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Abstract

With the advent of the laser in the year 1960, the field of optics experienced a renaissance from
what was considered to be a dull, solved subject to an active area of development, with applications
and discoveries which are yet to be exhausted 55 years later. Light is now nearly ubiquitous not
only in cutting-edge research in physics, chemistry, and biology, but also in modern technology and
infrastructure. One quality of light, that of the imparted radiation pressure force upon reflection
from an object, has attracted intense interest from researchers seeking to precisely monitor and
control the motional degrees of freedom of an object using light. These optomechanical interac-
tions have inspired myriad proposals, ranging from quantum memories and transducers in quantum
information networks to precision metrology of classical forces. Alongside advances in micro- and
nano-fabrication, the burgeoning field of optomechanics has yielded a class of highly engineered
systems designed to produce strong interactions between light and motion.

Optomechanical crystals are one such system in which the patterning of periodic holes in thin di-
electric films traps both light and sound waves to a micro-scale volume. These devices feature strong
radiation pressure coupling between high-quality optical cavity modes and internal nanomechanical
resonances. Whether for applications in the quantum or classical domain, the utility of optome-
chanical crystals hinges on the degree to which light radiating from the device, having interacted
with mechanical motion, can be collected and detected in an experimental apparatus consisting of
conventional optical components such as lenses and optical fibers. While several efficient methods of
optical coupling exist to meet this task, most are unsuitable for the cryogenic or vacuum integration
required for many applications. The first portion of this dissertation will detail the development of
robust and efficient methods of optically coupling optomechanical resonators to optical fibers, with
an emphasis on fabrication processes and optical characterization.

I will then proceed to describe a few experiments enabled by the fiber couplers. The first
studies the performance of an optomechanical resonator as a precise sensor for continuous position
measurement. The sensitivity of the measurement, limited by the detection efficiency of intracavity
photons, is compared to the standard quantum limit imposed by the quantum properties of the laser
probe light. The added noise of the measurement is seen to fall within a factor of 3 of the standard

quantum limit, representing an order of magnitude improvement over previous experiments utilizing



vi
optomechanical crystals, and matching the performance of similar measurements in the microwave
domain.

The next experiment uses single photon counting to detect individual phonon emission and
absorption events within the nanomechanical oscillator. The scattering of laser light from mechanical
motion produces correlated photon-phonon pairs, and detection of the emitted photon corresponds
to an effective phonon counting scheme. In the process of scattering, the coherence properties of the
mechanical oscillation are mapped onto the reflected light. Intensity interferometry of the reflected
light then allows measurement of the temporal coherence of the acoustic field. These correlations
are measured for a range of experimental conditions, including the optomechanical amplification of
the mechanics to a self-oscillation regime, and comparisons are drawn to a laser system for phonons.
Finally, prospects for using phonon counting and intensity interferometry to produce non-classical

mechanical states are detailed following recent proposals in literature.
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Preface

My graduate school experience has been as much about self discovery as an exploration of a fas-
cinating subject. While this dissertation describes this exploration in detail, here I will take the
opportunity to look back on the path I have walked.

After graduating from college with the majority of my research experience in magnetic material
properties at low temperature, and a brief but exciting summer research experience at the LIGO
Hanford Observatory, I knew that I wanted to explore “optics in general and quantum optics in
particular,” to quote my first email to Oskar Painter. With little specific interest in applied tech-
nology or engineering at the time, I was drawn to Oskar’s group by reading about their compelling
cavity QED experiments with quantum dots in chip-based optical cavities. Oskar, with his charac-
teristic zeal, let me get an early start on research that summer by joining the quantum dot team
of postdocs Raviv Perahia and Thiago Alegre. As these things sometimes go, the focus of this
team’s project shifted almost immediately after my arrival to an experimental demonstration of
electromechancially-tunable nanolasers. While slightly disappointed at the time to be shifted away
from quantum optics, I was content to learn the ropes with this new goal.

Raviv and Thiago proved to be excellent mentors, and I soon found myself a proficient user of the
Painter group clean room facility. This introduction to photonics and fabrication turned out to be
an ideal starting point for me, unexpectedly forming the foundation of my developing aptitude for
hands-on, applied science. As we moved into the testing and characterization phase of the project,
we were joined by another first year student, Sean Meenehan. As Thiago and then Raviv moved on
to other pursuits, Sean and I assumed responsibility for the work, and thus began our fruitful and
rewarding partnership.

By the beginning of our second year, we had successfully brought the nanolaser work to publica-
tion, and Sedn and I were ready for our next pursuit. Oskar suggested revisiting quantum dots, this
time coupled to electromechanically tunable optical cavities building on the capabilities developed by
our previous project. I was thrilled to return to cavity QED, and plunged into fabrication. Despite
some solid achievements, such as our demonstration of the highest quality factor gallium-arsenide-
based photonic crystal, this experience was ultimately disappointing, as difficulties in fabrication

and bleak prospects of significant results from simulation led us to change directions after a year of
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effort. While letting go of this enterprise was difficult, Sean and I took our lessons in the impor-
tance of foresight and nimble response to evolving situations in stride as we moved on to our next
challenge.

Until this point, mine and Sean’s connection to the blossoming field of optomechanics was tertiary,
in that we used it as a tool for electromechanical tuning of cavity resonances, rather than an end
in and of itself. Observing the success of our fellow group members Jasper Chan, Amir Safavi-
Naeini, Jeff Hill, Alex Krause, and Thiago in the laser cooling of silicon optomechanical crystals
however, made it clear that a focused effort on optomechanics was the best route forward for a
successful graduate career. A dilution refrigerator was on its way to our group, and there was a
critical need for the development of efficient, cryogenically compatible optical coupling shcemes.
It was at this point that Sedn and I started to become a well-oiled machine. While Sedn helmed
the design and simulation front of our effort, I pursued fabrication. Splitting the problem into our
respective complementary strengths turned out to be an excellent division of labor, and we soon
had demonstrated the V-groove optical fiber couplers described in the beginning of this dissertation.
Working together on optical characterization and experimental design, we used these couplers to
perform a high-precision continuous position measurement of a zipper optomechanical resonator,
and also exported our technology to several other teams both within and outside of the Painter
group.

By the middle of our fourth year, Sean and I moved on to silicon optomechanical crystals, as most
of the previous team was moving on in their careers. Here we were joined by Simon Groeblacher
and Jeff Hill for a short time, as we developed new fiber couplers and spectroscopy capabilities for
measuring mechanical states cryogenically cooled in a dilution refrigerator to milliKelvin temper-
atures. We learned of a complex interplay between optomechanical and thermal effects at these
temperatures, motivating a shift to a new approach, photon counting. In this regard we were ex-
tremely fortunate to be acquainted with Jeff Stern, Matt Shaw, and Francesco Marsili of JPL, who
in collaboration with NIST had recently showcased the best single photon detectors in the world for
near-infrared light. With Matt and Francesco’s generous offering of detectors and expertise, we were
armed with a powerful new tool for efficiently measuring motional ground states of cryogenically-
cooled optomechanical crystals.

Over the course of preparing for our next cryogenic experiment, Sedan and I were joined by a
new student to the group, Greg MacCabe. Together we developed the phonon counting technique
enabling the main results of this dissertation. While further experimental progress was needed
before our next cooldown, at this point we realized that we were already poised to perform a novel
measurement. Using two single photon detectors to perform intensity interferometry, we could map
and measure the coherence properties of the acoustic field of our optomechanical crystal at room

temperature with the reflected probe light. Furthermore, we had access to two distinct physical states
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of the nanomechanical oscillator; thermal motion and coherent motion produced by optomechanical
amplificiation to a self-oscillation regime. I asked Sedn if he thought it was worth an extra long
weekend to check it out. It was, and this measurement was the most rewarding of my graduate
career, showing me that it was true that sometimes the best results come easily after preparation
and experience.

For our final experiment, Seidn, Greg, and myself combined our phonon counting techniques
with pulsed laser probing at milliKelvin temperatures. This measurement allowed us to directly
measure the dynamics of optical absorption heating and cooling effects in the optomechanical res-
onators, verifying the difficultly-extracted results of our previous cryogenic experiment. We finally
demonstrated simultaneous deep-quantum-ground-state mechanical occupations and large coherent
coupling between photons and phonons, as well as long thermal decoherence times of the mechanical
motion.

Looking back, my interests and aptitudes are vastly different now from when I began grad school.
While my final year of study has yielded great success, I am primarily proud of the practical advance-
ments we made along the way. Instituting new fabrication protocols, constructing instrumentation,
and contributing to the infrastructure of the research group are a few of my acquired abilities which

I most value, and T am looking forward to how I can use them in the future.



Chapter 1

Optical Coupling to Microscale
Optomechanical Resonators

This chapter will provide an introduction to optomechanical resonators, with a particular focus on
microscale optomechanical crystals. Then I will describe practical considerations to experiments
utilizing optomechanical systems, and provide an overview of the different types of optical coupling

methods that have been used for similar types of chip-based optical resonators.

1.1 Radiation Pressure

Radiation pressure, the exertion of a force upon the reflection of light from an object, is an intriguing
concept with a long history. First proposed by Kepler in the 17th century as a possible explanation
for the directionality of comet tails in opposition to the sun [1], the effect was eventually codified
into Maxwell’s full treatment of electromagnetism [2] and later included in Einstein’s formulation of
special relativity [3]. Following initial experimental observations of the radiation pressure force [4, 5],
Compton developed a full quantum mechanical theory in his X-ray scattering work [6]. Although
fundamental to the understanding of light, for the following half century radiation pressure was
regarded as a weak, perturbative effect in most contexts. As for the entirety of the field of optics,
this consideration changed with the advent of the laser [7]. With the large, coherent optical powers
made available by lasers, radiation pressure forces could be made significant and useful in such
emerging applications as trapping of dielectric particles with optical tweezers [8] and laser cooling
of resonant ions and atoms [9, 10].

In what would prove to be a groundbreaking experiment, Braginsky and colleagues measured
radiation damping in a mechanical oscillator coupled to an optical resonator [11, 12]. To investi-
gate the impact of this “optical spring” effect on measurements of extremely weak forces such as
gravitational-wave deflection of test masses, Braginsky, Caves, and contemporaries developed a full

framework for the limits imposed by quantum optical properties of light used as a probe [13-16]. The



Figure 1.1: Canonical Optomechanical System. This example optomechanical system consists
of a Fabry-Perot optical cavity formed from two high-reflectivity mirrors. One mirror is kept fixed,
while the other is free to move with mechanical properties modelled in an effective spring force.
Displacements of the movable mirror change the optical cavity length L, with a corresponding shift
to the optical resonance frequency.

interest in systems with interacting optical and mechanical resonators (or optomechanical systems)
extended with the development of micro- and nano-fabrication processes to mesoscopic objects, for
which a plethora of applications is envisioned including fundamental studies of quantum mechanics,

quantum information processing, and precision sensing of weak forces.

1.2 Optomechanical Devices

The canonical optomechanical system [12, 17] consists of a Fabry-Perot optical cavity, in which one
of the end mirrors is mechanically compliant, as depicted by the spring-mounted mirror in Fig. 1.1.
The motion of the movable mirror modulates the optical path length L of the Fabry-Perot cavity,
and therefore changes the fundamental resonance frequency f, = ¢/2L, where c is the speed of light.
Thus for intracavity light with a particular wavelength, the mirror’s motion imparts a shift in both
the optical intensity and phase. Furthermore, since reflection of light from the mirror surface exerts
a force due to radiation pressure, the intracavity optical field in turn modulates the mirror position.

These two processes, optical phase shifts due to mechanical motion and optical back-action on the
mechanically-compliant object, form the backbone of the capabilities of optomechanical resonators.
On the one hand, careful measurement of the optical phase shift makes an optomechanical resonator
a superb sensor of the relative position of a moveable object. A detailed treatment and measurement
of this application will be given in Chapter 3. On the other hand, optical back-action can be used to
control the mechanical state of an object. This interaction can be selectively tuned to either drain
thermal energy from the system, or to drive the mechanics into preferred states. In some instances,
the mechanical motion can be driven into a self-oscillation regime, in which novel laser-like coherence

is created in the acoustic field, as explored in Chapter 5.
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For settings in which quantum mechanical energy levels are significant, control of the mechanical
state can be utilized as a quantum memory or for translation and processing tasks in a hybrid
quantum information network [18-26]. Progress towards realizing the quantum preparation and
control of optomechanical resonators will be summarized in Chapter 4, and are treated in detail in
the thesis dissertation of Sean Meenehan [27].

While the Fabry-Perot architecture shown in Fig. 1.1 has found applications in macroscale sys-
tems such as the Laser Interferometer Gravitational-Wave Observatory (LIGO) [28, 29] and at the
mesoscale in the forms of reflective membranes [30, 31] and cantilever-mounted Bragg mirrors [32, 33],
many groups in the field of optomechanics have turned to the microscale and nanoscale in an effort to
increase the relative force of optomechanical interactions by reducing motional mass. Utilizing thin-
film (< 500nm) microchip fabrication techniques, these optomechanical systems have been developed
into many forms, ranging from capacitively-coupled LC resonators in the microwave domain [34-36]
to visible/near-infrared (near-IR) optical whispering gallery mode structures [17] and optomechan-
ical crystals [37, 38]. While each implementation features unique advantages and disadvantages,
this work focuses exclusively on optomechanical crystals for their high degree of tailorability and
ability to support large mechanical frequencies. Optomechanical crystals are structures featuring
periodicity for both optical and acoustic waves, otherwise termed photonic and phononic crystals,

respectively.

1.2.1 Photonic Crystals

Just as periodic electrical potentials in solids give rise to frequency-dependent dispersion and prop-
agation of electrons [39], so do periodic index of refraction (N) variations create optical band struc-
ture [40]. The appropriate choice of lattice constant separation (a) between high- and low-n regions
of such a photonic crystal creates destructive interference for light of wavelength A ~ a/2. Effec-
tively, this photonic crystal functions as a wavelength-specific mirror, as incoming optical waves at
A cannot propagate and must reflect (Fig. 1.2a). In further analogy with Fig. 1.1, optical cavities
can be created by inserting a dielectric propagation region between two photonic crystal mirrors, as
illustrated in Fig. 1.2b.

In this work, we fabricate quasi-1-dimensional photonic crystal cavities in silicon nanobeams
of rectangular cross-section (Fig. 1.3). A 1-dimensional array of elliptical holes is etched into the
longitudinal (z) direction of the nanobeam, while index confinement localizes the optical modes
in the transverse (y and z) directions. The refractive index variation is then seen in Fig. 1.3a as
Ng; = 3.48, corresponding to the gray-shaded volume, while white regions represent air or vacuum
with Ny.. = 1. To avoid optical scattering at the two end-mirror sections, both a and hole shape are
adiabatically transitioned to a center defect, in which an optical mode at A\ = 1550 nm is confined

with high quality factor (Q, > 10).
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Figure 1.2: One-Dimensional Photonic Crystal. a Photonic crystal mirror illustration, with
high and low index of refraction indicated by purple and orange, respectively. b Photonic crystal
Fabry-Perot-type cavity illustation.

Another type of optomechanical device used in this work is the double-nanobeam, or zipper
cavity (Fig. 1.4). The zipper cavity is usually formed from silicon nitride (SigNy4) for its mechanical
properties, and consists of two nanobeams placed side-by-side in y. For sufficiently small air-slot
separations of the nanobeams, the single-beam modes hybridize into coupled modes shared between

both beams with a large optical intensity in the air slot.

1.2.2 Phononic Crystals
Due to the difference between the speed of light (¢/N ~ 10® m/s) and the speed of sound (vs ~

8.5 x 103 m/s) in a dielectric medium such as silicon, periodicitity on the order of near-IR optical
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Figure 1.3: Nanobeam Photonic Crystal. a Geometry. b Finite-Element-Method (FEM) simu-
lation of the normalized electric field in the y direction (E,).
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Figure 1.4: Zipper Photonic Crystal. a Geometry. b Finite-Element-Method (FEM) simulation
of the normalized electric field in the y direction (Ej).

wavelengths corresponds to acoustic frequencies on the order of GHz. The nanobeam photonic crystal
is designed such that the end-mirror sections function as acoustic reflectors at wy,/2m = 3 GHz or
5GHz, while the center defect again confines an acoustic vibrational mode to a similar volume as the
optical mode. This localized vibration, termed a breathing mode for its lateral deformation effect,

is shown in a finite element method (FEM) simulation in Fig 1.5.

[ — ]

Figure 1.5: Nanobeam Phononic Crystal. FEM simulation of normalized displacement of the
nanobeam fundamental breathing mode, showing both the magnitude corresponding to the colorbar
and the deformed structure (not-to-scale).

While the nanobeam phononic crystal effectively confines the acoustic breathing mode, the me-
chanical band-gap only exists for modes which are symmetric in the y and z directions [41]. Although
the optical band-gap is similarly not a full 3-dimensional gap, the mechanical band-gap is crossed by
many more modes of different symmetries. Imperfections in fabrication can then couple these modes
of different symmetry to the cavity breathing mode, causing acoustic loss through the phononic crys-
tal end-mirrors. In order to keep acoustic vibrations from rapidly radiating out of the nanobeam,
a secondary phononic crystal is added between the ends of the nanobeam and the supporting sili-
con wafer substrate. This phononic crystal featuring cross-shaped holes (Fig.1.6) supports a fullly
3-dimensional acoustic band-gap at the mechanical mode frequency of interest. It therefore acts as
a radiation shield for the breathing mode, and raises the quality factor of the mechanical oscillator
to Qm > 10* at cryogenic temperatures.

The zipper cavity is not designed to function as a phononic crystal, but rather features an FEuler-
Bernoulli-type bending mode of the entire beam length (Fig. 1.7). With the appropriate choice of
beam length and specific clamping conditions, this fundamental bending mode can occur over a wide

frequency range of 1kHz < wy, /27 < 15 MHz.



Figure 1.6: Phononic Crystal Radiation Shield. Reprinted by permission from Macmillan
Publishers Ltd: Nature [42], copyright 2011. FEM simulation of displacement of the phononic
crystal radiation shield, confining phonons which propagate out of the nanobeam to reflect back into
the device.
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Figure 1.7: Zipper Mechanical Oscillator. FEM simulation of displacement of a zipper resonator
fundamental bending mode (not-to-scale).

1.2.3 Optomechanical Coupling

While the previous sub-sections describe how the fundamental optical and mechanical modes of
nanobeams are co-localized to a center defect, the remaining component of the optomechanical sys-
tem is a coupling between these fields. Just as the length change in the Fabry-Perot optomechanical
system (Fig. 1.1) effects the resonance condition of the cavity, so must the nanobeam acoustic breath-
ing mode modulate the resonance frequency w, of the nanobeam optical cavity. This resonance shift
is parameterized by the optomechanical coupling constant goy = dw,/dx, where the x variable
represents a general displacement coordinate.

For the case of the Fabry-Perot cavity, gom simply reduces to the ratio w,/L as the mirror
motion directly shifts the fundamental resonance frequency. For the nanobeam optomechanical
crystal however, the optomechanical coupling takes place through an intermediary shift in the index
of refraction, specifically in the effective permittivity & given by the distribution of silicon and air

in the optical mode volume. As the breathing mode vibration deforms the structure, ¢ is shifted by
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the moving boundaries [43] between silicon and air as well as the photoelastic effect caused by strain
in the dielectric [44]. The optomechanical coupling is then given by a combination of the moving
boundary and photoelastic effects [45].

For the optomechanical systems in this work, numerical FEM optimization of the device geometry
was used to maximize gon. Specific optimization of the photoelastic effect gives the largest gon for
the nanobeam optomechanical crystal, while the value of gon for the zipper cavity is predominantly
due to the moving dielectric boundaries of the slot separation between the two beams.

Scaling of the optomechanical coupling constant by the zero-point motion of the mechanical
resonator is often a useful quantity for quantum regime optomechanics. The optomechanical coupling
rate of photons to phonons, and the optical resonance frequency shift due to zero-point motion of
the acoustic resonator, is g = xzprgom, where xzpp = \/m is the zero-point displacement
amplitude of a mechanical oscillator with effective motional mass meg, with A representing Planck’s
constant. Parametric enhancement of this interaction by coupling n. photons into the optical cavity
is then incorporated into the linearized coupling strength G' = gg/nc.

In the full quantum mechanical treatment of an optomechanical resonator, the parametric cou-
pling of motion to the optical cavity adds an interaction term to the self-energy Hamiltonians of the

oscillators, and the full system Hamiltonian is
Hiop = hwed'a + hwmb'b + hgoata(b + b7, (1.1)

where @ and b are the annihilation operators for the optical and acoustic, field respectively. The
reference frame of the system is often rotated at the frequency of a probe laser w;, which is detuned
from the optical resonance by A = w. — wy, in order to describe the time evolution of the optical

and acoustic fields by the quantum Langevin equations [46]:

o= —(id+ 5 )a —igoa(b+ ') — Vicain(t) - Vi (0), (1.2)

h=— (iwm + %)5 —igoata — ﬁgin(t)- (1.3)

The last two terms of Eqn. 1.2 include an input laser probe field to the optical cavity a;, and a vacuum
noise field @iy 3, as required by the fluctuation-dissipation theorem. The mechanical resonator couples
to environmental degrees of freedom determined by surrounding thermal baths parameterized by bin
at the intrinsic mechanical decay rate ;. The rates x and « pertain to the total energy decay rate
of the optical and mechanical resonators, respectively, while k. is the optical coupling rate to a
measurement channel.

For systems like the optomechanical resonators in this work, where g9 < k (the weak-coupling

limit), the approximation that the probe is dominated by a large coherent optical intensity with
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a small quantum noise compenent, i.e., transforming ¢ — «g + a, allows Eqns. 1.2 and 1.3 to be

linearized and Fourier transformed to

() = —VFetin(W) — /Ridin; — iG(b(w) + bt (w))
(A —w)+K/2 ’
— b (@) iG(a(w) +al (W)
i(wm —w) +%/2 i(wm —w) +%/2

(1.4)

b(w) = (1.5)

Regrouping of terms in Eqn. 1.5 produces renormalized mechanical frequency w!, = wp + dwm

and loss rate v = ; + YoM, with

2 1 1

Om = |G Im[z’(A —wm) K2 —i(A+wm) + 5/2]’ (16)
2 1 1

Youm = |G| Im[z‘(Awm)+n/2_i(A+wm)+H/2]' (1.7)

For resonators where the mechanical modulation sidebands are well-resolved in the optical spec-
trum (referred to as the sideband-resolved regime of k¥ < wy,), the optomechanical damping ap-
proximates to yom = +4G?/k for laser detunings of A = +w,,, respectively. This dynamical
back-action, in addition to damping or stiffening the mechanical oscillator, modifies the average
phonon occupancy (n) = <IA)TIA)> from the unperturbed occupancy ny, determined by its contact with

an environmental thermal bath, with

2
Yinth . YOM K
., = , 1.8
() A = =25+ 2 (4%) (L8)
Yilth |’YOM\
n)|a=—w, = —— + —. 1.9
(n)] S S (1.9)

Driving the system with a red-detuned laser optomechanically cools the mechanical motion anal-
ogously to laser cooling of atomic and ionic ensembles [9, 10], and blue-detuned driving amplifies
the mechanics. A great deal of interest and effort [42, 47-51] has focused on the cooling process of
Eqn. 1.8, since reducing (n) to below 1 is difficult to achieve through passive cryogenic control of
nen (requiring both GHz mechanical frequencies and millikelvin envorionments as in Ref. [52]), yet
is an important prerequisite of utilizing optomechanical resonators as testbeds for quantum experi-
ments [20, 21, 23, 25, 26, 35, 52-60]. When A = 0, there is no dynamical back-action and the only
optical forces on the mechanical oscillator are due to phase or intensity noise carried by the laser
probe. This is the regime of interest for presicision displacement and force sensing [14, 16, 34, 61-64],
as the mechanical oscillator is minimally perturbed by the measurement while its motion strongly

modulates the cavity resonance, and thereby the phase of the resonant optical probe.
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1.3 Experimental Considerations to Optical Coupling Schemes

While the implementions of optomechanical systems as testbeds for quantum experiments and for
classical metrology vary widely in application, a common feature of these experiments is a critical
reliance on robust and efficient experimental access to the resonator. This section will describe the
pertinent challenges to optically coupling to microscale optomechanical resonators.

A Scanning Electron Microscope (SEM) image of a fabricated nanobeam optomechanical crystal
is shown in Fig. 1.8. Each nanobeam is referred to as a device, while arrays of hundreds to thousands
of devices are formed in the thin (220nm) silicon film layer of a silicon-on-insulator (SOI) microchip.

This millimeter scale chip is also referred to as a sample.

Figure 1.8: Fabricated Nanobeam Optomechanical Crystal Device. Reprinted by permission
from Macmillan Publishers Ltd: Nature [42], copyright 2011. Scanning electron microscope (SEM)
image of a nanobeam optomechanical crystal.

Typical optomechanics experiments involve preparation of an optical probe, such as the gener-
ation of laser light of a particular wavelength, power, and linewidth, which is then coupled into a
single device on a sample. This light resonates in the optical cavity until it is collected in a detec-
tion channel, manipulated specifically for a given measurement, and photodetected for spectroscopy
or other signal analysis. The choice of device optical wavelength of ~1550 nm allows for the use
of high-quality, easily commercially available optical instruments due to heavy utilization in the
telecommunications industry. These components can be linked by high-efficiency, low-dispersion op-
tical fibers, further simplifying experimental setups in comparison to alignment sensitive free-space

propagation.
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However, while commercial equipment may feature fiber-optic input/output ports, custom fab-
ricated nanobeam samples do not. The coupling and collection of light into and out of a microscale
resonator is a challenging task to meet, especially under certain constraints such as efficiency and

cryogenic compatibilty.

1.3.1 Mechanical Compliance

Unlike travelling elastic modes such as surface and bulk acoustic waves, the nanobeam and zipper
mechanical modes require the structure to be suspended, with the only substrate clamping points
located on the ends of the beam (Fig. 1.8). This is accomplished in fabrication by first etching the
nanobeam into the top silicon device layer of an SOI chip, and then selectively etching the buried
oxide (3 um thick SiOs) locally underneath the device. For SizN, zipper devices, a selective Si etch
is used in this undercutting procedure.

An optical coupling method that impedes mechanical compliance, either through physical contact
of an object to the device or through adverse modifications in device design, can severely degrade
the performance of the optomechanical resonator. Such outcomes can include reductions of gom
and @, as well as mode-mixing of the fundamental acoustic mode with other undesirable modes of
the structure. Furthermore, while device geometry modifications may be desirable in aiding optical
coupling, care must be taken that they are compatible with the fabrication processes, most notably

in the undercut procedure.

1.3.2 Optical Loss

While small (~1nm scale) geometrical imperfections arising during fabrication cause an unavoidable
amount of parasitic loss of light in the resonator, the optical coupling method should be as loss-less
as possible. Any amount of light that interacts with the acoustic mode but is not detected in the
experimental setup represents lost information about the mechanics [61]. Inefficiencies in optical
coupling thus limit both the ultimate sensitivity of the optomechanical resonator as a precision
sensor as well as for applications in quantum information.

Optical coupling loss can be decomposed into two effects: intrinsic and extrinsic loss. Intrinsic
loss refers to the aforementioned parasitic scattering, where structural deformities cause light to
reflect and scatter out of the structure before being routed to a detection port. Another source
of scattering lies in imperfect mode-matching between a coupler element and the optical cavity.
Just as impedance mismatches in electrical circuits cause adverse signal reflection and power drain,
junctions in an optical coupler where the supported mode profiles have different size or shape will
scatter or reflect light into free space or other undetectable modes of the structure.

Extrinsic loss is a necessary outcome of experimental access to a device. Light that is coupled out
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Figure 1.9: Extrinsic coupling channels. Illustrations of coupling schemes featuring a one and
b two output channels.

of the cavity into a detection channel for measurement is still lost light with respect to the cavity.
In the measurement sense, extrinsic loss is not really loss at all, and indeed it is often desirable to
have large amounts of extrinsic loss in an experiment to produce large signals. However, detection
channels can produce loss for particular coupling architectures as well as practical experimental
limitations. Ideally, a coupling scheme will collect all of the light radiating from the resonator
(excepting the intrinsically scattered light) and route the optical signal through a single detection
channel to an experimental setup. However in some couplers, cavity radiation can escape into
two or more channels (Fig. 1.9b), perhaps even in equal proportion. Even if the output of every
channel could be collected efficiently, the optical signals could not be accurately recombined since
each channel will have a different optical delay. Individual measurement of each output channel
would require separate detection apparatuses, which is impractical due to complexity and cost of
equipment. Thus in practice only one detection channel is used in an experiment, whereas light
routed into the other output channels is regarded as intrinsic loss.

Throughout this work, optical loss will be quantified as a loss rate in radians/s units. Intrinsic

and extrinsic loss rates will respectively take the symbols x; and k., while total loss rate K = k; + Ke.

1.3.3 Cryogenic Compatibility

For applications of an optomechanical crystal in hybrid quantum information networks, quantum-
scale amplitudes of mechanical vibration must be significant in comparison to thermal vibration
amplitudes. Quantization of an acoustic field produces sound particles, or phonons, each with
energy hwy,, where h is Planck’s constant. Phonons are quasiparticles with boson properties, and

therefore their thermally generated population ngy follows the Bose-Einstein distribution

1

Nth = 7eﬁwm/ka — 1’ (110)
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where k;, is Boltzmann’s constant and T is the temperature of the mechanical oscillator.

Initial proposals for quantum state engineering using optomechanical devices call for the genera-
tion of nonclassical mechanical states using light. One of the simplest such states is the single phonon
Fock state, in which exactly one phonon occupies the mechanical oscillator. A necessary condition
to generate this state is ny, < 1, such that the oscillator is empty of phonons, and approaches its
quantum ground state, before generation of the Fock state. For an oscillator with w,, /27 = 5 GHz,
the ground state condition is equivalent to 7' < 350 mK through Eqn. 1.10.

In recent years several research groups have realized ng, < 1, either through a combination of
cryogenic pre-cooling to intermediate temperatures followed by optomechanical cooling [42, 50], or
through purely cryogenic cooling with a sufficiently low-temperature system [52]. While significant
progress has been made towards cooling to the ground state from room temperature [65-67], these
experiments have not yet reached n¢, < 1. Therefore the preparation of an optomechanical res-
onator in its quantum ground state requires the sample to be located in a cryogenic system with
optical coupling to a room-temperature experiment apparatus. This optical coupling can present
a challenge for certain cryogenic coolers, since features such as optically transparent windows and
motion controllers for alignment require specialized instrumentation to avoid significant blackbody

or Joule heating at sub-Kelvin temperatures.

1.4 Optical Coupler Technologies

The optomechanical resonators utilized in this work take the form of nanoscale to microscale mi-
crochip devices. While this architecture offers a number of significant benefits, such as sophisticated
fabrication processes, large-scale integrability, and a high degree of tailorability, a fundamental
challenge lies in the efficient coupling of light from the chip-based device to conventional optical
manipulation elements such as lenses, mirrors, and fibers. In particular, the sub-wavelength optical
mode volumes (~ \3/8) of the photonic crystals used here cannot mode-match to diffraction-limited
components (with spot dimensions much greater than A/2 in practice) without sustaining a large
loss of optical power. Furthermore, many of the techniques that can efficiently mode-match do not

meet the other mechanical compliance and cryogenic compatibility criteria of the previous section.

1.4.1 Free-Space Reflection

One of the simpler methods of coupling to microscale devices is to focus a free-space laser beam
through a high numerical aperture objective lens onto the chip. With sufficient alignment to the
optical mode volume of the device, light couples into the optical cavity and resonates for a character-
istic time determined by @, before scattering out of the device. A portion of this light is scattered

into the angle subtended by the focusing lens, and is collected for detection in the test setup.
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A significant limitation of the free-space reflection method is the size and shape of the laser beam
spot on the chip. While the ultimate diffraction limit of A/2 = 775 nm is comparable to the dimen-
sions of the device mode volume, non-ideal numerical aperture and flaws in the microscopy system
usually limit the achievable beam diameters to & 2 pum [68]. This large spot size, in combination
with differences in mode shape between the circular laser beam cross section and the nanobeam
mode profile (in both near- and far-field), causes poor mode-matching and low optical transmission
between the device and the collection lens. For experiments relying on high efficiency of detection,

free-space coupling will likely produce unacceptable levels of optical loss.

1.4.2 Grating Couplers

Since the primary source of optical loss in free-space coupling lies in mode-mismatch, an intermediate
mode converter element can significantly improve transmission efficiency. Such a mode converter
will mode-match to a free-space optical beam on the input, transform the mode size and shape,
and mode-match to the optical cavity on the output. A common mode converter is the grating
coupler, in which a photonic crystal on the sample surface diffracts an incoming optical beam (with
a particular angle of incidence) into the z — y plane of the device layer [69, 70]. Appropriate design
of the grating coupler can provide highly efficient coupling.

One of the qualities enabling high efficiency in grating couplers is the use of destructive inter-
ference in the sample substrate to directionalize the device output into the same mode as the input
beam. This broken symmetry property reduces extrinsic loss, as output into other z directions is
eliminated. However, mechanically-compliant optomechanical structures make this directionaliza-
tion difficult, since removal of the buried oxide layer restores z-symmetry. The cavity radiation then
has two symmetric output channels, causing at least 50% loss in collection. While some sophisticated
substrate-less grating designs and fabrication processes can produce high-efficiency coupling [71],
many suspended grating couplers feature significantly higher losses at levels of 90 % [72]. While
modifications in fabrication processes could enable a grating coupler to be substrate-supported for
an optomechanical device, these processes have not yet been developed and could prove problematic.

Another issue for grating couplers is the width of the wavelength pass-band, which can be quite
narrow for certain coupler designs. Since fabrication imperfections and non-reproducibility cause
uncertainty in realized optical cavity wavelengths, imperfect matching of wavelengths between the

device and the coupler can add complexity and optical loss.

1.4.3 Fiber-Taper Couplers

An elegant method that circumvents the challenges of mode-matching is the evanescent coupling of

the optical cavity to a waveguide such as an optical fiber [73, 74]. By tapering the diameter of a
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standard optical fiber to less than a wavelength, a significant fraction of the guided optical mode
will propagate in the surrounding air. This extended mode then forms a coupled mode with the
optical cavity resonance when placed in the near field of the chip-based device [75]. Further tuning
of the fiber placement can produce high-efficiency (> 90 %) coupling and collection [76], as well as
provide in-situ control over k.

Fiber-taper couplers have proved to be extremely useful for a range of measurements with pho-
tonic crystal nanocavities [74-76] , whispering-gallery-mode resonators [77, 78] , and optomechanical
crystals [37, 38, 42, 79-81]. This method is not without its drawbacks though, as operation in cryo-
genic environments is possible but difficult.

To achieve stable coupling with large k., a small dimple impression on the tapered fiber [77]
is brought into physical contact with an optimal position on top of the optomechanical resonator.
The performance of this “taper touch” is extremely senstive to position, since the contact of the
glass fiber can cause large amounts of optical scattering and mechanical damping. The process of
establishing the touch thus requires feedback from an imaging system integrated into the cryogenic
chamber. This has been achieved in past work with optically transparent viewports in a helium-
flow cryostat, allowing imaging with a microscope objective lens. Other systems, such as dilution
refrigerators, are less accomadating to viewport access and require filtered window ports with infrared
imaging to avoid heating from room-temperature photons. For experiments in which pure cryogenic
cooling to milliKelvin-domain temperatures is desirable, fiber-taper coupling may be very difficult
and impractical.

Another drawback of fiber-taper couplers is that they are inherently two-sided (Fig. 1.9b), in
the sense that two extrinsic output channels (two directions of fiber propagation) exist into which
the cavity can radiate. While some structures such as whispering-gallery-mode resonators can be
manipulated to provide destructive interference of one propagating output mode [82], the standing-
wave nature of photonic crystals couples the cavity mode symmetrically into both output channels.
Therefore even in the absence of parasitic scattering loss, the coupling efficiency is limited to 50 %.

Higher-efficiency coupling to a photonic crystal requires a truly one-sided coupling scheme.
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Chapter 2

Fiber-Integrable Optomechanical
Devices

This chapter will present the design, fabrication process development, and optical characterization
of two coupling techniques optimized to meet the criteria described in Sec. 1.3. The discussions of
device design cover aspects necessary to explain principle of operation, while further details can be
found in Ref. [27]. Numerical simulations using finite-element method (FEM) are performed with
COMSOL Multiphysics version 3.5 [83], and finite-difference-time-domain (FDTD) simulations are
performed with Lumerical FDTD Solutions [84].

2.1 Silicon Nitride V-Groove

The premise of the V-groove coupler is to provide an on-chip optical fiber alignment feature [85, 86],
which allows a fiber to couple to a device with high efficiency before being permanently fixed in
place. This pre-alignment removes the need for in-situ fiber positioning and imaging in a cryogenic

environment.

2.1.1 Device Design

The V-groove coupler design takes advantage of an anisotropic etch property of silicon, which allows
V-shaped features to be defined by preferred crystal planes. For devices formed in silicon-nitride
(SigNy) films deposited on a silicon wafer, the device layer can act as a mask for the V-groove
definition, allowing for a simple fabrication process.

The depth and wall-angle of the V-groove alignment feature determine the height at which an
optical fiber (cladding diameter of 125 pm) will sit when placed in the groove. Appropriate choice
of the groove dimensions places the center of the 9 um diameter fiber core at the same height as
the center of the 400 nm SigNy film. The fiber is cleaved to produce a flat-facetted tip from which

the optical mode is launched towards a zipper device, as illustrated in Fig. 2.1. A mode-converter
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Figure 2.1: V-Groove Fiber Coupler Illustration. Not-to-scale illustration of a V-groove fiber
coupled zipper device in a angled-view and b top-view perspective. The silicon nitride device layer
is shaded green, while the silicon substrate is shaded gray for illustration. The 9 um diameter optical
fiber core is indicated by the dark blue center region, and the 125 um diameter cladding is shaded
light blue.

consisting of an adiabatically-tapered SisN, index waveguide [87-90] is used to mode-match the
fiber-launched optical beam to the zipper device, into which the waveguided mode couples through
a truncated photonic crystal mirror. Each of these optical coupling junctions is decribed in detail in
the following sub-sections, in order corresponding to the propagation of light from the input optical

fiber to the optomechanical resonator.

2.1.1.1 Waveguide Tip

An SEM image of a cleaved optical fiber (Corning SMF-28e) tip butt-coupled to a silicon nitride
waveguide is shown in Fig. 2.2. The positioning of the fiber in the alignment groove feature aligns
the glass fiber to the y and z position of the index waveguide tip, while the separation in z is kept
below 10 pm.

Mode-matching between the Corning SMF-28e optical fiber and the Si3sN, waveguide tip is ac-
complished by determining the waveguide cross-section, which supports an evanescent field matching
the 10.4pm fiber mode-field diameter (Fig. 2.3a~c). The transmission efficiency through this junction

is given by the mode overlap integral

fEle;.dengHf.ds) 1)

noverlaP:Re(fElfo-deE2><H§~dS

where E and H are respectively the electric and magnetic fields of the optical modes supported by
the fiber (subscript 1) and SizNy index waveguide (subscript 2). While the waveguide thickness is
fixed at 400 nm, tuning of the waveguide width wy, can be used to optimize Eqn. 2.1 via FEM
simulation [83]. A width of wyip, = 230 nm is found to produce the optimal foyertap = 90 % at the
target wavelength of 1550 nm. The coupler is broadband in that 7overlap only decreases by 10 % over
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SMF-28e Opti‘iber Tip

Figure 2.2: Fiber to Nitride Waveguide Junction. SEM image of an SMF-28e optical fiber
resting in a V-groove, and butt-coupled to a silicon nitride waveguide tip. The curved image distor-
tion at the bottom of the image is caused by electron beam deflections from the electrically-doped
cladding of the optical fiber. The inset shows an SEM perspective of the silicon nitride waveguide
at a distance 5 pm recessed from the waveguide tip, where it is anchored by a structural support
tether spanning the length of the V-groove.

a 200 nm wavelength range (Fig. 2.3d), although the efficiency is strongly dependent on the realized
width (Fig. 2.3e).

2.1.1.2 Support Tether

The length of the waveguide taper (described in the following sub-section) requires the tip to be
anchored to the substrate to prevent bending (which would complicate fiber positioning and align-
ment). A tether feature spans the V-groove and fixes to the waveguide at a distance of 5 um from
the tip. Since the mode is significantly evanescent at this point, scattering at the tether junction
causes optical loss. The amount of scattering depends strongly on the width of the tether feature,
as shown in Fig. 2.5a. Tethers can be reproducibly fabricated at a width of 70 nm, producing loss

of ~5%.
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Figure 2.3: Fiber-to-Waveguide Mode Matching. FEM simulations £, for the propagating
optical mode of the a SMF-28e optical fiber and b silicon nitride waveguide tip. ¢ Overlays of the
simulations in a and b on an SEM image of a fiber-coupled device. d Simulated optical loss due
to mode-mismatch as a function of wavelength for a 230 nm wide waveguide tip. e Optical loss at
A = 1550 nm as a function of waveguide tip width.

2.1.1.3 'Waveguide Taper

As the optical mode propagates along the silicon nitride waveguide (in direction z), the waveguide
gradually widens from the tip width of w = 230 nm to a zipper nanobeam width of w = 850 nm.
This has the effect of confining the optical mode in the dielectric to a mode profile similar to the

fundamental optical resonance of the zipper cavity. To accomplish this mode conversion efficiently,

an adiabaticity condition

dw

ar < |neff7i — ’I’Leﬁ7j|, Vi # j, (2.2)

is enforced, where n.g; is the effective refractive index for an arbitrary waveguide mode. This
condition ensures that light in the preferred optical mode does not couple to other modes of the
structure, which could cause loss both in propagation and in coupling to the zipper resonance. Finite-
difference time-domain (FDTD) simulations of the waveguide show that the adiabatic condition for

this device is best met when w as a function of = expands as a polynomial of order 3 or greater, as
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Figure 2.4: Waveguide Support Tether. Finite-difference-time-domain (FDTD) simulation of
optical transmission loss at the waveguide tip support tether.

shown in Fig. 2.5b. By making the total length of this waveguide taper greater than 300 ym, the
optical loss in the mode conversion can be kept below 10 %. The waveguide mode converter used in

this work is a 400 ym long, cubic waveguide taper with simulated loss of < 10 %.

2.1.1.4 Damping Tethers

In order to prevent mechanical bending modes of the waveguide from coupling to and mixing with the
nanobeam bending modes of the zipper resonator, a series of tethers is used to secure the waveguide
after the 400 um taper section (Fig. 2.6). The tethers are supported by large sections (50 umx50 pm)
of silicon nitride membrane plates to add stiffness and mechanical damping to this junction. The
set of support tethers span a 40 ym distance between the plates, clamping the waveguide beam
in between. To reduce optical scattering from the tethers, the waveguide is temporarily widened
to 1.5 yum at this point, which confines the optical mode enough that negligible amounts of field
encounter the tethers. As the optical mode is already concentrated in the dielectric at the beam
waveguide width w = 850 pm, the cubic widening to 1.5 um takes place over a propagation distance
of 10 um while still meeting the adiabatic condition of Eqn. 2.2. The mode then encounters 15, 150
nm wide tethers with a simulated transmission efficiency of 98.8 %. The waveguide is then tapered
down to a width of 850 nm for coupling to the optomechanical zipper resonator, again cubically over

a distance of 10 pym.
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Figure 2.5: Waveguide Taper. Finite-difference-time-domain (FDTD) simulation of optical trans-
mission loss of the waveguide taper due to coupling into other wavedguide modes. Waveguides
expanding linearly, quadratically, cubically, and quartically with = propagation are simulated, with
best results obtained for cubic and higher order polynomial taper shapes.

2.1.1.5 Photonic Crystal Taper

After the mode is confined at the zipper nanobeam width, light couples into the zipper resonance
through a truncated photonic crystal mirror, as shown in the example SEM image of Fig. 2.7a and
the FEM-simulated optical mode profile of Fig. 2.7b. An analogy to this feature is a conventional
mirror with reflectivity R < 1, which weakly transmits light. The photonic crystal mirror reflectivity
is reduced slightly by removing a certain number of holes, which allows light to tunnel through the
mirror despite the optical band gap. In another measure to reduce loss, the index waveguide is
transitioned to the photonic crystal mirror by introducing holes of linearly increasing radius. A
series of 6 — 8 such photonic crystal taper holes is sufficient to enable transmission of > 95 % in
simulation. The first introduced hole has diameter of 50 nm, and the following holes expand linearly

to match the nominal nanobeam mirror hole of height 380 nm and width 300 nm.

2.1.1.6 Zipper Resonator

Finally, the optical mode enters the cavity, with a shared defect mode between the nanobeam
connected to the waveguide mode converter and a second near-field nanobeam. One of the tether-
support membranes is also used as a support for the second zipper resonator nanobeam, which

spans from the curved membrane section to the end of the V-groove (Fig. 2.15b). This nanobeam
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Figure 2.6: Damping Tethers. SEM image of a fiber-coupled device. The inset shows a detailed
view of the set of 15, 150 nm support tethers spanning the two silicon nitride membrane plates and
clamping the waveguide at the end of the taper region.

is later referred to as the test beam of the zipper resonator, as the experiment described in Chapter
3 uses the V-groove coupled waveguide structure as an optomechanical probe of the motion of the
test beam. The nanobeams are separated by a 150 nm wide slot, which determines the resonance
frequency of the shared optical mode. To aid in the fabrication of the narrow slot separation, which
is difficult to etch in the silicon nitride films used here, the test beam is connected on either end to
narrow flexible tethers of length 5 pm and width 150 nm. These tethers (Fig. 2.9) are defined at a
small angle (~ 5°) from the test beam, and after fabrication bend to a new static position closer to

the waveguide nanobeam, thereby shrinking the slot separation (from 250 nm to 150 nm).

2.1.2 Structural Clamping Constraints

The silicon nitride material used for zipper resonators is deposited at high temperature in a
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Figure 2.7: Waveguide to Photonic Crystal Mirror Junction. a SEM image of one half of the
V-groove coupled zipper optomechanical resonator, with indications of relevant photonic crystal (PC)
mirror and cavity sections. The bottom beam transitions to the waveguide taper mode converter to
the left of the image. b FEM simulation of electric field in the y direction.

low-pressure chemical vapor deposition (LPCVD) process. As a result, at room temperature the
silicon nitride film is tensile-stressed by the silicon substrate wafer. When the silicon substrate is
removed from underneath the device layer, suspended features will strain towards clamping points.
This material property, while useful for achieving excellent optical and mechanical quality in the
optomechanical resonator, requires consideration in the structural design of the V-groove coupler.
Before suspension, the SigNy film normal stress is 800 MPa in magnitude. After suspension,
however, particular device shapes and clamping arrangements can lead to significantly larger local
stresses. For example, a large volume of suspended material will strain towards its clamping point,
adding stress to any attached narrow sections. Stress of magnitude nearing the film tensile strength
(~ 5 GPa) can cause breakages or low yield of device survival after fabrication. This is primarily a

concern for the damping tether set, for which lengths of < 10 um typically break. A useful guideline
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to designing structural supports is to avoid local stresses of greater than 1 GPa in simulation.
Either due to non-uniformity of the tensile stress in the z direction of the silicon nitride film or
to the clamping asymmetry (film anchored to the silicon substrate below, but not above), the large
membrane support plates bend out of the device layer plane after suspension. This bending (usually
of order a few microns) can shift the z-position of the test beam by up to 200 nm (Fig. 2.8a), while
only minimally bending the waveguide beam. The misalignment between the two beams causes
both the optical quality factor and the optomechanical coupling of the resonator to be lowered
significantly from their nominal simulation values. Adding a set of 6, 150 nm wide tethers connecting
the membrane plate (on the side of the test beam) to the end of the V-groove (Fig. 2.9) pulls on the
plate enough to compensate for the out-of-plane bending of the test beam, as shown in the edge-view

SEM image of Fig. 2.8b.

aQ TestBeam N b

Waveguide Beam

500 nm

Figure 2.8: Clamping Geometry. a SEM image taken at an edge-view angle of a zipper device,
without out-of-plane deflection tethers. The test beam in the background is seen to be flexed ~ 150
nm above the waveguide nanobeam in the foreground. b Edge-view SEM of a zipper device with 6,
150 nm wide deflection tethers. The test beam, this time imaged in the foreground, is observed to
be level with the waveguide beam.

2.1.3 Process Steps

The major process steps in the fabrication of V-groove devices are shown in Fig. 2.10. Electron-beam
lithography simultaneously defines the zipper resonator, tapered-waveguide mode-converter, and V-
groove outline. This pattern is transferred from the electron-beam resist layer into the SigsNy device
layer using inductively-coupled plasma/reactive-ion etch (ICP-RIE). The devices are then suspended
in a wet potassium hydroxide (KOH) base etch, which also etches the V-groove alignment feature.
KOH etches (100) silicon crystal planes ~ 300 times faster than (111) planes, creating V-shaped or
pyramidal features in the exposed areas of the silicon substrate. The sample is then cleaned using
a sulfuric acid/hydrogen peroxide piranha etch, and dried using critical point drying. Table 2.1 and

the following discussion provide the details of each fabrication step.
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Figure 2.9: Clamping Geometry. SEM image of a device prior to suspension. In addition to
the waveguide tip tether (not seen in this image), damping tether set, and test beam slot reduction
tethers, a series 6 of tethers spanning the V-groove from a support plate to the groove end are used
to prevent out-of-plane bending of the test beam.

The silicon nitride samples used in this work are purchased from Silicon Valley Microelectronics,
which provides the wafer-scale LPCVD. A wafer is diced into 1 cm x 1 cm square chips by American
Precision Dicing. Before beginning the fabrication process shown in Fig. 2.10, a chip is cleaned in
acetone and isopropyl alcohol to produce a smooth sample surface. Electron-beam resist (Zeon
Chemicals ZEP-520a) is then spin-applied to the chip at a rotational speed of 2000 rpm. The low
spin speed results in a thick (~ 400 nm) resist layer, which is required for the SizN4 plasma etch.
Baking the sample at 180 °C completes the lithography preparation.

Electron-beam lithography is performed using a Vistec EBPG 5000+ system. When loading the
sample onto a system cassette, the rotation of the sample with respect to the coordinate system of
the EBPG must be minimized. This pre-alignment ensures that the electron-beam exposure defines
V-groove shapes along crystal axes of the silicon substrate, and can be accomplished by rotating the
sample such that a chip edge aligns to the crosshairs of the microscope alignment station.

Exposure of the device pattern utilizes the bulk-in-sleeve technique for generation large size-
contrast features. Specifically, while the zipper resonator and waveguide taper portions of a device

require high-resolution (2.5nm) exposure, the V-groove feature can be defined at low resolution. Due
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Figure 2.10: V-Groove Fabrication Process. Illustration (not to scale) of the significant fabri-
cation steps for V-groove coupled devices.

E-Beam Exposure ICP-RIE Etch and Anisotropic KOH
and Development Resist Removal Wet Etch

Process Step Sub-step Parameter Parameter Value Duration
Acetone Rinse - - 10 sec.
Clean Sample IPA Rinse - - 10 sec.
N, Nozzle Dry - - 10 sec.
. Spin Speed 2000 rpm .
Apply E-Beam Resist Spin ZEP-520a Spin Ramp 1500 rpm/s 1 min.
Hot Plate Bake  Temperature 180 °C 2 min.
E-Beam Lithography Dose 170 puC/cm? -
ZED-N50 - - 2 min. 30 sec.
E-Beam Development | MIBK - - 30 sec.
N, Nozzle Dry - - 10 sec.
ICP-RIE Nitride Etch See Table 2.2 7 min. 10 sec.
ZDMAC - - 10 sec.
. . Acetone Rinse - - 10 sec.
Strip E-Beam Resist TPA Rinse - - 10 soc.
N, Nozzle Dry - - 10 sec.
Concentration 30 % .
Undercut KOH Temperature 72 °C I hour 40 min.
H,O x2 - 30 sec.
H,50,,:H,0, Ratio 51 10 min.
Piranha Clean Temperature 70 °C
H,O0 x2 - - 30 sec.
Filtered IPA - - -
Critical Point Dry Bleed Time 10 min. 1 hour

Table 2.1: V-Groove Process Parameters. Listing of a chemical in a sub-step specifies sub-
mersion at room temperature of the sample in a beaker of the undiluted chemical, unless otherwise
specified. Steps or sub-steps with a x N designation should be repeated for N iterations. IPA refers
to Isopropyl Alcohol.

to the millimeter-scale size of the V-groove, the low-resolution coarse exposure saves significant tool
time. The fine exposure (sleeve) defines a 4 um outline of the photonic structure, while the coarse
exposures (bulk) defines the remaining V-groove area. As these exposures occur at different times

during the lithography process, an overlap in the patterns of > 1 um ensures that tool positioning
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Parameter Parameter Value
RF Forward Power 23 W
ICP Forward Power 1000 W
DC Bias Voltage 78V
C,Fg Flow Rate 22 sccm
SFg Flow Rate 12 scem
Chamber Pressure 15 mTorr
Helium Backing Pressure 10 Torr
Helium Backing Flow Rate 5 sccm
Temperature 24 °C
Time Duration 7 min. 10 sec.

Table 2.2: V-Groove ICP-RIE Etch Recipe. Step parameters for the ICP-RIE silicon nitride
etch in the Painter group Oxford Instruments Plasmalab 100 system.

errors do not produce exposure errors on the device.

After exposure, the sample is developed and loaded onto a carrier wafer for plasma etching.
Silicon nitride can be etched using a silicon-type Bosch etch chemistry (C4Fs/SFg), albeit with only
modest selectivity to ZEP-520a. A high-voltage-bias recipe was developed to etch sub-micron hole
features of sufficient depth through the full SigNy thickness (Fig. 2.11a), the parameters of which

are given in Table 2.2.

Silicon N|tridé i

Silicon L—-—j

500 nm

Figure 2.11: V-Groove Geometry. a SEM cross-section image of an etched hole pattern, prior to
the removal of the ZEP-520a electron beam resist. b SEM edge image of a sample after the KOH
liquid phase etch, defining a V-groove alignment feature along silicon (111) crystal planes.

The remainder of the fabrication process is comprised of liquid-phase etches. After suspension
of zipper resonator devices, direct sample drying using nitrogen nozzle blowers will cause device
collapse due to strong liquid surface tension forces on the microscale structures. To mantain an air
gap between the zipper nanobeams, samples must not be allowed to dry during the following wet
etch steps.

Silicon crystal (111) planes are oriented at a 54.7° angle from the (100) planes parallel to the
sample surface. Determining the height at which a fiber will rest in an etched V-groove (Fig. 2.11b)
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is then simply a geometric relation to the width of the exposed groove feature, as shown in Fig. 2.12.
The etch rate of silicon in KOH heated to 74 °C is 0.5 ym/minute, so the etch duration must be
greater than ~ 1.5 hours in order to define a deep enough groove such that the fiber rests on (111)
planes rather than the bottom (100) plane. During this time, (111) planes etch back from the mask
edge by 2 + 0.3 um, which is enough such that the extra width of groove must be accounted for in
pattern generation. With careful attention to the KOH etch temperature and concentration, the
+300 nm error in (111) etch length ensures that fiber misalignment in coupling produces less than

1 dB of loss due to mode mismatch.

— 153.16-2(2+.14) um

Figure 2.12: V-Groove Geometry. Illustration (not to scale) of the (111) crystal planes and
the relevant V-groove sizing for optimal fiber alignment. The optimal width of the lithographically
defined groove feature is w = 148.88 um for the specific device parameters: 128 pm diameter fiber,
400 nm thick device layer, and 2 um (111) plane etch distance.

After the KOH etch the sample is rinsed twice in water, then transferred to a piranha cleaning
solution. The sample is then water-rinsed again, placed in filtered isopropyl alcohol, and loaded into
a critical point drying tool. A critical point dryer pressurizes and heats the isoproyl alcohol in a
trajectory that transitions from liquid to gas phase, but avoids crossing a phase boundary by passing
the carbon dioxide critical point. This drying method avoids destructive surface tension effects on
the sample, and is necessary for zipper resonators or other flexible slotted-type cavities. This step

completes the fabrication process, and the sample is ready for fiber coupling.

2.1.4 Fiber-Coupling Procedure

A dedicated station was constructed for the fiber-coupling of V-groove devices (Fig 2.13). The sample
is fixed to a chip holder with ultraviolet(UV)-curing epoxy (Dymax series OP-4-20632). The chip
holder is also clamped in place to prevent jostling and misalignment during coupling. An SMF-28e¢

optical fiber section is stripped of its polymer coating, cleaved, and placed in a fiber clamp mounted
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to a 5-axis translation and rotation manual stage (Newport 561D-XYZ-LH and 561-TILT-LH). The
length of coating-stripped fiber must be larger than the length of the V-groove between the edge
of the chip and the silicon nitride waveguide tip, otherwise the fiber cannot be aligned for optimal

efficiency.

Microscope

Fiber Clamp. -

N

:Objective Lens

Figure 2.13: V-Groove Fiber-Coupling Station. Photographs of the V-groove coupling station,
showing the 5-axis fiber positioning stages, mounted sample, and microscope orientation.
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Figure 2.14: Epoxied Fiber. Microscope image in the coupling station, with V-groove, optical
fiber alignment, and epoxy bead application points indicated.
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2.1.5 Coupling Results

The rotation of the fiber in the z-y plane is first adjusted to match the V-groove orientation through
the microscope imaging system. Then the fiber is tilted at a slight angle with respect to the sample
surface, such that the cleaved tip is the closest part of the fiber to the sample in z. This ensures that
the fiber tip comes to rest on the side-walls at the optimal height when lowered into the V-groove.
The angle between chip and fiber should not exceed more than a few degrees however, since a large
angle will complicate the epoxy step to follow.

After the angular alignment, the fiber can be lowered into the V-groove. The contact of the fiber
with the V-groove walls will be apparent in the microscope image, as the pattern of light reflected
from the bottom of the groove will stop changing as the fiber is lowered. For this purpose it is useful,
although not essential, to leave a bottom flat section of the groove during fabrication, such that the
“V” shape is not fully defined. Once the fiber has made contact, the tip should be moved forward in
x towards the silicon nitride waveguide tip. FEM simulations show that separations between fiber

and waveguide of < 10 pym will produce high-efficiency coupling.
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Figure 2.15: Fiber-Coupled Device. SEM images of the full fiber-coupled device (a) and zoomed
insets of optical conversion junctions (b-f). Normalized FEM simulations of optical power are
overlayed onto the fiber facet and silicon nitride waveguide at the fiber-to-waveguide junction (c),
and the widened waveguide at the structural support tether section (d). e and f show overlays of
FEM-simulated E, at the photonic crystal input mirror and center of the zipper cavity, respectively.

Once the fiber is in position, it can be glued into place using fast-curing UV epoxy. A small

amount of epoxy, daubed onto the end of a section of extra optical fiber, is appropriate for securely
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fixing the fiber without causing extra epoxy to flow across sensitive areas of the sample. The epoxy
is gently applied to the sample by hand on the edge of the V-groove. Placing the epoxy directly
on the fiber can cause jostling and misalignment. Within ~ 10 seconds of application the epoxy
will flow down the groove, and should be cured with the UV lamp before it reaches the device. 10
seconds of curing time is sufficient to fully cure the epoxy. At this point the fiber will be rigidly
mounted, and can be unclamped from the positioning stages. The epoxy joint can withstand light
pulling of the fiber, although a secondary epoxy joint can be used to further secure the fiber to the
sample mount.

A fully fabricated and fiber-coupled device is shown in the series of SEM images in Fig. 2.15. The
other end of the optical fiber is spliced to a fiber optical circulator in a characterization test setup
(Fig. 2.16). Scanning the wavelength of the external-cavity diode laser and measuring the reflected
power from a device on a photodiode produces the reflection spectrum given in Fig. 2.17a. While the
set of 3 sharp dips correspond to fundamental and second-order optical cavity modes of the zipper
resonator [37], the broadband fringe pattern is a product of the fiber coupler. The pattern can be
understood by recognizing that off-resonance from cavity modes, the zipper resonator functions as a
high-reflectivity mirror. Cleaved optical fibers also reflect light with a small reflectivity R ~ 3.5 %.
These two reflection source then create a weak Fabry-Perot-like optical cavity along the waveguide

taper.
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Figure 2.16: Optical Characterization Apparatus. The reflection spectroscopy setup uses a
Variable Optical Attenuator (VOA) to control the laser power coupled to a device under test (DUT).
A fiber polarization controller (FPC) matches the probe laser polarization to that of the device. An
optical cirulator routes the device reflection to a photodetector (PD). A separate optical path of
the setup sends the signal through a fiber Mach-Zehnder Interferometer (MZI), which produces an
interference pattern for relative wavelength calibration.

While the fringe visibility could be diminished by using anti-reflection coated fiber facets, in initial

characterization the fringe pattern in the reflection spectrum provides a convenient calibration of
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the efficiency n.p1 of the fiber coupler. Fitting the visibility

V= Mept(1 = ) (2.3)

\/R(l - ngl)
produces the efficiency as a function of wavelength in Fig. 2.17b, which is seen to lie only ~ 10 %
below the optimal simulation efficiency, with 7ep = 74.6 % at the wavelength A = 1538 nm of the

zipper mode of interest.

a 35 T T T T T C 108

s | A

] = )

gZ.S s "8 \\

= © \‘.

(@] L [ J

> > 10°fe L \\Q ) ° °
5 151 x &) ~

+— © [¢] \\
9] | i > o~
5 P
N 05

o
o
O
S

0.85

_0.80

=
0.75
0.70
065 ‘ ‘ ‘ ‘ ‘
1500 1510 1520 1530 1540 1550 1560 5 4 3 2 1 0
Wavelength (nm) Coupling Mirror Periods

Figure 2.17: V-Groove Optical characterization. a Wideband reflection spectrum from a fiber-
coupled device, showing sharp zipper resonance dips at fundamental and second-order mode wave-
lengths, as well as fringe patterns from the weak cavity between the photonic crystal and fiber facet.
b The solid line shows 7.p1 extracted from fitting the reflection plotted in a, while the dashed line
shows the optimal simulation efficiency. ¢ Intrinsic (blue), extrinsic (red), and total (green) optical
quality factor as a function of the number of photonic crystal holes in the input coupling mirror.
d Coupling depth k¢/k as a function of hole number, with undercoupling and overcoupling regions
bounded by the dashed lines at the critical coupling and perfect overcoupling levels.

The coupling depth to the zipper cavity mode is determined by fitting the narrow-band wave-
length dependence of the optically reflected intensity. While the bare Lorentzian lineshape of the
zipper modes sometimes interferes with the broadband fringe pattern to create Fano lineshapes, ac-
counting for these effects with a coupled-cavity model allows us to extract k. and k;. This analysis
is performed for a series of devices, in which the number of coupler mirror-hole periods is varied
(Fig. 2.17¢,d). While the intrinsic quality factor @; is seen to remain constant along the mirror
variation, the extrinsic quality factor Q). decreases by more than an order of magnitude between 5

and 0 mirror holes, in good agreement with simulation. The total quality factor @ also transitions
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from being limited by intrinsic loss to being limited by Q..

For the purposes of detection efficiency in an optomechanics experiment, the relevant measure of
coupling depth is the ratio of extrinsic coupling rate to the total loss rate of the resonator, or ke/x.
The mirror variation tunes this ratio from the strongly undercoupled regime, where resonator loss
of light is limited by parasitic scattering, to the strongly overcoupled regime, where the detection

channel is the dominant cause of cavity radiation.

2.1.6 Low-Temperature Performance

A simple estimate of the expected thermal contraction of both the silicon substrate and the glass
optical fiber shows that a device which is fiber-coupled at room temperature should remain aligned
to within 50 nm when cooled to sub-Kelvin temperatures. The difference in linear expansion be-
tween the silicon wafer substrate and silicon dioxide optical fiber over the L = 62.5 uym fiber
radius, and for a room temperature to milliKelvin temperature difference of AT = 293 K, is
AL = LAT(arg, si — aTE, sio,) = 62.5 pumx293 Kx (2.6 x 107 K=! — 5.6 x 1077 K™') = 37
nm. Although this crude approximation neglects the temperature dependence of the thermal ex-
pansion coefficient arg, the difference in thermal expansion between silicon and silicon dioxide glass
has been seen to decrease with temperature [91], and the calculated 37 nm misalignment is likely
an overestimate at cryogenic temperatures. This is tested with the sample previously measured at
room temperature in Fig. 2.17a,b, mounted to the mixing chamber plate of a dilution refrigerator and
cooled to sub-Kelvin temperatures. The optical spectrum at 10 mK (Fig. 2.18) shows a decrease in
reflection, with 7ep = 39 % in comparison to the room temperature efficiency of 7cp = 74.6 %. This
~ 50 % decrease in efficiency has also been observed in certain arrangements of optical fiber within
the dilution refrigerator, and is believed to stem from temperature dependent bending loss [92] of
optical fiber spooled under tension. Further optimization of the cryogenic optical fiber paths (e.g.,
securing looped fiber sections with copper tape rather than tensioned spools) produced increased
transmission efficiencies from ~ 50 % to ~ 95 %, and thus the reflection loss observed in Fig. 2.18

would likely be mitigated in future testing.

2.1.7 Drawbacks

While the V-groove coupler is efficient and robust for cryogenic operation, a few drawbacks make
it non-ideal for certain optomechanics experiments. Although the fabrication process is simple for
silicon nitride devices such as zipper resonators, silicon nanobeams would require more advanced
masking techniques to protect the device layer during V-groove etches. Since many of the goals of op-
erating an optomechanical resonator at low temperature are to cool the mechanics to their quantum

ground state, a high-mechanical-frequency structure such as the silicon nanobeam optomechanical
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Figure 2.18: V-Groove Cryogenic Reflection. Narrow-band optical reflection spectrum centered
about the fundamental optical mode of a V-groove coupled device at 10 mK. The decreased reflection
from room temperature represents an approximatly 50 % reduction in 7.p1. In this case the reflection
loss is found to arise from inefficiencies of the optical fiber paths within the dilution refrigerator prior
to coupling to the sample.

crystal is desirable. Another drawback to V-groove couplers is the large sample-surface footprint
required for fiber placement. This use of sample area limits the number of devices to ~ 50 for
a millimeter- to centimeter-scale chip, and decreases the probability of fabricating a high-quality

resonator.

2.2 Silicon End-Fire

Similarly to the V-groove coupler, the end-fire method couples an optical fiber tip to a mode-
conversion waveguide, which in turn couples to the optomechanical resonator. This coupling scheme
is optimized for silicon-based devices. To increase the number of devices on a sample to which a
fiber can couple, the fiber is not placed in a V-groove feature, but rather is dynamically positioned

to particular devices with motorized translation stages.

2.2.1 Device Design

The following sub-sections describe the significant coupling junctions of end-fire coupled devices.
Unlike the V-groove couplers described previously, the end-fire coupler design is constrained by
certain optical and mechanical properties of silicon, the impact of which will be explained for each
junction. The focus of this design section will therefore be less on the optimization of each feature
(as was done for the V-groove coupler), and more on the parameter considerations that efficiently

meet the dimensional constraints. The coupling performance obtained with a full optical simulation
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of the structure will then be discussed and compared to realized devices in Sec. 2.2.4.

2.2.1.1 Waveguide Tip

Since the refractive index of silicon (N = 3.48) is significantly larger than that of silicon nitride
(N = 2), the optical mode profiles supported by index waveguides are more confined and smaller
in extent. While a 230 nmx400 nm SizN, waveguide cross section guides a mode with diameter of
10 pm, a Si waveguide with dimensions 230 nmx220 nm confines A = 1550 nm light to a 2.5 ym
mode profile. Rather than attempt to scale the waveguide width of a silicon taper tip to mode-
match to an SMF-28 optical fiber mode (and thereby having larger sensitivity to dimensional error
in fabrication), we chose to focus the launched fiber mode before coupling into the device. This
is achieved using a lensed optical fiber tip purchased from OZ Optics Ltd. (part number TSMJ-X-
1550-9/125-0.25-7-2.5-14-2), in which a spherical lens is laser carved into an SMF-28 fiber. The lens
focuses light to a 2.5 um spot size at a working distance of 14 um. The focused laser spot is then
coupled into the 230 ym %220 pm cross-section silicon waveguide tip, as illustrated in Fig. 2.19a.

This design consideration also plays into the following waveguide taper design.

0000«
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Figure 2.19: End-Fire Coupler. a Illustration (not to scale) of the lensed fiber end-fire coupled to
a silicon nanobeam through a side coupled waveguide taper. b Top-view SEM image of the device,
showing two nanobeam resonators coupled to a common coupler waveguide. ¢ FEM simulation of
optical power for a side-coupled nanobeam resonator, illustrating how light evanescently couples out
of the cavity and into the waveguide for fiber collection and detection.

2.2.1.2 Waveguide Taper

After coupling into the silicon waveguide, the mode is then further confined by expanding the waveg-

uide width in a similar fashion to the V-groove mode converter. Unlike the tensile-stressed silicon
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nitride used for V-groove coupling however, the silicon film utilized here features small amounts of
compressive stress. The structural tether supports in the silicon nitride device rely upon tensile
stress to suspend high-aspect-ratio in the plane of the device layer. In silicon, these tethers would
themselves bend under gravity, and cannot be used to support a long waveguide taper. For this
reason the silicon waveguide taper is restricted to a length of 14 ym. Suspended features of larger
extent result in bending to such a degree that the waveguide tip makes contact with the substrate
wafer after fabrication, preventing efficient optical coupling. Although the waveguide taper is over
an order of magnitude shorter than that of the V-groove device, the choice of focusing the launched
fiber mode to a 2.5 um laser spot (as discussed in the previous sub-section) assists in achieving a
high-efficiency waveguide taper. Since the optical mode is already partially confined in the silicon
at the waveguide tip, the waveguide can linearly expand from w = 230 nm to w = 600 nm over a

14 pm transition length, and yet only incur 1 dB of optical loss.

2.2.1.3 Support Tether

After expanding to a width of w = 600 nm, the central waveguide is supported by a tether of width
70 nm and length 350 nm. The tether itself is connected to suspended silicon membrane plates of
area 4.3 um x 2.7 um. These membrane plates also support phononic crystal radiation shields and

the side-coupled nanobeam resonators described in the following sub-sections.

2.2.1.4 Nanobeam Resonator

Unlike the V-groove coupler, the end-fire coupler uses evanescent coupling between the central
waveguide and the nanobeam resonator [93], as shown in the simulation of Fig. 2.19. The 600 nm
wide central waveguide supports a propagating mode that is slightly evanescent, and couples to a
near-field nanobeam cavity analogously to tapered fiber coupling. This side coupling has the benefit
over end-coupling (as used for the V-groove devices) in that . is continuously tunable by the slot
separation between the waveguide and nanobeam, rather than discretely tunable by mirror-period
number. The side-coupling also enables two resonators to be coupled to a common waveguide,
effectively doubling the number of devices on a sample accessible to the fiber and increasing the

probability of attaining a high-quality resonator.

2.2.1.5 Photonic Crystal Mirror

Following the side-coupling region, the central waveguide transitions to a photonic crystal mirror
through a series of seven holes, linearly increasing in dimension from 50 nm diameter to the nanobeam
mirror hole height of 320 nm and width 279 nm. Twelve subsequent mirror holes then produce a
near-unity-reflectivity photonic crystal mirror. In the analogy with fiber taper coupling, the photonic

crystal mirror preserves the single-sided coupling scheme by preventing light that couples out of the
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cavity resonance from propagating into another direction channel, and directing the signal back
through the waveguide taper for collection by the optical fiber. Laser probe light far from a cavity

resonance does not couple into either side-coupled device, and merely reflects from the mirror.

2.2.1.6 Acoustic Radiation Shield

At the ends of the nanobeam resonators, where they clamp on one device end to the silicon substrate
and the other end to the membrane support plate, a 2-dimensional phononic crystal radiation shield is
etched to provide high mechanical quality factor of the acoustic mode at low temperature. Coupling
of the mechanical mode to the bulk silicon substrate is impeded by four such shield holes at each

end of the resonator.

2.2.2 Process Steps

The fabrication process (Fig. 2.20 and Table 2.3) begins with electron-beam exposure of a 1-
dimensional array of devices oriented on the edge of a rectangular exposed region between the
waveguide tips and the edge of the chip. The rectangular exposed area defines a trench on the edge
of the sample, allowing access to the optical fiber.

After transferring the device pattern into the silicon device layer using the etch parameters
detailed in Table 2.4 and removal of the ZEP-520a resist layer, photoresist is applied to the sample
surface for a second lithography step. The photoresist (Protek PSB sold by Brewer Science) is
specifically resistant to KOH and tetramethylammonium hydroxide (TMAH), which are common
silicon etchants. Masking the silicon devices in a protective layer of PSB (Fig. 2.22) allows use of
KOH or TMAH for etching of the fiber-access trench without damaging the devices. The PSB is
exposed in a Karl Suss MA-6 Mask Aligner tool in a rectangular pattern covering the silicon devices,
with the edge extending less than 5 um past the waveguide tips. Note that PSB is a negative tone
photoresist, so the exposed area becomes the etch mask upon development. Maintaining the edge
separation of < 5 ym is important for keeping the silicon substrate from encountering the optical
mode launched from the lensed fiber, which causes optical loss in absorption and reduction of 7¢p.

The buried SiOy layer in the trench, exposed by the PSB, is etched using a C4Fg plasma in an
RIE etch (Table 2.5). The sample is then submerged in 5 % concentration TMAH at 72 °C. At this
temperature and concentration, TMAH etches silicon with high selectivity to both SiO, and PSB.
After ~ 2 hours of etch time a trench of depth ~ 100 pym will be defined. The PSB is then stripped
from the sample using a piranha etch, and the devices are undercut with a hydroflouric acid (HF)
etch (Fig. 2.24). Two additional cycles of piranha and diluted HF etches are optional cleaning and

silicon surface preparation steps for high quality resonators.
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Figure 2.20: End-Fire Fabrication Process. Illustration (not to scale) of the significant fabrica-
tion steps for end-fire coupled devices.

2.2.3 Fiber-Coupling

In ambient room conditions an end-fire sample can be fiber coupled using motorized positioning
stages. The coupling efficiency is robust to angular misalignment of tip/tilt and rotation to within
5°, enabling the use of manual goniometer and rotation stages. With a microscope imaging system,
the lensed fiber is lowered to the approximate height of the device layer until a small optical reflection
appears. Using the reflection signal as feedback, the fiber position is further adjusted in z, y, and z

until the reflection is maximized.

2.2.4 Coupling Results

Coupling efficiency for end-fire devices ranges from 50 — 70 %, occasionally reaching the optimal
simulation nep1 = 75 %. A typical narrowband device reflection is shown in Fig. 2.26a, showing both
high nep1 = 63 % and high quality factor @; = 5 x 10°. Variation across a set of devices of the
gap width between the nanobeam resonator and the central coupling waveguide tunes the coupling

depth k./k from strongly overcoupled to strongly undercoupled, as shown in Fig. 2.26b.
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Process Step Sub-step Parameter Parameter Value Duration
Clean Sample See Table 2.1
. Spin Speed 7000 rpm .
Apply E-Beam Resist Spin ZEP-520a Spin Ramp 2500 rpm/s 1 min.
Hot Plate Bake Temperature 180 °C 2 min.
E-Beam Lithography Dose 230 uC/cm? -
E-Beam Development See Table 2.1
ICP-RIE Silicon Etch See Table 2.4 7 min. 25 sec.
Strip E-Beam Resist See Table 2.1
. NH,OH:H,0,:H,0 Ratio 1:1:40 3 min.
Surface Preparation N, Nozzle Dry - - 10 sec.
. . Spin Speed 2000 rpm .
Spin PSB Primer Spin Ramp 500 rpm /s 1 min.
Hot Plate Bake Temperature 110 °C 1 min.
Apply Photoresist Hot Plate Bake Temperature 220 °C 5 min.
. Spin Speed 2000 rpm 1 min.
Spin PSB Spin Ramp 500 rpm/s -
Hot Plate Bake Temperature 110 °C 2 min.
Photolithography Soft Contact Wavelength 365 nm 30 sec.
Post-Exposure Hot Plate Bake Temperature 110 °C 2 min.
Develop Photoresist Ethyl-Lactate - - 10 sec.
(x6, or as needed) N, Nozzle Dry - - 10 sec.
Post-Development Hot Plate Bake Temperature 200 °C 3 min.
ICP-RIE Oxide Etch See Table 2.5 12 min.
Concentration 5%
Trench Etch TMAH Temperature 72 °C 2 hours
H,O x2 - 30 sec.
Ratio 3:1 .
Strip Photoresist H,80,:H,0, Temperature 70 °C 10 min.
H,O x2 - - 30 sec.
HF - - 2 min.
Undercut H,O x2 - - 30 sec.
Ratio 3:1 .
H,504:H,0, Temperature 70 °C 10 min.
Surface Termination | Hy,O x2 - - 30 sec.
(x2) HF:H,O Ratio 1:10 2 min.
H,O x2 - - 30 sec.
N, Nozzle Dry - - 10 sec.

Table 2.3: End-Fire Process Parameters. Listing of a chemical in a sub-step specifies submersion
at room temperature of the sample in a beaker of the undiluted chemical, unless otherwise specified.
Steps or sub-steps with a x N designation should be repeated for N iterations. IPA refers to Isoproply
Alcohol.

2.2.5 Cryogenic Coupling Procedure

The end-fire coupling technique makes use of a few key design aspects to enable fiber coupling in

cryogenic conditions. A particularly useful aspect of the sample arising from fabrication is the angle
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Parameter Parameter Value
RF Forward Power 16 W
ICP Forward Power 600 W
DC Bias Voltage 57TV
C,Fg Flow Rate 41 sccm
SF¢ Flow Rate 10 sccm
Chamber Pressure 15 mTorr
Helium Backing Pressure 10 Torr
Helium Backing Flow Rate 5 sccm
Temperature 20 °C
Time Duration 7 min. 25 sec.

Table 2.4: End-Fire Silicon Plasma Etch Recipe. Step parameters for the ICP-RIE silicon etch
in the Painter group Oxford Instruments Plasmalab 100 system.

Figure 2.21: ICP-RIE Etch. SEM cross-section image of a plasma etched hole pattern, prior to
the removal of the ZEP-520a electron beam resist.

Parameter Parameter Value
RF Forward Power 150 W
ICP Forward Power 2200 W
DC Bias Voltage 155 V
C,Fs Flow Rate 70 sccm
O, Flow Rate 5 sccm
Chamber Pressure 8 mTorr
Helium Backing Pressure 5 Torr
Helium Backing Flow Rate 5 sccm
Temperature 15 °C
Time Duration 12 min.

Table 2.5: End-Fire Oxide Plasma Etch Recipe. Step parameters for the ICP-RIE silicon
dioxide etch in the Kavli Nanoscience Institute Oxford Instruments ICP 380 system.
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Figure 2.22: Protective Photoresist Layer. a SEM image after the application and exposure
of the PSB photoresist protective mask. For illustrative purposes, in this image the mask extends
~ 20 pm from the buried device edge, while in optimally fabricated devices this separation is < 5 um
in order to avoid optical absorption in the silicon substrate. b SEM image of the trench feature
after plasma etching the exposed glass and TMAH etching the silicon substrate. The devices are
still buried by PSB photoresist on their top surface and glass on their bottom surface.

Silicon Film Devices

Silicon
(111) plane

===00 pm

silicon (100) plane

Figure 2.23: Sample Mesa Feature. A fully fabricated sample, with two SEM images stitched
together to show the sample mesa feature surrounded by the optical fiber access trench.

of the trench walls defined during the anisotropic TMAH etch. Because of this angle, after light is
launched from a lensed fiber oriented below the device layer height, the light reflected from the (111)
plane trench wall is not recollected by the fiber, and the reflection signal measured on a photodiode is
small. Similarly, when the fiber is oriented at a height above the device layer, there are no reflective
surfaces. Therefore, when varying the z-position of the lensed fiber in sufficiently small increments
(~ 1pum), the optimal height can be determined by a maximum in optical reflection. This procedure
enables fiber alignment without the use of an imaging system, greatly simplifying operation in a
dilution refrigerator. In the fiber positioning system utilized here, the sample is secured to a gold-
coated copper mounting block, which is fixed to the mixing chamber plate of a BlueFors BF-LD

dilution unit. The fiber tip is mounted to the top of a 3-linear-axis stack of cryogenic nanopositioner
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Figure 2.24: Fabricated End-fire Device. Edge-view SEM image of a fully fabricated device,
showing the suspended nanobeam resonators and central waveguide taper.

stages (attocube ANPx101 series). The fiber extends less than 5 mm from the edge of the stage
assembly; longer extensional lengths lead to cantilever-like motion of the fiber driven by motion in
the cryogenic system (such as caused by pulse-tube cooler oscillations).

During initial fiber coupling, the aforementioned reflection maximum is only apparent with signif-
icant amounts of laser power (> 1 mW) and for x separations between fiber and device of < 250 ym.
To facilitate the coarse x position of the fiber, a portable imaging system is used in a pre-alignment
procedure. As it is undesirable to expose a high-quality device to ambient room conditions due
to surface-adsorption of moisture and other contaminants, the pre-alignment quickly uses imaging
feedback from the microscope assembly to coarsely position the fiber proximity to the sample, such
that the following z-positioning procedure will successfully locate the device layer without image
feedback. An example image of a pre-aligned fiber (positioned with the fiber retracted 200 pm in x
and 200 ym in z) is shown in Fig. 2.27c.

After pre-alignment, the vacuum cans and radiation shields of the dilution refrigerator are put
in place and the system is evacuated. The sample is then fiber-coupled by first locating the device
layer in z, and then iteratively approaching the sample in x and further optimizing z as reflection

increases. When device optical modes become apparent in reflection, optical polarization should



42

Device Under Test

Lensed Fiber

\

Figure 2.25: Room Temperature End-Fire Alignment. Microscope image obtained in the
room-temperature fiber alignment station, showing a lensed fiber tip in optimal coupling position
to a device.
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Figure 2.26: End-Fire Optical Characterization. a Normalized optical reflection spectrum
measured after fiber coupling to a device at room temperature. The low-visibility wide-band fringe
pattern is produced by a short optical cavity created between the photonic crystal mirror and the 1%
reflectivity optical fiber lens. The sharp reflection dips at wavelengths A = 1550 nm and A = 1551
nm correspond to individual fundamental optical modes of each of the two side-coupled nanobeam
resonators. The dashed green line shows the optimal reflection predicted by FEM simulation of the
full device with the geometrical parameters given in the design section. b Tuning the separation
gap between the nanobeam and central waveguide allows k./k to be tuned from overcoupled to
undercoupled.

be adjusted to maximize coupling depth, and the y coordinate should begin to be iteratively tuned
along with z and z. Eventually the maximum reflection will be reached at the optimal fiber position

for a particular device.
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Stage Mount

Figure 2.27: Fiber Coupling in the Dilution Refrigerator. a Photograph of the alignment stage
and sample mount assembly beneath the mixing chamber plate of the BlueFors dilution refrigerator.
b Detailed view of the fiber mount on top of the translation stage stack. ¢ Microscope image obtained
using the pre-alignment imaging system, showing the fiber raised 200 pm and retracted 200 pm from
the optimal coupling position.

Camera

System Positig
Guide

Figure 2.28: Pre-alignment Imaging System. The portable imaging system uses a Navitar 12x
zoom lens and dynamic focusing to quickly locate the fiber coupling location to the sample under
test. The cart is placed adjacent to the dilution refrigerator, while the electrical tape markings on
the cart surface indicate the coarse position of the imaging system for viewing the sample.

Due to thermal contraction of the various mounting blocks in the fridge, the fiber should be

retracted from the optimal coupling point before cooling down the system. A distance of 100 ym
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has been found to sufficiently separate the sample and fiber to avoid harmful contacts, and is small
enough in distance that the coupling procedure can be quickly repeated after the system reaches
4 K. Performing the fiber coupling before the dilution process begins is preferrable due to the fact
that electrical actuation of the nanopositioner stages causes heating at sub-Kelvin temperatures.
Thermal contraction is small between 4 K and 10 mK, so the fiber is aligned at 4 K and then the
stages are fixed in position. An example narrow-band optical reflection spectrum measured after
fiber-coupling to a device at 4 K is shown in Fig. 2.29. Grounding of the attocube nanopositioning
stages results in extremely stable fiber placement, with alignment periods of up to two months

showing no noticeable drift over time (indicated by a constant coupling efficiency).
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Figure 2.29: Cryogenic Optical Characterization. Narrow-band optical reflection spectrum
from an end-fire device fiber coupled at 4 K. The normalized reflection is plotted in blue points,
with a Lorentzian lineshape fit plotted in red. The dashed green line shows the optimal reflection
predicted by FEM simulation of the geometrical parameters of the device under test.
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Chapter 3

Near-Quantum-Limited
Displacement Measurement

The precise monitoring of the motion of an object is an essential capability for a variety of tasks in
both the classical and quantum domain. Classical force sensors such as accelerometers and gravita-
tional wave observatories are limited by the sensitivity to displacement of a test mass [94-97], and
applications in biosensing often depend on precise trajectory tracking of individual molecules [98].
Similarly, quantum state engineering using mechanical motion relies on efficiently resolving states of
the system. The ability to achieve continuous, high-precision displacement readout for any of these
applications ultimately hinges on the detection efficiency with which motion is measured.

Even for ideal, loss-less detection, however, the sensitivity to motion is bounded to a lower
limit determined by quantum mechanical uncertainty relations [14, 16, 61]. Past this limit, termed
the standard quantum limit (SQL) [34, 61, 62], increasingly precise measurements of a quantum
observable are made at the cost of increasing disturbance the complementary observable. This
trade-off results in measurement noise of at least the level of the oscillator zero-point fluctuations
(ZPF). Nanoscale mechanical oscillators are capable of achieving excellent displacement and force
sensitivity due to their small levels of ZPF, but such systems in the optical domain are limited to well
above the SQL due to inefficiencies in collecting light from chip-based devices. In this chapter I will
describe a near-quantum-limited position measurement of a V-groove-coupled zipper optomechanical

resonator [99].

3.1 Standard Quantum Limit of Measurement

The Heisenberg uncertainty principle for observables pertaining to mechanical motion enforces a
strict limit on the sensitivity with which an observable (such as position) can be measured before
disturbing the complementary observable (momentum). However, a minimum uncertainty limit

exists even for measurements of classical signals. While some techniques such as back-action eva-
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sion [100, 101] can side-step the SQL, the continuous monitoring of position required for precision
sensors is limited by the quantum mechanical properties of the transducer, in this case of light.
Light, due to its particle nature, carries shot noise which scales linearly with optical power. In an
optomechanical measurement of position, the optical shot noise within the resonator exerts force and
drives mechanical motion. In the context of a passive measurement of position, this driven motion
is considered as back-action noise.

The SQL arises from the fact that the linear scaling of back-action noise is opposite to the scaling
of signal-to-noise ratio (SNR) in the transduced signal. An optomechanical measurement of position
consists of measuring the intensity and phase shifts on the probe beam of light through Eqns. 1.4

and 1.5. The state of mechanical resonator is often measured for an arbitrary quadrature operator
Xg=a(t)e ™ +al(t)e. (3.1)

The choice of quadrature angle # determines the proportion of modulation signal due to intensity or
phase shifts in the cavity radiation, and can be optimized for a particular set of experimental condi-
tions. For any quadrature however, the modulation signal is proportional to the average mechanical
mode occupancy (n), and is converted and amplified into electrical signals for spectrum analysis via
photoelectric detection. In a practical measurement, the output photocurrent will include a noise
floor in addition to the modulation signal, and the SNR limits the sensitivity of the measurement.
In the formalism of noise power spectral density (NPSD), defined for an arbitrary operator O as

Soo(w) = [, dre™7 (O (1)0), the mechanical oscillator position NPSD

_ 2 (n) +1/2
Sea(w) = 27ppY (om — w2 +12/4 (3.2)
is imprinted on the photocurrent NPSD
Sir(w) = 250 (Simp(@) + AS10(w)) (3.3)
7 imp Tx .

through an optomechanical transduction constant A, photodetector conversion gain Geony, and spec-
trum analyzer impedance Z. The noise floor of Sy is incorporated into an imprecision NPSD, Sinp,
given by the inverse of SNR converted into units of optical power.

Simp can be minimized (SNR improved) either by reducing classical sources of noise, such as that
of amplifiers and oscillators in spectrum analyzers, or by maximizing the desired modulation signal.
Assuming that the optomechanical coupling and optical collection efficiency are already optimized,
the remaining path to increasing signal strength is by raising the power of the optical probe, produc-
ing a linearly proportional increase to the output. When extracting S, from Sy; through Eqn. 3.3,

increasing probe power then lowers the effective noise floor, Simp, from the calibrated mechanical
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Figure 3.1: Standard Quantum Limit. a Illustration of the increase in SNR as input power
is increased. The measured NPSD of position S1*°) as extracted from Spj, features a Lorentzian
peak determined by its thermal occupancy and a noise floor that lowers in magnitude as the signal
strength is increased. b Measurement sensitivity in units of added noise quanta as a function of
probe power. The SQL is defined as the minimum added noise value for an ideal measurement.

response peak, as shown in the example spectra of Fig. 3.1a.
The added noise contributed to an optically resonant position measurement by the imprecision

noise floor and by back-action are, in units of mechanical occupation number,

K2y
imp — 5 3.4
Mimp 64n.gaken (3-4)
4 2
npa = —<%0 (3.5)
Ky

These noise terms are plotted in Fig. 3.1b for the case of an ideal measurement, in which the total
detection efficiency of cavity radiation n = 1 and the optical coupling is perfectly over-coupled with
k = Ke. The minimum total added noise ntot = Nimp + nBA occurs for the input probe power at
which nimp = npa. In the ideal case, these contributions are both equal to 1/4 quanta of noise, and
the SQL occurs at npyin = 1/2, equal to the zero-point fluctuations of the oscillator [14, 61]. For

non-ideal measurements,
1

Nmin = (nimp + nBA)min =
2¢/Nke/ K

Although experiments in both the optical and microwave domains have brought the imprecision

(3.6)

noise level down to below 1/4 quanta [62, 64], and recent microwave experiments have achieved a
total added noise within a factor of 4 of the SQL [50], current state-of-the-art optical devices have
been limited to 14 — 80 times the SQL [33, 42, 51]. Such experiments are limited partly by technical
noise (e.g., added noise from amplifiers), but a substantial amount of imprecision is introduced by

poor quantum efficiency of the optical readout. In this regard, both the high efficiency and the
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single-sided coupling of the V-groove fiber coupler are advantageous over methods such as fiber

taper coupling to photonic-crystal-based optomechanical resonators.

3.2 Homodyne Spectroscopy

Due to the large optomechanical coupling of zipper cavity resonators, low optical probe power is
imperative to avoid large back-action noise. Homodyne interferometry is an elegant experimental
method for amplifying small amplitude signals while adding little excess noise. The interference of
an optical signal beam with a strong local oscillator (LO) beam optically amplifies the signal prior
to photodetection, which is desirable over electrically amplifying the photocurrent carrying excess
photodiode noise. The two beams dgi; and aro are combined with a 50/50 beam splitter and the
output ports are each detected on a photodiode. The field operator dasj; emanates from the output of
the optomechanical resonator, and a0 represents an LO beam derived from the same optical source
as the signal beam, with power hw.|arLo|? > hwe|asig|?. Assuming that the quantum efficiencies of
the two photodiodes are exactly equal and that the beam splitter is a perfect 50/50 coupler, the

difference between the two photocurrents is

I(t) = agga] o + al,av0. (3.7)

Decomposing both LO and signal into noise and large coherent tones, and discarding terms second

order or greater in noise operators,
I(t) = |aLo|X5® + Inc (1 + 2Re{&(1)}), (3.8)

where £(t) = on(t) + idp(t) includes fluctuations in intensity dn(t)) and phase (0¢(¢)) originating
from the laser source, and the DC photocurrent component Ipc = 2|asigavr,0| cos 0 is determined by
shot noise of the LO as well as the phase difference between signal and LO [99, 102].

Eqn. 3.8 shows that large LO amplitude amplifies the measured quadrature signal X ;ig as well as
raises the DC noise floor. Fortunately, the DC noise floor arising from shot noise of the LO does not
obscure the signal proportional to X Zig, unlike other incoherent noise backgrounds. The LO power
should thus be chosen such that the optically amplified signal is much larger than other electronic
noise apparent in the measured spectrum. The fiber-based optical homodyne interferometer shown
in Fig 3.2 accomplished this by splitting the source laser into a ~ 1mW LO and ~ 1nW signal beam.
The LO propagates through an electrically-tunable fiber stretcher (FS), which imparts a variable
time delay for phase control, before interfering with the signal beam, itself having circulated through
and reflected from the device under test (DUT). The combined beams are detected on a balanced

pair of photodiodes (BPD). The variable beam splitter (VBS2) used to combine the LO and signal
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Figure 3.2: Homodyne Interferometer. Optical circuit for homodyne detection of mechanical
motion. Abbreviations are defined as FPC: fiber polarization controller, VOA: variable optical
attenuator, VBS: cariable beam splitter, DUT: device under test, LO: local oscillator, FS: fiber
stretcher, BPD: balanced photodetector pair, PID: proportional-integral-derivative servo, and ESA:
electronic spectrum analyzer.

beams has a tunable reflection/transmission ratio, which is used to adjust the amount of optical
power incident on each photodiode. This adjustment balances the detection in the case of non-
identical quantum efficiencies of each photodiode.

The difference current output of the BPD is filtered, or dediplexed, into low-frequency (< 200kHz)
and high-frequency (> 200 kHz) components. The high-frequency signal is sent to an electronic
spectrum analyzer (ESA), while the low-frequency component is used as the input to a proportional-
integral-derivative (PID) servo module. The output of the servo is fed into the fiber stretcher, and
closing of the servo loop results in a stable lock of the phase difference between signal and LO. The
set-point of the PID lock then controls the quadrature angle of Xg, and can be used to optimize the

SNR of a given measurement.

3.3 Imprecision Measurement

As dynamic back-action (Eqn. 1.7) induced by optical pumping with a laser detuned from the
cavity resonance is undesirable in the context of a passive position measurement, the following
imprecision measurement uses resonant optical probing of the zipper resonator. Resonant detection
also has a lower imprecision/back-action product limit than detuned measurements [50, 61, 63],
further increasing the attainable sensitivity. The sample is placed in an evacuated environment to
enable high mechanical quality factor by avoiding squeezed-film damping. The probe laser frequency
is then positioned on resonance (Fig. 3.3) without frequency-locking to the cavity, as drift is found
to be negligible over the time span of the measurement (~ 100 s). Tuning the LO phase via the
FS, the SNR of the mechanical NPSD is maximized (corresponding to the phase quadrature angle).
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With a probe power of 10 nW, S;;(w) as transduced on the ESA is plotted in Fig. 3.4. The LO
shot noise sets the noise floor of the spectrum (blue curve, measured with a blocked signal beam)

to several dBm above the combined electronic noise of the BPD and RSA (orange curve, measured

with blocked signal and LO beams).
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Figure 3.3: Optical Spectrum. Narrow-band optical reflection spectrum from the V-groove cou-
pled device in vacuum, with the laser detuning used for the imprecision measurement indicated by
the dashed vertical line.

The NPSD reveals a prominent resonance at w = 3.3 MHz, which is identified using FEM sim-
ulations as the fundamental in-plance mechanical mode of the test nanobeam. The optomechanical
coupling rate of this mode, calibrated through the optical spring shift, is go/27 = 350 kHz. A sec-
ond prominent resonance occurs at w = 3.15 MHz, which is identified as the fundamental in-plane
mechanical mode of the waveguide beam, with a lower optomechanical coupling (go/27 = 135 kHz)
owing to the small overlap between the mechanical and optical modes. Overlays of the prediced
single-sided transduction spectra, calculated using the measured parameters of the optomechanical
cavity and fiber coupler, show good agreement with the measured signal for both the test beam
(dashed green curve) and the waveguide (dashed red curve). Other peaks at 3 MHz, 3.2 MHz,
and 3.4 MHz do not correspond to any real mechanical motion of the beam, but rather are due
to nonlinear transduction of the mechanics. Thermal Brownian motion of the beams, combined
with the large optomechanical coupling, gives rise to a frequency shift of the optical mode that is a
substantial fraction of the cavity optical linewidth, leading to harmonics in S7;(w) at multiples of
the sum and difference frequencies of the two mechanical modes [103]. The remaining small features
in Srr(w) are due to out-of-plane flexural modes of the structure, which are weakly transduced due

to imperfect vertical symmetry.
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Figure 3.4: Mechanical Spectrum. Photocurrent NPSD S7;(w) (solid black curve) measured on
the ESA with 10 nW of input signal arm power. Optical shot noise (solid blue curve) sets the
noise floor several dBm above electronic noise contributions (solid orange curve). The two peaks at
3.14 MHz and 3.3 MHz correspond to the first order mechanical bending modes of the waveguide
and test beams, respectively. The dashed red and green curves diplay the calculated single-sided
displacement NPSD of each mode, with the calculated imprecision noise floor shown in the dashed
purple line. The insets show the FEM simulated mechanical bending mode profiles of each beam
with their associated noise peaks indicated.

The remainder of this measurement focuses on the mechanical mode with the strongest trans-
duction, the fundamental in-plane mode of the test beam with mechanical frequency wy,, = 3.3 MHz.
The value of the single sided NPSD of displacement at the mechanical resonance frequency is given
by Spz(w = wm) = 822pp((n) +1/2) /7, where (n) = ngy, +npa. For the fundamental in-plane mode
the numerically computed effective motional mass is m.g = 15 pg, and the corresponding zero-point
amplitude zzprp = 13 fm. When the mechanical mode is well-resolved in Sy;(w), that is, when the
contributions of nearby mechanical modes are negligible and the resolution bandwidth of the ESA is
much less than /27w = 150 Hz, the spectrum can be converted into units of displacement by scaling
Srr(w = wy) to the computed value of Sy, (w = wp).

The imprecision in units of quanta is determined here by referencing the measured background
level to the height of the measured noise peak. That is, the number of imprecision quanta is equal to

((n) +1/2) divided by the SNR of the resolved mechanical noise peak, so that an imprecision level
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of nimp = 1 corresponds to the equivalent level of NPSD that would be produced at wy, by a single
phonon in the mechanical resonator. The background noise floor is taken from the average value
of Srr(w) from 2.4 — 2.6 MHz, indicated by the relatively noise-free spectral region shaded gray in
Fig. 3.5a.

To directly measure the additional phonon occupation due to back-action [104] it is necessary to
determine the total phonon occupancy (n) by integrating over the full bandwidth of the mechanical
mode. However, such a study is outside the scope of the work presented here, as the large thermal
occupation at room temperature (ng, ~ 10%) dominates the signal over the comparatively small
back-action nga produced by reasonable laser probe powers. For now the experiment is restricted
to measuring the imprecision noise, and the backaction is assumed to be due only to the ideal
radiation pressure term given in Eqn. 3.5. This assumption is supported by measurements of the
properties of known noise sources such as technical laser noise, which is a common concern in
optomechanical systems [46, 105, 106]. While in principle both intensity and phase noise of the
laser can contribute to heating of the mechanical mode, for an optically resonant measurement of
position in the sideband unresolved regime the phase noise does not contribute to back-action, and
only intensity noise affects the mechanics. In this regime, the phase noise adds a small component to
the imprecision noise floor. Measurements of the phase and intensity noise of the laser used in this
study reveal no excess intensity noise and a flat frequency NPSD of S,,,, = 5 x 103 rad® Hz in the
frequency range of interest. Consequently, for the probe powers used here, the excess back-action
due to technical laser noise is negligible, and the phase noise contribution to the noise floor lies
about 60 dB below the shot noise. As there exist additional, unknown sources of excess back-action
in this measurement, the emphasis here is placed on the collection efficiency of the coupling scheme,
and that back-action and noise-driven occupation levels are used only to compare the ideal quantum
limits of the device to the SQL.

The spectrum exemplified in Fig. 3.4 is measured for a range of probe powers (Fig. 3.5a), and
the extracted mimp is plotted in Fig. 3.5b with calculations of imprecision (solid blue line), ideal
quantum back-action (solid red line), and total (solid green line) noise quanta. Losses in the optical
circuit from device to BPD comprise an experiment-specific apparatus efficiency of npeas = 36 %,
while the fiber collection efficiency of intracavity photons ncg = 7epike/s = 0.86 x 0.7 = 0.52. For
comparison, systems in which ground-state occupancy of a single mechanical mode has been achieved
have featured ncg = 37 % [50] and ncg = 9 % [42]. The combination of total detection efficiency
with the electronic noise floor brings the imprecision level of the measurement to 2.8 times the ideal
imprecision of a loss-less device (shown in the dashed blue line). The predicted total minimum added
noise is thus ny,;, = 1.4 phonons. This minimum total added noise can be compared to similar mea-
surements of mechanical position in the optical [64, 104] and microwave [62] domains. The coupling

scheme presented here compares favorably to the minimum total added noise of nyi, ~ 3.2 demon-
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Figure 3.5: Signal-to-Noise Ratio and Imprecision. a Signal-to-noise ratio (SNR) of Srr(w)
measured with 880 pW (magenta), 8.6 nW (cyan), and 76 nW (orange) probe power from which the
imprecision point of corresponding color is extracted in b. The dashed peak levels are referenced
to the background level indicated by the gray shaded region. b Noise quanta versus probe power.
Measurements of imprecision are plotted with calculated imprecision (blue), estimated back-action
(red), and total (green) noise quanta, plotted in solid curves for the device under test and dashed
curves for an ideal measurement.

strated with whispering-gallery-mode resonators [64], nmin ~ 0.82 demonstrated with membranes in
Fabry-Perot cavities [104], and nmyi, ~ 1.2 demonstrated with microwave resonators [62].

Alternatively, one can compare to state-of-the-art ground state cooling experiments [42, 50, 51]
where the occupation of the mechanical resonator is brought near or below a single phonon, and
the quantum limits of the mechanical measurement become crucial. In such experiments, back-
action is used to passively cool the mechanical resonator, and thus the relevant noise term is simply
Nimp. In the red-detuned, sideband-resolved regime relevant for ground-state cooling, the imprecision
cannot be made arbitrarily small by increasing the power, but rather has the asymptotic form
Nimp = 1/(4NCEMmeas) in the limit of large intracavity photon number. Such a measurement using
the V-groove coupling scheme would achieve nim, = 1.34, which lies well below the imprecision level
previously demonstrated using similar nanoscale optomechanical cavities (nimp = 20) [42], and is
comparable to the imprecision achieved in whispering-gallery-mode resonators (nimp, = 3.6) [51] and
microwave resonators (nimp = 1.9 [50]).

It is worth noting that improvements to 7Mpmeas Of the optical circuit, such as higher efficiency
photodiodes, can lower nyi, to below 1 quantum. Another key application which benefits greatly
from the improved collection efficiency demonstrated here is feedback damping of the mechanical
motion [65, 107-110], which is fundamentally limited by the imprecision noise and could enable

ground state cooling of sideband unresolved systems, such as the zipper resonator.
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Chapter 4

Heterodyne Spectroscopy and
Single Photon Detection

4.1 Mechanical Spectroscopy at milliKelvin Temperatures

The previous chapter reported a precision position measurement using homodyne interferometry and
spectral analysis. A similar measurement, seeking to detect cryogenic cooling to motional ground
states, was later performed at mK temperatures with an end-fire coupled silicon optomechanical
crystal [111]. While this experiment is described in detail in the thesis of Sedn Meenehan [27], a
few key results will be summarized here due to their relevance in motivating single phonon counting

measurements.

4.1.1 Heterodyne Interferometry

As explained in Section 2.2, a nanobeam optomechanical crystal is mounted to the mixing plate of
a dilution refrigerator, and end-fire coupled to a lensed fiber tip at sub-Kelvin temperatures. The
detection method is similar in principle to the homodyne interferometer of Chapter 3, but differs
in that here the LO is frequency shifted from the probe signal beam by wy, /27w — 50 MHz. The
high mechanical frequency (wm /27 ~ 3.5 GHz) of the resonator lies will above the bandwidth of the
balanced detector (~ 100 MHz), so the heterodyne interference generates a detectable beat note at
the difference frequency of ~ 50 MHz.

In the experimental apparatus of Fig. 4.1, the laser is tuned to the frequency of either the blue
or red motional sideband of the nanobeam resonator. For sideband-resolved systems such as the
nanobeam device, where wy, > k, resonant enhancement of sideband-scattered light produces the
largest transduction of mechanical motion at laser detunings of A = 4wy. A small portion of
the laser power is collected on a wavelength-meter (A-meter), which feeds back on the piezoelectric
actuator of the laser cavity to stabilize the laser frequency against drifts in time. The remaining

laser power is split into signal and LO paths, where the LO is frequency shifted by an electro-optic
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Figure 4.1: Heterodyne Interferometer Setup. a Diagram of the heterodyne interferometer
for cryogenic spectum analysis of an end-fire coupled optomechanical crystal, shown in SEM in b.
Abbreviations are defined as LO: local oscillator, A-meter: wavelength meter, FPC: fiber polarization
controller, f-m: electro-optic frequency modulator, a-m: electro-optic amplitude modulator, VOA:
variable optical attenuator, EDFA: erbium-doped fiber amplifier, SW: optical switch, PM: power
meter, VC: variable coupler, BPD: balanced photodiode, and RSA: real-time spectrum analyzer.

frequency modulator (f-m), itself driven by a signal generator at wy, /27 — 50 MHz= 3.54 GHz. The
LO is then amplified by an erbium-doped fiber amplifier (EDFA) and controlled in optical power
by a variable optical attenuator (VOA). Of the multiple frequency components in the frequency-
modulated LO spectrum, one tone is selected by filtering with a high-finesse Fabry-Perot filter
(Micron Optics FFP-TF2). The resonance transmission band of the filter (bandwidth of 50 MHz) is
tunable via electrical actuation of a piezoelectric motor. Either the higher- or lower-frequency first-
order modulation sideband is selected by controlling the tuning voltage setpoint. A small optical
pickoff of the transmitted power is directed to a photodiode, with the measured voltage used as
the input to a proportional-integral-derivative (PID) servo feeding back on the filter setpoint. The
higher (lower) frequency LO sideband is selected to generate the heterodyne beat note for laser
probing of the blue (red) motional sideband.

The signal beam polarization and power are controlled before propagating to an optical circu-
lator, which directs the input signal to the dilution refrigerator and nanobeam device (Fig. 4.1b).
The reflection from the device propagates along the same fiber path before being circulated to a

variable fiber coupler (VC), which combines the signal and LO beams. The VC outputs are detected
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on a balanced pair of photodiodes (BPD) with the difference current measured on a real-time spec-
trum analyzer (RSA). The photocurrent NPSD S;;(w) as transduced on the RSA is proportional to
Spp(w) = (n)y/((w—wm)? +72/4) through the optomechanical system parameters and the detection
efficiency of intracavity photons fmeasfcpiie/f. Calibration of these parameters then enables me-
chanical thermometry through integration of the NPSD to extract the proportional average phonon
occupation (n).

Cailbration of the detection efficiency begins with measuring the optical tranmission of the
circulator from port 1 to port 2 (112 = 88 %) and from port 2 to port 3 (125 = 84 %). These values,
measured once when the optical components are connected and do not change, are used to determine
the reflection efficiency of the device and the overall detection efficiency of the heterodyne setup. To
measure device reflection efficiency, the laser is tuned off-resonance from the optical mode (where
the device should act as a near-perfect mirror) and a continuous-wave signal of input power P, is
sent into port 1 of the circulator, leading to a power 719 P,, exiting port 2 of the circulator. The
optical losses incurred in the path from port 2 to the device under test are accumulated into the
efficiency factor ngp1, which includes signal loss in the fiber path through the dilution refrigerator
and fiber coupling losses in the end-fire coupler of the device. These losses are incurred twice in
reflection back to the circulator, so a power of nfplmgPin propagates back to the circulator, and
77231721)17712]3111 emerges from port 3. An optical switch (SW3) is used to send this signal to a power

meter (PM), and thus the coupling efficiency is determined to be

Py

— =34%. 4.1
123N12Pin (4.1)

Nepl =
The remaining heterodyne setup efficiency includes the intrinsic quantum efficiency of the BPD,
the alignment of polarization between the LO and the signal, and the degree to which the LO power
overcomes electronic noise of the detector. This is measured by using an amplitude modulator (a-m)
in the signal path to create a calibration tone of known power which can be transduced on the RSA.
The probe laser is tuned off resonance from the optical cavity and signal sidebands are produced by
modulating at the mechanical frequency. The optical switches SW1 and SW2 are used to route the
signal through a tunable filter to select a single sideband, which is sent through the device and to
the detection electronics. The power P, in this sideband is directly measured on the PM at SW2,
and switching to the BPD produces the photocurrent NPSD:

Ggonv nmeasScal(W)
SII(W) = Sdark + ?SgN (1 + hwo), (42)

where Gony is the conversion gain of the BPD, Z is the RSA impedance, Sqak is the electronic

NPSD of the detector, Ssn = +/2hAw,PLo is the optical shot-noise NPSD arising from Ppo of LO
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optical power at frequency wy, and Sca1 is the NPSD of the signal, for which ffooo Scal (w)g—ﬁ =P...
2
The total noise floor Sy pise = GCZO“V SgN + Sqark is measured with the signal beam blocked, and Sqark

is measured independently with both signal and LO beams blocked. When referenced back to the

PM, the calibration tone picks up losses incorporated into Nmeas, €xtracted as

hbdo *° SII (LU) - Snoise dw
meas — —— =T72%. 4.3
K Pcal — 00 Snoise - Sdark 2m % ( )

This, combined with the measured device coupling efficiency, yields the overall measurement

efficiency 7 used for calibrated mechanical thermometry as

T = NcplT237meas = 20 %. (44)

Mechanical spectroscopy is first performed at 4 K in order to calibrate the optomechanical
transduction. The coupling rate go is determined by observing the dependence of the mechanical
linewidth on intracavity photon number n. for both red (A = wy,) and blue (A = —wy,) laser-cavity
detunings, as shown in Fig. 4.2a. Above a threshold value of ne > ng, = 1.5 (near the power
where yom = —7i), optical amplification and self-oscillation of the mechanical resonator occurs for
blue detuning. Below this input power, the optomechanical damping yonm can be found from the
difference between the red and blue detuned linewidths. A linear fit of the derived yon versus ne
yields a coupling rate of go/27m = 840 kHz. Using this value, along with the previously calibrated
optical detection efficiency, the mechanical mode occupancy versus n. is determined from the area
under the resonant part of the measured NPSD (Fig. 4.2b and c). At high n., the mechanical mode
is seen to be cooled for red detunings, whereas at low n., (n) saturates to a constant value in good
agreement with the prediction of thermalization at 4 K.

As the dilution refrigerator is lowered into the sub-Kelvin range, a very different dependence of
measured occupancy and linewidth on optical probe power is observed. The trend with probe power
of (n) does not follow the expected optomechanical response, which should show linear cooling at
high power and saturation to the ambient thermal bath temperature at low power. Rather, a series
of heating and cooling trends occurs. Furthermore, measurements at different dilution refrigerator
base temperatures seem to only minorly affect (n), as shown by the converging of the data sets for
T = 10 mK and 650 mK above n, = 1. These effects suggest an optical heating mechanism which
scales with probe power in some fashion. This explanation is verified by performing thermometry
on resonance (A = 0), which in the absence of an additional thermal effect should show constant

(n) with probe power. Instead, (n) scales as ne!

*, as shown in the inset to Fig. 4.3a. The 1/4 power
law is consistent with 3-dimensional thermal conductivity and linear optical absorption, where the
thermal power Ppea; = Anc for some coefficient A. Then since thermal power is related to thermal

conductivity G3p as Pheat = f G3pT3dT, it follows that the temperature of the nanobeam (and
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Figure 4.2: 4 K Spectroscopy. a Measured mechanical linewidth v for A = wy, (red) and A = —wy,
(blue) at a dilution refrigerator temperature of 7y = 4 K. The vertical blue dashed line indicates
the threshold n. beyond which the mechanical resonance self-oscillates for A = —wyy,, resulting in
a 40 dB increase in the mechanical signal level. Black circles indicate the values of +; obtained by
taking the average of the detuned data. The inset shows yonm determined by subtracting ~; from the
red-detuned v (circles) and from the cooperativity C' = 4G?/k using the calibrated (n) (squares).
A linear fit (red line) yields go/2m = 840 kHz. b Calibrated mechanical mode occupancy (n) versus
n.. Blue and red circles are measured with blue and red laser detunings, respectively. The mode
occupancy ng corresponding to 7y = 4 K is indicated by the black solid line. ¢ Series of red-detuned
NPSD for a range of n.. Here the NPSD is plotted as S, = x%PFSbb, where xzpr = 4.1 fm is the
zero-point amplitude of the mechanical breathing mode.

therefore (n)) deviates from the dilution refrigerator bath temperature Than as T = Thatn + G‘%ni/ 1

Accounting for the dependencies of (n) and 7 on n. requires a model which includes the generation
of a second thermal phonon bath, at an elevated temperature 7}, and occupation n,. A plausible
microscopic model (Fig. 4.4) of this hot phonon bath is the excitation of silicon-surface defect
states [115, 116] through optical absorption. In its decay, the defect electron emits THz frequency

phonons, which in turn either radiate quickly at rate ~rp, out of the phononic radiation shield,
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Figure 4.3: Sub-Kelvin Occupation and Frequency Response. a Average phonon occupation
(n) measured with a red-detuned (A = wy,) laser probe as a function of intracavity photon number
ne. Occupation measured with the dilution refrigerator operating at base temperatures of Ty = 10mK
and 650 mK is shown in the purple and green points, respectively. The shaded regions enclosed by
the dashed curves represent the variation in the fit of the optomechanical and thermal model for bare
mechanical damping rate o = 306 & 28 Hz. The inset shows (n) measured with a resonant (A = 0)

probe as a function of intracavity photon number n.. A power law fit of the observed optical heating

trend shows that the hot phonon bath temperature T}, o n};/ * In b the mechanical linewidth is

plotted versus T}, which is converted from n. using the resonantly-determined power law scaling.
The total linewidth v measured at red-detuning (red circles) shows optomechanical damping at high
power, but does not flatten to the intrinsic damping rate =; at low power. Rather, v exhibits a
T;°9 trend, suggesting frequency jitter caused by two-level tunneling states (TLS) [112-114]. The
resonantly measured «y (gray squares) is limited at high power by the damping generated by the hot
phonon bath 7, model values for which are plotted in purple circles.

or anharmonically decay into GHz frequency phonons which are long-lived in the device. These
phonons then populate the mechanical mode at a rate v, proportionally to the optical power.

The mode occupation is therefore coupled to the distinct baths illustrated in the phenomenolog-
ical model Fig. 4.4, based upon the following microscopic picture. The long-lived breathing mode
is weakly coupled at rate yg through the phononic crystal radiation shield to the exterior dilution
refrigerator environment. Locally the mode is coupled via phonon-phonon scattering at rate -,
to the optically generated high frequency phonons within the acoustic cavity. We parametrize the
couping of the mechanical resonator to the separate thermal baths by decomposing the mechanical
damping rate into v = 79 + ¥p + Yom, where the dilution refrigerator bath (effective occupancy
ng) couples at rate 7o, the optical-absorption-induced bath (temperature 7}, and occupancy np at
wm) couples at rate <y,, and the intracavity laser field (effective zero-temperature bath for red-
detuning) couples at rate yon. The resulting average mechanical mode occupation is then given by
(n)(ne) = [vons + 1o (Tp)np (Tp)]/ [0 + 16 (Tp) + yom(ne)], where Ty (ne).

The utility of an optomechanical resonator for the preparation of nonclassical mechanical states

relies on simultaneously achieving the thermal ground state and large coherent coupling between
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Figure 4.4: Thermalization Model. a Proposed microscopic model of the observed optical ab-
sorption heating. On the left, an example electronic band diagram shows the excitation of a valence
band electron to a silicon defect state with near-infrared laser light in the cavity near frequency
we- The decay of this electron emits a THz frequency phonon, which itself decays according to the
adjacent example mechanical band diagram. While THz phonons escape the device rapidly through
the phononic crystal radiation shield at rate yry,, the portion of phonons that anharmonically decay
into GHz frequency phonons are long-lived in the mechanical band-gap of the device. The popula-
tion of the mechanical defect mode in this band diagram occurs at rate 7,, which in turn depends
on n. through the optical population of the hot phonon bath. The cavity phonons are then weakly
coupled to the dilution refrigerator environment, decaying through the radiation shield at rate vo. b
Schematic representation of the phonon baths coupled to the mechanical resonator and the optical
field.

photons and phonons. Specifically, the cooperativity parameter C' = % > 1 is required for high-
fidelity quantum operations. The levels of optical absorption discovered in this initial milliKelvin
domain experiment are such that intracavity photon numbers as low as n. = 1072 heat the device
to (n) > 1. Conversely, C = 1 occurs at n. = 1071,

Overcoming the steady-state absorption heating in the C' > 1 regime requires either structural
device development to improve thermal conductivity, or laser probing with a non-continuous-wave
(CW) excitation. While some optomechanical crystal resonators have been demonstrated in two-
dimensions [117], which would provide an order of magnitude increase to thermal dissipation, these
structures feature lower gy than nanobeams and are more challenging to fabricate. Pulsing of a the
laser probe beam to low duty-cycle, on the other hand, is simple to achieve with commercial optical
modulators. Additionally, when paired with single-photon detection of the cavity output, pulsed-
probe excitation allows for a variety of quantum state engineering experiments, such as heralding of

phonon Fock states [25, 26] and entanglement of spatially-separated mechanical modes [19, 118].
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4.2 Single-Photon Detection and Time-Domain Response

While pulsed-probe measurements can be analyzed in the frequency domain by gating the acquisition
of a spectrum analyzer, it is significantly more computationally efficient to measure and count pho-
ton arrival times on a detector. Furthermore, with appropriate apparatus layouts, photon counting
can be used to map the coherence of the acoustic field onto the cavity radiation, effectively phonon
counting and allowing for more sophisticated correlation spectroscopy of the mechanics. This sec-
tion will describe the phonon counting process, while the following chapter will detail second-order
correlation measurements of mechanical states. An experiment combining phonon counting with
pulsed-probe excitation at milliKelvin temperatures can be found in Ref. [27].

In the sideband-resolved regime, detuning the probe laser to A = +wy, results in selective cavity
enhancement to the Stokes or anti-Stokes motional sidebands. In terms of phonon dynamics, a
blue-detuned probe photon at A = —w,, emits a phonon into the mechanical resonance, while a red-
detuned photon (A = —wy,) absorbs a phonon in order to resonate with the optical cavity. These
two Raman scattering processes are illustratted in a Feynmann-like diagram superimposed on mode
profiles in Fig. 4.5a,b.

For each detuning experiment, the cavity radiation consists of two frequency components: an
unscattered probe reflection with the original A frequency, and a Raman-scattered component at
A = 0. While a frequency-domain measurement can separate these two components, operation in
the time-domain requires spectral filtering of the Raman-scattered light from the probe reflection
in order to extract the modulation signal. This is accomplished using two high-finesse Fabry-Perot
filters (Micron Optics FFP-TF2) tuned to the cavity wavelength. Each filter has a bandwidth of 50
MHz, which is large enough to pass the mechanical signal having linewidth v; = 3 MHz (at room
temperature) without causing spectral distortion. The free spectal ranges of the filters are 20 GHz,
further allowing for high extinction of A > 80 dB of the probe beam at A = +w,, = £27 x 5.6 GHz
relative to the peak transmission at A = 0.

After filtering, the light is directed to a superconducting nanowire single photon detector (SPD)
operating at 700 mK in a dilution refrigerator. The SPDs used in this work [119] were provided by
the Superconducting Materials and Devices Group at the Jet Propulsion Laboratory (JPL). These
SPDs are uniquely suited for this work in that they feature extremely high quantum efficiency (up
t0 93 %) and very low dark count rate (< 10Hz), allowing for high sensitivity. Further details of the
SPD operation in the phonon counting experiment can be found in Section 4.3.

As each detection of a cavity photon on the SPD was generated by a Raman scattering event in
the optomechanical crystal, photon detection heralds either the creation or annihilation of a single
phonon, effectively phonon counting. This can be rigorously shown by considering the linearized

equations of motion (Eqns. 1.2, 1.3) in the Fourier domain (and rotating frame at a red-detuned
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Figure 4.5: Single Phonon Counting Diagram. a Blue-detuned (A = —wy,) and b red-detuned
(A = wy,) phonon counting diagram. FEM simulations of displacement (top) and optical electric field
(below) illustrate the optomechanically enhanced phonon emission and absorption processes, with
green arrows representing phonons, and blue, red, and black arrows representing light at detunings
A = —wy, —wny, and 0, respectively. These light frequencies are indicated in the dashed vertical
lines on the device optical reflection spectrum c and the filter transmission spectra d. The filter
attenuation factor A is shown for each of the two Fabry-Perot filters in the purple and orange curves,
while the total attenuation of the filters in series is shown in the black curves.

pump frequency with A = wy,), in which the optical cavity output annihilation operator

Ke V ReRi ~ . vV Felcdo ZA)

o) = (1 = a7 )3l ) ) i ) 49

where Gi,(w) = ad(w) + ayac(w) for a steady-state coherent optical field component a and pump
vacuum noise dyac(w). Additional vacuum noise admitted via intrinsic loss channels is included via
ai(w). Note that for a blue-detuned pump (A = —wp,), the acoustic annihilation operator b(w) is
replaced in Eqn. 4.5 by bt (w). In general there will be a small correction to @ due to the counter-
rotating terms in the interaction (BT or b for A = “+wn, respectively). However, this term will be
reduced by the sideband resolution ratio x/2wn,, and thus its contribution to any photon counting

measurements will scale as (r/2wy,)?. As this quantity is less than 1 % in the devices under study
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here, these terms can be safely neglected.

As b(w) is sharply peaked around w = wy,, the strong optical pump at w = 0 is filtered by the
attenuation factor A as previously described. The additional optical noise, assumed to be white
Gaussian noise, cannot be filtered out in this way. However, in the case that the optical noise is
pure vacuum noise it will not contribute to any photon counting events. Thus, for the purposes of

photon counting the output optical field can be written post-filtering as

ious (1) ~ L?Cg%(o - \/f Vomlb(t), (4.6)

which shows explicitly that in this linearized regime, photon counting is equivalent to phonon count-
ing.

Detection of light at other frequencies is treated as noise, and limits the sensitivity of the phonon
counting scheme. A useful parameterization of the sensitivity is the amount of noise proportional to
the signal generated by a single phonon in the optomechanical crystal. This noise equivalent phonon
number nygp can also be interpreted as the mechanical occupation that would produce an SNR of 1.
For phonon counting of mechanics in the quantum regime, it is thus desirable to achieve nxgp < 1.

To obtain nygp we measure independently the sideband count rate (n)I'sg with the probe de-
tuned to A = +wy,, and the noise count rate I'yoise With wy < |A| < 2wy,. By detuning the probe
far from a sideband frequency harmonic, the Raman scattered signal is strongly suppressed by the
optical cavity and the remaining filter transmission corresponds mostly to the unscattered probe
beam. The filter cavity is also tuned by the same offset to replicate the attenuation factor A realized
during phonon counting. The total noise rate is a combination of the SPD dark count rate and the
probe beam photon flux rate I'joise = qark + Aanmbe, where 7 is the total setup transmission effi-
ciency from the cavity, including the SPD quantum efficiency of 70%. The deep sideband resolution
of the device under test, where k/27 = 817 MHz <« wy, /27 = 5.6 GHz, allows the probe photon flux
rate to be approximated as N = n¢(A2 + k/4)/ke ~ new?,/ke. Since Raman-scattered photons are
generated at a rate of youm, the sideband count rate at the SPD is simply I'sg = “¢n|yom|. The

ratio nNgp = Inoise/I'sp is then given by

£°T dark oA Fem ? (47)
n = . .
NP 477“(:'”&93 2Ke90

The presence of gy in the denominator of both terms of Eqn. 4.7 makes clear the benefits of the
cavity enhanced optomechanical coupling to sensitivity, in contrast with the large optical power
requirements of photon correlation spectroscopy of particulate motion [120] and stimulated Brillouin
scattering of bulk acoustic modes in optical fibers [121-123]. At low power, the first term of Eqn. 4.7
set by the SPD dark count rate limits the sensitivity, while at high power the level of bleed through
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Figure 4.6: Phonon Counting Sensitivity. a Noise-equivalent phonon number nygp, measured
with two sideband filters, as a function of n. is plotted in gray circles, while solid lines represent
calculations of the dark count contribution term (red) and probe transmission through the filters
(blue). b nygp measured at n. = 65 as the frequency of the filter transmission is varied with respect
to the laser line. Gray and red circles show the sensitivity obtained before and after the addition of a
C-band bandpass filter, respectively. The dashed horizontal line represents the expected sensitivity
for n. = 65 in the absence of laser noise.

of the probe beam limits nygp to a minimum value. Fig. 4.7a shows the measured sensitivity with
the calculated contributions from both noise contributions. While the low power end, limited by
detector dark count, follows the expected trend, the high power nygp levels off to 3.5 phonons,
well above the value of 0.65 phonons predicted by calibration of cavity parameters and the filter
extinction A (Fig. 4.5d).

An investigation of the detuning dependence of the filter transmission (Fig. 4.7b) reveals that
the high-power discrepancy in nygp lies in laser noise. Phase noise in commercial external cavity
diode lasers, such as the New Focus TLB-6700 Velocity laser used here, is known to vary both in
magnitude and spectral distribution [46]. By adjusting the filter frequency relative to the laser line

frequency, the light generated by phase noise can be isolated and observed to feature two prominent
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peaks near 5 GHz and 6.1 GHz. In between these peaks at A = wy,, another source of noise adds a
flat background well above the dark count rate of the SPD. Since this background does not depend
on A, it must correspond to light with wavelength far from spectral selectivity of the filters, such
as broadband spontaneous emission of the laser source. Further filtering using a band-pass filter
with bandwidth of 10 nm in wavelength successfully removes this background, and brings nygp near
the expected sensitivity level. Further detail on spectral filtering and SPD dark count rates can be

found in Appendix 4.3.
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Figure 4.7: Sensitivity to Pulsed Laser Probe. Noise equivalent phonon number nxgp (gray
squares) and phonon occupancy (n) (red circles) measured with a red-detuned (A = wy,) continuous-
wave probe versus intracavity photon number n.. The dotted red line shows the calculated SPD
dark-count contribution to nygp. Solid green and purple lines represent a thermal model fit to (n),
extrapolated to low n. for dilution refrigerator thermalization temperatures of Ty = 70 mK and 10
mK, respectively. Pulse state photon numbers allowing for sensitive motional ground state detection
are indicated by the regions enclosed by n¢og and n¢ on.

The addition of a third series filter increases A > 120 dB, as shown in Fig. 4.7. At this level of
extinction, the high power-limited sensitivity allows for detection of mechanics deep in the motional
ground state with nxygp = 5 x 1073, Superimposing the sensitivity with the CW phonon occupation
shows the relevant operation of the phonon counter for quantum state detection and preparation.
While the phonon counter requires n. > 10 to reach excellent sensitivity, an extrapolation of the
thermal model given by Fig. 4.4 gives a range of n. < 1073 for the device to thermalize deep in

the ground state. Pulsing of the laser probe between these two photon numbers, with a duty cycle
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heavily favoring an off-state photon number n. g < 107%, allows for quick, sensitive measurement

of the mechanics in their ground state at an on-state photon number n.on = 45 [27].

4.3 Characterization of Noise in Superconducting Nanowire

Single Photon Detectors

4.3.1 Theory of Operation

Single photon detectors are crucial tools for a host of scientific and engineering applications, ranging
from sensing of extremely low levels of light in biological and chemical compounds [124-126] to
quantum information processing and communication protocols [127-129]. Devices such as photo-
multipler tubes and single-photon avalanche detectors have long been mainstays of single photon
detection at visible light wavelengths, but suffer from poor quantum efficiency and high dark count
noise in the near-infrared spectrum [129]. In particular, material defects in III-V compound semi-
conductors with sufficiently small bandgap to absorb 1550nm light (such as InGaAs) cause electron
tunneling detections, raising the DC'R to > 10 kHz, orders of magnitude larger than that of higher
material quality visible absorbers such as silicon. While sophisticated detector structures and gating
electronics can reduce DCR to ~ 100 Hz, the quantum efficiency is still limited to < 20 % [130].

Many of the performance challenges in III-V semiconducting photodetectors are being met by
an emerging class of devices based on superconducting thin films. Biasing of a superconducting
film slightly below its critical transition current density j. (and temperature well below the critical
temperature T..) creates a small but stable optical absorption energy gap [131]. The absorption of a
photon, with sufficient energy to break apart enough Cooper electron pairs to create a local current
density higher than j., then creates a region of normal conductivity in the film. Transition-edge
sensors (TESs) operate based on this principle, with a superconducting film of materials such as
tungsten (W) connected to a superconducting quantum interference device (SQUID), which measures
the temperature change upon absorption of a photon [132]. TESs achieve both high quantum
efficiency (50 — 90 %) and low dark count rate (< 10 %) Hz, but suffer from poor timing properties
such as large jitter time and reset time [129].

Beyond TESs, recent advances in the fabrication of superconducing thin films have enabled su-
perconducting SPDs of even higher quality. In particular, patterning of the film into a narrow wire,
with rectangular cross-section 5 x 20 — 50 nm, results in the creation of a completely resistive wire
region from an initial photon absorption event [131]. This process is depicted in Fig. 4.8, where an
initial photon absorption in a superconducting nanowire SPD (SNSPD) takes a local section of the
wire into the normal state. As this section undergoes Joule heating, the “hot spot” expands across

the wire width as the surrounding current flux is increased above j. and hot electrons travel through
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the wire. Eventually the resistive state encompasses the full wire cross section, and a voltage gra-
dient is created. Before the hot spot re-thermalizes, the photon absorption creates a current spike
which can be measured with a resistive load across the wire. SNSPDs fabricated from such super-
conducting materials as NbN and NbTiN feature simultaneously low dark count rate and excellent
timing properties, although initial difficulties in optical coupling and in fabricating uniformly narrow
wires limited achievable system detection efficiencies to < 40 % [133] grain boundary defects in these
polycrystalline films also negatively impacted the yield of high quality devices. Sustained develop-
ment of optical coupling and deposition methods has improved yields to near unity in multi-pixel

arrays [134] as well as boosted detection efficiencies to between 70 % and 80 % [135, 136].
a
}% .b
2t
c d

Figure 4.8: SNSPD Hot Spot Formation. Reprinted with permission from [131]. Copyright
2001, AIP Publishing LLC. Ilustration of the hot spot formation in an SNSPD. a Absorption of a
photon in the current-biased wire (charge flow represented by arrows). b Breaking of Cooper pairs
forms a local resistive region, which rises in temperature due to Joule heating. ¢ As surrounding
areas of the wire are heated by the hot spot and current flowing around the hot spot is further
confined, the critical current density is exceeded in transverse directions of the wire, and the hot

spot expands. d Eventually the hot spot spans the wire cross section, and the resistive section
impedes current flow.

The Optoelectronic Manufacturing Group at the National Institute of Standards and Technol-
ogy (NIST) has recently turned to amorphous tungsten silicide (WSi) as a promising alternative
to niobium-based films for SNSPDs [137]. The homogeneous disordering of WSi is thought to in-
crease the robustness to structural defects as well as allow for integration with reflective substrates
for cavity-enhanced absorption. Due to its lower critical temperature, WSi wires as wide as 150
nm support hot spot formation for near-infrared light, with an extended range of bias current for
which the quantum efficiency is saturated (albeit at the cost of lower operation temperatures). In
collaboration with JPL, these detectors have been embedded in a reflective optical film stack and
precision-aligned to an optical fiber ferrule, resulting in system detection efficiency of 93 % and

DCR < 1 kHz [119].
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4.3.2 SPD Setup for Phonon Counting

Two WSi SNSPD devices [119] were supplied by Francesco Marsili and Matthew Shaw of JPL to the
Painter group for integration in optomechanical phonon counting experiments. They were installed
on the still-stage plate of a BlueFors BF-LD dilution unit, a photograph of which is shown in Fig. 4.9.
The two SNSPD assemblies (each consisting of a detector chip wire bonded to an SMP breakout
receptacle and aligned to a zirconia sleeve for fiber coupling) are mounted on copper blocks for
thermalization to the still temperature of ~ 700 mK. As the critical temperature of WSi SNSPDs is
2.5 K, still temperatures of < 1 K are required for biasing the detectors with a current that is below

the temperature-dependent critical current, yet large enough to saturate the quantum efficiency.
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Figure 4.9: Optical and Electrical SPD Layout. Photograph of the BlueFors still plate, with
SNSPDs, optical fiber inputs, coaxial cable inputs, fiber spools, and electrical heat sink indicated.
The inset shows a detailed view photograph of an SNSPD, with the SNSPD chip aligned to an input
fiber flat-polished ferrule via a zirconia ferrule.

The SMP electrical outputs of the SNSPDs are connected to flexible copper coaxial cables (Paster-
nack PE36164) which connect to SMA-connectorized rigid stainless steel coaxial cables (Micro-Coax
UT-085-SS) running through hermetically sealed feed-throughs (Huber-Suhner 34-SMA-50-0-3/111-
N) at each cryogenic stage to a custom cryogenic amplifier board provided by JPL. The amplifier
board is mounted to the 50 K cryogenic stage, and splits the SPD input cable into a DC bias circuit
and an RF readout circuit. The DC leads consist of 34 AWG twisted pair wires, and are soldered to
two series low-pass filters (Mini Circuits SLP-1.94 and VLFX-80) which couple through a vacuum

feed-through to room-temperature. BNC connectors were used at room temperature to connect the
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DC lines to a custom DC current source consisting of a voltage-divided battery pack (2 commer-
cial 1.5 V “AA” batteries in series with 100 k2 — 10 M potentiometer-tunable series resistance)
sourcing 0.5 — 30 pA. The RF circuit is amplified at 50 K by 28 dB (Sirenza SGL-0622Z) before
running through semi-rigid beryllium/stainless-steel coaxial cable to the room-temperature vacuum
feedthrough. At room temperature the signal is amplified by another 40 dB (Mini Circuits ZKL-
1R5+) before connecting to the Picoharp 300 TCSPC module. A time trace of a voltage pulse after
amplification (acquired on a high-speed oscilloscope) is shown in Fig. 4.10. When the current bias
is positive, a positive-voltage pulse is generated as in the figure. Since the Picoharp 300 triggers on
negative voltage falling edges, the signal is inverted with a Picoquant SI100 passive inverter module
prior to input to the TCSPC module. When the current bias is flowed the other direction in the DC
circuit to produce a negative current (as in much of the following description), the negative-voltage

pulse does not need to be inverted and the SI100 is omitted.
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Figure 4.10: Output Voltage Pulse. Oscilloscope time trace of a voltage pulse from an SNSPD
photon detection, operating with a positive current bias and after cryogenic and room-temperature
amplification.

While the cryogenic feed-throughs establish an electrical and thermal connection between the
cable outer conductors to the dilution refrigerator ground, the center conductor must be separately
thermalized to avoid room-temperature head loads on the SNSPDs. This is achieved with hermetic
feed-throughs (Fairview Microwave SC5292 and SC5316) soldered to a heat sink copper mount.
These feed-throughs use a glass bead as a dielectric separation between inner and outer conductors,
thus allowing thermal, but not electrical, contact between the center conductor and the still plate.

Optical fiber coupling to the detectors are made with a flat-polished ferrule connector. The

ferrule is slid into a zirconia alignment sleeve until it makes light physical contact with the detector
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chip. In this position the fiber is optimally aligned to the SNSPD for high-efficiency illumination of
the detector. At low temperature, the thermal contraction of the alignment sleeve maintains optimal
alignment [138]. The other end of the connectorized fiber is spliced to a dedicated fridge fiber, which
runs from the still through each cryogenic stage to a room-temperature fiber feed-through consisting
of a ~ 250 pm diameter hole drilled through a teflon ferrule. The teflon ferrule is compressed in a

Swage-lok tube fitting to maintain a vacuum seal.

4.3.3 Dark Count Reduction

Initial calibration of the SNSPDs at JPL showed system detection efficiencies (with respect to optical
power coupled into the input fiber) of ~ 80 %, while the dark count rate was repeatedly shown to
vary between 1 — 10 Hz for current biases with saturated quantum efficiency. However, this dark
count rate was measured in conditions with either the input fiber capped at room temperature
to block stray light from illuminating the SPD, or with room lights switched off. As the phonon
counting experiments of this work required the SPDs to be coupled to a larger optical setup, further
calibration of the dark count rate was required after installation in the Painter group BlueFors
dilution refrigerator and integration to the phonon counting apparatus (Fig. 5.3).

After installation of the SNSPDs, the system detection efficiency was found to be ~ 70 %, while
DCR = 300 — 500 Hz for current biases achieving that efficiency (Fig. 4.11). The reduction in
detection efficiency is believed to stem from temperature-depended bending loss in the cryogenic
optical fiber paths, as has been observed in previous experiments [111]. While the reduced system
detection efficiency is still high enough to enable high phonon counting sensitivity (low nxgp as
defined by Eqn. 4.7), the dark count rate would require significantly large probe power to reach
nnep < 1, making deep ground state occupancy difficult to detect. As electrical noise was ruled out
by isolating the SPD circuitry from other instrumentation, the deviation in measured DCR from the
intrinsic DCR of 1 —10 Hz is attributable to photon counts caused by background light illuminating
the SPDs.

4.3.3.1 Mid-IR Optical Attenuation

The optical fiber paths connecting the SPDs to the room temperature setup carry not only the ~ 1550
nm, near-infrared light used in the experiment, but also longer wavelengths of light produced by
thermal black-body radiation at 300 K. The cyan and blue data points of Fig. 4.11 show the SPD
count rate when the input fiber is connected to the room temperature setup, with the laboratory
fluorescent ligths switched on and off, respectively. While a combination of visible and infrared light
leaking into the input fiber before it enters the dilution refrigerator raises the background count rate
to > 10* Hz, switching off the visible portion emitted by the room lights only reduces the count

rate to 300 — 500 Hz. The dependence of count rate on bias current I;,salso follows a similar turn
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on shape as the illuminated case, indicating that the counts are indeed due to detection of light at
other wavelengths.

One way to attenuate the amount of light with wavelength > 1625 nm, of which black-body
radiation would primarily be composed, is to take advantage of wavelength-dependent macrobending
loss in optical fiber [92]. As the Corning SMF-28e fiber used in this work is optimized for transmission
at 1550 nm, it can be bent with radius of 10 mm while only attenuating light at that wavelength by
0.5 dB. Longer wavelength light, on the other hand, incurs greater loss (1.5 dB at 1625 nm), as the
angle of reflection of the propagating mode between the fiber-core/cladding interface falls below the
critical angle of total internal reflection, and a portion of the mode transmits into the cladding at
each reflection event. The red and magenta points of Fig. 4.11 show that the longer wavelength light
in the mid-infrared spectrum is reduced by almost an order of magnitude by 5, 1.5 inch diameter
fiber loops just prior to the SPD (indicated in Fig. 4.9), while the near-IR and visible illumination

incurs little attenuation.
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Figure 4.11: SPD Dark Counts with Fiber Loops. Comparison of detector performance with
no looping of the input optical fiber (blue, cyan) and 5, 1.5 inch diameter fiber loops (red, magenta).
Even with no laser optical input (attenuators set to blocked state) room light coupling into fiber
unions in the laboratory raises the count rate to > 10* Hz (cyan, magenta) in the response region
of the current bias curve, while room lights were kept off for the blue and red points.

4.3.3.2 Stray Light Reduction

Although the fiber loops greatly attenuate the impact of mid-IR illumination, the remaining DCR =
70 Hz still exceeds the internal SPD dark count rate and has the dependence on Iy;,s, indicating
photodetection events. The impact of stray light within the dilution refrigerator was investigated by

enclosing the SPDs in a radiation shield, as shown in Fig. 4.12. The shield blocks light emanating



72

either from laboratory light leaking into the dilution unit or from black-body radiation of different

temperature stages within the fridge from propagating to the SPD, and results in lowering the DCR
to 30 — 40 Hz (Fig. 4.13).

Figure 4.12: Stray Light Shield. Photograph of the radiation shield enclosure with a input fiber
and b coaxial cable access to the SPDs.
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Figure 4.13: SPD Dark Counts with Stray Light Shield. Dark count rate measured with room
lights off and with SPD shielding enclosure.

Following the installation of the radiation shield, further filtering of mid-IR light was attempted
by transmitting the input light through a coarse wavelength division multiplexer (CWDM, JDS
Uniphase FWS-A00220002) mounted to the still plate of the dilution refrigerator. The CWDM,

with a transmission wavelength pass band of 1528 — 1610 nm, connects to the input fiber between
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the fiber loops and the SPD in order to filter any remaining long-wavelength light. Interestingly,
while the DCR did not decrease appreciably from the result obtained with the radiation shield,
unplugging and ferrule-capping the room-temperature optical fiber from the experimental phonon
counting setup decreased the DCR to ~ 1 — 2 Hz. Recovering this intrinsic SPD dark count
rate indicated that light sources from within the dilution refrigerator and from room-temperature
blackbody radiation had been eliminated, and that the remaining excess count rate stemmed from

an excess light source within the phonon counting apparatus.

4.3.3.3 Near-IR Optical Attenuation

After accounting for visible, mid-IR, and stray light within the dilution refrigerator, the remaining
near-IR portion of the excess background count rates was investigated. A combination of two Micron
Optics narrow-band Fabry-Perot filters and a 10 nm bandwidth band-pass filter on the input fiber
prior to the dilution refrigerator successfully reduce the dark count rate to < 10 Hz, as shown in
Fig. 4.14. The band-pass filter, not originally used in the optical setup shown in Fig. 5.3, was found
to be necessary to reduce light at wavelengths outside of the ~ 50 nm range of the Fabry-Perot
filters. Combining the two Fabry-Perot filters then results in a wavelength bandwidth < 50 MHz of
transmitted input light to the SPDs. As discussed in the previous section, a combination of laser
phase noise and a broad spontaneous emission spectrum are believed to be the source of the excess

near-IR light, thus requiring the narrow-band and wide-band filtering described here.
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Figure 4.14: SPD Dark Counts with Filtered Input. Blue points show the SPD dark count
rate with shielding, room lights off, and optical filtering of the input channel with two high-finesse
Fabry-Perot filters and one 10 nm bandwidth band-pass filter. The cyan points were taken with the
attenuator set to produce 1.57 fW of laser power incident on the SPD. The efficiency curve levels
off to 70 % before reaching the critical current, while dark counts only reach ~ 2 Hz.
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Chapter 5

Phonon Correlation of a
Self-Oscillating Mechanical
Resonator

This chapter describes the use of the phonon counting technique in characterizing the coherence
of a nanomechanical resonator. As sideband photons are produced by Raman scattering from an
acoustic field with a certain time evolution, it follows that the associated photodetections display
the same time evolution. Therefore, extending the phonon counting technique of Chapter 4 to two
single photon detectors and performing intensity interferometry on sideband light, the second order
degree of coherence of the acoustic field can be measured. The second order coherence displays
qualitative differences between distinct physical states, and here is used to observe the evolution of
an optomechanical crystal as the mechanical resonator undergoes a parametric instability formally

equivalent to that of a laser threshold condition.

5.1 Intensity Interferometry

The case of a radiant optical field incident upon two spatially-separated photodetectors, with individ-
ual photodetection probabilities P; and Ps, is an interesting one [139]. Absent some field-interference
generating element such as a beam splitter, one might naively assume that the lack of phase infor-
mation would preclude determining the time evolution, and therefore coherence, of the radiation
source. However, when one considers the joint probability of photodetection P(ry,1;72,t2) at times
t1, to and position ry, ro for detectors 1 and 2, respectively, P(r1,t1;72,t2) # P1 Pa, since it cannot
be assumed that the average incident intensity at each space-time point are independent. Rather,
the incident intensities are correlated by their common radiation source, which can be measured
through the correlation of the two photocurrents. This effect was first observed for visible light
in landmark experiments by Hanbury Brown and Twiss [140, 141], and has since proved to be an

invaluable tool for determining the physical nature of light sources.
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5.1.1 Historical Background

Although the Hanbury-Brown-Twiss experiment, in conjunction with the invention of the laser,
played a critical role in the advent of modern optics [142], its original purpose was to measure the
angular extent of visible stars. Stellar angular diameters are so small that they appear as point
sources in telescopes [139]. Michelson showed that the use of large-baseline interferometers installed
on the input of telescopes could successfully resolve stellar diameters down to 0.02 arcseconds [143,
144], which was the state of the art for half of a century. Much like the optical homodyne and
heterodyne measurements described in the preceding chapters, the Michelson interferometer relies
on interference of the electric field of the incident light to generate a high-SNR modulation signal.
In the astronomical case, the modulation takes the form of a spatial fringe pattern in the interfered
light waves collected by two spatially separated mirrors. The angular diameter of the star under
study is then determined from the minimum mirror separation at which fringes are visible. The
Michelson interferometer eventually is limited in its sensitivity to very small stellar diameters by
feasability considerations in constructing large and stable mirror base-lines. Small length changes
of the telescope arms cause significant fringe variation, as does atmospheric turbulence [139].

The alternative of Hanbury Brown and Twiss was to perform intensity interferometry, rather
than field interferometry. In this scenario, the two spatially-separated mirrors are replaced by tele-
scopes mounted to photodetectors [141]. The photocurrents from each measurement location are
then correlated electronically, with resulting stellar diameter sensitivities of sub-0.01 arcseconds. In
early demonstrations of the apparatus [140], a mercury arc lamp emitted a beam of light which
was split into two equal paths, each detected on a photomultiplier. The distance of one of these
photomultipliers from the beam splitter was varied, and a variation in coincidence counts was ob-
served in which the correlation decreased as the length change between the detection optical paths
was increased. This result, termed “bunching”, sparked intense debate in the optics community,
although radio astronomers accepted the finding based on wave interference principles [142]. The
controversy surrounding the Hanbury-Brown-Twiss (HBT) effect was due to several simultaneous
misunderstandings of the quantum and statistical nature of light and radiation sources. Chief among
these confusions was the assumption that the lamp source emitted a coherent beam of light, in which
no correlations should be observed. In fact, a coherent beam of light would only be realized in 1960
with the first demonstration of a laser [7]. Contemporary researchers believed that Hanbury Brown
and Twiss observed intensity fluctuations of their radiation source, and sought to nullify the cor-
relations by attenuating the light beam in such a way as to produce a single photon preceding the
beam splitter [145]. While this rival experiment observed no correlations as hoped, it made another
fundamental error in the understanding of light in assuming that the indivisibility of a photon would
produce the desired effect. What was not well understood at the time was that a thermal source of

photons, attenuated to produce on average a single photon at a time in the apparatus, is not the
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same as a single photon number state. Purcell played a key role in avoiding many of the fallacious
arguments used by both sides of the debate, and attributed the bunching effect to the statistical dis-
tribution of the optical spectrum [146]. While Purcell did in fact correctly identify the correlations
as arising from the thermal radiation nature of the mercury arc lamp, this would only be completely

understood and resolved by the full characterization of optical coherence by Glauber [147, 148].

5.1.2 Correlations in Light

While astronomical applications of intensity interferometry are concerned with spatial coherence
across the transverse dimensions of a light source, temporal coherence is particularly useful for iden-
tifying the physical state of the light source. Semiclassically, the first and second order normalized
temporal coherence functions of an electromagnetic field are defined through ensemble averages of

the electric field E(r,t) as [149],

(E*(r,t)E(r,t + 7))
(B*(r,t)E(r,t))
(E*(r,t)E*(r,t + 7)E(r,t)E(r,t + 7))
(E*(r,t)E(r, 1)) ’

gV(7) = (5.1)

9@(7) = (5.2)

In the case that these fields are ergodic, the ensemble averages of Eqns. 5.1, 5.2 are equivalent to
time averages. Further, disregarding the spatial coherence in order to drop the position variable and

expressing ¢(®)(7) in terms of optical intensity I = |E(r,t)|?,

@ TOIE+T))

g7(r) = - (5.3)
(I(1))?

Finally in terms of the fully quantized electromagnetic field, the optical intensity is proportional to

the quantum mechanical expectation value of photon number, with I(t) o (af(t)a(t)). Following the

treatment of Glauber [148], evaluation of the correlation function using photodetectors, which apply

the photon annihilation operator a to the state of the light, begins with considering the transition

matrix element between initial (|¢)) and final (|f)) optical states (f|a|i). The probability of this

transition sums the square of this matrix element over all possible final states, with

S K flaliy? = (ilat|f)(flali) (5.4)

f 7
= (ila'alq), (5.5)
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since » ¢ [f)(f| = 1 by the completeness of the Hilbert space. Similarly, the joint probability of two

detections separated in time

D [flatt+na@d® =Y _(ilat@)al (t +r)f)(flalt + r)at)i) (5.6)
! f

= (ilaf(t)al (t + T)a(t + 7)a(t)|q). (5.7)

This property of photodetection puts the operators into what is referred to as normal ordering,
where creation operators are all grouped to the left of annihilation operators in expressions. The

normalization of Eqn. 5.7 gives

(@t (t)at(t + m)a(t + 7)a(t))

(2) - 5.8
5.1.2.1 Thermal Source
Chaotic sources of light have the property [139, 149]
9@ () =1+1g" (@) (5.9)

and thus all of the coherence information is contained in the first order correlation. For a field
obeying Lorenztian statistics, with spectral distribution I(w) = | \m of linewidth ~
around a central frequency wy, the first order correlation is proportional to the Fourier transform of
the spectrum [139, 149, 150], with

gV (r) =eI"l (5.10)

Therefore at zero time delay, g(?) (1 = 0) = 2, while at long time delays detections are independent
with ¢ (7 — 00) = 1. This bunching of coincidence counts is the effect observed in the initial HBT

experiment [140].

5.1.2.2 Classical Coherent Source

A purely coherent optical wave oscillates at a single frequency wp. In other terms, the optical
spectrum of such a tone is represented by a J-function with zero linewidth. The lack of statistical

fluctuations thus implies that

9@ () =gW(r) =1 (5.11)

for all 7.
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5.1.2.3 Quantum Coherent Source
The quantum coherent state is defined as a state |«a) which is an eigenvalue of the photon annihilation

operator [147], with
ila) = ala). (5.12)

Since Eqn. 5.12 holds for all times, Eqn. 5.8 is solved simply by applying the field operators to the

coherent state, and

9?(r) = -2 —1. (513

(alat(t)al (t + T)a(t + 7)a(t)|a) _ lalatt+m)at + 7)) o
(alat(t)a(t)|a)? at at

This is the state approached by light emitted by conventional optical lasers above their threshold

excitation, as will be discussed further in this chapter.

5.1.2.4 Single Photon Source

For a radiation source which emits a single photon at a time, such as an excited two-level atom, it

is clear that two photons cannot be detected simultaneously in an HBT apparatus. In this case,
g?(r=0)=0, (5.14)

while at longer times the second order correlation rises to 1, as photons may be detected which were
emitted at different times. This antibunching phenomena, which has no basis in classical theory,
was first observed in resonance fluorescence of sodium atoms [151], and unequivocally confirmed the
non-classical nature of light. Antibunching in second order correlation continues to be a critical tool
in determining the quality of quantum emitters for quantum information purposes [127, 128], such

as trapped ions [152], quantum dots [153], and nitrogen-vacancy diamond defects [154].

5.2 Acoustic Intensity Interferometry

Combining Eqns. 4.6 and 5.8 shows that the measurement of Fig. 4.5 maps acoustic coherence onto

the sideband photon optical coherence as

@ (A — ) — (b (0)bt (7)b(7)b(0))

(1 A = wn) OpO)E (5.15)
@ (A = —w b(0)b(7)bt (7)b1(0))
g A= —wy) = ORI (5.16)

where ¢ = 0 has been chosen because of the stationarity of the states under consideration and

for simplicity. It is an interesting aside to note that the blue-detuned case of Eqn. 5.16 produces
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anti-normally-ordered expectation values, which are not often observed in laboratory experiments.
Anti-normal-ordering is produced when detections correspond to emission rather than absorption, in
this case of the phonon in the optomechanical resonator. Mandel termed such an arrangement as a
“quantum counter” for photons, as opposed to the absorptive photoelectric effect in photodetection.
While quantum counters are generally not as useful as photodetectors [139], some proposals for
reversible quantum measurement processes rely on detecting anti-normally-ordered correlations [155,
156].

Just as light can exhibit the distinct bunching, non-bunching, and anti-bunching phenomena
for the states described in Secs. 5.1.2.1-5.1.2.4, so can the acoustic field of the nanomechanical res-
onator. For parametrically weak optomechanical interactions, the localized mechanical mode is in
a thermal state determined by the environmental bath temperature and should exhibit bunching in
the correlation function. A large coherent oscillation of the resonator can be induced by the amplifi-
cation process of blue-detuned pumping [17, 157] in a situation analogous to a laser oscillation [158],
which should produce uncorrelated sideband light. Finally, when the mechanical resonator begins
in its quantum ground state and is optomechanically prepared into a phonon number state, anti-
bunching should occur [25, 26]. In the following room-temperature experiment, phonon correlations
are observed for thermal states and coherent-like displaced thermal states of the nanomechanical

resonator.

5.2.1 Phonon Laser Theory

In a conventional laser [159-161], an optical cavity is resonant (or nearly resonant) with the energy
difference between two electronic states. FElectrons which are externally pumped from the lower
energy ground state to the higher energy excited state will decay with a certain probability back
down to the ground state. This decay either involves the spontaneous emission of a photon or occurs
through non-radiative scattering mechanisms such as phonon emission. However, when a sufficiently
large number of electrons are populated into the excited state, an initial spontaneous photon emission
will stimulate emission from the other electrons. The transition rate of this stimulated emission
heavily favors a frequency and phase overlap with the triggering photon, and thus the stimulated
light oscillates coherently in the cavity. As these photons resonate in the optical cavity, they continue
to stimulate further emission, and thus exhibit non-linear optical gain of the intracavity field. At
high enough external pump power such that the optical gain is equal to the total optical loss in
the system, the laser is said to be at threshold. Above threshold the optical gain eventually clamps
due to saturation of carrier density, and the output power returns to a linear dependence on input
power [161].

A similar situation can be arranged for the acoustic field of an optomechanical resonator, in this

case with photons taking the place of electrons as carriers transitioning between two energy levels.
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The blue-detuned (A = —wy,) motional sideband functions as the excited state, while the optical
cavity resonance frequency is the ground state as illustrated in Fig. 5.1. Blue-detuned pumping
produces both amplification of the mechanical mode and optomechanical stiffening, with yop =
—4G? /K. The threshold condition, analagous to the balancing of gain and loss in a conventional
optical laser, occurs when yom = —;, or equivalently, C = 1. At threshold the net mechanical
damping v = v + vom = 0 and the oscillator undergoes self-oscillation [17, 157, 162] with a large
coherent amplitude. Implementations of acoustic self-oscillation in a harmonically-trapped ion have
extended the analogy with a conventional laser by showing that phonon emission is indeed stimulated
in this regime [163]. Another optomechanical system consisting of two coupled microtoroids achieved
a complete mapping of two-level laser electronic transitions to distinct optical supermodes [164].
Yet another experiment utilizing an optical cavity formed from two distributed Bragg reflectors
etched into silicon, one of which being connected to a doubly-clamped microbeam, showed very
good agreement with a laser rate equation model for phonons, allowing for the parameterization of

phonon laser gain, stored energy, slope efficiency, and saturation power [165].
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Figure 5.1: Acoustic Analogue of a Conventional Laser. a Diagram of a two-level conventional
optical laser, with an external excitation process shown for an electron pumped from the ground
electronic state to an excited state, and a radiative emission process through either spontaneous
or stimulated emission. b Diagram of a phonon laser, with an excitation process consisting of an
optical input at A = —wy,, and a phonon emission process due to Stokes scattering of the input
photon. An example optical spectrum is shown in the dashed Lorentzian curve with respect to the
vertical frequency axis, to illustrate the Stokes scattering process resulting in phonon emission.

The following treatment of the limit-cycle oscillation regime of an optomechanical resonator
closely follows the anaylses of Refs. [166, 167]. Considering only the classical, complex amplitudes «

and f of the quantum operators a and I;, respectively, the Langevin equations of motion (Eqns. 1.2
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and 1.3) can be rewritten as

&= —(iA+g)a—igoa(ﬁ+ﬁ*) —iQ+ &, (5.17)
B = —(iwm+3)B —igoa"a+ &, (5.18)

where Q = —i\/m represents the input laser drive with power Py, and &, (£g) is a stochastic
noise term proportional to the optical (acoustic) vacuum noise input of Eqn. 1.2(Eqn. 1.3). In
the parameter space of interest to this work, where v < k, the acoustic dynamics vary slowly on
the time scale of the optical cavity. Assuming a time-evolution for the acoustic phase-space limit
cycle of the form B(t) = . + Be *?e~nt for some oscillation center 3., oscillating amplitude B,
and arbitrary phase ¢, the corresponsing optical solution can be split into average and fluctuating
components «(t) = (a(t))+0a, where the time-averaged component represents the solution obtained
by omitting the fluctuating component.

In Fourier space, the nonlinear oscillation induces multiple sidebands to the optical amplitude

at multiples of the mechanical frequency, with solution

<a(w)€7izsin(¢+wt)> — Z an5(w _ nwm) (519)

_ iy, T (2)e"?"d(w — o)
T K/24i(w— A+ 2goRe[Bl])

S isin(orn) g:aefizsin@ﬁﬁut) 5.21
a(w)e  K/2+i(w— A+ 2goRe[B]) 21

(5.20)

Jn(2) is a Bessel function of the first kind with argument z = 2¢9B/wn,. Neglecting optical fluc-
tuation terms of order 2 and higher, and retaining only the first-order component of the product
(a){a*), the equation of motion for the oscillating component B(t) = B(t) — B. can then be written
as

f= ~TOMTTS w4 G + € — igol{a”)5a + (a)da) (5.22)

Limit-cycle oscillation can thus be induced by balancing the decaying first term of Eqn. 5.22 to

equate the optomechanical gain oy with the intrinsic mechanical resonator loss 7;, with

- Wlm[z Jn(Z)JHl(Z)} N (5.23)

Wm Zhnh:z-‘,—l
where h,, = £/2 + i(A + nwn ).
Ref. [166] goes on to study the amplitude and phase fluctuations of the mechanical motion. The
equation of motion for the amplitude of the coherent oscillation is

B:_%B+g;, (5.24)
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where the noise term is
1 ) , ; ) )
6 = S(€pe O Tnt) £ gy 10m) (100 4 () (¢l Hem) £ e~ OHanD)  (5.25)

with the §‘T" term relating to phase diffusion.
Defining a diffusion constant Dt from the autocorrelation of &1 (t), averaged over a mechanical

oscillation period,

27 /wm OO } ,
Dr = lim i, / / (€7 (@)En (@) el o dt (5.26)
w—r 0 0o
1
= 5(Du + D). (5.27)

The total diffusion is composed of a contribution from the thermalization of the acoustic resonator

to the ambient environment D,, = %’yi(nth + %), and an optomechanical back-action component

Jnfl(Z) Jn 1(2) 2
- 4 : (5.28)

-1 hn+1

2 2
+ _ kgl 1
DBA(Z)_ 9 Z |hn|2

with Dy, again relating to phase diffusion. The steady-state solution to Eqn.5.24 of the exponential

form e~V with

[P 2B (vi+vom(B) ..
U(B) = /0 B D B (5.29)

can then be used to solve for the average acoustic occupation (n) and fluctuations thereof. A
particularly useful figure of merit for the state of the acoustic resonator is the Fano factor, given
by the division of the occupancy variance by the mean F = (An)?/(n). As a coherent oscillation
would exhibit Poissonian statistics in which the variance is equal to the mean, F' = 1 would be
expected well above threshold for a laser. In thermal and Fock states, the super-Poissonian and
sub-Poissonian distributions in occupation would similarly produce Fano factors larger and smaller
than 1, respectively.

In the limit-cycle regime, with amplitude By meeting the condition of Eqn. 5.23, the exponential
amplitude solution is well-described by a Gaussian with width 0 = (D, + Dg,)/ (QBO‘Z%| B,) and

corresponding Fano factor

F= (s B8] 530

in the sideband-resolved regime of k < wy,. The analytical and computational results of Ref. [166]
show that the Fano factor decreases when the acoustic resonator is deep in its limit-cycle regime,
and that the amplitude fluctuations are reduced from that of a thermal state harmonically-driven

to the same oscillation amplitude, as expected when the acoustic field begins to exhibit coherent,
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Poissonian statistics.

5.2.2 Threshold Behavior

Upon pumping of the blue motional sideband with a high-power laser input, the nanobeam optome-
chanical resonator displays a pronounced threshold effect with respect to intracavity photon number,
as shown in Fig. 5.2. The Stokes sideband count rate (Fig. 5.2a) detected on a single SPD (as in the
apparatus of Fig. 4.5) increases exponentially beginning at n. ~ 1200, where C' ~ 0.8 in agreement
with the expected onset of instability around C' = 1.

The average phonon occupancy (n) is also extracted from the SPD count rate on the right axis
of Fig. 5.2a. Since the optical filtering of the cavity output selects only the first Stokes sideband
at w = w) — wn,, the corresponding intracavity photon number is that of the first series term of
Eqn. 5.20, ny = |ay]?. Well-below threshold, the room-temperature thermal occupation of the
acoustic resonator ny, =~ 1100 can be used in a linear approximation of n; = 4G%ng, / k2. Near
and above threshold, n; can be determined from the ratio of SPD count rates above and below
threshold and the known value of n; below threshold. The value of ny for a given input power can
be further be used to compare to the model of Ref. [166] by solving for the amplitude of oscillation
B and detuning A commensurate with Eqns. 5.20 and 5.23. For the highest input power, we find
A ~ —1.067Twy, and z &~ 0.15 (with corresponding B = zwy, /(2g0)). This amplitude is small enough
that the linear approximation oy o z is still valid, and that the relation J;(z) =~ z/2 should hold.
For the largest value of z in this measurement, J; (z) differs from z/2 by only about 0.3%. While the
detuning shift from the mechanical sideband frequency is comparable to the cavity linewidth, it is a
static shift derived from a fully nonlinear theory, and as such is not at odds with the linear response
of the optical cavity in the limit cycle regime. The shift in detuning, and concomitant reduction
in oscillation amplitude, is expected due to the thermo-optic effect, which will tend to shift the
cavity resonance to lower frequencies as the total intracavity photon populations is increased by the
amplified Stokes scattering [168]. This thermo-optic shift has been previously observed in similar
nanobeam OMC structures [42].

The sharp oscillation threshold can also be observed spectrally from the mechanical NPSD
(Fig. 5.2b) in which the amplitude of the mechanical spectrum is seen to rapidly increase with
a simultaneous reduction in linewidth. The generation of coherence in the acoustic field can also
be observed in plots of the in-phase and in-quadrature components of the photocurrent (produced
by a fast-response photodetector) as shown in Fig. 5.2c. At low pump power, the phase-space is
occupied by thermal noise , while near threshold a large coherent oscillation (represented by a circle
in phase-space) is seen to rapidly decay back to thermal, chaotic motion. Well above threshold,
the coherent oscillation is sustained for the duration of the pump input and does not decay to a

thermal state. The state of the mechanics in this regime is not completely described by a coherent
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Figure 5.2: Threshold Behavior at Onset of Self-Oscillation. a Photon count rate (blue, left
axis) measured as a function of n. for a blue-detuned (A = —wy,) laser drive. The absolute photon
count rate, which takes values well above the maximum SPD count rate of 1e6 Hz, is determined from
the SPD count rate and the attenuation factor of the VOA preceding the VC. Average phonon occu-
pancy (n) is extracted from photon count rate and calibrations of the optomechanical transduction,
and is plotted in red points with respect to the left axis. The dashed vertical lines indicate photon
numbers below (blue), at (green), and near self-oscillation threshold (purple), for which data were
acquired for b and c. b Representative mechanical noise power spectral densities (NPSD) acquired
on an RSA showing nonlinear amplitude increase and linewidth narrowing. Line colors correspond
to the dashed lines in a. The small satellite peaks in the thermal emission background of the above
threshold spectrum correspond to beating of the phonon laser line with low frequency modes of the
nanobeam structure. ¢ Phase plots of the in-phase (I) and in-quadrature (@) amplitudes of the
optical heterodyne signal for each of the dashed lines in a, acquired in a 36 MHz span around 5.588
GHz over a 60 second time interval.

state however, as the acoustic field still exhibits thermal noise. This thermal noise manifests in the
annular distribution in the above-threshold phase-space, whereas a pure coherent state would be

represented by a thinner annulus circle. The mechanical state above threshold is thus best described
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as a displaced thermal state [169]. A displaced thermal state is the generalization of a coherent
state, which is represented in phase space by a circle with radius of the zero-point fluctuations of
the oscillator and with a center that is displaced from the origin by a well-defined amplitude, to a
finite thermal occupancy, which manifests in phase space by increasing the noise circle radius to the

thermal noise level.

5.2.3 Phonon Counting HBT Apparatus

The full experimental setup for phonon counting and intensity interferometry is shown in Fig. 5.3. A
fiber-coupled, wavelength tunable external cavity diode laser is used as the light source, with a small
portion of the output sent to a wavemeter module (A-meter) for frequency stabilization of the laser
detuning from optical resonance. The remaining laser power is sent through an electro-optic phase
modulator (¢-m) and a variable optical attenuator (VOA) to allow control of the input power to the
optomechanical resonator. The signal is then sent through an optical circulator to a lensed fiber tip,
which end-couples to the device under test as described in Sec. 2.2. The cavity reflection couples
back into the lensed-fiber, and passes through the circulator to the one of two detection paths of the
setup. The first position of optical switch SW2 routes the signal either to a power meter (PM) for
calibration of the reflected signal power, or to an erbium-doped fiber amplifier (EDFA) followed by
a high-speed photodetector (PD). The detected photocurrent is either sent to a real-time spectrum
analyzer (RSA) in order to measure the noise power spectral density (NPSD) of the mechanical
modulation or to a vector network analyzer (VNA) for full characterization of the intensity and
phase response of the optical cavity.

The second position of SW2 sends the signal to a series of narrowband tunable Fabry-Perot filters.
The filter transmission is sent through a variable fiber coupler (VC), which is tuned to produce equal
photon count rates on the two single-photon detectors (SPDs) coupled to its output. The electrical
pulses generated by the SPDs are used as start and stop triggers of a Picoharp 300 Time-Correlated
Single-Photon Counting (TCSPC) module, which measures the individual SPD count rate as well
as integrates a histogram of photon arrival events with respect to the time delay between detection
events of SPD1 and SPD2.

Since the pump laser is tuned to a motional sideband during the phonon counting measurement,
the two Fabry-Perot filters are first tuned to the optical cavity resonance via an initial lock and
stabilization procedure. First, the laser detuning is adjusted to a motional sideband by optimizing
the mechanical transduction signal on the RSA. Since the power of the radiated Stokes- or anti-
Stokes-scattered light is too low to provide a feedback signal for filter stabilization, we then bypass
the cavity, and apply a phase modulation to the pump at the frequency of the mechanical resonance
wm. The signal is switched into the filter path of the setup, and a small portion (2 %) of the filter

transmission is detected on an Eigenlight series 100 fiber monitor. The photocurrent is then used
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Figure 5.3: Phonon Correlation Spectroscopy Apparatus. Diagram of the setup for phonon
counting, correlation spectroscopy, and optomechanical calibration. Abbreviations are defined as
A-meter: wavelength meter, FPC: fiber polarization controller, ¢-m: electro-optic phase modulator,
VOA: variable optical attenuator, SW: optical switch, PM: power meter, EDFA: erbium-doped
fiber amplifier, PD: fast photodetector, RSA: real-time spectrum analyzer, VNA: vector network
analyzer, VC: variable coupler, SPD: single photon detector, and TCSPC: time-correlated single
photon counting.

as a feedback signal while the filter frequency is dithered and tuned via a piezoelectric motor to
produce the maximum transmission. This is performed for each filter, resulting in alignment of the
full filter path to the optical cavity resonance. After a stabilization period of a few seconds, the filter
piezoelectric tuning signal is held without further feedback. The pump modulation is then turned
off, the CW power adjusted with the VOA to produce the desired n. and the device under test is
switched back into the optical path. Once locked, the transmission of the filters is observed to be
stable to within 5-10 % for several minutes in the absence of active feedback locking.

In order to avoid pile-up artifacts in the acquired g(®) () histograms [126], the photon count rate
incident on the SPDs is kept at or below 30 kHz. This is accomplished with a VOA between the
filters and VC, and is sufficient to maintain a flat histogram over a 5 us time delay window.

To determine the validity of any observed optomechanically induced photon correlations, the
optomechanical paramters of the device are first determined, and then used as the basis for models
of ¢g(® (1) in comparison with data. Full characterization of the optical resonance involves measuring

the fiber-to-waveguide coupling efficiency 7.p1, the total optical energy rate x, and the cavity coupling
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depth ke/k. The fiber collection efficiency is determined in the apparatus PM calibration path by
observing the optical reflection far from resonance with the cavity, and yields 7., = 0.63. The total
cavity decay rate is determined by fitting the optical reflection intensity spectrum (Fig. 5.4a) to
a Lorentzian lineshape, yielding /27 = 818 MHz, which corresponds to an optical quality factor
Qo =236,000. The reflection level on resonance, when normalized to the off-resonance reflection
level, is related to the cavity coupling depth by Ry = (1 — 2k./k)?. However, for single-sided
optical coupling this is not a single-valued function of coupling depth. Consequently, full optical
characterization requires measurement of the phase response of the cavity. First the laser detuning
is locked far off-resonance from the cavity, and then the output of the VNA is used to drive the
electro-optic phase modulator to sweep an optical pump sideband across the cavity lineshape. The
PD output is then measured on the VNA, which computes the full complex frequency response of
the device. Fitting the phase component (Fig. 5.4b) with prior calibration of the cavity resonance

and decay rate yields ke/k = 0.52.
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Figure 5.4: Optical Cavity Intensity and Phase Response. Calibration of optical cavity
parameters with a vector network analyzer (VNA). a The optical reflection spectrum (blue) versus
detuning A with a Lorentzian fit (red) shows a total optical quality factor of Q, =236,000. b A fit
of the optical phase response yields x./x = 0.52.

To characterize the acoustic resonance, the cavity reflection is sent to the spectrum analysis
path, with the EDFA-amplified signal detected on the fast photodiode and the noise power spectral
density (NPSD) measured on the RSA. The Lorentzian response due to transduction of the acoustic
thermal Brownian motion can be observed at the acoustic resonance frequency wy, /27 = 5.6 GHz.
For a pump laser locked onto the red or blue mechanical sideband of the cavity, the linewidth of the
transduced signal is given by v = v; & Yom, where Yyom = +4¢3n./k. The dependence of linewidth
for both detunings versus n. is shown in Fig. 5.5. By averaging the two sets of data, the vyom

contribution can be cancelled out and the intrinsic acoustic damping rate is found to be 4, = 3 MHz,
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(equivalently, the mechanical quality factor @, = 1850). Fitting the difference yom = |y — 7i| as a

function of n., the optomechanical coupling rate is found to be gy = 645 kHz.
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Figure 5.5: Calibration of gyo. a Mechanical linewidth v versus n. for A = —wy, (blue) and

A = wy, (red). The intrinsic mechanical linewidth +; (black) is determined by averaging the detuned
linewidths to cancel out the contribution of yon, and yields a mechanical quality factor of @y, = 1850
at room temperature. The inset shows the optomechanically induced damping rate yon obtained
by subtracting ; from «. The linear fit shown in the red solid line yields a vacuum optomechanical
coupling rate of gg = 645 kHz.

5.2.4 Histogram Coherence Characterization

With the optical and mechanical device properties fully characterized, the photon correlation in
cavity reflected light is analyzed in the filter path of the setup. With the VC oriented to produce
equal photon count rate I'sg on SPD1 and SPD2, this portion of the setup functions as an HBT
apparatus, with the temporal second order correlation function integrated on the TCSPC module for
an integration time ti,;, (usually of a few minutes). The correlation function is normalized to represent
g? () by dividing the number of counts within each 512 ps width time bin by 512 psxt;, 2. With
the probe laser detuned to either a red or blue motional sideband, and for low intracavity photon
number n, = 77 (far below self-oscillation threshold) the histogram shows strong bunching towards
zero time delay (Fig. 5.6a,¢), and decays exponentially from ¢(®(0) = 2 to ¢g®)(t — o0) = 1 in good
agreement with the expected form of Eqn. 5.10. Just as in the HBT experiment, this bunching

is a signature of a thermal source of photons. Since the probe laser emits Poissonian distributed,
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un-bunched light, the only source for these photons to take on a thermal distribution is through
Raman scattering from the acoustic resonance. Already this feature shows that the optomechanical
interaction in the system maps the physical state of the mechanics onto the sideband scattered light,
an important prerequisite of quantum information processing tasks using optomechanics.

At low power, the optomechanically induced damping is low, and the decay rate of the mechanics
for both red and blue detuning is equal to ;. This is also observed in the low power histograms,
which show the same exponential decay between both detunings. As power is increased approaching
threshold, the blue-detuned histograms begin to show longer decay times and red-detuned histograms
show faster decay (Fig. 5.6b,f for n, = 1200). Increasing power further, at the threshold intracavity
photon number n. = 1700 the blue-detuned bunching begins to decrease as g(?) (0) begins to decrease
from 2, while the red-detuned histogram remains bunched. Finally, well-above the phonon lasing
threshold with n. = 2400, the blue-detuned histogram shows very little bunching as the mechanical
resonator exhibits Poissonian statistics with ¢ (1) = 1. The zero-delay photon correlation is plotted
for a range of n. in Fig. 5.7. As observed in the full histograms, the red-detuned correlation function
remains bunched for all n, with g(®(0) = 2, signifiying that for this measurement the mechanical
resonator remains in a thermal state through threshold and beyond. The blue-detuned correlation
shows a smooth transition from g(®(0) = 2 to ¢ (0) = 1 as the self-oscillation threshold is crossed.
This type of observation was critical in the early modelling of conventional lasers as Van der Pol

oscillators [170, 171].

5.2.5 Decoherence Lifetime and Fano Factor

The decay rate of the acoustic resonator, measured from both the linewidth of the NPSD and from
an exponential fit of g(2)(7) below threshold, is plotted in Fig. 5.8a versus the power of a blue-
detuned laser drive. The decay rate as measured from the NPSD, which includes both phase and
amplitude fluctuations, is seen to increase around threshold before continuing to decrease at higher
probe powers. This behavior is commonly observed in semiconductor lasers where a coupling exists
between the gain and the cavity refractive index [159]. A similar effect arises in optomechanical
oscillators due to the optical spring effect [166]. On the other hand, the decay rate measured from
g® (1), which measures only intensity fluctuations, begins to deviate from the measured linewidth
in the vicinity of threshold. Although thermal phonon emission dictates a strict correspondence
between the second-order and first-order coherence functions [148], above threshold where the phonon
statistics are no longer purely thermal, such a deviation is possible, and in fact predicted for self-
sustaining oscillators [172].

The Fano Factor, defined as

=1+ (n)(g®(0) - 1), (5.31)
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Figure 5.6: Second-Order Temporal Phonon Correlation Function. Second order phonon
correlation function ¢(®) (1) measured via histograms produced in TCSPC, for representative photon
numbers n, with a blue-detuned (a-d) and red-detuned (e-h) laser drive. Exponential decay fits
are plotted in green lines, while the expected decay function based on calibration of 7; and youm is
plotted in black for the below-threshold histograms (a,b, e-h). The blue-detuned histograms show
a smooth transition from thermal bunching to uncorrelated phonon emission, while the red-detuned
histograms remain bunched at all photon numbers.
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Figure 5.7: Zero-Delay Phonon Correlation. Second order phonon correlation function g(?)(0)
versus n. for A = —wy, (blue points) and A = wy, (red points). The top and bottom dashed lines
indicate the expected values for purely thermal and for displaced thermal states (DTS), respectively.
Error bars indicate one standard deviation from the mean produced by the error in fitting g(2)(7').

provides additional statistical information about the fluctuations of the oscillator, and is useful for
defining a precise oscillator threshold [173] and distinguishing between states that may have similar
or identical values of g?(0) (e.g. a coherent state versus a DTS) [166]. Inferring (n) from the
sideband photon count rate (Fig. 5.2) via

ks
H}en

(n) = —1, (5.32)

and using the measured g (0), the Fano factor of the mechanical oscillator plotted in Fig. 5.8b
shows the expected increase and peak in fluctuations at threshold. Above threshold, the Fano factor
drops again due to saturation in the optomechanical gain, approaching a measured value consistent

with that of a DTS (F ~ 2ng, + 1).

5.3 Outlook for Quantum Regime Phonon Counting and In-
tensity Interferometry

Although this analysis has emphasized the analogy between the optomechanical oscillator and a
conventional laser, there are unique differences which arise due to the intrinsically nonlinear nature of
the radiation pressure interaction in an optomechanical cavity. A particularly interesting departure
from classical phonon lasing dynamics is found in Ref. [166], for which the Fano factor determined by
the diffusion constants of Eqn. 5.28 falls below a value of 1 when the thermal phonon occupancy ny, =~

0. This is a uniquely nonclassical feature produced by anti-bunched phonon statistics. Under slightly
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Figure 5.8: Mechanical Decay and Fano Factor. a Mechanical decay rate versus n. for A =
—wp,, determined from the measured linewidth of the NPSD (circles) and from the exponential fit
to ¢ (1) (diamonds). b Fano factor versus n. determined by measurement of (n) and g(*(0).

more restrictive conditions, laser-driving the optical cavity on-resonance can also produce limit-cycle
oscillations with strongly negative Wigner density [174, 175]. Surprisingly, this is predicted to be
observable even for classical parameters (i.e., outside the single-photon strong-coupling regime of
go/k < 1), and in the presence of thermal noise.

Beyond phonon correlation spectroscopy, it is envisioned that sensitive photon counting of the fil-
tered motional sidebands may be utilized in the preparation and heralding of non-Gaussian quantum
states of a mechanical resonator [25, 26]. Most proposals for the creation of nonclassical mechanical
states rely on single-photon strong coupling of the optical and acoustic fields [55, 56, 59, 60], in
which a single photon in the optical cavity shifts the mechanical oscillator by more than its zero-
point fluctuation level with k,wy, < go. As this regime has not yet been reached in the laboratory,
with state-of-the-art optomechanical resonators featuring go/k < 1072 [45], schemes for creating
and observing quantum states of the mechanics in the weak-coupling regime (go < k,wm, as in this
work) are highly sought. Two recent proposals by Vanner and colleagues (Ref. [25]) and Galland and

colleagues (Ref. [26]) have outlined phonon addition and subtraction processes for the projection and
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heralding of phonon number states in the weak-coupling regime. These processes are particularly
well-suited to the phonon counting and intensity interferometry developed in this work.

Using the analysis of Ref. [26], the following discussion investigates the feasability of using a
pulsed laser input to first drive the blue mechanical sideband to create and herald a single-phonon
Fock state, and second verify the quantum nature of the mechanical state by monitoring the red
sideband. In the first step, a blue-detuned laser pulse produces the Langevin equations of motion in

the sideband-resolved (k < wy,) and weak-coupling regimes

6= %[ﬁBSB, i) — ga + /R, (5.33)

X 7~ ~ o o

b= +[Hpse,b] — %b + Vbin, (5.34)
where the interaction Hamiltonian Hgsg = —hGalb + h.c. produces correlated phonon/resonant-

photon pairs, and the strongly overcoupled regime of x = k. has been chosen for simplicity.

For the condition that the mechanical decoherence time is long in comparison to the pulse cycle
(on-state duration Tyyite and off-state duration T,g), the mechanical dynamics can be neglected as
slowly varying in the time-frame of the experiment. The intracavity field during the blue-detuned
drive, or write pulse, then reduces to dyrite(t) = (2/5)(iGi)zvrite + /Klwnite,n). The optical cavity
output field is then coupled to the acoustic field through

&Write,out = dwrite,in + 1 V 2Gwritel;zvritev (535)
?)write = Gwritei)write + 1 2Gwrite&i,rite)ina (536)

where Gyrite = 2G?/k. For solutions to Eqn. 5.35 of the form

R :l:2Gwrit Twritc ) .
Awriteﬂn(out) (Twrite) = \/1 — e:F2Gwrit:Twrice X /(; 6$Gwr‘t0tain(out)(t)dt7 (537)

a propagator U for input to output states (Awrite.out = Ut Awsite.inU and byrite (Turite) = Ut bwrite(0)U)

can be defined as

U(Twritc) :exp(i \/1 — e 2Gwrite Twrite AT bT )

write,in“write

X eXp(GwriteTwrite(*l - szrite’in/iwrite,in - bzvritebwrite))

X exp(—i\/l - e_2Gwrite,1ﬂv”itelewrite,inI;write)- (538)

Starting with the density matrix of the mechanical resonator, initially in a thermal state,

po(0) = (1 =p) Y p"[n)(nl, (5.39)

n>0
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with p = n¢n/(1 + nen), the density matrix of the optomechanical system after the write pulse is
pAb(Twrite) = U(Trite)[04)(04] ® pp(0)]UT (Tyrite). The detection of a sideband photon collapses
the optical state to |14), so applying the operator [14)(14] ® I, to the final system density matrix

pab(Twrite) and tracing over the optical states produces the heralded mechanical resonator state

TI‘A{(‘IA><1A| by ]Ib)pA,b(Twrite)}
’I\I.A7b{(|1A><1A| & Hb)pA,b(Twrite)}

=(1- pewaritcTwnm)2 anefnGwr;mTwr;m (n+ 1)|n+ 1) (n+1]. (5.40)
n>0

piond (Twritc) =1

In the case of the mechanical resonator starting deep in its ground state (ny, < 1 and p < 1), a
pulse with duration short enough such that GyriteTwrite << 1 results in the single phonon Fock state
term dominating in Eqn. 5.40. Thus the detection of a sideband photon in these conditions heralds
the |1,) mechanical state.

Following the blue-detuned drive pulse (and after a dark-state duration of Tog), a red-detuned
readout pulse can be used to measure and verify the heralded single phonon state. Here the inter-
action Hamiltonian during the read pulse is Hgpsp = —hGa'b + h.c., and absorption of a phonon
results in the creation of a resonant photon. As with the intensity interferometry shown earlier
in this chapter, detecting the sideband photon correlation with an HBT apparatus allows for the

statistics of the acoustic field to be measured. In this case, the single phonon Fock state produces

2p€_GwriteTwrite (2 4 pe_GwriteTwrite

Gema(T=0) = ~ dngy,. (5.41)

( ]_ + pe* Gwrite Twrite ) 2

The zero-delay second-order correlation function falls with the thermal mechanical occupation, and
nears zero when the resonator begins deep in its quantum ground state.

The optomechanical crystal cavities of this work, with their large optomechanical coupling
rate (go ~ 1 MHz), high mechanical frequency (wn, /27 ~ 5 GHz), and narrow optical linewidth
(k/2m > 500 MHz) easily meet the weak-coupling and sideband-resolved criteria for heralding and
verifying single phonon Fock states. Recent experiments studying thermalization dynamics of op-
tomechanical crystals at sub-Kelvin temperatures [111, 176] have shown that these devices also
attain long mechanical decoherence times 7y, = (vi(1 + (n)))™! = 475 us when cryogenically cooled
deep into the quantum ground state with (n) = 0.021. Specifically, the experiment described in
Ref. [176] utilizes pulsed excitation in order to avoid the deleterious optical heating effects explained
in Section 4.1 and Ref. [111]. Phonon counting during red- and blue-detuned laser pulses with
widths of Thuise < 300 ns and repetition rate approaching 1 MHz simultaneously achieves average
occupation (n) < 1 and effective cooperativity Cog = C/ng, > 1 during the full pulse duration.
These parameters meet the condition enabling the earlier assumption that the mechanics are slowly

varying in the Fock-state heralding step (namely, Tyrite + Tof < Ttn). Thus the single-phonon
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generation should be realizable with high-fidelity, as should the phonon addition and subtraction
process of Ref. [25]. Remaining experimental developments in this area require the generation of
blue- and red-detuned optical pulses to be integrated with the existing phonon counting and intensity

interferometry apparatus.
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Chapter 6

Conclusion

This dissertation is the culmination of a concentrated effort towards developing the experimental
capabilities necessary for the creation and observation of non-classical phononic states in optome-
chanical crystals. In conjunction with the dissertation of Sedn Meenehan, robust and efficient fiber
optical couplers have been developed for cryogenic operation, and measurement techniques have been
demonstrated which are well-suited to fulfilling the requirements of recent proposals for mechanical
quantum state perparation and detection.

The design, fabrication, and characterization of a self-aligned fiber-optic integration method has
been shown to enable high-efficiency optical coupling to silicon nitride optomechanical resonators.
These V-groove couplers transform a single optical mode between an optical fiber and a zipper
optomechanical resonator, allowing for single-sided coupling with one detection channel. The com-
bination of high efficiency and single-sided coupling qualify this method for experiments which rely
critically on high detection efficiency of intracavity photons. In this regard, the performance of
a V-groove coupled device was benchmarked against the standard quantum limit (SQL) in a con-
tinuous measurement of the position of a nanobeam. With high-precision homodyne spectroscopy
techniques, mechanical motion was transduced with an imprecision within a factor of 3 of the SQL,
representing an order of magnitude improvement over comparable experiments in the optical domain
and matching the performance of state-of-the-art microwave domain measurements. The V-groove
device allows for permanent fiber coupling via epoxy, and is compatible with cryogenic systems such
as dilution refrigerators. This coupling architecture has also proved useful to a variety of collabo-
rative efforts both within and outside of the Painter research group, including; packaging and noise
reduction in optomechanical accelerometers, fiber access to hybrid nanophotonic/atomic-ensemble
systems, and wavelength multiplexing of single photon detectors.

Another fiber coupling method was developed for high-mechanical-frequency silicon optomechan-
ical crystals. Here, the nanobeam resonator is coupled efficiently through a single detection channel
to a lensed optical fiber tip, which is dynamically positioned relative to the device using motorized

translation stages. Although these end-fire couplers are not permanently coupled like the V-groove
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devices, sensitive alignment can be achieved without the use of in-situ microscope imaging, enabling
its use in dilution refrigerators for cryogenic cooling to motional ground states. Using such an end-fire
coupler, the nanobeam resonator was detected near its ground state using heterodyne spectroscopy,
although at levels far above those predicted for thermalization at sub-Kelvin temperatures. It was
eventually determined that small levels of optical absorption within the optical cavity were heating
the structure to such a degree that the weak (by design) coupling of the acoustic mode to its exterior
environment could not overcome. Even for probe laser powers so low that average intracavity photon
numbers were 0.01, absorption heated the device to thermal occupancies greater than 1.

These initial cryogenic results revealed the need for a new approach. Since continuous-wave
optical probing gave rise to such heating that mechanical ground states could not be achieved si-
multaneously with large parametric optomechanical coupling, pulsed-probing was an obvious choice.
A particularly powerful experimental toolset pairs pulsed-probing with single photon detection, al-
lowing for both direct measurement of the dynamic time response of the system and high detection
efficiency. For this reason we proceeded to develop experimental techniques for photon counting of
the optical cavity output, in a process we term phonon counting. Phonon counting occurs through
single photon detection of a sideband photon, which is correlated to a phonon emission or absorption
event within the resonator. Appropriately filtering the cavity output light allows for high-sensitivity
phonon counting, which, when paired with pulsed probing, can efficiently detect the motional ground
state with large coherent optomechanical coupling.

Although these tools were developed for cryogenic application, they also enabled a novel exper-
iment to be performed at room temperature. Using two single photon detectors, intensity interfer-
ometry can be performed on the cavity radiation in a similar manner to the famous Hanbury-Brown
Twiss experiment. Measuring the second-order temporal coherence function then shows qualitative
features determined by the physical state of the radiation source, in this case of the mechanical
oscillation. At room temperature, two distinct modes of mechanical oscillation are achievable; ther-
mal, chaotic motion, and coherently oscillating limit-cycle motion. The transition between these two
regimes occurs as the laser drive power is increased, and is analogous the the threshold condition of
a conventional laser. I have followed analyses in literature to show that the above-threshold regime
of the mechanical oscillator features strong reduction of amplitude noise, similarly to the clamping
of spontaneous emission in optical lasers. We measured the correlation function as a function of
power, and observed the oscillator transition from thermal bunching to the coherent non-bunching
expected for a displaced thermal state.

With the optical coupling and measurement techniques developed in this work, a range of quan-
tum domain optomechanics experiments are feasible. Two of these proposed observations, limit-
cycle phonon anti-bunching and single phonon Fock state heradling, have been reviewed. While

these measurements are on the horizon following straightforward extensions of the phonon counting
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and intensity interferometry apparatus, many more fascinating experiments lie ahead. In particular,
optomechanical crystals are uniquely suited to scaling to arrays of multiple devices. Lithographi-
cally defined optomechanical circuits in two dimensions have the potential to use both optical and
acoustic waveguides [177, 178] to interconnect the optomechanical crystal array, exchanging photons
or phonons in specific geometries. Beyond the usual paradigm of cavity optomechanics involving
isolated single mechanical elements, coupled optomechanical crystal arrays have been proposed as a
way to realize optomechanical memories [18], nanomechanical circuits for continuous variable quan-
tum information processing [20], phononic quantum networks [21], and as a platform for engineering
and studying quantum many-body physics of optomechanical metamaterials [22-24].

In yet another potential avenue of integration, other photonic elements can be coupled to op-
tomechanical crystals to perform more experimental functions on the microchip. Single nanowire
superconducting photon detectors (SNSPDs), fabricated on-chip and coupled through a waveguide
to the output detection channel of an optomechanical crystal, could allow the phonon counting mea-
surement to be performed without incurring the optical losses of multiple fiber couplings and ma-
nipulation in room-temperature instrumentation. Initial developments in the fabrication of SNSPDs
coupled to nanobeam cavities are described in the Appendix to this dissertation. These detectors and
waveguides could be coupled to high-quality optical cavities, with resonances tunable via electrome-
chanical actuation [68, 179] for filtering of cavity radiation and stray light. Arrays of SNSPDs on
the outputs of photonic waveguide power splitters could further be arranged into on-chip Hanbury-

Brown Twiss experiments or higher-order correlation measurements.
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Appendix A

Fabrication of
Nanobeam-Integrated Single
Photon Detectors

Improvements to the performance of superconducting nanowire single photon detectors (SNSPDs)
are critical to broadening their application to quantum information science [133]. Particular effort
has focused on increasing system detection efficiency, which has been limited to < 40 % until the
recent work by Ref. [119]. Although the optical absorption rate of a given section of nanowire is
very high, optical mode mismatch between the illuminating field and the only partially area-filling
meander pattern significantly reduces the achievable system detection efficiency. Approaches such as
resonantly enhancing the absorption by embedding the nanowire within an optical cavity [119, 180]
and robustly integrating fiber alignment assemblies [119, 138] have seen considerable improvement,
but in many cases the system efficiency is limited by nonuniform constrictions to wire width [181].
To fully encompass the optical mode profile of a near-field optical fiber, most SNSPDs nanowires
spiral in an inductor pattern encompassing an area of at least 100 um?. Over this extended length of
wire, fabrication imperfections result in a variation of wire width, and the maximum critical current
bias will occur for the critical current density of the narrowest section. Therefore when the SNSPD
is operated at this current bias, the wider wire sections will not go into the normal state during a
detection, and the detection efficiency is decreased.

A promising solution to many of the optical coupling and fabrication challenges with SNSPDs
is to integrate the nanowires into tailorable nanophotonic elements such as waveguides and cavi-
ties. Demonstrations of index-waveguide-coupled NbN SPDs have taken advantage of continuous
absorption of a travelling-wave to increase the internal detector efficiency, although system detection
efficiency was still limited to ~ 1 % by poor waveguide-to-fiber optical coupling [182]. With the V-
groove fiber couplers discussed here [99], system detection efficiencies of 70 —80% should be possible.

Furthermore, integrating the nanowire on the top surface of a nanobeam or zipper resonator has the
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potential to further increase internal detection efficiency, lower dark count rate by filtering the input
light, and enable tunable single photon spectrometry through electromechanical actuation [68, 179].

Due to the highly-locallized optical mode volume of a nanobeam, a surface SPD nanowire
(Fig. A.1) only requires a few microns of wire length to interact with a significant portion of the
optical field. In contrast with meander-inductor nanowires of length > 100 pm, the probability of
width constrictions is much lower, enabling higher internal detection efficiency. The absorption rate
is also tunable in the design of such a structure, as the wire can be overlapped with portions of
the nanobeam mode profile with higher or lower magnitude as desired. Nanowires traversing the
length of the beam at the cavity center will feature the largest absorption rate. This effect brings up
the familiar bandwidth/gain trade-off, as the highest wire absorption rate will significantly decrease
the optical quality factor (although still at the level of @, ~ 10%), while lower detection efficiencies
would allow for finer filtering and resolution with respect to wavelength. Thus for applications re-
quiring multiple chip-based, high-efficiency SPDs the nanowire should cross the near center of the

nanobeam cavity, while nanowires crossing the nanobeam several holes diplace from center would

be more suitable for spectrometry applications or tasks requiring very low dark count rate.

Figure A.1: Nanobeam Cavity SPDs. SEM images of a a nanobeam cavity integrated with
an NbTiN nanowire connected to two electrical bond pads and b a test array of nanobeam SNSPD
devices. The inset shows a top view of the nanowire and glass encapsulation traversing the nanobeam
cavity.

The fabrication process for producing the nanobeam-coupled SNSPDs is detailed in Table A.1.
Silicon nitride wafers are coated with a ~ 5 nm thick NbTiN film by the Jet Propulsion Labora-
tory [183] prior to the process. After Cr/Au wire-bond pads and alignment marks are deposited, best
results are found when the defining the photonic structure prior to the patterning of the nanowire.
Similarly to the process for silicon end-fire optical couplers, the NbTiN film must be protected by a
mask from the TMAH undercut etch step. In this case, NbTiN wire is first etched via reactive-ion
plasma (RIE), and is then encapsulated in a patterned glass layer formed from the electron-beam

exposure of Dow Chemical flowable-oxide-16 resist (FOx-16). Since glass is robust to TMAH, the
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Process Step Sub-step Parameter =~ Parameter Value Duration
Clean Sample See Table 2.1
Apply E-Beam Resist Spin ZEP-520a Sgiﬁ E{Iﬁi 1?(5)80rg)nn;s 1 min.
Hot Plate Bake Temperature 180 °C 2 min.
Liftoff E-Beam Lith. Dose 250 pC/cm? -
E-Beam Development See Table 2.1
Cr/Au E-Beam Evap. See Table A.3
TCE - - As needed
. Acetone Rinse - - 10 sec.
Cr/Au Liftoff TPA Rinse - - 10 sec.
N, Nozzle Dry - - 10 sec.
Apply E-Beam Resist Spin ZEP-520a 211:))12 ;I;ii 128(())0r1r)1;nn;s 1 min.
Hot Plate Bake Temperature 180 °C 2 min.
Photonics E-Beam Lith. Dose 230 uC/cm? -
E-Beam Development See Table 2.1
RIE NbTiN Etch See Table A.4 15 sec.
ICP-RIE Nitride Etch See Table 2.2 7 min. 25 sec.
TCE - - 5 min.
Strip E-Beam Resist Iﬁi)cztone Rinse - - 18 :gg
N, Nozzle Dry - - 10 sec.
Apply E-Beam Resist Spin FOx-16 Sgiﬁ ?{Iz);eli lgggorg:nn/ls 1 min.
Hot Plate Bake Temperature 180 °C 2 min.
SPD Wire E-Beam Lith. Dose 1600 uC/cm? -
MF319 Temperature 50 °C 15 sec.
E-Beam Development %AO : : ?Onii(l:
N, Nozzle Dry - - 10 sec.
RIE NbTiN Etch See Table A.4 15 sec.

Table A.1: SPD Process Parameters Part I. Table continued on following page.

nanowire is protected during the undercut etch by FOx-16 on its top and side surfaces and by silicon
nitride on its bottom surface. Optionally, the glass encapsulation can be removed after the undercut
by a quick HF dip.

The absorption rate of the SNSPD can be investigated at room temperature by measuring the
optical quality factor of the nanobeam cavity as a function of wire placement. In Fig. A.2, a test
pattern of devices with wires crossing the nanobeam cavity successively closer to center (higher hole
number indicates closer to cavity center) is probed with a tapered fiber, and the intrinsic optical
quality factor @ is extracted from the resnance linewidth and coupling depth. When no wire is

present on the cavity, the average Q; = 1.3 x 10°, while nanowires crossing 10 or less holes into the
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Process Step Sub-step Parameter Parameter Value Duration
. Spin Speed 6000 rpm .
Apply E-Beam Resist Spin FOx-16 Spin Ramp 1500 rpm/s 1 min.
Hot Plate Bake  Temperature 180 °C 2 min.
SPD Cap E-Beam Lith. Dose 800 1C/cm? -
MF319 Temperature 50 °C 15 sec.
H,0O - - 30 sec.
E-Beam Development TPA - - T i,
N, Nozzle Dry - - 10 sec.
Concentration 5% )
Undercut TMAH Temperature 72 °C 2 hours
H,0 x2 - 30 sec.
HF:H,0 Ratio 1:10 5 sec.
Oxide Etch H,O0 x2 - - 30 sec.
N, Nozzle Dry - - 10 sec.

Table A.2: SPD Process Parameters Part II. Listing of a chemical in a sub-step specifies
submersion at room temperature of the sample in a beaker of the undiluted chemical, unless otherwise
specified. Steps or sub-steps with a x N designation should be repeated for N iterations. IPA refers
to Isopropyl Alcohol.

Parameter Parameter Value
Initial Chamber Pressure 3 x 10~ 7 Torr
Cr Dep. Rate 0.05 nm/s

Cr Dep. Current ~ 14 mA

Cr Dep. Final Thickness ~ 5 nm

Au Dep. Rate 1 nm/s

Au Dep. Current ~ 45 mA

Au Dep. Final Thickness ~ 100 nm

Table A.3: SPD Metal Deposition Recipe. Process parameters for the chromium/gold (Cr/Au)
electrode deposition in the Painter Group BOC Edwards Auto 306 electron beam evaporator

Parameter Parameter Value

RF Forward Power 80 W

DC Bias Voltage 28 V

SF¢ Flow Rate 30 scem

Chamber Pressure 20 mTorr

Time Duration 30 sec. (15 sec. of active plasma)

Table A.4: SPD NbTiN Plasma Etch Recipe. Process parameters for the NbTiN etch in the
Kavli Nanoscience Institute Plasmatherm etcher.

nanobeam show little impact on @;. From crossings of 12 or more holes, @); decreases rapidly, with
a more than 6-fold reduction of Q; when the wire traverses 20 nanobeam holes. This result indicates
that the wire indeed survives the fabrication process, and can feature an absorption rate which
strongly dominates over all other optical loss channels in the nanobeam cavity. Therefore photon

absorption in the nanowire should occur at much higher probabilities than parasitic scattering or
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optical coupling back into the input channel of a V-groove-coupled device. In the first test of Q;,
the devices were measured before removal of the glass encapsulation layer. Testing the same pattern
after the HF glass removal step shows that ); increases for wire-coupled cavities, but not for the wire-
free devices which did not originally suffer from parasitic scattering from the glass encapsulation.
Although this trend would seem to show that the nanowire survives the HF etch, further testing of

the electrical properties at low temperature (i.e., verifying superconductivity) is required.
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Figure A.2: Tuning of SPD Absorption. Variation of the position of the NbTiN nanowire on
the optical cavity determines the absorption rate of the optical mode into the SNSPD. The intrinsic
optical quality factor drops as the wire traverses more holes approaching the center of the nanobeam
cavity. The scattering caused by the glass encapsulation layer is seen by the difference in quality
factor before and after HF etching.
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