface effects are plausible explanations for these differ-
ences [78], but no study has yet examined this systematically. What is
clear is that further exploration of the microscopic effects underlying op-
tical absorption and heat conductance is needed to close these knowledge
gaps.

It should also be noted that the data in Tab. is mostly com-
piled from work published by Oskar Painter’s group at Caltech. It goes
without saying that there are other contributors to the field of cryogenic
silicon optomechanics; however, as previously stated, the formalism used
across works is not always consistent enough to allow for direct compar-
ison. We adopt the hot-bath model in this thesis since it considers both
absolute noise levels n, and thermal broadening ~,, giving more tools
for analyzing measurement results.

4.1.3 Phonon transport at millikelvin temperatures

Ridding nanoscale devices of heat is a major concern across many tech-
nologies [126| [127]. Phonons are one of the primary heat carriers and are
especially important in materials with low charge-carrier concentration
such as insulators and high-resistivity silicon. Using phonon transport
through the chip substrate as a channel to funnel away laser-induced
thermal noise is the primary technological advantage claimed by the
release-free optomechanical crystal. However, the intricacies of nanoscale
phonon transport make direct predictions of increased device heat ca-
pacity challenging. As device sizes are reduced, the simple Fourier’s law
suffers in predictability due to material interfaces and the phonon mean-
free-path (MFP) exceeding the device scale [127]. Proper descriptions
of thermal heat transport in nanoscale devices thus require other mod-
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els, and recent progress has been made with descriptions involving, e.g.,
hydrodynamic phonon transport [128]. However, limited work has yet
been extended into the cryogenic environment relevant for the quantum
silicon optomechanics experiments in this thesis.

At the 10 mK environment at which this thesis’ cryogenic experiments
are performed, the thermal properties of materials are vastly different
from room temperature. Material thermal conductance and capacity
scale drastically with temperature, imparting a strong and non-trivial
temperature nonlinearity to thermal noise studies. We will here summa-
rize the important thermal properties of the materials relevant for our
release-free OMCs.

Heat transfer through phonons relies on the flow of thermally excited
phonons through the atomic lattice of materials. At low temperatures,
phonon-mediated heat conduction k¢, in a crystalline material can be
expressed as [129]

7’UgAMFp. (43)

The heat conduction is thus governed by (1) the amount and density
of excited thermal states, represented by the thermal capacity Cyp in
the volume V/, (2) the phonon group velocity vg, and (3) the amount of
transport obstructions represented by the phonon MFP Aypp. The two
major temperature-dependent parts of are the heat capacity and
the MFP.

For a crystalline material, the heat capacity can be calculated us-
ing the Debye model which gives a strong T3-dependence for low tem-
peratures. The phonon MFP is more technical and involves several
contributions from different sources acting as obstructions to phonon
transport. At low temperatures, both phonon-phonon (Umklapp) and
electron-phonon scattering can safely be neglected, leaving material de-
fects and boundaries as the major contributors to the MFP. All materials
have imperfections such as dislocations and point-defects which scatter
phonons. These scattering events are dependent on phonon wavelength
and frequency and thus impart an inverse temperature dependence to
the MFP [129]. However, high-purity materials at low temperatures can
show low contributions from defects, leaving Aypp o< T° = ke, o< T3.

For amorphous materials, heat conductance and specific heat are
instead commonly described in terms of resonant phonon interactions
with two-level systems (TLS) [I33]. The model describes the amorphous
material’s atoms as sitting in metastable potentials which can resonantly
interact with phonons passing through the lattice. The TLS energy
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Table 4.2: Summary of experimentally measured thermal conductivities kg
given in W/(m - K) for materials relevant to this thesis work. Values for 10 mK
are extrapolations using the given power-law behavior at 300 mK. LR: Low
resistivity, HR: High resistivity.

Material Reference k4, (300mK)  Scaling k4, (10 mK)
LR Si [130] 81074 T2 4-1077
a-SiOs [131] 2-1074 T2 2-1077
Sapphire (chip-scale) [130] 2-1073 T3 7-1078
HR Si [130] 5-1072 T4 1-107°
Sapphire (bulk) [132] 1-107¢ T3 3-1076

separation AF is assumed to be statistically distributed with a near flat
dependence on AFE in relevant energy ranges which leads to a kg, o< 72
for T < 1K.

The most important materials to this thesis are Si, SiO9, and sap-
phire. In Tab. [I.2] we present experimental thermal conductivity data
in the sub-kelvin range for these materials. Recent thermal conductiv-
ity results show data with decent consistency with the above models.
The literature confirms that the crystalline materials are superior heat
transporters compared to amorphous SiOs even at low temperatures, de-
spite the more favorable T?-scaling. It also shows that the sample size
may have a big impact on thermal conductivity as chip-scale sapphire is
shown to perform worse by almost two orders of magnitude compared
to bulk samples. silicon doping also seems to have an impact, as high-
resistivity silicon surpasses low-resistivity silicon by more than two orders
of magnitude.

Lastly, we address the important notion of material interfaces in our
release-free OMCs. Increased thermal conduction away from the optome-
chanically active region relies on efficient phonon transport across the
interface that attaches the OMC to the substrate. A material interface
constitutes a discontinuity in the impedance experienced by traveling
phonons making the transition from one material to another. Phonon
scattering due to this impedance mismatch can thus be modeled as an
interfacial thermal resistance (ITR) sometimes called Kapitza resistance
[134] and is non-zero even if the material bonding conditions are perfect.
The ITR can be even more significant for imperfect material bonding
where the interface extends into the material bulk in a highly disordered
and defect-ridden region. The interface quality between the device layer
and the chip bulk is thus of significant importance, especially in less con-
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ventional material stacks such as silicon-on-sapphire (SOS). The impact
of ITR in the SOI-platform is evaluated implicitly in the thermometry
experiments presented in Paper B.

4.1.4 Thermal phonon dynamics

In the hot-bath model introduced in Sec. we assume a thermal bath
coupled to the mechanical mode which, during continuous wave (CW)
optical pumping, is at an elevated thermal occupancy n, compared to the
surrounding environment at ambient temperature Ty (Fig. [4.2b). Using
the cavity optomechanical coupled mode equations (CME) (Egs. ),
we can solve for the expected steady-state phonon occupation for a
sideband-resolved oscillator in the Cy,, < 1 regime:

n = (51) = 2000 0T,
Ym

(4.4)
where ym = Y + 7p £ Yom for red (+) and blue (—) detuning and v, =
70 + vp when A = 0. For any relevant CW application in the quantum
regime, we require that the steady-state occupation is ny, < 1. Another
metric for this regime is the quantum cooperativity Cq = Com/nm which
must be > 1 to achieve achieve optomechanical state transfer faster than
the mechanical decoherence rate [I7]. Although some optomechanical
systems have shown Cq > 1 [49] [7§], reliable quantum operation requires
further reduction of noise which, in this model, is represented by reducing
"pTp-

However, an intriguing proposal to overcome the steady-state noise
and access more near-term quantum applications was proposed in 2015
by Meenehan et al. [I35]. Their proposal was to operate the devices in
a pulsed regime where very short optical pulses would perform optome-
chanical action faster than thermal noise could build up in the OMC.
It is therefore not sufficient to know the steady-state noise level of the
OMC, but also to know the noise’s time dynamics.

To derive the time dynamics of the thermal noise under optical puls-
ing, we again return to the cavity optomechanical CMEs (Egs. )
This time, however, we solve them in the time domain while adiabati-
cally eliminating the dynamics of the optical cavity (see App. For
a sharp optical pulse starting at ¢ = 0 — which for now is assumed to
immediately populate the hot bath — we get the following dynamics for
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the time-dependent noise occupancy nm(t) = (bT(£)b(t)):
nm(t) = ni + (ng —n;) (1 —e ™), Vit >0,

ni = (B1(0)B(0)), s = ””j”

(4.5)

with yom as in . Again, this assumes that the optomechanical back-
action is not strong enough to cause significant backaction noise.

During pulsed operation in experiments probing the quantum prop-
erties of the system, thermal noise dilutes and decoheres the prepared
quantum state. For instance, in work such as Ref. [24], single pho-
tons are generated from an optomechanical system by interleaving blue
and red detuned optical pulses. The spontaneous parametric down-
converted (SPDC) photon in the photon-phonon pair generated by the
blue write-pulse is used to herald a single phonon state in the mechanical
mode. However, infidelity enters the experiment when the photon-click
used for heralding does not originate from the SPDC event. Upconverted
thermal phonons are one of the possible sources of this infidelity. While
assuming a sharp optical pulse (Yom (t) o nc(t) = const), the probability
pih that a thermal phonon is upconverted during a pulse of length T;,
can be expressed as:

Tp
Pth = ’Yom/o nm(t)dt = PsNavg (46)

where ps = YomT}, is the Stokes scattering probability and naye =

Ty 1 OT " np(t)dt is the average phonon occupation during the pulse. For
quantum operations with fidelity unbounded by thermal noise, we thus
require ps > pih € Navg < 1. Now, for short pulses, (4.5) gives

T
Nave & Ni + m%, for Thym < 1, (4.7)

which serves as a lower bound to nayg if nm(t) follows (4.5)).

Phonon dynamics given by Eq. is valid under the assumption
that heating caused through optical absorption is applied immediately
upon optical excitation. This assumes that the processes that induce
noise are much faster than the dynamics of the mechanical mode, which is
supported within the THz phonon hot bath model presented in Sec.[£.1.2]
Throughout the experiments performed in this thesis, limited evidence
has pointed against this assumption. More specifically, the dynamics
stated in has consistently been used to accurately represent the
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time dependence of n,, upon optical pulsing. However, previous work has
also reported deviations from this standard dynamics. In Ref. [135], this
behavior was quantified with a fractional parameter d, and an additional
rate s with which the dynamics of n,, were described:

M (1) = —Ymnm (t) + om0 + Yprp(l — pe ). (4.8)

More detailed phenomenological models were also presented in [100].
Like several other properties of optical-induced thermal noise, the origin
of this behavior is not yet fully understood.

4.1.5 The thermo-optic effect

Thermal noise in the OMC impacts several physical properties of the
OMC; one of these affected properties is the optical resonance frequency
w, through the thermo-optic effect. The thermo-optic effect is an optical
dispersive nonlinearity present in most materials including silicon which
alters the material’s refractive index as a function of temperature ng; =
ngi(T). It is common to linearize this dependence around a reference
temperature Tyef to get

nSi(T) = nSi<Tref) + 5(Tref)(T - Tref)a (49)

where (Tef) = (Ongi/OT)(Tret) is the thermo-optic coefficient. This is a
commonly exploited property of materials and can be used both for tem-
perature sensing [136] and fine-tuning of phase conditions [137]. In this
work, we use this property to study optical-absorption-induced heating.
However, the heavy temperature dependence of 5 for low temperatures
[138] along with the presence of additional dispersive nonlinearities in sil-
icon [118] makes this feature more of a proxy rather than a quantitative
measurement tool of laser-induced heating.

4.2 Measurement setup

Performing cryogenic thermometry of nanoscale optomechanical devices
requires specialized measurement capabilities. Measuring the weak ther-
momechanical sidebands at cryogenic temperatures warrants high sensi-
tivity with low added noise. Details of the full cryogenic experimental
setup are provided in Paper B Appendix B. However, some aspects were
left out for brevity and will thus be the subject of this section.
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Figure 4.3: Cryogenic optomechanics setup. a. Mixing chamber of a Bluefors
LD400 cryostat featuring two optomechanics compatible setups (blue). b. Each
optomechanics setup contains a set of cryogenic positioners used to align an
angle-cut fiber to grating couplers on the chip (magenta). c. Chip on copper
mounting block, secured with PTFE clamps. d. Typical normalized grating
response. e. Mixing chamber (MXC) temperature as function of input optical
power. We also show achieved n, for fiber-chip coupling n¢, = —6dB, x/(27) =
1.5 GHz, k/(2m) = 750 MHz, A/(27) = 5 GHz.

4.2.1 Dilution refrigerator setup

To reach the temperatures required for these studies, we use a Blue-
fors LD400 dilution refrigerator. The cryostat is specially equipped with
optical fiber feed-throughs which allow fiber access to the mixing cham-
ber (MXC) where the coldest temperatures are reached. For our exper-
iments requiring optical alignment, we use one of two setups equipped
with cryogenically compatible positioning stages (attocube) mounted to
the MXC (Fig.4.3h). At room temperature, we use the positioners along
with a USB microscope to align angle-cut fibers to the on-chip grat-
ing couplers. Thermal contraction during cooldown causes misalignment
which we counteract with periodic realignment every 30 min by measur-
ing light reflected off the devices. When the cryostat reaches 4K, we
finalize alignment to the device to be tested at millikelvin temperatures
before condensation causes temperatures to drop further.

Optimal fiber-chip coupling at the wavelength of the device under
test (DUT) for a given grating coupler is achieved by optimizing the
grating maximum transmission wavelength A\ .x according to the phase-
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matching condition [107]
)\max = A(neff - Sin(ein))a (410)

where A and neg are the grating period and effective index, and 6, is
the light incidence angle. We choose A and n.g to align Apax to the
resonance wavelength of the DUT, with 6;, fixed by the properties and
tilt of the input fiber. However, a slight variation to the final fiber
conditions after installation leads to uncertainty in Apax and thus also
in the achievable fiber-chip coupling efficiencies (Fig. ) Common
fiber-chip coupling efficiencies achieved cryogenically range from —6 to
—10dB. The uncertainty would be reduced by installing a cryogenically
compatible goniometer for the fiber mount.

After condensation, we reach temperatures at the MXC of around
10mK in the span of 2 hours, dropping further to ~ 7mK over the
course of a few days. Due to the pW-level cooling power at the MXC,
the thermal conditions at the MXC are easily perturbed when applying
optical power. We track the steady-state temperature of the MXC as a
function of applied optical power (Fig.[4.3¢) and find a phenomenological
model

To(P) = A[P/(1mW)]* + 7 mK for T € {10,100} mK,  (4.11)

where P is input power in W, A = 104 mK and o = 0.5767. Throughout
thermometry experiments performed in this thesis, input optical power
never exceeds 0 dBm, thereby keeping steady-state Ty < 110 mK which
is equivalent to ng < 0.12 at 5 GHz. We note that this temperature is
measured directly on the MXC plate close to the cryostat cooling element
and does not accurately represent the temperature of the chip. This is of
importance when interpreting thermometry results which we will return

to in Sec. [1.3.4]

4.2.2 Phase noise and pump filtering

A crucial part of the optical experimental setup is the phase noise and
pump filtering which enable detection of weak optomechanical sidebands
with signals unperturbed by phase noise and pump light. As discussed
briefly in Sec. 2.4.4] pumping an optomechanical system with a noisy
laser can cause significant perturbation to a thermometry measurement.
To make sure that the measurement is not plagued by excess heating or
noise squashing/anti-squashing, proper pre-filtering is required.
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Figure 4.4: a. Fiber coupled Fabry—Pérot filter with temperature controlled
frequency tunability. Used for reducing laser phase noise at the mechanical
offset frequency. b. Two fiber-coupled piezo-tunable Fabry—Pérot filters inside
an acoustically and thermally insulated enclosure. When tuned to an optome-
chanical sideband the filters effectively removes the pump before detection.
Aluminum foils covers fibers between the last filter and the single-photon de-
tector input to shield it from stray light.

We perform pre-filtering by locking our free-running laser (Toptica
CTL1550) to a fiber-coupled Fabry-Pérot filter (Luna FFP-I) with full-
width-half-maximum (FWHM) bandwidth of 36 MHz and FSR ~ 20 GHz
(Fig. [4.4h). The Fabry-Pérot power transfer function is given by [139]

e
T(w) = — L")

= 4.12
1+ 72 — 2r cos(wty)’ (412)

where r ~ 1 — TFWHM/ FSREl is the mirror reflectivity, and ¢, is the
cavity round-trip time. For the given parameters, projects a noise
suppression around 48 dB at an offset frequency of 5 GHz. To have total
control of the pump laser frequency, the filter is tunable over more than
one free spectral range (FSR) using a thermo-electric cooler element
that is regulated by a temperature controller. This allows for accurate
placement of the laser at a desired detuning A and keeps it fixed with
minimal drift which is crucial for the second filter type in the setup:
pump filtering.

The purpose of pump filtering is to remove the pump tone so that the
optomechanical sideband is the only signal passed to detection. This is
crucial in a superconducting nanowire single-photon detector (SNSPD)
measurement since the detector is generally not frequency resolving and
cannot distinguish signal from pump photons. As mentioned in Sec.[2:4.1]
the power in an optomechanical sideband is around —50dBc when as-

'Valid for high finesse cavities where the finesse 7 = FSR/FWHM.
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Figure 4.5: a. Typical pump filter drift due to piezo creep immediately
following initial alignment. b. Drift rate due to piezo creep. Settles in the a
range < 1 MHz/min over the course of a few hours.

suming reasonable optomechanical performance in a room temperature
setting where ny, ~ 1200. In cryogenic environments, however, we hope
to measure ny, < 1, meaning that expected sideband powers are in the
—80dBc range or lower. To make sure that the SNSPD signal is not
drowned by noise, we thus need to achieve > 80dB suppression of the
pump tone before detection.

We achieve pump filtering with two additional tunable Fabry—Pérot
filters that we apply in series to the light before detection. These filters
have FWHM bandwidth of 13 MHz and FSR = 19 GHz which through
(4.12) gives a total pump suppression around 113dB at 5 GHz (Fig.|4.4b).
Due to the exceptionally weak signals and frequency-insensitive nature
of the SNSPD detection, active locking of the pump filters to the op-
tomechanical sideband is unavailable. We thus use passive placement of
the filters around the optomechanical sideband while resorting to peri-
odic, automatic realignment during longer measurements. To align the
filters before or during a measurement, we generate a strong sideband
at the mechanical frequency using an electro-optic modulator (EOM)
and use that as a reference for filter alignment using piezo tunability.
After initial filter placement, piezo creep is a major factor of filter drift
(Fig. |4.5)). However, when piezo creep tapers off after around 30 minutes,
the total drift rate settles around 1 MHz/min. For long experiments on
the time scale of days, average drift rates can settle at significantly lower
values, allowing for measurement periods of minutes before automatic
realignment.
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Figure 4.6: SNSPD characterization. a. Voltage signal upon a photon de-
tection event. b. Detection efficiency and dark count noise as a function of
detector bias current. Gray dashed line indicates standard operating current
12.2nA. Note that detection efficiency also includes potential losses in connec-
tor and cryostat feed-through fibers.

4.2.3 Single-photon detection and excess noise

To measure the weak optomechanical sidebands, we use SNSPDs mounted
to the 900 mK stage of the dilution refrigerator cryostat. The working
principle behind the SNSPD is that photon absorption events in a su-
perconducting wire locally break superconductivity and temporarily in-
crease the resistance in the wire [I40]. The resulting spike in voltage
across the wire is fed to an amplifier before being detected in a photon-
counting module which reads each spike as a photon detection event
(Fig. 4.6p). We use WSi nanowire detectors (PhotonSpot) which are
spliced to fibers attached to the cryostat optical feed-throughs. At op-
timal bias current, we achieve detection efficiencies ~ 70 %E| and dark
count rate ~ 6cps (Fig. ) for a terminated detector input. This
corresponds to an equivalent noise power of —151 dBm.

Apart from dark count noise, there are several other noise factors that
must be suppressed for high sensitivity measurements. We suppress am-
bient stray light from transmitting into the fibers leading to the SNSPDs
by running experiments with minimum ambient light and by wrapping
all fibers connecting the last pump filter to the SNSPDs with aluminum
foil. In addition, we reduce broadband laser noise before detection by
using a 1530-1570 nm bandpass filter (OF-Link) with 30 dB isolation.

Finally, we characterize the main sources of laser noise: phase/intensity

?Including temperature-dependent loss in cryostat feed-through and fiber.
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Figure 4.7: Laser noise as measured with single-photon detection (SPD)
through the pump filter stack with effective FWHM = 8.86 MHz. Noise is mea-
sured at offset A from the main laser output at A = 1552nm. a. Free-running
laser noise. b. Noise while the laser is locked to an Fabry—Pérot (FP)-filter
with 50 MHz BW and 18 GHz FSR. The spectral features of the unfiltered noise
are replaced by the transmission function of the pump filter stack which points
towards pump bleed-through as the limiting noise factor. A resonance fea-
ture representing an auxiliary filter mode can be seen for A/(27) ~~ 4.25 GHz.
Dashed line represents T(A) given in (£.12).

noise at the offset frequency and pump filter bleed-through. The mea-
surements are performed by sending the main laser directly to the pump
filter stack which is placed at a variable offset frequency A. The signal
power measured on the SNSPD is referred to the input light to calculate
the pump-referred relative noise power in the 8.86 MHz effective band-
width of the pump filter stack (Fig. . We perform the experiment at
the standard 50 mW laser output power, both red and blue detuned with
offset |A| € {4,6} GHz for both a free-running laser and while locked
to the phase-noise-suppressing filter (Sec. . In the free-running ex-
periment, we measure noise powers in the range of {—90,—100} dBc
with a clear peak at 5.6 GHz. This represents noise power spectral den-
sities (PSD) Sgs(A) € {—160, —170} dBc/Hz which seems to be within
an order of magnitude of what was measured in 2013 for certain New Fo-
cus lasers (Ref. [79])|ﬂ Interestingly, the noise does not seem completely
symmetrical for red and blue sides which could allude to correlations in
phase and amplitude noise caused by relaxation oscillations.

While locked to the pump filters, the noise drops significantly — but
not by the 48 dB projected by . The measurement is now instead
limited by pump light seeping through the pump filter stack which we call

3To compare to frequency noise PSD S, (w), we use Suw(w) = w?Sse(w).
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pump bleed-through. We measure bleed-through in the range expected
through (4.12) meaning that we achieve pump suppression in the range
of 110dB.

4.2.4 Acousto-optic pulsing

To study the time dynamics of the
OMC thermal noise, we use a set of
two 110 MHz acousto-optic modulators 1.0

(AOM)s with a total extinction ratio > =

110dB. The AOM radio-frequency (RF) ¢ 0.5 1 .

drivers are controlled with analog pulses & - ii'tgnal

sent from the pulse sequencer module 0.0 1

(QM OPX) that also reads the SNSPD 0 50 100
output and records photon clicks. Time (ns)

To characterize the optical pulsing,
we send .the AOM output t'hroug}.l heavy 14 gure 4.8: Normalized wave-
attenuation before detection with the o of a 57ns pulse generated
SNSPD. A typical pulse shape is pre- through acousto-optic modula-
sented in Fig. .8l We fit this to a phe- tion with fit to (£.13).

nomenological model:

P(t) = PmaXO'(t - tstart)g(_(t - tstop)); (413)

for start and stop times fgary and tgpop, where o(t) = (1 — et/ )=l
a sigmoid function with rise time parameter ¢, =~ 4ns. We calibrate
the pulsing by comparing programmed pulse lengths to the fitted mea-
surements and find a 10-90% rise time of 16ns. The calibrated pulse
waveform is used to fit ny,(t) in Paper B.

4.3 Supplementary thermometry results

In Paper B, we make a comprehensive comparison between a release-
free SOI OMC with 31 defect unit cells and a conventional suspended
breathing mode OMC with high mechanical @. More devices have been
cryogenically studied during the course of this thesis which have not yet
been published. In this section, we present results obtained with these
additional devices which further our understanding of the behavior of
optically induced thermal noise in silicon OMCs.
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Table 4.3: Optomechanical properties of studied SOS devices.

| Device: || SOSA 31 UC [ SOSB 1 UC A
wo/(2m) (THz) || 104.9524 194.0824
wm/(27) (GHz) 4.7595 4.6044
k/(27) (GHz) 2.97 1.99

ke/2m (MHz) 810 790
~0/(2) (kHz) 620 100
Jom/(2m) (kHz) 203 318

4.3.1 Silicon-on-sapphire optical nonlinearities

We first report on results with OMCs fabricated on the SOS platform.
From Sec. we expect a sapphire substrate to more efficiently con-
duct heat than the SiOz buried oxide (BOX) layer which is in direct
contact with the devices in SOI. For this study, we fabricate two differ-
ent SOS devices where the major difference is the number of unit cells
in the defect region. Device SOSA is fabricated with a design very simi-
lar to the 31-unit-cell SOI device presented in Papers A and B, whereas
device SOSB has only a single defect unit cell.

One of the advantages of SOS fabrication is that the sapphire is not
etched by HF. This allows stripping of the silicon native oxide prior
to cooling down. Oxide stripping and hydrogen passivation of surfaces
have been proven to reduce optical absorption in silicon nano-structures
[16, 123] and might have a significant impact on optical-absorption-
induced thermal noise in silicon. We therefore treat the chips in 2%
HF solution for 30s before preparing a cooldown. We generally achieve
a loading time of 20-30min between the acid treatment and applying
vacuum to the cryostat sample chamber. When the cryostat is cold, we
measure the optomechanical properties according to methods presented
in Chapter [2fand Paper B appendices (Tab. . As for SOI, the longer
SOS devices suffer from inhomogeneous broadening in the mechanical
spectrum, causing closer spacing between mechanical modes (~ 5 MHz)
and lower average optomechanical coupling than the 1-UC devices.

We conduct a study of optical nonlinearities in device SOSA with 31
unit cells which we directly compare to the results presented in Fig. 2 of
Paper B (Fig. . From room temperature measurements, we see that
the SOS device is even more optically stable than the release-free SOI
device. Optical red-shifting is only achieved for n. > 10°, which is more
than one order of magnitude compared to the release-free SOI device.
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Figure 4.9: Nonlinear response of device SOSA (Tab. compared to the
data presented in Paper B Fig. 2. Data is gathered by sweeping a tunable laser
over the OMC resonance and recording the frequency shift Aw as a function
of the maximally attained photon number n¢ max at resonance. RF = Release-
free.

This is evidence for the SiO2 2 pm BOX layer acting as the bottleneck in
thermal transport away from the silicon device region in SOI. Cooling
down the device to cryogenic temperatures completely removes the red-
shifting behavior in the explored n.-region. The blue-shift that was also
partially visible for the SOI device is now unobstructed by thermo-optic
red-shift. As mentioned in Paper B, this is likely caused by free-carrier
dispersion where the carriers are supplied through two-photon absorption
[118].

The results in Fig. {9 seem to suggest an even greater thermal trans-
port capability for the SOS material stack for both room temperature
and cryogenic environments. However, the processes that govern the
heat generating the thermo-optic effect are not guaranteed to overlap
with those causing noise at 5 GHz. For that, we move on to thermome-
try.

4.3.2 Silicon-on-sapphire continuous-wave noise

In this continuous-wave experiment, we study the noise behavior of both
SOSA and SOSB and compare it to the release-free SOI device. The
calibration is performed with sideband asymmetry as described in Paper
B Appendix E.

The data presented in Fig. shows several interesting features.
Despite the superior thermal transport of the sapphire substrate that is
evident in the optical nonlinearity study, there is not a clear increase in
noise robustness for both SOS devices compared to the SOI device. The
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Figure 4.10: Continuous wave thermometry of SOS devices. Two devices
with different number of unit cells (UC) are compared to the 31 UC SOI device
presented in Paper B (faded circles). The shorter OMC exhibits more noise
while the long SOS OMC shows exceptionally low ny, for A = twy, and small
n.. However, the lower optomechanical performance still allows the SOI device
to be cooled to lower n,, in the high n. regime.

1-UC device exhibits significantly more noise than the 31-UC SOI device
for all detunings; at n. ~ 103, the difference almost reaches an order
of magnitude for A = 0. However, the 31-UC SOS device shows better
performance, especially for A = +wy, where ny, ~ 0.4 for n, = 10. The
advantage is also not as pronounced for A = 0 where noise levels match
the SOI device closely for n. > 103. Due to the weaker optomechanical
coupling in the long SOS device, the SOI device also reaches lower cooled-
noise levels for A = —w,, and ne > 103.

Looking solely at absolute noise levels, we conclude that a HF-treated
long SOS OMC design can surpass that of SOI, although not by a margin
that justifies the lower optomechanical performance that can currently
be reached in the SOS platform. Longer OMCs seem to consistently show
lower noise levels, as has been observed for both SOS and SOI devices
in separate studies. Longer OMCs have larger contact areas with the
substrate and larger optical mode volumes, which lead to lower energy
densities and field strengths at fixed n., potentially lowering nonlinear
absorption effects. Compared to the thermo-optic effect studied in the
previous section, the continuous-wave noise does not seem to benefit as
much from the higher thermally conductive substrate. The underlying
cause for this is not yet fully understood, but it could originate from
disordered regions in the OMC material, such as the silicon surfaces or
the silicon-sapphire interface, whose structure has yet to be studied in
detail for this platform.
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Figure 4.11: Coherent ringdown of device SOSB. a. Initial and final occu-
pations during 10ps readout pulses at time Ty following a modulated drive
pulse. We fit the n; data (solid blue) to an exponential decay (purple dashed)
together with a slowly decaying contribution o (Ty/(1ns))®, with « being a
fitting constant. Faded circles represent SOI data from Paper B Fig. 5f. b.
Closer inspection of data to which we fit for the n;-value marked with an arrow
in a. We compare the best-fit curve yielding n; = 0.97 to the same model with
n; = 0 to gauge the model’s evidence for n;-estimation.

4.3.3 Silicon-on-sapphire ringdown

In Fig. 5 of Paper B, we show that despite the release-free SOI OMCs’
orders-of-magnitude-lower CW noise level at fixed n. compared to the
suspended alternative, together with their appreciable yom, /n¢, the achieved
pulsed noise fails to surpass previous demonstrations with suspended 1D
and 2D OMCs [50, 28, 25]. This is partly due to a slowly decaying con-
tribution to the noise following optical excitation. This causes the initial
phonon occupancy n; at the pulse start to be higher than expected, which
acts as a lower bound for the average pulse noise (see Eq. ) Paper B
Fig. 5f shows that the noise following coherent excitation initially decays
as expected with time constant g, which transitions into a slow decay
for delay times Ty. We investigate the same effect for the SOS platform,
using device SOSB with 1 defect UC due to its superior yom/nec.

The experiment is set up equally to the one presented in Paper B
Fig. 5b,d,f, in which a red-detuned drive pulse modulated at the me-
chanical frequency rings up the mechanics to a bright coherent state.
The decay of the coherent state is then read out by another red-detuned
pulse at delay time Ty. The laser power for both drive and readout pulses
is set to n. = 80. The calibrated and filtered phonon dynamics waveform
nk (t) is fitted to extract n; and ng as described in Paper B.

The results are presented in Fig. and show striking similarity
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to Paper B Fig. 5f. For Ty < 5ps, the behavior is governed by an expo-
nential decay with time constant y/(27) ~ 100 kHz, which agrees with
Electromagnetically induced transparency (EIT) measurements. How-
ever, as for the SOI device, we see that the decay tapers off for higher
Ty. Strikingly, despite a factor of 5 difference in 7y, the slow-down of
both SOI and SOS data is initiated at a phonon level ~ 1. This sim-
ilarity raises questions about the measurement noise floor. The lowest
measurable n; is governed by nygp and the evidence in the data for the
phonon dynamics model we fit. For this experiment, nygp is limited
by dark count noise and is estimated to be < 0.01 for I'cy; = 8.6c¢ps,
I'bcr ~ 6cps, and n, = 80 (Paper B Appendix H). We also closely
inspect the data for large Ty, which indicates that the Bayesian fitting
model has evidence for n; in the estimated range (Fig. 4.11pb).

The fact that the slowly decaying contribution to the thermal noise
starts to dominate at a phonon occupation of n, = 1 is intriguing.
Although we showed in Paper B Appendix I that n; at Ty = 10ps is
dependent on the experiment duty cycle, the fact that it emerges at
Nnm = 1 still remains. A limit of the present experiment is that we cannot
properly distinguish between occupancy contributions from the coherent
state and the thermal noise when these are comparable in magnitude. A
full state tomography would tell us more about the full evolution of the
state, from the initial bright coherent state with ny, ~ 100 to the final
thermal state at ng, ~ 1.

The data supports the hypothesis that both SOI and SOS devices
are limited by the same underlying mechanism. The strong connection
to occupancies ~ 1 alludes to an interplay between the OMC mechanical
mode and fermionic systems such as TLS, which has previously been
suggested to affect mechanical decay [141]. However, the dynamics does
not seem to differ drastically between SOS and SOI despite the SOS sam-
ple’s crystalline sapphire substrate and its HF surface treatment before
cooldown to limit the presence of TLS-ridden native oxides. Although
the SOS sample is expected to have a lower TLS density, we currently
have no way of experimentally confirming this hypothesis. Therefore,
further investigations of the composition of the SOS material stack are
required before further evaluating the capabilities of the SOS platform.

4.3.4 Suspended pinch-mode OMC

The suspended device presented in Paper B was fabricated from a de-
sign expected to yield high optomechanical coupling and mechanical
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Table 4.4: Optomechanical properties of the suspended pinch-mode OMC.

’ Property H Value

wo/(27) (THz) || 193.3907
wm/(27) (GHz) 3.0832

k/(2m) (GHz) 1.25
Ke/2m (MHz) 370
2o/@2r) (kHz) | 64

gom/(27) (kHz) 668

Q. In addition to the OMC mirror region, this design also used 2D
phononic shielding as presented in Ref. [I00]. The long mechanical
T = 1~ 300 ps along with its high steady-state noise levels makes
it unsuitable for high repetition rate pulsed experiments. For such fast
pulsed experiments, deliberately designing the devices for reduced me-
chanical @) is a common way to increase repetition rates at fixed noise
48, [50].

To study noise performance of a low ), suspended OMC, we here
take a different approach. We start from one of our 1 UC release-free
OMCs designed to have pinch-mode mechanical resonance at ~ 4.2 GHz
(Sec.[3.3.3)); we then release the OMCs using hydrofluoric acid (HF) va-
por. Asin Ref. [19], this creates a suspended OMC that supports a pinch-
like mechanical mode (Fig. [1.12h) with optomechanical coupling based
on similar principles as presented for release-free pinch-mode optome-
chanics in Sec. [3.1.3] For this design, we also exclude the 2D phononic
shielding, which is beneficial for lower mechanical () and for stronger
thermal anchoring to the chip bulk. After fabrication, we cool down the
chip and choose a device with appreciable optomechanical properties for
thermometry measurements (Tab. . In this test, the chip was not
surface treated with HF before cooldown, giving it similar measuring
conditions to both devices studied in Paper B.

Through single-pulse ringdown measurements similar to those per-
formed and presented in Paper B Fig. 3d, we determine the mechanical
decay rate at no applied optical power to be vy /(27) = 64kHz. This is
almost 200 times lower than the breathing-mode OMC from Paper B and
makes the suspended pinch-mode OMC comparable to breathing-mode
OMCs with lightly engineered phonon leakage [48].

As in previous studies, we start thermometry measurements by study-
ing noise under CW pumping (Fig.|4.12b). This time, we compare to the
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Figure 4.12: Suspended pinch-mode thermometry. a. Mechanical displace-
ment field of a pinch-like mechanical mode in a suspended silicon nanobeam.
b. Continuous-wave thermometry of a suspended pinch-mode OMC for red,
blue and resonant detunings. Faded data points represent the breathing-mode
suspended OMC presented in Paper B. c. Red-detuned pulsed noise analysis
of the suspended pinch-mode OMC where T}, = 100ns and n. = 72 to reach
Pas = D%. We include the projected behavior of n; given ~/(27) = 64kHz
(blue dashed) and nayv, (green dashed) using , the projection for n;, and
the measured n¢. Faded data points represent n; data from Paper B Fig. 5e.

suspended breathing-mode OMC from Paper B and find several notewor-
thy features. We first note the noise trend as a function of n.. For the
breathing-mode OMC, the behavior is captured by a single power-law
function with exponent 0.29. For the pinch-mode OMC, this is not the
case, and the trend is better described by two power-law functions. For
high n., the exponent of 0.33 matches that of the breathing-mode OMC
to a reasonable extent, while for low n., the exponent is significantly
higher at 0.72. Due to the noise’s strong n.-dependence for low n, the
pinch-mode OMC exhibits lower noise levels at low powers compared to
the breathing-mode OMC; however, the advantage is lost at higher pow-
ers due to the same effect. In addition, the higher g increases the power
needed to reach Cop = 1, which leads to higher cooled-noise levels for
high n. at A = —wp,.

A possible explanation for the split power-law dependence is a shift
in the dominant internal dephasing rate. For the breathing-mode OMC
where 7y /(27) = 528 Hz, the dominant contribution to the internal me-
chanical linewidth under optical pumping is 7, which can be in the
range of 10kHz for n, = 10 [119], as supported by our data. With
Y0/(2m) = 64kHz, an nc-threshold likely exists where ngyy ~ npvp.
Within this hypothesis, the noise should be limited by n,, = ng for low
nc. Even though the noise is lower in this regime, it still corresponds to
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a significantly higher effective temperature than the fridge temperature
for the applied optical power (Sec. . Similarly to what was concluded
for the release-free SOI OMC in Paper B, this suggests that the “cold”
bath coupled to the OMC through 7 can be significantly warmer than
the fridge temperature.

Finally, we study short pulse noise for the suspended pinch-mode
OMC. The study is set up to be comparable to the experiment pre-
sented in Paper B Fig. 5e. Red-detuned pulses with length 7}, = 100 ns
and optical power n, = 72 are used to reach p,s = YomIp = 5%. As
in previous pulsed experiments, we use the methods described in Paper
B Appendix F to fit for ni, n¢, and naye (Fig. ) For high rep-
etition rates R ~ =g, the initial occupation follows exponential decay
expected from 7. In this regime, the average noise is strongly limited
by ni, which causes large uncertainty in the estimated ns. The quickly
decaying behavior of n; is, however, not retained for R < 100 kHz, which
causes Nayg to stay largely ni-limited for R 2 20kHz. For lower R, nay,e
approaches the limit set by n¢ through T,7m/2 =~ 0.06 (see Eq. ),
for ym = Y0 + vp + Yom = 27 - 190 kHz, which we measure separately at
this detuning and power.

The transition from quick to slow decay exhibited by n; for the pinch-
mode OMC is strikingly similar to what we measure for release-free de-
vices (Sec. . In addition, the decay of n; for lower R seems to line
up with the SOI data from Paper B Fig. 5e (Fig. [£.12k). This behavior
is drastically different from other reports on pulsed noise in suspended
silicon OMCs. Low-@q, suspended breathing-mode OMCs have shown
pulsed noise navs ~ 0.1 with T, = 40mns, p.s = 5% at 50kHz [50],
whereas a 2D OMC has shown 7.y, ~ 0.01 for similar conditions with
T, = 80ns |28]. For the present suspended pinch-mode device, this limit
would not be attainable due to the slowly decaying n;.

Recalling the discussion in Sec. [£.3.3] we note that the absence of HF
surface treatment of the suspended pinch-mode OMC prior to cooldown
provides a possible explanation for the slow decay of n;. Removal of
the native oxide prior to cooldown was part of the fabrication procedure
used in the 2D OMC study [28] and was subsequently identified as a
potential means of reducing noise in the full 2D transducer based on
the same OMC, which exhibited an order-of-magnitude increase in noise
[116]. If the slowly decaying noise originates from interactions with TLS
in unstructured regions of the OMC material, suspension combined with
native-oxide removal may be the most effective means of suppressing this
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Chapter 4. Laser-induced thermal noise at cryogenic temperatures

noise source. Even the SOS platform still contains the silicon—sapphire
interface, which may itself host TLS. An alternative explanation for the
similar noise dynamics observed across different samples and architec-
tures is that heat transport is limited by the thermal link between the
chip and the cryostat. However, this hypothesis does not readily account
for the observed dependence of the noise decay on phonon number.

We conclude that, given the common noise dynamics observed in both
release-free and suspended devices, there remains much to be understood
about optically induced thermal noise in silicon. Additional experiments
that would be conducted in future studies to further elucidate the situa-
tion includes: study a low-Qy, suspended device with proper HF surface
treatment, study the effect of local chip heating by optically addressing
several devices on the same chip simultaneously, and performing FGA
in addition to HF surface tretment of SOS samples for further limiting
Py-style defects in the silicon.
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CHAPTER D

Release-free piezo-optomechanical transducer

The goal of understanding and reducing optically induced thermal noise
in silicon optomechanical crystals discussed in the previous chapter rep-
resents the major scientific contribution of this thesis; however, within a
broader context, it is but one part of a longer journey. A possible applica-
tion for the release-free optomechanical crystal cavity (OMC) are within
microwave-to-optical (MO) quantum transducers. Quantum computing
with superconducting qubits is a promising avenue to realizing fault-
tolerance but faces challenges with scalability [4I]. An MO quantum
transducer partly based on OMC technology has the potential to reduce
scalability issues through remote entanglement [42]. Work throughout
this thesis has thus been directed toward integrating release-free OMCs
within a quantum MO transducer, which is the subject of this chapter.

In Paper C, we present fabrication and room-temperature measure-
ments of a release-free piezo-optomechanical transducer fabricated on the
silicon-on-insulator (SOI) platform. The task of conceptualizing, design-
ing, and fabricating this type of device is a great challenge that requires
significant effort from a group of talented researchers. As not being part
of this thesis work, design and fabrication will not be covered in detail
here. More details on this can be found in Refs. [83, 85]. Instead, this
chapter focuses on giving further theoretical context to the release-free
transducer and to provide more details on the room-temperature mea-
surements of this first-generation release-free transducer.
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Chapter 5. Release-free piezo-optomechanical transducer

wo/(2m) ~ 200 THz wm/(27) ~ 5 GHz w,/(2m) = 5GHz

VVN\N\>
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Figure 5.1: Schematic of the electro-optomechanical transduction process.
An optical mode a couples to the microwave mode ¢ through the intermediary
mechanical mode b. Five orders of magnitude separates the optical mode with
angular frequency w, =~ 27-200 THz and the mechanical /microwave modes with
Wwm & wy, ~ 275 GHz. Transduction across the large frequency gap is governed
by optomechanical coupling rate gom, whereas a resonant electromechanical
coupling gep, links mechanical and microwave domains.

5.1 Background

5.1.1 Phonons as transduction intermediaries

A quantum MO transducer is commonly modeled as a set of coupled
resonator modes. For a transducer using a phononic degree-of-freedom
as an intermediary, the modes are labeled a, b and ¢ for optics, me-
chanics and microwaves, respectively (Fig. |5.1). Transduction is enabled
when the modes are coupled through zero-point coupling rates gom, for
optomechanics and ge, for the microwave-mechanics coupling termed
electromechanics. The physical representation of the three modes differ
vastly between transducer implementations. Among the most promising
approaches within this family of transducers one finds: optomechanical
nanostructures with electromechanics enabled through piezoelectric ma-
terials [43], [142] 45, [143], 46l [116], or through capacitive coupling [144];
piezo-functionalized bulk-acoustic wave resonators in macroscopic opti-
cal cavities [145]; and capacitively coupled silicon-nitride membranes in
macroscopic optical cavities [67]. The optomechanical crystals developed
and characterized during this thesis are designed for integration into a
piezo-optomechanical-style transducer, which utilizes the strong piezo-
electricity of lithium niobate (LN) to achieve a mechanical mode with
simultaneous electro- and optomechanical coupling.
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5.2. Transducer theory

5.1.2 Piezoelectricity

In previous chapters, we discussed the optomechanical interaction achieved
in the release-free optomechanical crystal. For a transducer using a
phononic mode as an intermediary, this makes up one of two essen-
tial interactions — the other being electromechanics. Being a piezo-
optomechanical transducer the release-free transducer is designed to rely
on piezoelectricity.

Piezoelectricity is a material property found in materials lacking in-
version symmetry. When a piezoelectric material is put under mechan-
ical strain, a voltage builds across the object. This effect can also be
applied conversely, that is to say a mechanical strain can be induced by
applying voltage across the object. As opposed to optomechanics which
is quadratic, piezoelectricity is linear, i.e., strain and electric field have
a linear dependence. In such a material, the constitutive relations for
acoustic and electromagnetic fields (see Sec. are coupled through the
definition [58]

D, = 8;9]-Ej + €iikSjk, (5.1)

Tij = Cz’EjlmSlm — e B (5.2)

Here we see that strain polarizes the material, causing an extra contri-
bution to the electric displacement field in . Conversely, an applied
electric field causes an extra induced stress in the material in the second
term of . The material property that governs this interaction is
described by the piezoelectric tensor e;j;. In addition, due to the fields
affecting the material properties through stress and polarization, it is im-
portant to note that €;;; and c¢;j;; must be measured at constant applied
electric field and strain, hence the superscripts £ and S.

5.2 Transducer theory

5.2.1 Piezo-optomechanical Hamiltonian

The piezoelectric coupling between acoustic and electromagnetic fields
can be formalized much in the same way as the optomechanical interac-
tion treated in Chapter 2. The additional terms in the constitutive rela-
tions naturally lead to corrections to the fields’ stored energy expressed
by their Hamiltonians. From there, field dynamics can be derived as
was explored in Sec. 2.2.3] However, as design and fabrication of the
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Figure 5.2: Schematic of an electro-optomechanical system. A mechanical
mode has angular frequency wy, and displacement . While moving, the me-
chanical mode changes the length of both a Fabry—Pérot cavity and the capac-
itor of an LC-resonator, thus modulating both of their resonance frequencies
wo and wy,.

full piezo-optomechanical transducer are not a major part of this thesis,
we will move immediately to the modal description which allows us to
analyze the behavior of the transducer experimentally.

We thus consider a general system where a mechanical mode, through
its movement, is modulating the resonance frequency of a Fabry—Pérot
optical cavity (Fig. . In parallel to this, we also introduce a microwave
LC resonator with a capacitor which is also affected by the movement
of the mechanical mode. The electromechanics of this picture generally
supports both linear and nonlinear interactions, but when applying a
large bias voltage over the capacitor, the Hamiltonian for this system
(expressed in the rotating frame for the optics) can be linearized as

Hiot/h = —Adta + wmbd + gomala(b + b7) + gem(b + 1) (& + 1), (5.3)

and is equivalent to the direct coupling of piezoelectricity [39]. Just as
the linearized optomechanical Hamiltonian facilitates conversion between
optical photons and acoustic phonons, we have that opens up a
transition between optical and microwave photons.

5.2.2 Transducer scattering parameters

From the Hamiltonian ({5.3]), we can once again derive a set of coupled
mode equations (CME) that describe the dynamics of the system. This
system of equations then describes the efficiency, bandwidth and added
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noise of a transducer in operation. However, having introduced the mi-
crowave mode ¢, which also comes with input and output channels, the
complexity of the solutions is substantially increased. But under the
right assumptions and approximations, analytical solutions can be ob-
tained which can bring valuable insights to the workings of a transducer.

We study the dynamics of under the rotating wave approxi-
mation (RWA) with linearized beam-splitter-Hamiltonian optomechanics
obtained through pumping the optical system with a red-detuned laser
(A = —wy). Under these assumptions, the CMEs are linear and form
a closed set of equations for the combined field variable a = [a, b, et
meaning that the equations for annihilation and creation operators are
not independent under Hermitian conjugation. To the combined field
variable, we introduce the input operator @iy = [Gin,e; Gin,is lA)in,o, Cin,e) éin’i]T,
where &, ./; are microwave input operators from external /internal sourcesﬂ
Finally, we assume output channels for all modes through a combined
output operator @ous = [dout,ey dout,ia bout,Oa éout,ea éout,i]T

With the same procedure which brought us to , we derive the
piezo-optomechanical CMEs presented below in matrix form along with
the input-output relation [146], [147]:

S a(t) = Aa(1) + Bau(1), aout) = Isaua(t) ~ BTa(). (5.

In the above, we have that

iA—Ko/2  —iGom 0
A= —1Gom —iwm — Y0/2 —iGem ,
0 —1Gem —iW, — Ky /2
w— K/ (5.5)
/Foe v/Foi 0O 0 0
B= 0 0 yw O 0 ,

0 0 0 /Fue /Kui

and Iy is an (N x N) identity matrix. Solving for the output modes in
the frequency domain yields

Qout (W) = S(w)ain(w), (5.6)

where S(w) = I5 + BT (iwls + A)~!B is the amplitude scattering ma-
trix. The scattering matrix contains all transfer functions relating the

!Note that unlike the optical input /output operators @i, /i, the microwave oper-
ators ¢j, o/ couple to thermal baths with non-zero occupation.
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input of one mode — being either noise or signal — to the output of an-
other (Fig. [5.3p). The MO transduction efficiency 7,,(w) can thus be
calculated as

Nou(w) = [S14(w)[* = [S11(w)]* = 1o(w), (5.7)

which can be understood as the probability for a photon of frequency
w to avoid loss channels and pass through the transducelﬂ Calculating
S(w) yields the following expression for the MO efficiency:

Nop(w) = Ggmggm“ue“oe
g G2 Xt + 2nxo 4 X Xo xmt |2
Xo = Xo(w) = (—i(w + A) + K0/2) 71, (5.8)

Xm = Xm(w) = (_i(w - wm) + '70/2)_17

Xp = Xu(w) = (—i(w — Wu) + “u/2)717
where K (k) and Kee (Kue) are total and external optical (microwave)
losses, and w,, is the microwave resonance frequency.

In the case of red detuning and w,, = wy,, the spectral dependence of
Nop is sharply centered around w = wy, with some associated bandwidth.
In Fig. [5.3b, we plot the transducer efficiency along with the other 4
scattering parameters as functions of w with device parameters given in
Tab. 5.1l We see that for the given electromechanical parameters, the
mechanical and microwave modes hybridize, causing a splitting equal to
2¢em- At higher n., the optomechanical scattering rate vom exceeds gem,
causing the splitting to revert.

The requirements of quantum transduction on the efficiency are de-
pendent on the specific mode of operation chosen for the transducer. Di-
rect quantum transduction in which quantum states are directly trans-
ferred between microwave and optical domains requires efficiency ap-
proaching unity. However, entanglement-based protocols based on spon-
taneous parametric down-conversion (SPDC) achieved while operating
the transducer in the two-mode-squeezing state of blue detuning (A =
wm ), are significantly less restrictive and can achieve microwave-optical
entanglement for 7, < 1 [146]. A common metric to quantify the
generation rate of remote entanglement through such a protocol is the
efficiency-bandwidth product [144]

B— / Moo () dw. (5.9)

2In the optical domain, w corresponds to a photon of frequency w; + w due to the
rotating frame applied to a.
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Figure 5.3: Scattering parameters for optical-to-microwave transduction.

a. Schematic of scattering parameters with optical reflection coefficient R, =
|S11]?; loss coefficients L, = [S21|?, L = [S31|%, L, = |S51]%; and optical-to-
microwave efficiency 7,, = |S41]2. b. Frequency dependence of the scattering
parameters as a function of w for a transducer with parameters given in Tab.[5.1]
and n. = 100. c. Transduction efficiency with the same device parameters as

b for varying n..

Table 5.1: Piezo-optomechanical parameters used for simulating S(w). Pa-

rameters extracted from [83] [46].

Parameter | Value (27)
Wm 4.77 GHz
Wy 4.77 GHz

A —4.77GHz
- 500 kHz
Ko 1 GHz
Koe 0.5 GHz
Ky 1.75 MHz
K e 1.2 MHz
Jom 0.24 MHz
Jem 6 MHz
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Chapter 5. Release-free piezo-optomechanical transducer

We calculate this property for a projected release-free quantum trans-
ducer with parameters from Refs. [83, [46] in Appendix K of Paper B
while investigating the effect of stronger cold-bath coupling 7 to the
performance of the transducer.

5.3 Design

The core of the transducer design is the mechanical mode which links
optical and microwave domains (Fig. [5.1). The mode must therefore
have two drive interfaces: one for optical signals and one for microwaves.
The optomechanical interface was explored in detail in Chapter 3, where
we designed OMCs which comprise an optically drivable acoustic vi-
bration confined to a silicon nanobeam in firm contact with the chip
surface (Fig. |5.4h). In parallel to this, we also design electromechanical
crystals (EMC), with the purpose of providing the microwave interface.
The EMCs are fabricated with similar design principles as the OMC
to support a confined pinch-mode mechanical vibration in a release-free
patterned nanobeam (Fig. |5.4b). The crucial difference between EMC
and OMC is in the material choice, where the EMC nanobeam is fabri-
cated from a thin-film LN on either silicon or sapphire substrates. By
evaporating metal electrodes in a periodic pattern across the EMC and
choosing the correct LN crystallographic orientation, the pinch-mode is
effectively driven by applying a microwave field to the electrodes. These
release-free EMCs have been shown to exhibit strong electromechanical
coupling gem/(27) ~ 30 MHz to a high-impedance microwave resonator
[85].

With the two basic building blocks in place, we turn to integrating
them into one common device [83]. To limit optical losses, the opti-
cal mode must be kept away from the metal electrodes of the EMC.
A solution to this is to spatially separate the device to have distinct
opto- and electromechanical regions. The silicon optomechanical region
supports a tightly confined optical field and generates optomechanical
coupling, while the electromechanical region supports microwave driving
through piezoelectric LN. By letting the mechanical mode extend into
both regions, we achieve opto- and electromechanical coupling through
sacrificing mechanical mode confinement. The LN is applied to part of
the device through micro-transfer printing which has successfully been
utilized in previous piezo-optomechanical transducer systems [45] [143].
Finally, the release-free nature of the device forces the transition region
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Figure 5.4: Basic components of a release-free piezo-optomechanical trans-
ducer. a. Release-free SOI optomechanical crystal with pinch-mode mechanics.
Features the mechanical mode’s displacement field (top) and the optical mode’s
transverse electric field (bottom). b. Lithium niobate electromechanical crys-
tal on silicon or sapphire substrates with transverse aluminum electrodes and
pinch-mode mechanics [85]. Figures depict acoustic displacement field (top)
and electrostatic potential ¢ (bottom). All fields are normalized.

— the part connecting opto- and electromechanical regions — to be specif-
ically crafted to limit mechanical scattering into the substrate [83].

The transducer design of Paper C is presented in Fig. [5.5b which
features a silicon nanobeam with opto- and electromechanical regions as
discussed above. This first-generation device has resonant modes for op-
tical and mechanical fields, leaving the complexity of full integration with
a microwave mode to future work. However, the mechanical mode can
still be electrically driven through the electromechanical region which is
connected to a 50€) microwave feedline. Due to the electromechanical
coupling, the feedline acts as an external decay channel for the mechan-
ical mode which is quantified with the electromechanical decay rate ~,,.

5.4 Room-temperature transduction

The experiments presented in Paper C are performed at room temper-
ature with similar methods as described in Sec. [3-3] In this section, we
go into a bit more detail about the methods that were left out from the
manuscript.
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Figure 5.5: a. Transducer mode diagram. Optical mode @ and mechanical
mode b couple through optomechanical coupling gon- In addition, the optical
mode couples to an optical waveguide and its environment with rates ko, and
Koi, respectively. Finally, the mechanical mode decays into its environment
with rate 79 and into the microwave waveguide with electromechanical decay
rate vy,. b. Normalized transverse electric field and acoustic displacement field
of the transducer optical and mechanical modes, respectively. c. Cross section
of the material stack for opto- and electromechanical regions.

5.4.1 Continuous-wave microwave-to-optical transduction

To measure the electromechanical decay rate «,, we use a continuous-
wave microwave tone to drive the piezoelectric side of the transducer.
Through the MO transduction, this generates a signal in the optical
domain which we detect with the high-speed photo-detector (HSPD)
that was also used to measure the thermomechanical sideband described
in Sec.[3.3.2

To describe this mathematically, we return to the solutions of the
cavity optomechanical CMEs (App. [B.2). We can study these solutions
since we have not in this design introduced a microwave mode, meaning
that the microwave channel can be treated as an external decay channel
with input operator Bin,u which couples to b with V- If we treat the
input as a classical, steady-state drive with frequency w,,, we have that:

(bin (W) bin p (W) = 27Piy 0 (w — Wy )d (W + '), (5.10)

where ®;, , is the input microwave photon flux. Now, we can repeat
the calculation leading to the thermomechanical power spectral densities
(PSD) of the output optical mode (see Sec. — with the microwave
drive as an addition. While assuming room temperature, i.e., ng ~
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1400 > 1, we get

S&ouc,e (w)‘A::Fw :/<dlut,e(w,>a0ut79(w)>dw,
~ “YomTlo
(W F wm)? +75/4

(070 + 27 Pin, 0 (w — wy)] -

(5.11)
In (5.11), we use Ym = 70 + Vi + Yom and we adiabatically eliminate
the optical mode to approximate y;!(w) ~ x/2. The two terms in
(5.11]) represent a thermal Lorentzian peak at wy, with full-width-half-
maximum (FWHM) vy, and a coherent peak at w,. These contributions
can both be observed in the power spectrum of the HSPD output (see
Paper C Fig. 2a). Using , we can calculate the total photon flux

in these two contributions when w, = wn,

1
F|A::Fwn) = % /dw S&Out,e (w)’

A=Fwm
__ Yom7o"070 4Yom Mo Pin,p Yy (5.12)
= =+ 5
Ym Tm

=T'th + (bin,;tnou = Ith + Leon

Here, we defined the thermal and coherent photon fluxes I'yy,, I'con along
with the MO conversion efficiency 7o, = 4YomYu"o/ 72 for w = wy,. The
ratio of the photon fluxes can readily be obtained through the ratio of the
integrated thermal and coherent signals on the HSPD power spectrum.
Using this, we can isolate the electromechanical decay rate vy, through

vy = YmY0n0 I'con
a 4(I)in,u Fth

(5.13)

For weak opto- and electromechanical coupling, we have that vy ~ v
meaning that 7, can be calculated with data given exclusively by the
HSPD power spectrum. Together with optomechanical parameters given
through methods discussed in Chapter 2, the full transducer efficiency
can be calculated.

5.4.2 Classical signal transmission

Lastly, we give some more details on the classical signal transmission
experiment where input pulses generated in the microwave domain are
upconverted to optical frequencies using the transducer.

The transducer is continuously pumped by an input laser tuned to
either the red or the blue sideband (A = *wy,). Since the transducer is
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Figure 5.6: a. Schematic of the bit-string experiment presented in Paper
C. A CW laser tuned to either red or blue sideband is amplified and detected
on an HSPD. A digital-to-analog converter generates a modulated baseband
signal at 50 MHz which is upconverted to the transducer resonance frequency
through an LO-mixer. The transduced optical signal is detected on the HSPD
and downconverted into the baseband by the LO-mixer. b. Pulsed phonon
dynamics with coherent and thermal driving with equal vy,. c. Transduced
signal modulation fitted to the rise and decay of a mechanical mode with a

coherent drive (Eq. (5.15)).

a narrowband device with operating frequency wr,/(27) ~ 4.3 GHz, the
transmission’s carrier wave must also be in the GHz frequency range. To
synthesize the microwave input signal, we thus use a combination of a
digital-to-analog converter (QM OPX) which generates a gated baseband
signal at fip = 50 MHz which is upconverted to the transducer operating
frequency by an LO-mixer (QM Octave). The mixing is optimized to
output a single signal centered at the transducer mechanical frequency
together with any modulation imparted on the input IF signal (Fig. )

The square microwave pulses used as input to the electromechanical
port of the transducer can be treated similarly to the input in Sec. [5.4.1}
however, stationary signals cannot be assumed for fast pulses, so we
must instead consider the transducer in the time domain. We start from
the relation used for calculating the phonon dynamics under thermal
driving (Eq. ) Instead of a thermal drive, we now assume a pulsed
classical microwave drive bin ,(t) = \/@in u exp(—iw,t) coupling through
/i during the pulse time ¢ € {0,7},}. If we assume that the classical
drive is strong enough to dominate over other input channels, we can
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solve (B.18]|) directly to obtain

b(t) = efXI:ll(O)t {Xm(wu) ’Yuq)in,,u (exr;l(wu)t . 1) + 6(0):| 7 (514)

valid for t € {0,7,} where xp'(w,) = —i(wy — wm) + Ym/2. Now, if
the time between pulses is > 7,1, we can assume 3(0) to be a thermal
state with no correlation to the microwave drive. Therefore, by setting
Wy = Wm, We get

na(t) = (BHOB(D) = mie ™ 4 g (1 — )’ (5.15)

where n; = (b7(0)b(0)) and ng = 47, ®in /72 (5-15) notably differs
from the expression for thermal driving (Eq. ) which we compare in
Fig. [5.6pb.

As in Sec. we have that the driven transducer imparts a signal
on the reflected optical field which can be measured with the HSPD.
When omitting the thermomechanical sideband, we can approximate the
detected optical field amplitude as a sum of the reflected pump and the
transduced sideband. In a rotating frame, we can express this as

Qdet = Opump T atrans(t)eiiwmt, (516)

for some classical and constant pump amplitude opump and modulated
transduced field amplitude crans(t). The measured HSPD beat note at
wm is thus proportional to 2Re{apumpQirans(t) exp(£iwmt)}. Now, the
magnitude of the transduced amplitude is the square root of the photon
flux in the sideband leading to

|atrans(t)| X4/ ')’omnonm(t) (517)

When demodulating the signal back to the baseband, we thus expect a
signal amplitude proportional to y/ny,(t). When fitting the demodulated
pulses in the time domain, we indeed find good agreement with for
a Ym which is consistent with the experiments in Sec. (Fig. |5.6¢).
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CHAPTER 0

Conclusion & Future outlook

During the course of this thesis work, we developed a novel class of
release-free OMCs, took the first steps in properly understanding their
tolerance to laser-induced thermal noise, and integrated them into a
release-free piezo-optomechanical microwave-to-optical transducer archi-
tecture.

The design process laid out in Paper A and Chapter 3 of this thesis led
to the fabrication of both SOI and SOS release-free OMCs. These first-
generation devices showed promising optomechanical properties with
coupling rates in the range of gom/(27) ~ 500kHz and internal optical
quality factors that optimally exceeded 500-103. At the time of publica-
tion of Paper A, their performance made the release-free OMC the first
sideband-resolved nanoscale silicon optomechanical system with a device
architecture not reliant on device-layer suspension. The optomechanical
waveguide simulations laid out in Sec. present a design process for
using pinch-style mechanical modes to achieve efficient optomechanical
coupling in a general release-free waveguide system. In this thesis, these
waveguides were primarily implemented in linear optomechanical crys-
tal cavities, but the design also supports other geometries such as ring
resonators which could be further explored in future work [87].

With the achieved device properties, we studied optomechanical phe-
nomena such as thermomechanical scattering, EIT and optomechanical
backaction. In room-temperature studies, we readily achieve Coypy, ap-
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proaching 1 with a blue-detuned pump laser causing self-sustained os-
cillations in the mechanical mode. The strong thermal anchoring of the
release-free design makes the devices significantly more robust to thermo-
optic nonlinear shifting. For photon occupancies yielding Cop, &~ 1 at
room temperature, the nonlinear thermal shift can be below one op-
tical FWHM for SOI — and potentially even lower for SOS — making
release-free OMCs interesting for applications relying on stable phonon
lasing (Fig. |4.9). One such application could be all-optical up- and
down-conversion of baseband signals for communication protocols such
as 3GPP 5G 711 [72].

The thermal properties of both suspended and release-free OMC de-
vices fabricated on different platforms were characterized in Paper B
and Chapter 4 of this thesis. The devices were studied at 10 mK using
a quantum-limited measurement system based on single-photon count-
ing. Apart from superior thermo-optic robustness for both room- and
cryogenic temperatures, the release-free devices showed exceptional re-
silience to continuous-wave laser-induced thermal noise. For backaction-
free resonant pumping, release-free devices tolerate greater than 30dB
higher input powers at a thermal phonon occupancy of 1 compared to a
high @, suspended device. However, stronger noise-scaling with applied
power and a lower zero-point optomechanical cooperativity limits this
advantage for high-power off-resonant pumping.

Despite the exceptional noise performance of the release-free devices
at low input powers, a continuous-wave quantum cooperativity far ex-
ceeding 1 is still out of reach. In pulsed operation, the release-free devices
benefit from their fast relaxation (7p) and low steady-state noise; how-
ever, a high 7y is also problematic as it affects device heating rates. De-
spite this, we measure an SOI release-free OMC and find average pulse
noise navg < 0.5 for 100ns pulses with 5% optomechanical scattering
probability at 100 kHz repetition rate. Time-resolved waveform analy-
sis of the measured pulses reveals that the average noise is limited by a
slowly decaying contribution to the thermal noise which does not follow
decay dynamics set by the mechanical linewidth. Further investigation of
thermal noise dynamics in release-free SOS and fast-decaying suspended
devices shows similar decay dynamics for thermal phonon occupancies
nm < 1. The origin of this noise contribution is not yet resolved but
might be tied to slowly decaying TLS present in amorphous material re-
gions in native oxides, around material interfaces, and at etched surfaces
[16, 123 [97].

102



Identifying and removing the slowly decaying noise source is one of
the primary objectives for future investigations of noise properties of the
release-free devices. This will have significance to both future release-free
and suspended devices as both suffered this limit in the studies presented
in this thesis. A major part of this work is to properly understand the
material composition of the devices. Material studies using transmission
electron microscopy (TEM) could reveal the effect of plasma etch dam-
age and the material composition around silicon-sapphire material inter-
faces. These regions with a potentially high level of material disorder
could host long-lived TLS affecting the mechanical decay [141] [148]. A
complete removal of the slow noise decay would allow the release-free
device presented in Paper B to operate at nay ~ 0.2 at R = 500 kHz.
This is on par with state-of-the-art 2D OMCs [28] making release-free
OMCs highly applicable in near-term quantum optomechanical protocols
[24, (50, 25].

Among devices benefiting from a possible reduction in noise are piezo-
optomechanical quantum transducers of which a first-generation release-
free specimen was presented in Paper C. The measured electromechanical
decay rate v, /(2m) ~ 58 Hz was significantly lower than expected from
simulation but would still be viable for near-term quantum protocols.
With the measured electromechanical interaction rate, we estimate that
Rabi-swapping to a 525 () impedance qubit would be enabled for intrin-
sic mechanical decay < 3MHz — a level that was readily displayed in
cryogenic environments for the release-free OMCs presented in this the-
sis. However, whether mechanical losses in this range can be expected
for the more complex transducer system remains to be investigated.

With the goal of displaying distant quantum entanglement in the mi-
crowave domain using the low-noise and low-loss propagation of optical
fibers, the next step for the release-free piezo-optomechanical transducer
is clear. Full integration of the transducer coupled to qubits [43] [44]
or high-impedance resonators [45, [143], [46] 47, [85] appears within reach,
although not without significant experimental challenges. The silicon-on-
sapphire transducer design presented in Ref. [83] would allow for integra-
tion of low-loss microwave circuitry in close proximity to the transducer
device due to sapphire’s low microwave loss tangent [149]. Together
with gap-engineered qubits more resilient to light [I50], the release-free
transducer is well positioned for pulsed quantum experiments with high
repetition rate. However, fidelity would be impaired by the slowly decay-
ing noise sources identified in this thesis. Dealing with this excess noise
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Chapter 6. Conclusion & Future outlook

will significantly improve the prospects of quantum microwave-to-optical
transduction within the release-free architecture.

Taken together, this thesis represents the release-free silicon optome-
chanical crystal’s first steps toward technological application. The in-
creased thermal anchoring and firmer structural support expand sili-
con optomechanics’ versatility toward applications with demand for low
noise, high optical powers, thermal and physical robustness, or where
waveguide suspension is simply not viable. Through the added piezo-
electric coupling, the release-free architecture gains an electro-optic in-
terface with applications in both classical and quantum technology. With
a potential for increased noise robustness, we look toward a future with
imaginable progress in field-defining experiments such as entangling mi-
crowave and optical photons [47], remote microwave entanglement [42],
qubit readout and control [44] and optical resource state generation
[151].
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CHAPTER [

Summary of papers

Paper A

Johan Kolvik, Paul Burger, Joey Frey, Raphaél Van Laer, “Clamped
and sideband-resolved optomechanical crystals”, Optica 10, 913-916, June,
2023.

In this paper we introduced the concept of the release-free optomechan-
ical crystal. We discussed the device’s working principles and presented
simulations of both unit cells and full optomechanical crystals. In addi-
tion, we fabricated and performed room temperature measurements on
a specimen of the release-free devices on the silicon-on-insulator mate-
rial platform. The device showed promising optomechanical properties
with internal optical quality factor of 240 - 103, mechanical quality fac-
tor of 850, and optomechanical coupling gom/(27) = 500kHz. To our
knowledge, this was the first sideband-resolved release-free silicon op-
tomechanical system at the time of publication.

My contribution: I contributed to the description of the working prin-
ciple of the device. I ran waveguide and unit cell simulations, fabricated
the devices, and performed measurements. I wrote the paper with help
from co-authors.
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Paper B

Johan Kolvik, Paul Burger, David Hambraeus, Trond H. Haug, Joey Frey,
Mads. B. Kristensen, Raphaél Van Laer, “Optomechanical crystal in
light-resilient quantum ground state”, 10.48550/arXiv.2510.15724, Oc-
tober, 2025.

Manuscript submitted.

In this study, we conducted cryogenic optomechanical studies on the
device from Paper A and compared them to a suspended nanobeam
optomechanical crystal. We found that the release-free optomechani-
cal crystal was exceptionally stable to the thermo-optic effect compared
to the suspended device, both at room temperature and at cryogenic
temperatures. In addition, we measured laser-induced thermal noise oc-
cupation with a continuous wave pump and found that the release-free
device tolerated more than 30 dB higher intracavity optical energy com-
pared to the suspended device when operated below 1 noise phonon. In
pulsed operation, we measured average noise occupancy < 0.5 phonons
for a 100 ns pulse train with 0.5 % scattering probability run at 100 kHz.
We concluded that this noise was limited by a slowly decaying compo-
nent of the thermal noise.

My contribution: I fabricated the devices. I built the optical mea-

surement setup including filtered single-photon detection. I performed
the experiments, analyzed the results, and wrote the paper.
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Paper C

Paul Burger, Joey Frey, Johan Kolvik, Raphaél Van Laer, “Release-free
electro-optomechanical crystal modulator”, Optics Letters 51, 3886-3889,
July, 2026.

Building on the design for the release-free optomechanical crystal, we
here presented a design of a full release-free piezo-optomechanical trans-
ducer. The device was fabricated on the silicon-on-insulator platform
with micro-transfer-printed lithium niobate for piezoelectric interaction.
The device could therefore be actuated with both optics and microwaves
that coupled to the device through a 50 Q) microwave feedline. We per-
formed room temperature measurements and measured microwave-to-
optical transduction in both continuous wave and pulsed experiments.
With optomechanical coupling rate gom/(27) = 130kHz and electrome-
chanical decay rate v,/(27) = 58 Hz, the device did not reach the per-
formance expected from simulation. The overall transduction was thus
limited by the electromechanical coupling which was in turn limited
by impedance mismatch to the 50 feedline. In future measurements,
proper integration with a high impedance resonator or a qubit would
allow for Rabi swapping for achievable mechanical losses.

My contribution: I contributed to the description of the device’s work-
ing principles. I contributed to the continuous wave measurements and
supervised pulsed measurements. I provided theory for the pulsed mea-
surements.
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APPENDIX A

Supplementary Brillouin scattering theory

In Sec. 2.2 we present a condensed version of the derivation of the Bril-
louin scattering coupled mode equations (CME) (Egs. —). In
this appendix, we provide additional details on arguments and assump-
tions that were left out in the main text.

A.1 Amplitude envelope operators

The final CMEs (Egs. —) are expressed in terms of amplitude
envelope operators for the ingoing modes. These describe the fields’ evo-
lution in both time and space, allowing to track amplitude changes as the
fields travel in a Brillouin-active waveguide. However, the ingoing Hamil-
tonians are formulated using wavenumber decomposition Eq. and
thus require a change of variables. We achieve the appropriate change
of variables using a Fourier transform over the spatial coordinate

i (1) = \/1277 / dziin (2, 1) exp(—i(k — kn)),
(A1)

bmg () = \/];—W /dzf?m(z,t) exp(—i(q — qm))-

Using this transform, we have defined ay,(z,t) (bm(z,t)) as the annihila-
tion operator for photons (phonons) in mode n (m) at position z along

the waveguide. An additional feature to this transform is that we can
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see the new operators as classical wave amplitudes. Note that we here
also introduced the additional variables k,, and ¢,, which we take as the
center for each mode’s wavenumber distribution. The assumed extent of
this distribution will be important for the last steps of the derivation.
The new field operators naturally also obey commutator relations

[an (2, 1), a0, (2,8)] = Spd(z — 2),

m(2,), 50 (2,8)] = Bpame6(2 — 2), (A.2)

>

[

A.2 Full scattering dynamics

We continue the derivation toward the final CMEs by inserting the real-
space decomposition (Egs. , ) into the Hamiltonians (Egs. ,
(2.10))) and finally derive the dynamics with Eq. . Before proceeding
however, some things must be noted:

1. The optomechanical Hamiltonians are nonlinear in the optical field
FE and naturally lead to products &ndn/,dL&L,. These terms are
assumed not capable of efficiently driving the mechanics and are

removed in the so-called rotating wave approximation (RWA).

2. A stricter form of the RWA is also applied when removing terms
such as af a,/bf, where afa, and bf, are assumed to co-rotate at
the mechanical frequency.

3. The modal distribution in momentum space for a,; and I;mq is
assumed to be sharply centered around k, and ¢, such that the
transverse mode profiles Enk, Umq can be assumed constant for
all relevant k,q. This allows for [ dka, L Eny = Enkn [ dkapny and
similar operations.

4. The dispersions wy; and €2, are assumed to be small over the
scale of the mechanical frequency such that when Taylor expanded
as functions of wavenumber around k, and ¢,,, only zeroth and
first order terms are kept.
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A.2. Full scattering dynamics

With the above assumptions, the ingoing Hamiltonians assume the forms
Aen(t) =Y / dzal (2, ) (e, — 0n02)in(2, )
n

Hh(t) = %: / dzb (2, V(g — 0md: )b (2, 1) s
Aou(®) = 3 Figunm / Azl (2, ) (2, )b (2, )

nn'm

x expli(kn + qm — kn)z] + hec.,

where vy, = Ogwnkli=k, (Vm = 0qQmqlq=q,.) is the photonic (phononic)
group velocity of mode n (m) at the center wavenumber &y, (gy,). The
factor gnpim = gé%,ﬁi + gg’ﬁ)n is the optomechanical overlap integral
and describes the strength of the three-wave interaction between modes
nn'm. The interested reader can find the full expressions of the overlap
integrals in Ref.[5] or App. [Bl In addition, we have that the interaction
contains an explicit momentum conservation in the factor expl[i(k, +
Gm — kn)z] which is crucial for this work.

With the full Hamiltonians expressed in the correct field operators,
we are now ready to apply Eq. to derive the dynamics. The result
is two coupled equations describing the dynamics of the envelopes

8tan + vnazan = —WWnk, 0n — 1 E Inn'm
n'm

y [&n/i)mei(kn/+qm_kn)z +&n/l;1'nei(kn/—Qm—kn)Z} , (A4)

Oebum + VO = —iQng,, b — ZZ gnn,m&L, iy, ¢t —Gm =)z

nn’

The above equations describe the total interaction between any combina-
tion of two optical (n,n’) mode and one acoustic mode (m). However, as
mention in the main text, this is commonly reduced to consider only one
such three-wave interaction where the optical modes are distinguished
into pump (p) and Stokes (s) fields. By assuming a phase-matched in-
teraction (k, = ks + ¢») and renormalizing the field operators into flux

units through
d’n — V ’U'n»&nd

) . (A.5)
bm % \/ Umbmv
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we can rewrite Eqgs. (A.4) into those presented as Egs. (2.11)-(2.13):

vy Bt + O = —ikplyy — 1G0ésbm, (A.6)
v Osis £ Doty = —iksls — iG0apb), (A7)
U Osbum £ O.by = —iGumbm — iGodpal, (A.8)

where the renormalized vacuum coupling rate go now appears in all
equations due to g;j; being symmetric in its first two indices. Lastly,
we note that the above CMEs do not include losses. To properly ac-
count for those, a coupling to Markovian thermal baths is required in
the interaction-free Hamiltonians (Eq. ) this is treated properly in
the section on cavity optomechanics (Sec. .

Lastly, we comment on the Brillouin gain G which is a common metric
for the effectiveness of the Brillouin interaction in waveguide systems.
In the limit of an undepleted pump, G describes the power amplification
experienced by the Stokes wave per waveguide distance traveled and
pump power ([G] = (Wm)~!). When mechanical losses are introduced in
terms of the power loss per meter ay,, the Brillouin gain can be calculated
as
_ 4gol?

hwpom,’

where wy, is the angular frequency of the pump light.

g (A.9)
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APPENDIX B

Supplementary derivations

B.1 Mathematical conventions

Here we state the mathematical conventions we use for all derivations in
this thesis.

The first important convention we use is the symmetric Fourier trans-
form for quantum mechanical operators:

a(w) a(t)e™tdt,

L fa
al(w) =

(B.1)
1 .
7 ]

t)etdt,

which gives af(w) = [a(—w)]!. Using this convention, we can use the
time domain thermal bath correlation functions (2.22)) to define the bath
correlation functions in the frequency domain

) = 6w+ ),
nefil@)) =0 (B.2)
' binoW)) = (no +1)d(w + '),
)) = npd(w + ).

We move on to define the spectral density of an operator a(w) through
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the Wiener—Khinchin theorem
Sa(w) = / (@' (ta(t + r))e“rdr. (B.3)

For stationary process’ a(t), we can then use Eq. (B.1) to define the
spectral density as a function of the Fourier transformed operators

Sa(w) = / (i (W) a(w))dw. (B.4)

Finally, we get the equal-time number operator for a stationary process
through the same Eq. (B.1) convention as:

(@l (Ba(e)) = % / S (w)dew. (B.5)

B.2 Solutions to the cavity optomechanical CMEs

The cavity optomechanical CMEs (Egs. ) are derived in Secand
can be solved for the ingoing quantum mechanical mode operators. For
a sideband-resolved system, we can use the RWA when |A| ~ wp,. This
divides the solution into two branches with simplified dynamics. We note
that in limiting cases such as sideband cooling to the quantum ground
state, the RWA removes effects such as the backaction limit. Therefore
one must proceed with caution when invoking the RWA. However, the
RWA is valid for all applications in this thesis if not otherwise stated.

In the following solutions, we also introduce the mechanical coupling
to the hot bath described in Sec. For red detuning, i.e. A ~ —wy,,
the solution to the CMEs is obtained as:

—iGom Y j—o.p v/ TEbin k(W) + X! (W) Yz v/Fidin (@)
Xo (@)xm' (@) + G2

_iGom Zl:e,i \/’L?l&in,l(w) + Xgl (w) Zk:O,p \/%bin,k(w)
Xo H(w)xm' (w) + G2, '

, (B.6)

a(w) =

b(w) =

(B.7)

When the laser is tuned to the blue motional sideband, i.e. A ~ wy,, the
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B.3. Brillouin gain in 2D simulations

solution instead comes out as

—iGom D k=0.p \/%I;}Ln,k(w) + x5 (—w) Pime,i V/Filin 1 (W)

bw) = o ()i () — G2 |
(B.8)
lA)(w)— ZGole el\/>a1nl( ) ( )Zk ()p\/ibmk( )
a xo (- )Xm( ) — G2
(B.9)

In the above we have that yo(w) = [—i(w + A) + x/2]7! and ym(w) =
[—i(w —wm) + (Y0 +7p)/2] ! are the optical and mechanical susceptibil-
ities and Gom = /Ncgom is the effective optomechanical coupling under
optical driving. These equations reduce to the standard equations of
motion for two independent driven harmonic oscillators when Gy, — 0.

B.3 Brillouin gain in 2D simulations

As mentioned in App. [A] the Brillouin gain is a common metric to bench-
mark Brillouin active waveguides. In this section, we present how we
calculate Brillouin gain in waveguide simulations gain using the finite-
element tool COMSOL.

The results of a 2D OMW cross-section simulation is given by the
electromagnetic fields E , ﬁ, H associated with the pump (p) and Stokes
(s) waves, along with the mechanical displacement field @. The pump
and Stokes optical fields can be of the same or differing spatial modes
giving intramodal or intermodal scattering, respectively. In addition, the
propagation direction of the pump and Stokes waves must be considered
which dictates whether forward stimulated Brillouin scattering (FSBS)
or backward stimulated Brillouin scattering (BSBS) gain will be com-
puted. To yield the field for a counter-propagating Stokes wave, one
simply takes the conjugate E, — E* Lastly, correct Brillouin gain is
only calculated when the wavevector of the mechanical mode obeys mo-
mentum conservation (Eq. ) which differs depending on the prop-
agation direction of the Stokes wave. This must be considered when
running the mechanical simulation.

Given the resulting fields and modal frequencies (wy, for mechanics
and wp & ws = w, for optics) we calculate the coupling based on the
theory of Brillouin scattering (Sec. . For this typ of 2D OMW simu-
lation, the Brillouin gain G normalized by the mechanical quality factor
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Qm is given by [152]
S ____ @
Qm
where [G] = (Wm)~!. In this equation, we have introduced the effective
mass

2

MB) +IP(>E

S /dZFgW(F)]Q, (B.11)

which is given in the unit kg/m when 4 is normalized @ — u/(max|u]).
In addition, the optical power in mode n is calculated through

P, = ;/ (Enx Hy) - d4, (B.12)

where dA4 is the vector-valued area element which is parallel with the
propagation of the pump. Lastly, the optomechanical overlap integrals
are two-dimensional versions of the interaction Hamiltonians (Eq. (2.10))

G nt . .
IIE’QED =- = /d2 ) Epj (7, ) D3t S (T, ),
/ dr'[n - a(7,t)] x [( €b) ﬁ;n("_’: t)- E’S”(f', t) (B.13)

~(ea" =&y VD5 (7 t) - DL (1)

where the photoelasticity integral is taken over the waveguide cross-
sectional area while radiation pressure is calculated on the 1-dimensional
waveguide boundary C.

B.4 Unit cell optomechanical coupling

To calculate unit cell optomechanical coupling in an OMW unit cell
simulation, we take a combined approach from Sec. and Ref. [112].
We start from the perturbation theory definition of the optomechani-
cal coupling and divide the coupling into moving boundary (MB) and
photoelasticity (PE) contributions,

(uc) (uc)
w, ILyg + I
Yom,uc = _?Oxzpf4 giPE ) (B.14)

where we in three dimensions define

h L
Tapt = || —— meff:/dsf'glﬁP, 8:/d3FE-D. (B.15)
2MeffWm
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B.5. Phonon dynamics with thermal drive

We note that as in Sec. [B3] we here use a normalized version of the
displacement @ — /(max||). In this case, unit cell overlap integrals

I&lé) and II(;fEC) are given as

eon - - -
Il(DE =- 7/(13 5 (7 8) B (7, ) pijra Swa (75 1),

MB :7/ d%7 [ - (7, )] x |:(5a —8b)E;||(T t) - s||(7“ t) (B.16)
(sal_gbl) MIGROR DsL(f’,t)}‘

These overlaps closely resemble the optomechanical interaction Hamil-
tonians (Eq. (2.10)). However, we point out two important details: (1)
the units of the overlap integrals are J/m due to the normalized dis-
placement #, and (2) where the Hamiltonians consider the total electric
field, the unit cell overlap only treats discrete modes. The last point
allows for different types of Brillouin interactions to be considered by
choosing different combinations of Ep and Es. Just as in Sec. we
can thus calculate coupling for forward /backward and intra-/intermodal
scattering.

B.5 Phonon dynamics with thermal drive

In Sec. [4.1.4] we present the thermal phonon dynamics that we use to fit
the time evolution of thermal phonon occupation under optical pumping
in Paper B. In this appendix, we briefly motivate Eq. from the
cavity optomechanical CMEs.

We first assume a red detuning for the optical pulse and start from
the mechanical solution to the linearized CMEs (Eq. ( . We now
note that b(w) should be sharply located around wy, with a bandwidth
set by the total mechanical decay vy. Since vy, < k for all experiments
in this thesis, we can adiabatically eliminate the optical cavity by taking
Yo (W) |wausy, & 2/k. The resulting expression for b(w) thus becomes:

—ZE% Zl:e,i \///Tl&in,l(w) + Ek:o,p \/’Ykl;in,k’(w)
—i(w — wm) + (Y0 + Y + Yom)/2 .

b(w) ~ (B.17)

When taken back to the time domain, this describes the dynamics:

I;:—(zwm—i—)b—i—z\ﬁbmk—z Omz\/>aml, (B.18)

k=0,p l=e,i
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where vm = Y + 7p + Yom While pumping red. Solving this equation in
the time domain for a sharp optical pulse starting at t = 0 yields

B(t) — e—(iwm'f")/m/?)t |:6(O) 4 /t dTe(iwm+'ym/2)7-
0

2 2Gom ~
X ( Z \/"Y»k:bin,k —1 p Z \/"?lain,l)]

k=0,p l=e,i
(B.19)
From here, it is possible to calculate the average mechanical occupation
nm(t) = (bT(£)b(t)). By assuming that the baths are mutually uncorre-

lated and taking bath correlation functions ([2.22)), we get:

() = M’u — ety 1 (BH(0)5(0))e !, (B.20)

where n, is the occupation of the hot bath. Note that the effect of
the optical input operators has been eliminated here due their assumed
vacuum states. By defining ny = (om0 4+ Ypnp)/ym and n; = (b7(0)b(0))
we arrive at the final expression:

nm(t) = ng + (ny — ng)(1 — e ™). (B.21)

We end by noting that in the case for blue detuning, the input optical
operators will not vanish in (B.20)) due to vacuum fluctuations. In this
case, we instead get a final occupation

__7ono + p"p + Yom
ng =
Ym

(B.22)

which is significant in cases where yom 2 Yon0 + Vpnp. However, this is
most likely not true for any experiment in this thesis.
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