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Abstract

Torsional oscillators are well known for their extensive applications ranging from measuring
gravity to detecting angular momentum of light. When these torsional resonators scale
down, through advanced nanofabrication techniques, the applications extend to measuring
quantum effects such as the superfluidity in *He film and Casimir forces. The benefits
of torsional resonators will only increase with smaller structures, provided that they are
supplied with a sensitive detection mechanism. The popular choice of interferometric scheme,
for example, does not scale down well with nanoscale on-chip devices and requires a separate

detection platform.

Fortunately, there have been recent successes in on-chip cavity optomechanics where the
mechanics can be sensitively measured through a high quality optical resonator. By in-
creasing the coupling between the mechanical oscillator and the optical cavity, mechanical
detection can be highly enhanced while the device is miniaturized. I have implemented, for
the first time, an optomechanical platform using an optical microdisk evanescently coupled
to torsional oscillators to demonstrate high torque sensitivities. The results have shown that
optomechanics is highly desirable for nanoscale torsion devices opening doors for vast ap-
plications: we have achieved angular displacement sensitivity of 4 nrad/ VHz, displacement

sensitivity of 7 fm/vHz, and torque sensitivity of 0.8 zNm/+v/Hz.

To obtain high-quality silicon-on-insulator microdisks with gaps in the order of ~ 100 nm,
we have chosen a commercial foundry to fabricate our sensitive devices which uses state-

of-the-art photolithography procedures. The benefit of deep UV optical lithography is that
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many chips on a single 8-inch wafer are available that are cost-efficient over the electron
beam lithography method. This thesis highlights the custom made optomechanical appa-
ratus using a dimpled tapered fibre to sensitively probe commercially fabricated torsional

devices, demonstrating the compatibility of optomechanics to nanoscale torsional platforms.
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Preface

I was with Dr. John Davis since he started his lab in the Fall of 2010 when I was a fourth year
undergraduate mature student, recently married, and had a young child. His offer to let me
work in his lab was one of the highlights of my life. I have learned much and contributed much
since the past three years. From the beginning, our group wasted no time in concentrating on
an optomechanical platform, which was a recent trend in sensors for on-chip devices. I was
instrumental in five main areas for my masters project: designing optomechanical devices
using a commercial foundry (Chapter 2), post-processing nanofabricated chips (Chapter
2, Appendix C), building an optomechanical chamber (Chapter 3), fabricating dimpled
tapered fibres (Chapter 3), and constructing the low-temperature optomechanical apparatus

(Chapter 5).

Being new in this field, our group first considered the option of using a foundry to fab-
ricate sensitive optomechanical devices that require sub-micron features. With three other
collaborating groups, I led the designing processes for each year to collect all the GDS files
and ensure that they were error-free from the design rules and that they all fit within the
design areas. As a result, these optomechanical torsional designs were highly successful in
demonstrating higher sensitivity over the previous work by Dr. Davis, resulting in a pub-
lication in APL. Portions of this thesis were taken from my published work, “Nanoscale
Torsional Optomechanics,” Applied Physics Letters, 102(5): 053102, 2013. Other designs
on the same chip were also published with the cantilever-based structure by Doolin et al,
“Multidimensional optomechanical cantilevers for high-frequency force sensing,” New Jour-

nal of Physics, 16(3), 035001, 2014 - where I assisted in taking the measurements. From the
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same design, nonlinear second-order coupling was observed and submitted by Doolin et al,
“Nonlinear optomechanics in the stationary regime”, arXiv:1402.3596. I am now working on

cleanroom recipes to fabricate sensitive optomechanical structures myself.

The most significant time was spent on optimizing the dimpling procedure of tapered
fibres. Although the dimpled fibre was first developed by the Painter group in 2007, the
methodology was not widely known. I worked on it for six months to optimize this process,
and now can consistently reproduce dimpled tapered fibres whenever I need them. The pro-
cedure for dimpling was added to a recent technical paper published in EPJ by Hauer et
al, “On-chip cavity optomechanical coupling,” EPJ Techniques and Instrumentation, 1:4,
2014. In addition to the dimpling procedure, I have designed and custom-machined various
parts of our lab’s first optomechanical chamber which was also included in the technical pa-
per. Recently, I have been heavily involved in constructing low-temperature optomechanical

apparatus in a dilution refrigerator.

It was hard at times to balance my family time to accommodate my desire for physics
research. However, I did work hard during the two years of my masters project and it has
been very fruitful. The overall progress accelerated during the two years by working as a
team, where I was happy to do my part to keep the momentum. This thesis summarizes my
efforts and centres around my first published paper on torsional optomechanics, which was

highlighted in an article by nature, “Measuring Twist with Light”, Nature, 494, 151, 2013.
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Historical examples of torsion sensors and their miniaturization for many
applications. The torsion rods were used to determine the a) gravitational
constant (1), and the b) quantum plasticity of solid *He (6). In addition, c),
g) chip-scale torsion sensors allowed sensitive applications such as a torque
magnetometer (12), (14), and d) electrometer (15). Further torsional devices
were able to detect e) electrical spins (16), and f) observe the Casimir effect
(17).

A simple sketch of the Fabry-Pérot optomechanical system (left) with high
reflecting mirrors separated by the length L forming an optical resonance
coupled to the mechanical spring. The central idea for this project is to de-
velop a torque-based optomechanical system modelled after the angular form
of Hooke’s law demonstrated on the right. . . . . .. ... .. ... .. ....

a) Illustration of optomechanical transduction mechanism where the time-
varying signal (inset) occurs at the side of an optical resonance (indicated by
a star) due to the cavity length changes from the dynamics of the spring as
shown in Fig. 1.2. b) An example of a Fourier transformed data, showing the
mechanical peak resonance in the frequency spectrum. . . . . . .. .. .. ..

Gallery of developed sensors of various optomechanical platforms. There are
WGM-type optomechanical structures designed for a) a force sensor (33), b)
a magnetometer (34), and ¢) an atomic-force-microscope (AFM) (35). Exam-
ples of photonic-crystals also provides extensive applications in building d)
an accelerometer (32) and e) a small mass (~ fg) displacement sensor (19).

a) Rendered image of the optomechanical torsion platform. A dimpled ta-
pered fibre couples light into a microdisk WGM resonator, which is evanes-
cently coupled to a mechanical torsion oscillator. b) Basic description of the
geometry used for the optomechanical torsional design. . . . . ... ... ..
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An angled SEM image of a commercially fabricated optomechanical chip,
which was post-processed to etch away the buried oxide layer (SiOs). There
are vast number of different optomechanical devices and their parameteriza-
tions. The left inset shows a top view illustrating the void space (100 pm X
150 pm) surrounding the device to give enough room for dimpled tapered-
fibre alignment. The right inset shows the typical SOI platform where the top
layer was ~ 220 nm on top of a sacrificial layer (SiO3) of 2 pm, suited for
photonic devices near 1550 nm. . . . . . . .. ... oL

Some of the optomechanical devices in the first-year designs are shown in
SEM images with false green colour: a) an optical microdisk coupled to a
doubly-clamped beam, b) a slot ring resonator with its cross-section optical
mode profile (inset), and c¢) a racetrack resonator coupled to a torsion device.

Fully released optomechanical torsion devices are shown in SEM micrographs
used in this project. a) The first-year batch of torsional designs consist of
a simple paddle attached to a torsion rod hanging at the edge of the posts.
The bending of the torsion rod is evident where the designed gap of 130 nm
got closer to 100 nm after the drying step processed at the cleanroom. b)
In the second-year designs, the torsion rods are straighter by introducing an
offset from the end-posts (~ 1.5 pm) to enhance the rigidity of the torsion
rod supporting trimmed torsion paddles. . . . . . . .. .. oo

Magnified SEM images showing different curvature of the end paddle match-
ing the curvature of the 5 ym, 10 um, and 20 pym diameter disks, respectively,
from left toright. . . . . . . ..

The diamond saw at the Nanofab was used to precisely dice the commercially
made wafers into individual chips of 1 cm x 1 ¢cm shown in a). A photograph
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patterned by the foundry in empty spaces (typically outside the design area),
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patterned chips to etch-release mechanical devices while simultaneously mask
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a) Zoomed picture of Fig. 3.2 centred on the microscope system showing the
glass view-port for imaging. Captured image from the microscope-camera is
shown in b), where the dimple region can be clearly located from the out-of-
focused region. The scale bar is 100 pm . . . . . . . . .. ...

Rendered image of the arrangement inside the OVC, showing the Attocube
stacks (green) and a fibre-holder mounted on I-beam (grey) and goniometer
(black). . . . .

Pictures of the vacuum system. a) The turbo pump is connected to the cham-
ber via metal bellows but the vibration is quite noticeable. b) Therefore pass-
ing through a heavy concrete block damps the vibration caused by the turbo

DUIMD. .« v v vt et et e e e e e e e e e

a) Two electrical ports are displayed, where three adapters were used to
power the positioners inside the OVC. The extra adapter, connected with an
attenuator in the picture, is wired to a piezo-actuator that is under the chip.
b) For the fibre port, there are total eight holes (~ 1 mm diameter) but only
two are used for fibre input and output. They are held in place using vacuum
compatible epoxy, and covered with heat shrink tubing for stress-relief.

Tapered fibres in a) u-shaped and b) dimpled-shaped structures to approach
micron-scale devices on a 2D-chip with three possible methods illustrated
below. . . . . .

a) A CAD illustration of the computer-controlled motorized stage to taper an
optical fibre using Hy torch. b)The setup can also accomodate a microscope
to monitor during the dimpling procedure precisely. ¢),d) Instead of the Hy
torch. the COs laser can also be used to taper and dimple fibres where a ZnSe
lens is used to focus the laser. . . . . . . ... ... ... ... ... ...

Different kinds of tips for a hydrogen torch are shown in a), where the single
hole torch tip (OX-0), circled in orange, was mainly used for tapering the
fibre. The graph in b) shows the typical tapering profile to reach single mode
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The overview of the dimpling process. First, the centre of the thinnest part of
the taper is located in a) by retracting the clamps and the mould is positioned
directly under it. Raising the mould while retracting the clamps is shown in
b) where the bottom inset shows the ideal configuration for annealing. In c)
I used a small flame upside down to mould the tapered fibre. After lowering
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cleaned stripped fibre, taped orthogonally to the tapered fibre. Raising this
mould using manual positioner while detensioning the tapered fibre results in
b) (with a scale bar of 125 pm). Using a small flame, from the HT-1 torch-tip,
the annealing process is done by dabbing the mould manually with a flame
for 1 second as shown in ¢) and Fig. 3.13c. . . . . . . ... .. ... ... ...

3.15 a) Rendered image of the gluing process with the 5-minute epoxy applied on
the fibre-holder placed upside down. The inset show the top-view of the fibre-
clamps, fibre-holder, and the dimpled tapered fibre in a simplified manner.
Monitoring in real-time, the fibre-holder was raised until the epoxy touched
the tapered fibre as shown in b) and ¢) [47]. . . . . . . ... ... ...

3.16 Image of the fully fusion spliced dimpled fibre assembled together with the

commercially made chip awaiting pumping and optomechanical measurement.

4.1 Raw data for the mechanical frequency spectrum observed for a torsional
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39

47

48
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4.5 FEM simulations used to apply a torque to find the effective torsion spring
constant. a) The edge load of £F/2 was applied at opposite ends of the
paddle, b) resulting in a torque. . . . . .. ... Lo

4.6 The data from the lock-in technique, where the wavelength is scanned over
the whole tunable range (1550 nm ~ 1630 nm), with optical resonances shown
as a dip in the transmission (orange) while the fundamental mechanical fre-
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Three devices, each with a 10 pm diameter disk but with varying gaps be-
tween the disk and the mechanical structure, show the variation of the optical
resonance near 1577 nm. The red resonance is the smallest gap (100 nm) with
Qopt of 19,990, yellow having gap of 180 nm with Qopt of 25,500, and green
resonance having the largest gap (230 nm) having 37,780. Therefore we con-
clude that an increase in the gap between the optical and the mechanical
resonator increases the Qopt. ...........................

SEM micrograph of the optomechanical torsion designs overlaid with a sim-
ulation of the optical mode showing evanescent coupling between the two
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nm based on Fig. 4.6b. The numerically calculated slope (lavender) of the
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tudes (black). . . . . . ..
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explained in the text. . . . . . . . . ...

a) Calibrated plot of the most sensitive torsional mode (9.04 MHz) from the 10
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angular sensitivity (S3f) of 4 nrad/v/Hz (36). b) Taken at a later date, plot-
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the noise-floor does reach the calibrated values. . . . . .. ... ... .. ...

Torque sensitivity plot where S, was minimum near the torsional resonance. .
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CHAPTER 1

Introduction

There’s no such thing as small science, only small scientists.

-Cloudy with a chance of meatballs 2

1.1 Overview of torsion sensors

Torsional mechanical oscillators, modelled after the angular form of Hooke’s law,
T = K0 (1.1)

are typically designed to have small torsional spring constants (k) in order to observe small
torques (7). These small torques can be easily related to fundamental physics that make it
desirable for researchers to use these types of devices. Starting with the famous Cavendish
experiment, torsion rods were used to measure an accurate value for the gravitational con-
stant (1) and the constant was further refined using a similar but improved apparatus (2).
They are even used as galactic-models to test the equivalence principle using a rotating tor-
sion balance (3). In contrast, extremely small angular momentum of light was detected by a
set of torsion paddles (4). Moreover, torsion rods were used in low temperature experiments
to investigate the superfluid transition in *He films (5) and attempted to discover a new

phase of supersolidity in *He (6).

Magnetic systems are especially entwined with torque measurements where sensitive mag-
netometers were built based on torsional oscillators (7), (8). The de Haas - van Alphen effect
was observed using a torsion balance, where the magnetic moments in a pure metal oscillates

with applied magnetic field (9). This quantum effect, sensitive to temperature, was applied
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in cryogenic systems to accurately read temperatures below 1 K (10). The Barkhausen ef-
fect, or the magnetization jumps occurring in ferromagnetic systems, were also reported and

controlled in a torsion paddle platform fabricated on a silicon nitride chip (11).
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Figure 1.1: Historical examples of torsion sensors and their miniaturization for many
applications. The torsion rods were used to determine the a) gravitational constant
(1), and the b) quantum plasticity of solid *He (6). In addition, c), g) chip-scale
torsion sensors allowed sensitive applications such as a torque magnetometer (12),
(14), and d) electrometer (15). Further torsional devices were able to detect e)
electrical spins (16), and f) observe the Casimir effect (17).

As with other nanoelectromechanical systems (NEMS), these torsional devices have been
scaled down to be more sensitive to their nanoscale environment. Fig. 1.1 illustrates the
decrease in the mass of torque sensors made possible by rapidly developing nanofabrication
technology. On-chip torsion devices have been utilized to inspect nanoscale magnetic prop-
erties (13),(14), to build an effective electrometer (15), to measure electron spin flips (16),
and to detect Casimir forces (17). The torsional devices are constantly being challenged and
improved by reducing the mass further based on the available nanofabrication techniques

where the quantum mechanical phenomena could be more accessible.



CHAPTER 1. INTRODUCTION 3

However the technology to miniaturize torsion-based system is only half of the story,
which becomes complete if and only if the device is complemented with a highly sensitive
detection scheme. Torsional devices were historically measured via interferometry (18), di-
rect measurements of the laser deflecting off of highly-reflective surfaces (3), or capacitive
measurements on metal-deposited paddles (15). All of these conventional methods are un-
doubtedly sensitive, however they do not scale down well with sizes smaller than the laser
beam spot size (< 1 um) or require added complexity in the circuit to minimize the electrical
noise. With the available fabrication techniques, I have been exploring ways to improve sen-
sitivity while reducing the size of these torsional oscillators in a simplified manner. Cavity
optomechanics has recently demonstrated extremely high sensitivities for on-chip devices
(19)-(21), and therefore became my primary focus to implement optomechanics to torsional

resonators.

1.2 A brief introduction to cavity optomechanics

One of the prime examples of optomechanical displacement sensors is the laser interferometer
gravitational-wave observatory (LIGO) where displacement sensitivities on the order of ~
10~ ¥m/ VHz were achieved for the mirror near 100 Hz by engineering the Fabry-Pérot
cavity (22). These unprecedented sensitivities were ultimately limited by the shot noise
at low laser power, arising from the fluctuations of the electrons in the detector, and the
radiation pressure noise at high laser power, induced by the fluctuations in the photon flux
to the mirrors. These limitations define the standard quantum limit (SQL), or Heisenberg
limit, where the sensor is now faced with the quantum nature of light making it harder
to go beyond the atto-metre scale sensitivities. More recently squeezed states of light were
implemented, where one quadrature of light is squeezed from passing through a nonlinear
crystal (PPKTP crystal), to improve the sensitivity in the same quadrature by 2.15 dB (23).
Shrinking this sensitive gravitational wave detector to fit on an optical table has also been

successful to reach sensitivities below the shot noise using the squeezed states of light (24).

Inspired by the principles of cavity optomechanics - demonstrated from the quantum-
limited gravitational wave detectors, a natural progression towards on-chip scale detection
was desirous to probe other nanoscale phenomena with equivalent sensitivities. In early
2005, it was shown that on-chip toroidal resonators, intrinsically having a high optical qual-
ity factor (Qopt), possess mechanical breathing mode that is highly-coupled to the optical
mode, and thus demonstrate high sensitivity to displacement of ~ 1077 m/v/Hz (25), (26).
Since then vast number of different optomechanical cavity systems have been flourished,

demonstrating the powerful transduction scheme for on-chip devices where squeezed light
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Figure 1.2: A simple sketch of the Fabry-Pérot optomechanical system (left) with
high reflecting mirrors separated by the length L forming an optical resonance
coupled to the mechanical spring. The central idea for this project is to develop
a torque-based optomechanical system modelled after the angular form of Hooke’s
law demonstrated on the right.

were also recently implemented (27),(28). It is remarkable that on-chip pico- and femto-gram
scale devices can also have sensitivities comparable to the diameter of a proton (~ 1.6 fm)

by utilizing the coupling between the optical cavity and the mechanical resonators.
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Figure 1.3: a) Illustration of optomechanical transduction mechanism where the
time-varying signal (inset) occurs at the side of an optical resonance (indicated by
a star) due to the cavity length changes from the dynamics of the spring as shown
in Fig. 1.2. b) An example of a Fourier transformed data, showing the mechanical
peak resonance in the frequency spectrum.

The demonstration of optomechanics can be done by a simple illustration with the Fabry-
Pérot cavity with two high-reflecting mirrors separated by length, L, where one mirror is
fixed and the other is connected to a spring (See Fig. 1.2). Fixing the wavelength at the
side of the optical resonance (marked by the star in Fig. 1.3a), any optical resonance shifts
will result in a time-varying signal where the dynamics of the spring are encoded. Applying

the Fourier transform, mechanical frequency spectrum of the moving mirror can be attained
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(Fig. 1.3b). The coupling between the moving mirror and the optical resonance is therefore

described via G, the optomechanical coupling coefficient, by the following equation:

w(zo + 2) = w(zo) + Gz (1.2)
~ Ow(zo)
G = azo (1.3)

where w(zg + 2) is the shifted optical frequency from the cavity resonance, w(zp), due to
a coupled small mechanical displacement z. Therefore G is defined as the change in the
optical frequency per mechanical displacement in units of (Hz/m) in which for a simple
Fabry-Pérot system, it can be expressed as wo/L where wy is the optical resonance frequency
(29). Similarly, whispering-gallery-mode (WGM) cavities have G expressed as wg/R for the
radial breathing mechanical displacement where R is the radius of the cavity. However
more simulations and experiments may be required to obtain the G for different complex
geometries (30), (31).

Figure 1.4: Gallery of developed sensors of various optomechanical platforms. There
are WGM-type optomechanical structures designed for a) a force sensor (33), b) a
magnetometer (34), and ¢) an atomic-force-microscope (AFM) (35). Examples of
photonic-crystals also provides extensive applications in building d) an accelerom-
eter (32) and e) a small mass (~ fg) displacement sensor (19).
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A large G, or large optical resonance shifts, in a Fabry-Pérot cavity is desired for high
sensitivity - which in general L should be small. However, the cavity length cannot be
infinitesimally small because of the optical resonance condition requiring half-wavelength of
the laser source. Optical losses in a optical cavity is generally large with small L, or R, and

must be optimized for highest sensitivity achievable.

Many groups have used cavity optomechanics in various sensing applications including on-
chip accelerometers, force sensors, and magnetometers with demonstrated sensitivities of 10
1g/vHz, 15 aN/v/Hz, and 400 nT /+/Hz, respectively - shown in Fig. 1.4 (32)-(34). From all
the accomplishments in on-chip cavity optomechanics, this relatively new platform is rapidly
growing as one of the best experimental tools for nanoscale science (29). In this competitive
field of optomechanics, I have taken the initiative to base my project in experimenting
torsion-based optomechanical systems to further reduce the size than previously reported

paddles while increasing the sensitivities.

1.3 Torsional optomechanics

With all the successes that cavity optomechanics devices have achieved in on-chip platforms,
it was highly desirable to get a comparable displacement sensitivity in on-chip torsional
devices. If small torque sensitivities can be reached, it will open doors of probing various
torque-related systems in the nanoscale regime - for example magnetism, superconductors,
and superfluid films. The purpose of this thesis is to improve the sensitivity over previously
reported torsional devices (14) using cavity optomechanics. The outline of this thesis consists
of first, introducing the optomechanical geometry designed for the chip with post-processing
to release the mechanical structures. I then describe all the construction details for the
apparatus for obtaining high-sensitivity in optomechanical devices, including some of the
challenges 1 faced in dimpled tapered fibres to inject light into WGM microdisks. From
the success in obtaining the optomechanical torsion data, my first paper was published in
Applied Physics Letters (36) - which this thesis was based on. I also included some on-going
projects with these torsional devices for applications as part of Chapter 5 and Appendix C.
In short, my project confirms that optomechanics is a viable platform for high-sensitivity
torque measurements and can be used for other applications that involve smaller torsion

devices.



CHAPTER 2

Post-Processes for Commercially Fabricated Chips:

Optomechanical Designs and Cleanroom Recipes

Let us cleanse ourselves from all filthiness of the flesh.
- 2 Corinthians 7:1

Single-crystal silicon has been highly favoured in complementary metal-oxide-semiconductor
(CMOS) industries based on its excellent optical properties to combine compact photonic
devices to integrated circuits. Silicon also has an additional advantageous feature in the
form of its mechanical properties (37) - which is highly elastic (Young’s modulus), suffering
very little mechanical dissipation, and is extremely stable in frequency (38). This thesis is
dedicated solely to single-crystal silicon that excels in both optical and mechanical properties

and hence is well-suited for optomechanical platforms.

2.1 Commercially fabricated on-chip optomechanics

Similar to the demonstration of optomechanics using high-reflecting mirrors as shown in Fig.
1.2, T have designed a whispering-gallery optical disk evanescently coupled to a mechanical
torsion paddle rendered in Fig. 2.1. The design of evanescent optomechanical structures
requires consideration of two important criteria: the smoothness in the whispering-gallery-
mode (WGM) cavity, related to Qopt, and the gap between the optical and the mechanical
resonators, related to G. To fulfil both requirements of having smooth sidewalls and small

gaps, lithography for patterning and plasma for etching must be highly optimized.

The two mainstream lithography methods, optical and electron-beam lithography (EBL),
each have their merits and disadvantages. Optical lithography is highly cost-efficient since
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Figure 2.1: a) Rendered image of the optomechanical torsion platform. A dimpled
tapered fibre couples light into a microdisk WGM resonator, which is evanescently
coupled to a mechanical torsion oscillator. b) Basic description of the geometry used
for the optomechanical torsional design.

the use of a photomask enables mass-printing of devices, but generally suffers from feature
resolution due to the diffraction limit of the UV source and non-uniformity of the pho-
toresist from mask contact. For example, optical lithography done at our local cleanroom
(UAlberta-Nanofab) was limited to 1.5 pm using a 365 nm UV source. To go to sub-micron
features EBL provides a solution for small batch sizes; however, the overall process can be
very slow and costly in comparison to photolithography. Fortunately, industry have been
heavily utilizing a 220 nm thick silicon-on-insulator (SOI) platform, specialized for devel-
oping silicon photonic devices, which have a high index of refraction (3.42) and negligible
absorption in the telecom wavelength band (1300 ~ 1630 nm). A deep-ultraviolet (DUV)
photolithography method uses excimer lasers (193 nm or 248 nm) and high-definition pho-
tomasks to produce large volumes of devices with small features down to 130 nm (39). The
cost for acquiring commercially patterned SOI wafers can be quite high but in our case, the
cost was opportunely subsidized through CMC Microsystems - an organization that linked
us to the Interuniversity Microelectronics Center (IMEC) foundry, where the devices were

actually fabricated.

The costs were further reduced by sharing the purchased area of 6 mm x 6 mm square
block between four collaborating groups. Our allotted design area was ~ 6 mm X 2 mm,
which offered ample room to design numerous micron-scale optomechanical devices while
varying several key parameters. For this, we used the GDS layout software (DW-2000),
which has the unique capability to check customized design-rules set by IMEC, making it
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Figure 2.2: An angled SEM image of a commercially fabricated optomechanical
chip, which was post-processed to etch away the buried oxide layer (SiOz). There
are vast number of different optomechanical devices and their parameterizations.
The left inset shows a top view illustrating the void space (100 pm x 150 pm)
surrounding the device to give enough room for dimpled tapered-fibre alignment.
The right inset shows the typical SOI platform where the top layer was ~ 220 nm
on top of a sacrificial layer (SiO3) of 2 pm, suited for photonic devices near 1550
nm.
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possible to submit error-free designs. For example, acute angles under 85° or width below
100 nm were rejected from IMEC where DW-2000 software pointed out all the areas that
needed fixing.

Once the error-free designs were submitted, the turnaround time for the fabrication pro-
cess was eight months - which could be a major disadvantage for implementing commercially
fabricated devices in research-based projects. This is because the foundry collects all the de-
signs from various groups to be cost-efficient with the mask design, which results in lengthier
waiting time. During the two years of my graduate studies, I was able to design two sets of
commercially fabricated devices. The first batch was primarily designed to conclude which
optomechanical platform provides the best sensitivity for different optical and mechanical
systems and the second run consisted of improving the parameters based on the first batch. I
efficiently used the waiting period to improve our optomechanical coupling setup, develop a
systematic approach for dimpled tapered fibre fabrication, and optimize the post-processing

recipe using EBL.

Despite the long delay, I was very pleased with the finished product, characterized with
scanning electron microscope (LEO 1430) shown in Fig. 2.2. We requested and received
two different exposures, a high and a low dose, for each 8-inch wafer - which was then
diced and divided among the collaborated groups. The high exposure dose was basically
optimized for photonic crystal holes to match the designs precisely, while low exposure dose
(standard dose) are optimized for waveguides structures. Since I did not have any photonic
crystal designs, the high-dose chip was mainly used for testing recipes and standard dose
were primarily used for collecting torsional data. The metrology of the silicon layer thickness,
provided by IMEC, was 227 nm on average from one edge of the wafer to the other, with the
minimum being 222 nm and maximum being 233 nm - making it fair to assume uniformity

in an individually diced chip (1 cm x 1 cm).

2.1.1 Optical resonator designs

An optical cavity is at the heart of all optomechanical platforms, which any mechanical mode
that modifies the optical pathlength can be measured. Properties of optical resonators are
highly important during the designing process to achieve high Qo,¢ and small optical mode
volumes. The Qopt is related to the dissipation in optical resonators which is affected by the
surface roughness from the fabrication. Since the fabrication is optimized from the foundry
and is consistent within the wafer, I have considered many types of optical cavities in search

for high Qopt device. I particularly focused on the WGM family of resonators including
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Figure 2.3: Some of the optomechanical devices in the first-year designs are shown
in SEM images with false green colour: a) an optical microdisk coupled to a doubly-
clamped beam, b) a slot ring resonator with its cross-section optical mode profile
(inset), and ¢) a racetrack resonator coupled to a torsion device.

rings, racetracks, slots, and disks to avoid design-overlaps with other groups. In particular,
ring and racetrack cavities were first implemented because they support single mode in
telecom wavelengths making it favourable (40). Slot resonators are unique where the light
is guided in the gap (air) between the structures (41) (Fig. 2.3b inset) providing a higher
energy density in the gap. Lastly the disk resonators were incorporated to have higher order
modes, providing more resonances to work with but can be difficult to analytically identify
each mode shapes. From all these designs, I also varied the size of the cavities, or optical

mode volumes, to experimentally find the best data achievable for torsion devices.

After submitting these designs to the foundry I have worked on dimpling a tapered fibre as
to have a low spot necessary for accessing each optical resonators on a 2D chip illustrated in
Fig. 2.1a. The dimpled tapered fibre is a highly efficient coupler, being a direct coupler, rather
than going through a lossy Bragg-gratings typically used for silicon photonics (42). Using
dimpled fibre-taper also conserves design space without having to design large photonic
circuits with waveguides. The only design requirement is a void space around the device
(100 pm x 150 pm), shown in the left inset of Fig. 2.2, for fibre alignment. Although it
took about six months to optimize the dimpled tapered fibre procedure, the fibres are now

systematically reproducable (Section 3.2.2).
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From my naive approach to couple light from the dimpled fibre-taper directly to the WGM
cavities such as ring, race-track, and slot resonators were found experimentally incompatible
due to a large modal mismatch between a resonator and fibre-taper. Tapered fibres typically
have diameter near 1 pm, which is large compared to a thin ring resonators. To increase
the coupling efficiency - either making thinner fibres comparable to the photonic waveguide
thickness of ~ 500 nm or adiabatically tapering the silicon waveguides, will increase its
efficiency. The former was experimentally difficult to mould a dimple out of a smaller fibre
dimeter than 1 ym, and the latter work was recently done by the Painter group using tapered
waveguides to achieve an efficiency of 85 % (43). I instead investigated a significant number

of microdisks in which the fibre-coupling was successful.

2.1.2 Mechanical oscillator designs

Figure 2.4: Fully released optomechanical torsion devices are shown in SEM micro-
graphs used in this project. a) The first-year batch of torsional designs consist of
a simple paddle attached to a torsion rod hanging at the edge of the posts. The
bending of the torsion rod is evident where the designed gap of 130 nm got closer
to 100 nm after the drying step processed at the cleanroom. b) In the second-year
designs, the torsion rods are straighter by introducing an offset from the end-posts

(~ 1.5 pm) to enhance the rigidity of the torsion rod supporting trimmed torsion
paddles.

Taking advantage of the large design area, along with the optical cavity designs, I have
also made different mechanical devices coupled to microdisks. Examples include doubly-
clamped beams, cantilevers, and torsional devices - where I focused primarily on the simple
paddle designs shown in Fig. 2.4. The mass for these torsion devices are ~ 25 pg (Fig.
2.4a), computed from the volume integral of the density of silicon in COMSOL using exact
geometries obtained from a SEM image, and was further reduced to ~ 0.7 pg in the second
IMEC batch - where the paddles are significantly trimmed (Fig. 2.4Db).
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Figure 2.5: Magnified SEM images showing different curvature of the end paddle
matching the curvature of the 5 ym, 10 pm, and 20 pm diameter disks, respectively,
from left to right.

One of the differences observed in the first and the second year designs, other than the
shape of the paddles as shown in Fig. 2.4, is the bending of a torsion rod due to wet-
etch/drying procedures performed at the Nanofab. The capillary force during the dry-step
resulted in a curved torsion rod as shown in Fig. 2.4a and this bending was avoided in
the second year designs by placing the rod towards the centre, or an offset from the edge,
increasing its rigidity (Fig. 2.4b). Other design observation from Fig. 2.5 is the curvature at
the end of the paddle to match the disk it is coupling to, illustrated in Fig. 2.5. The 5 ym
diameter disk, for example, results in larger curvature of the paddle. These slight differences
in the curvature resulted in the change in the moment of inertia for these paddles where

optomechanics was able to resolve these small changes (Section 4.1.4.2).

Figure 2.6: The diamond saw at the Nanofab was used to precisely dice the commer-
cially made wafers into individual chips of 1 cm X 1 cm shown in a). A photograph
of the fully post-processed chips prior to the experiment is shown in b) where the
left two chips are the first year designs and the right two chips are the second year
designs.
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2.2 Post-processing

The 8-inch wafers were diced quarterly for both high and low doses from the foundry, which
made it easy to divide among the four groups. The quarter wafers were further diced into
individual small chips with sizes ~ 1 cm x 1 cm including the extra spaces around the edges
(~ 3 mm) to give freedom for mounting and handling the chip with tweezers (visible in Fig.
2.6b). The dicing procedure was done at the Nanofab using the diamond saw (Disco DAD
321). Before dicing, wafers were coated with a protective resist by the foundry to shield the
devices. Without the protection layer, small chipped silicon pieces on devices from dicing can
be difficult to remove later and could possibly damage the delicate structures. The dicing
is usually done automatically if the spacings are known accurately, but I performed them
manually to avoid any mistakes. These 1 cm x 1 cm chips were then ultrasonically cleaned
with acetone and rinsed with isopropyl alcohol (IPA) to remove the protective layer but

resist residues still remain, which requires additional cleaning at the cleanroom.
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Figure 2.7: a) To maintain a certain uniform etch-density throughout the wafer,
tiles are patterned by the foundry in empty spaces (typically outside the design
area), presented in the SEM image. b) During the 2 um deep SiOy etch process,
tiles that are 1.5 ym x 1.5 pum detach completely and land on random areas on a
chip - which can damage critical devices.

Although the hard part of patterning and etching was done by the foundry, there were
still steps to take in the local cleanroom for post-processing. The optomechanical devices
include mechanical structures that must be released via wet-etching. One immediate concern
with that was the tiles present in all the void spaces throughout the chip shown in Fig. 2.7a.
These 1.5 pm X 1.5 um dummy structures are inserted by the foundry to maintain a certain
etch density throughout the wafer for optimum results. The problem arises when a buffered-

oxide etch (BOE) is performed to remove the SiOy layer, allowing these structures to be
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completely released and land on devices where it is impossible to remove them as shown
in Fig. 2.7b. These tiles thus needed to be masked properly by an optical lithography step
prior to the wet-etching SiOs.

“‘>

DUV Lithography

(Foundry) /V

Piranha Cleaning Spin Photoresist Contact Photomask
SOl wafer <
—> —>
UV Exposure and BOE Process Photoresist Ashing

Development

Figure 2.8: A full processflow performed at the Nanofab after receiving commer-
cially patterned chips to etch-release mechanical devices while simultaneously mask
unwanted structures via photolithography. The main steps include piranha cleaning,
optical lithography patterning, and wet-etching the SiO4 layer.

The overall process-flow in Fig. 2.8 highlights the steps required for chip preparation that
includes successive cleaning, masking, and wet-etching. All of the above steps were processed
carefully at the Nanofab cleanroom to properly handle hazardous chemicals namely piranha,
hexamethyldisilazane (HMDS), and hydrofluoric acid (HF) solutions. The final result of
piranha cleaned, photolithography patterned, and wet-etched chips are shown in Fig. 2.6b

prepared for testing in the optomechanical vacuum chamber.

2.2.1 Recipe for piranha cleaning

As mentioned earlier the recipes for cleaning and wet-etching require extra caution for
handling harmful chemicals. The piranha solution, typically a 3 to 1 mixture of sulphuric
acid and hydrogen peroxide, produces an exothermic reaction near 120°C and actively strips
any organic material and many metals (44). Therefore the piranha wet-deck is specially
isolated from other wet-benches to prevent any organic or other chemicals from mixing with

this aggressive piranha solution. Chemical gear including protective apron, latex gloves, and
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face shields must be worn at all times during the process. For an individual chip, a mixture
of 150 mL of sulphuric acid and 50 mL of hydrogen peroxide was used for a 30-minute
cleaning cycle. Half way during the process, small amounts of hydrogen peroxide (~ 10 mL)
were added to maintain the high temperature. After completion the chip was thoroughly
rinsed with distilled water and was dried with a nitrogen-gun followed by a dehydration
cycle on a hotplate (110°C) for 10 minutes.

Although the public beakers at the Nanofab cleanroom are generally cleaned and main-
tained, I found a few instances where the devices ended up dirty and I had to redo the
process. We have our own private lab beakers now at the Nanofab in my storage, totalling
about 10 beakers, reserved for each specific chemicals and their processes. When using pri-
vate beakers, I had to make sure to aspirate the piranha solution myself after waiting about

2 ~ 3 hours to sufficiently cool the piranha solution.

2.2.2 Recipe for photolithography
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Figure 2.9: A zoom-out SEM image of a fully post-processed chip which a pho-
tolithography step was included to perserve all the thin ring structures (green inset)
while masking all unwanted areas such as tiles (yellow) and other group designs (or-
ange). Both large and small alignment marks are clearly visible in the image where
the large alignment mark (100 pm x 100 pm), indicated by the white arrow, was
primarily used for alignment during the photolithography step.

When wet-etching was first performed to release the torsional structures on a piranha cleaned

chip, T immediately realized that the tiles were very damaging to the structures (Fig. 2.7).



CHAPTER 2. POST-PROCESSES FOR COMMERCIALLY FABRICATED CHIPS 17

Therefore an intermediate step was inserted between the cleaning and the wet-etch processes
to mask all unwanted structures properly using photolithography. To perform photolithog-
raphy, a photomask is first required. Designed by DW-2000 software, a Cr photomask was
produced from the pattern generator (DWL-200) at the Nanofab. The minimum guaranteed
feature size of the mask was limited to 1.5 pm which is sufficient for masking unwanted
areas while perserving the ring, racetrack, and slot cavities shown in Fig. 2.9. During the
waiting period for the Cr mask to finish, I have attempted a different approach to minimize
the tiles landing on random areas. I have clamped the chip on a plastic tweezer faced-
down with a slight angle such that the design area is at the highest point. This approach
gave a temporary solution leaving many devices unharmed; however, proceeding with the

photolithography was the best method.

The patterned Cr mask was installed in the mask aligner (ABM) for alignment and
the chip was prepared by spinning the photoresist. The chip was first placed in an oven
(YES HMDS) to produce a thin adhesion layer for the photoresist (HPR 504). HMDS is
a dangerous chemical and one must be cautioned not to inhale this vapour while opening
and closing the oven. After the 30-minute cycle for applying a adhesion layer, HPR 504
resist was spun for 10 seconds at 500 RPM and 40 seconds at 4500 RPM followed by a hard
bake (Soitec) at 120°C for 90 seconds providing a uniform ~ 1.25 um layer ready for mask
alignment. There are alignment marks designed and patterned in the 4 corners of the chip
with dimensions 100 gm x 100 pm in size for coarse alignment and there are also smaller
alignment marks throughout the chip for fine alignment (5 pm x 5 pm) shown in Fig. 2.9.
The aligner can move in 4 translation axes (x,y, z, and ) including the rotation to align the
chip carefully using an optical microscope. After careful alignment the chip is exposed for
2.3 seconds under a UV source with the measured intensity of 11.4 mW /cm?. The chip is
then placed in a developer (SPR. 354) for 19 seconds followed by a final bake of 15 minutes at
90°C. The resist can be re-patterned if it is not satisfactorily seen in a microscope objective
where the chip can be simply washed with acetone and IPA rinse to redo the entire above
process. The HMDS coating step can be skipped at this point and the rest of the procedure

above is reprocessed.

To successfully translate the features patterned in the photomask onto a photoresist-
spun chip, good contact, either vacuum or hard contact, must be attained to minimize the
diffraction error. Although the vacuum contact was preferred to eliminate the gap between
the mask and the chip, it was not always possible due to the small chuck that was used to
hold the chip (Fig. 2.10c). The travel distance of the stage did not allow the chip to map
all the areas of the 5 inch x 5 inch photomask illustrated in Fig. 2.10a where the hard
contact method should be used. This is done by attaching the chip on a blank Si wafer at
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a) UV Exposure b) UV Exposure
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Figure 2.10: Illustrations of two methods for achieving good contact during a pho-
tolithography process. A vacuum contact was typically used, seen in a), if the travel
range of the chuck can be aligned with the mask. Otherwise a hard contact, shown
in b), was used by mounting the chip on a bare silicon wafer utilizing a wafer chuck.
The real image of these two mounts are shown in ¢) and the chromium photomask
that was used in d).

a desired location using a removable adhesive (Crystalbond 509) and applying a significant
force upwards after alignment. The Crystalbond 509 adhesive responds to heat where the
silicon wafer was placed in a hotplate briefly and applied the adhesive stick to create a small
droplet to attach the chip. The glue hardens when cooled and can be removed by placing
it onto the hotplate again. The remaining glue can be removed by acetone and IPA using
soaked Q-tips.
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After performing optical lithography with the same photomask numerous times, the mask
inevitably collects residues from the resist from multiple contacts. When the acetone and
TPA fail to clean the photomask, a cold piranha can ensure the mask is as clean as if it
is brand new. The cleaning process is same as the previous section, with the difference of
letting the solution cool down to room temperature. The hot piranha does etch the chrome
slowly (45) so the piranha solution must absolutely be cooled prior to mask cleaning. The

cleaning is done typically for 45 minutes depending on the condition of the mask.

2.2.3 Wet-etching the sacrificial layer, SiO,

Top view Side View
a) D D Si
b)
c)

Figure 2.11: Demonstration of SiO5 wet-etch on a patterned SOI chip using BOE.
The top and the side views of a square and a circular geometries are illustrated
in a), where the BOE process removes the sacrificial layer (dark blue) isotropically
(SiO2) as shown in b). A SEM image of a fully BOE processed device is displayed
in ¢).

Once the devices are properly masked with a photoresist, as confirmed through an optical
microscope, a BOE process is performed to remove the sacrificial layer of SiO, without
harming the single crystal silicon as illustrated in Fig. 2.11. Hydrofluoric acid (HF) etches
the SiO, layer isotropically, creating an undercut as shown in Fig. 2.11, and is resistant to

photoresists; however, the etch rate is often difficult to control (44). The BOE comprises a
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10:1 mixture by volume of dilute HF and ammonium bifluoride (NH4F-HF), which acts as
buffering agent, stabilizing the pH and controlling the etch rate. The etch rate was found
to be ~ 55 nm/min where the total time for BOE process was determined to be 36 minutes
to etch the 2 pm thick SiO, layer. The BOE process was performed with extreme caution
using plastic beakers (polymethylpentene) and tweezers to immerse the chip in the solution.
I was equipped with a chemically resistive gear, to avoid any exposures that are difficult to
detect.

Figure 2.12: a) The HF vapour etcher (Idonus VPE150) at NINT. I have attempted
to avoid stiction using this equipment, but the outcome in b) shows an undesirable
anisotropic etch in contrast to the wet-etch.

The BOE is a popular and a powerful method; nonetheless being a wet-etch - it poses
another problem, called stiction, where the strong capillary force from the surface tension of
water makes any devices that are close together stick. One method of avoiding this is the HF
vapour method. The vapour etcher is located at the National Institute for Nanotechnology
(NINT) cleanroom where the vaporized HF etches the SiO,, to skip the wet-etch step. The
sealed HF container is boiled to produce HF vapour to etch the chip mounted on the bottom
lid via electrostatic force. Handling HF vapour is extremely dangerous even under a fume
hood and requires extra safety precautions. During my training with this equipment, I found
that these etch-rates were not at all consistent. I have attempted to come up with a steady
recipe for HF vapour and failed after several attempts since it was highly dependent on the
chip location, the temperature, and the time. Each test had very different etch rates, where
on average the etch rate increases with time (table 2.1) and is highly dependant on the
location of the chip. Perhaps longer etch-time at a marked location might stabilize the etch-
rate but I have not pursued vaporized HF-etch further as it is an extremely harmful chemical
and I have not found a great need for this method. There are more conventional ways to
avoid stiction in combination with wet-etching, described in the following subsection. The

HF vapour is worthy of revisitation if smaller gaps should be present in the device (< 50
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Minutes | Average Etch-rate (nm/min)
1 16
2 51
3 75

Table 2.1: Inconsistent etch rates obtained using HF vapour from averaging five
trials for etch times of one, two, and three minutes.
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Figure 2.13: The left figure shows the general phase diagram where the problem of
stiction is outlined on the right during the phase change of 2). A strong capillary
force from the solution in the small gap attracts the optical and the mechanical
devices causing stiction. There are two ways to avoid the stiction problem either by
1) freezing the liquid and applying sublimation or 3) critical drying the liquid to
completely bypass the phase change. The latter method is by far more popular and
effective.

2.2.4 Recipe for drying process without stiction

As mentioned earlier, the BOE process poses a problem called stiction where the strong
capillary force from the surface tension of water makes devices that are close proximity
stick together. In the case of on-chip optomechanics, shown in Fig. 2.13, where a mechanical
oscillator lies outside an optical cavity coupled via very small gaps (~ 100 nm) - the stiction
certainly comes into play and must be resolved. A common phase diagram in Fig. 2.13
illustrates the problem in normal drying processes and shows two alternative solutions to
avoid the phase change from liquid to solid: 1) sublimation and 3) critical drying; in this
work, the latter method was primarily used. The objective of this method is to replace the

water in the gaps to aqueous CO2 because of the low critical temperature (T.) of 31°C and
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Figure 2.14: Straight forward procedure for solvent method to replace the water to
a light solvent (n-Pentane) adiabatically to minimize the capillary force.
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pressure (P.) of 72 atm making it possible to easily access the supercritical phase where
the liquid and gaseous phases coexist. The water-rinsed chip was quickly transferred to a
solvent, IPA, and underwent critical drying process at the Nanofab. It is an automated

process 45 minutes in duration with no stiction observed in SEM.

Solvent Surface Tension (mN/m)
n-Pentane 15.49
n-Hexane 19.20
n-Heptane 21.53
n-Octane 23.25
Water 75.64

Table 2.2: Various solvents with experimentally measured surface tensions near room
temperature (46). The lightest solvent, n-Pentane, was used to dry the chip as an
alternative method to avoid stiction

There is an alternative method called the solvent method that was used instead of the
critical point drier for equivalent results and quick processing. Table 2.2 refers to the prop-
erties of n-Pentane, n-Hexane, n-Heptane, and n-Octane, where n-Pentane was primarily
used to avoid stiction (46). Instead of using the critical point of liquid COy I have used
a very light molecule of n-Pentane (CsHp2) to replace the water - where the stiction was
remarkably avoided in a simple process. A schematic of this solvent method is shown in Fig.
2.14, each step has taken 5 minutes per addition of n-pentane solution. I have not observed
any noticeable differences regarding stiction by comparing these two methods, critical point
drier and ultralight solvents. However I suspect that devices with gaps smaller than 100
nm should require critical point drying because the principle of bypassing phase change
completely is a cleaner process. With these commercially made chips, I have mainly used
the solvent method for convenience and the outcomes have been satisfactory. However, an

additional plasma dry cleaning using O is necessary to passivate the surface of the chip.

2.2.5 Plasma cleaning

The chip is rinsed in acetone immediately after the BOE process but the surface may not
be clean as residue of photoresist may remain. Introducing another wet-solution to clean is
again faced with the stiction problem and is therefore discouraged. The best way to do final
cleaning is a dry plasma ashing using an O recipe. A small amount of O gas with high
energy plasma allows the oxygen to react with most particles, allowing it to clean without
any wet solution. The plasma descum process is used for 30 minutes where the chip was

brought to the chamber as soon as possible.
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Experimental Apparatus for Optomechanics: Technical

Details and Construction

A person who never made a mistake never tried anything new.
- Albert Einstein

Fibre CO:z Laser

Puller

Figure 3.1: An overhead layout and a photograph of the optical table shows the op-
tical table consisting the fibre-puller set-up, the CO5 laser, and the optomechanical
chamber.

In Chapter 1, I briefly introduced optomechanics as a powerful detection platform for on-chip
devices and the possibility to integrate miniaturized torsional oscillators were highly desir-
able for various applications. I have chosen commercial foundries for custom chip fabrication
with some post-processing done at the local Nanofab, resulting in a small-scale torsional de-
vices shown in Chapter 2. To measure the Brownian, or thermal, motion of these torsional
devices, the experiment must be free from vibrational noise. The first thing to note from Fig.
3.1 is the floating optical table placed on a vibration isolation pad, where the floor is sepa-
rated from the foundation of the building to minimize any source of mechanical vibrations.

24
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This chapter is dedicated to include all technical details involved in sensitively detecting the
Brownian motion of the torsional resonator. Some of the figures and portions are based on
the recently published technical paper (47).

3.1 Experimental schematic

Tunable

Figure 3.2: Schematic of the experimental setup centred around the optomechanical
vacuum chamber (left). The fibre-based system has a dimpled tapered fibre inside
the chamber together with the post-processed chip where the alignment is done
through the viewport on top using a microscope. The image on the right shows a
photograph of the apparatus.

The apparatus, illustrated in Fig. 3.2, gives an overview of the fibre-based detection. A
tunable diode laser (NewFocus TLB-6330) is guided through a variable optical attenua-
tor (VOA), fibre polarization controller (FPC), and the optomechanical vacuum chamber
(OVC), where the dimpled tapered fibre is located, to a photodetector (NewFocus 1811).
The photodetector low-pass filters the DC transmission to the data-acquisition (DAQ)
device monitored by the computer and high-pass filters the AC signal, which is amplified
five times and directed to either a network analyzer (HP 3577A Network Analyzer) or a
high-frequency lock-in amplifier (Zurich Instruments HF2LI) to optimize the amplitude of
torsional mechanical signal motion. A very short BNC cable (10 cm) was used to connect
the detector (AC) to the preamplifier to minimize the noise from the cable. A glass window
on top of the OVC allows careful and accurate alignment of the dimpled tapered fibre as

it hovers over and touches the disk, using nanopositioning stages (Attocube) to manipulate
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the chip. Optical resonances are observed by monitoring the transmission while sweeping the
wavelength of the laser over its whole tunable range (1550 nm ~ 1630 nm) and corresponding
mechanical peaks are found in each optical resonance. A simple schematic implementing a
lock-in amplifier provided powerful results on the optical and mechanical spectrums, which
are analyzed in Chapter 4.

Figure 3.3: An extruded acrylic fibre-panel installed to display the fibre-based ap-

paratus, which conserves space and provides working area in the floating optical
table

To avoid fibre traffic on a limited spaces on the optical table, which often caused confusions
and mishaps of the fibre, a vertical acrylic panel was installed to organize all the fibres shown
in Fig. 3.3. The fibre connectors are hot-glued onto the panel that made our schematic easy
to the eye. The space created on the optical table was used to fusion splice dimpled fibres,

mount IMEC chips, and solder Attocube wires without difficulty.
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Figure 3.4: An optical bistability, or a non-linear resonance, is observed in a silicon
WGM microdisk from the heating effect in silicon for high measurement power.
Therefore, a VOA is necessary to adjust the laser power to avoid any non-linearity
since the optomechanical transduction comes from the slope of the resonance.
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3.1.1 VOA

During the experiment, we generally want low laser power to avoid any non-linearities in
the optical resonances. For example, the bistability in optical resonances occurs from the
two-photon absorption resulting in the thermo-optic effect of silicon in high Q.p¢ resonators
(48) and is easily avoided by controlling the power through the fibre. Also the laser operates
optimally for power over 10 mW, therefore the VOA (Fig. 3.5a) was necessary to attenuate

the laser power outside the laser to the desired fibre transmission.

3.1.2 FPC

Figure 3.5: The two necessary components of the dimpled tapered fibre to control
the a) power (VOA) and the b) polarization (FPC) are part of the fibre-based
apparatus.

In optomechanical systems where the optics are strongly correlated with mechanics, the
polarization (Fig. 3.5b) is also an important knob to optimize the mechanical signal. The
FPC (Thorlabs - FPC560) uses a stress-induced birefringence of the fibre consisting of three
independent waveplates and was frequently adjusted along with the wavelength and VOA
to maximize the mechanical amplitude - monitored from the network analyzer (HP 3577A

Network Analyzer).

3.1.3 Microscope objective

A microscope objective, capable of x70 magnification, is mounted on a zyz translation
stage with custom machined legs that account for the focal length of the microscope (Fig.
3.2). Diffused LED light (Metaphase MP-LED-150) was used for illumination where the
dimpled region was observed from adjusting the microscope focus shown in Fig. 3.6b. Being

able to monitor the dimpled-region of a tapered fibre and the optomechanical device in real
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Figure 3.6: a) Zoomed picture of Fig. 3.2 centred on the microscope system showing
the glass view-port for imaging. Captured image from the microscope-camera is
shown in b), where the dimple region can be clearly located from the out-of-focused
region. The scale bar is 100 pm

time, coupling can be easily achieved with nanopositioning stages. After the fibre-dimple is
properly aligned to the optical disk, the LED light must be turned off during measurements
- where heating from the light induces a thermo-optic effect, or an unwanted shift in an

optical resonance.

3.2 Optomechanical vacuum chamber

I have described previously the general fibre-based components where this section focuses
on the main OVC chamber. This custom-designed vacuum chamber was machined at the
University of Alberta physics machine shop shown in Fig. 3.2 that holds vacuum on the
order of 1076 Torr. There is a circular plate with periodic mountable holes inside the cham-
ber, making it possible to arrange parts together illustrated in Fig. 3.7. In addition to the
description inside the OVC, the external 6 ports, designed to accommodate a valve, a ven-
tilation, a vacuum gauge, two electrical adapters, and an optical fibre feed-through will be

explained.

3.2.1 Vacuum parts

The main purpose of constructing a vacuum chamber is to reduce mechanical damping in air
so that the intrinsic Q) mech of the device is preserved. The vacuum environment also prolongs
the tapered fibre against degradation (49) and protects the SOI chip against dust particles.

To ensure these advantages, I have applied silicone vacuum grease (Dow Corning® - high
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Figure 3.7: Rendered image of the arrangement inside the OVC, showing the At-
tocube stacks (green) and a fibre-holder mounted on I-beam (grey) and goniometer
(black).

Figure 3.8: Pictures of the vacuum system. a) The turbo pump is connected to
the chamber via metal bellows but the vibration is quite noticeable. b) Therefore
passing through a heavy concrete block damps the vibration caused by the turbo

pump.
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vacuum grease) on L-gaskets (Duniway-VBJG-7) and O-rings - where all the ports and parts
were assembled and leak-checked the OVC confirming that there were no significant leaks
at sensitivities near 10~% atm cm?/s using *He gas. Excessive grease on a L-gasket must be
removed by dabbing Kim-wipes to prevent outgassing and contamination on the sample. The
minimum pressure reached was ~ 10~ Torr equipped with the dry-vacuum system (Agilent
Scroll-SH-110 and Turbo-V81-AG) and KF-25 flanged metal bellows. A thick heavy block of
concrete was installed to terminate all the vibration coming from the vacuum pump shown
in Fig. 3.8b. I have also installed a fine mesh inside the vacuum port to protect the pump
from pieces which might fall in. A thin fibre may sometimes break upon rough pumping the
chamber too quickly, therefore a valve was installed to slowly evacuate the OVC. Another
port had a vacuum gauge (Kurt J. Lesker - 972B Cold Cathode Pirani) attached to monitor
vacuum levels of the OVC. Unfortunately, this gauge is currently not working and has been

discontinued, so the gauge attached to the turbo pump (Agilent FRG-700) was used.

3.2.2 Electrical ports

Figure 3.9: a) Two electrical ports are displayed, where three adapters were used
to power the positioners inside the OVC. The extra adapter, connected with an
attenuator in the picture, is wired to a piezo-actuator that is under the chip. b) For
the fibre port, there are total eight holes (~ 1 mm diameter) but only two are used
for fibre input and output. They are held in place using vacuum compatible epoxy,
and covered with heat shrink tubing for stress-relief.

There are two ports responsible for electrical connections mainly used to power the nanopo-
sitioning stages, all hermetically sealed female BNC adapters placed in each. The inside of
three BNC adapters are soldered carefully to 2-pin copper wires to connect to the three
Attocube positioning stages connected to the piezo controller (ANC300) and an extra BNC

adapter is wired to a piezoelectric buzzer to drive the sample out-of-plane.
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During the alignment of the nanopositioning stages, electrical connections are made
through a clean power source, specifically installed in our lab using an isolation transformer
to filter out electrical noises into sensitive equipment, indicated by orange outlets. After
successful alignment to a microdisk, it is a good practice to replace the BNC cables with
an attenuator carefully to avoid any electrical noise going into the positioning stages where
the chip is attached.

3.2.3 Fibre through-port

Since the experiment is centred on fibre-detection, a leak-free fibre port is necessary in the
chamber. This port was custom-machined to have ~ 1 mm diameter holes for a fibre to go
through, totalling 8 holes shown in Fig. 3.9b. The apparatus only requires two holes for the
fibre into and out of the OVC, so the other 6 holes were sealed with vacuum compatible
epoxy (Torr Seal®). The two holes used were also permanently fixed with the epoxy so that
the fully fabricated dimpled tapered fibre can be transferred inside the chamber with the
fusion-splicer (Ericsson - FSU 995 FA). The fibres inside the chamber should be long enough
to give room for fusion splicing. It took about a full day for Torr Seal to completely harden,
after which I covered the opening with heat-shrink tubing to reduce the stress on the fibres.
The final sealed fibre-port is shown in Fig. 3.9b.

3.2.4 Nanopositioning stages

After explaining the external parts of the OVC, the first thing to mention is the critical
component inside the chamber - a precise xyz stage using piezo-positioners (Attocube). A
dimpled tapered fibre, having a diameter of 1 pm, must meet the smallest optical disk of ~
5 pm where this commercial product, although expensive, provides the necessary resolution
(sub-nm) in a travel range of 5 mm for all three stacks (ANPz101, 2x ANPx101). Moreover,
these positioners are vacuum compatible and compact, suitable for the current size of the
OVC. The travel range did not cover the whole chip (~ 6 mm) but enabled access to all the

torsional devices without having to re-adjust the chip.

I also mention a design flaw in the beginning, where I poorly arranged the setup such
that the fibre-holder was on top of the 3-attocube stacks - making the coupling very difficult
to the stationary chip due to vibrations of the fibre-taper with each piezo-step. It often
landed on the substrate (void spaces) rather than the device itself due to a heavier fibre-
holder (70 g) and odd geometry providing a constant small torque (not shown). Although

the weight of the fibre-holder should not be an issue, being under the maximum load of 200
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g, the nanopositioners performance seemed to have degraded over time. From this lesson,
the Attocube stacks have been rearranged from zyz to zzy, from top to bottom, supporting
the chip (5 g) while the fibre-holder stays rigid using an I-beam. Alignments were far better
with this configuration where a dimpled fibre-taper could hover over a disk for evanescent

coupling.

3.2.5 Fibre-holder

2) MO
}a M‘\'l !

- L

Dimpled
U-Shaped Looped Tapered Fibre
Tapered Fibre  Tapered Fibre

Figure 3.10: Tapered fibres in a) u-shaped and b) dimpled-shaped structures to
approach micron-scale devices on a 2D-chip with three possible methods illustrated
below.

The first generation of fibre-holder was a u-holder which has a lowest spot from a u-shaped
fibre for on-chip coupling, partially shown in Fig. 3.10a. It was an extremely difficult task
to pick up the fibre by hand, place the fibre in the u-holder groove, and mount it with
Kapton tape. In most cases, the fibre broke as soon as I tried to handle them; however, I
have managed to put a tapered fibre in a u-shaped form upon many iterations and practices.
The depressing part was that this fibre was no good for commercially made optomechanical
experiments since the fibre was mechanically unstable, making it hard to couple into any
optical structures. The lowest spot was also very broad to do any coupling since the lowest-
region of the tapered fibre is much larger than the void space around a device (> 100 um).
All T managed to do with this u-shaped fibre was finding optical resonances of a 80 pum
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diameter disk which was not particularly interesting (no mechanical structures present). To
overcome the floppiness and the long lowest-spot region, I needed to learn how to mould
a dimple since it provides both the mechanical stability and a small lowest-region on the
order of 50 pm. Working on the procedure for six months, I have developed a systematic

way to fabricate dimpled tapered fibres - which is reported in the next section.

Consequently, a separate fibre-holder was needed to mount a dimpled fibre shown in Fig.
3.7, where I custom-machined fibre-holder shape of a tuning-fork to adapt the flat tensioned
dimpled fibre shown in Fig. 3.7. The fibre-holder, together with I-beam, is mounted on top
of the goniometer (KOHZU SH03B-DS), which provides extra degrees of freedom to ensure
that the dimple is indeed the lowest spot although it is sparsely used.

Laser
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Figure 3.11: a) A CAD illustration of the computer-controlled motorized stage to
taper an optical fibre using Hs torch. b)The setup can also accomodate a microscope
to monitor during the dimpling procedure precisely. ¢),d) Instead of the Hy torch.
the COg laser can also be used to taper and dimple fibres where a ZnSe lens is used
to focus the laser.
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3.2.6 Tapered-fibre apparatus

Fabricating dimpled tapered fibres requires an independent setup as shown in Fig. 3.1, where
half of the optical table is occupied by the fibre-puller apparatus including the CO5 laser.
The fibre-puller includes three motorized stages for various configurations shown in Fig.
3.11, where a clamped fibre can be tapered via hydrogen torch or CO; laser, and a fibre
can be levelled prior to tapering using a microscope - taken from the OVC apparatus. The
microscope is especially useful during the dimpling procedure to monitor the mould at all
times. After aligning the mould to a tapered fibre, my first ever success in dimpling tapered
fibres was done through a flameless CO4 laser, shown in Fig. 3.11c, for annealing by focusing
focusing carefully with the ZnSe lens (Fig. 3.11c). Although it was useful at first, I was not
able to reproduce dimpled fibres as desired. Using a similar approach as above, but replacing
the CO4 laser with a small hydrogen flame and graphite, turned out to be a much better

fabrication method, described in the following section.

3.3 Dimpled tapered fibres

Tapered fibres, having large evanescent fields outside the tapered region, are ideal waveguides
to interact with high Q.,y WGM systems such as optical spheres, bottles, and toroids (50)-
(52). These fibre-tapers have further been engineered, either in u-shaped (53), looped (54), or
dimpled (42), to accommodate on-chip devices illustrated in Fig. 3.10 for efficient coupling.
As mentioned previously (Section 3.2.5), dimple structures are superior to the u-shaped or
looped fibre based on mechanical stability and small low-spot region. Following the approach
in Ref. (42), the fabrication methods have been refined and optimized to reproduce dimpled

tapered fibres with a high success rate.

3.3.1 Producing tapered fibres

The optical fibre must first be adiabatically tapered down to a sub-micron diameter prior
to the dimpling procedure. The method of tapering fibres is obtained in a similar method to
commercially fabricated optical fibres by heating and pulling. The difference is in localizing
the heat to a tiny region using a one-hole stub (OX-0) in Fig. 3.12a which softens and
stretches the fibre along the small taper length. We experimentally found a trend in which
the multiple-holes stubs in Fig. 3.12 resulted in a very adiabatic, and long tapered region
with minimum insertion losses (< 1 %) while the single-hole stubs gave a shorter tapered
length but were more lossy (55). Although a long adiabatic taper was desirable, the single-
hole stub (OX-0) was experimentally found suited for the dimpling procedure. A shorter
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Figure 3.12: Different kinds of tips for a hydrogen torch are shown in a), where the
single hole torch tip (OX-0), circled in orange, was mainly used for tapering the
fibre. The graph in b) shows the typical tapering profile to reach single mode in
using the OX-0 stub.

tapered region is helpful for wrapping the tapered fibre around the mould and mounting the
fibre on the fibre-holder - which still has good transmission as shown in Fig. 3.12b (26 % loss).
The pulling system with translation motors (Zaber T-G-LSM200A200A) was constructed
with a custom controller (programmed by C. Doolin) allowing independent controls of the

stage and two clamps.

The first step is to prepare an optical fibre (SMF-28e) of ~ one meter in length by stripping
the coating from, and cleaving both ends, to enable mechanical splicing and stripping the
middle section for tapering (~ 1 cm). All stripped regions must be cleaned thoroughly
using a triple-combination of acetone, IPA, and methanol prior to mechanical spicing and
clamping. An index-matching gel aids the mechanical splicing process as the fibre ends are
adjusted until a good transmission is obtained. The tapering process is highly dependent on
the alignment of the fibre, such that any torque applied from a misaligned fibre will destroy
the tapering process. This crucial alignment can be done using a microscope stand to view
the top and the front (Fig. 3.11b) assuring a straight profile. Prior to pulling, pre-heating
the fibre (until a white glow) for ~ ten seconds is a good way to clean a fibre. It is also a
test to see if any noticeable bending occurs from a softened fibre without stretching. If the
bending is clear, it should be replaced and re-aligned using a microscope for a straighter

alignment.

The Hy tank should read a pressure of ~ 5 psi and the flame height was adjusted to ~
1 cm from the torch-hole using a simple valve. The torch height should also be adjusted
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Figure 3.13: The overview of the dimpling process. First, the centre of the thinnest
part of the taper is located in a) by retracting the clamps and the mould is positioned
directly under it. Raising the mould while retracting the clamps is shown in b)
where the bottom inset shows the ideal configuration for annealing. In c) I used a
small flame upside down to mould the tapered fibre. After lowering the mould while
simultaneously tensioning the fibre, the mould is brought to a point levelled with
the rest of the tapered fibre. To release the mould from the tapered fibre, a small
hydrogen flow from the torch was used. The mounting is depicted in e) where 5-
minute epoxy was applied to attach the fibre to the fibre-holder. During the entire
dimple process, the transmission was monitored in f) where 92 % was recovered
after the dimple.
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so that the stripped region is centred with a flame height, confirmed by a small glow in
a dark room upon a flame touching the fibre - ready for pulling. The pull speed was 40
pum/second while the torch was periodically approached towards the fibre-taper in a small
1 pm increments (~ 50 pm in total) to compensate thinning of the fibre. Monitoring the
optical transmission, a profile like Fig. 3.12b was obtained, where the pulling stopped when
the transmission oscillation stopped to a single mode. Typical transmission after pulling
with OX-1 is ~ 75 % with typical pull time ranging from two minutes to three minutes.
If the final transmission is less than 50 % of the initial transmission, which is often due to

misalignment, the tapering process should be redone with realignment.

3.3.2 Dimpled fibre procedure

: \
v
Microscope

Figure 3.14: Zoomed picture of Fig. 3.11b. The setup in a) includes a dimple mould,
or a cleaned stripped fibre, taped orthogonally to the tapered fibre. Raising this
mould using manual positioner while detensioning the tapered fibre results in b)
(with a scale bar of 125 pm). Using a small flame, from the HT-1 torch-tip, the
annealing process is done by dabbing the mould manually with a flame for 1 second
as shown in c) and Fig. 3.13c.

After successfully tapering a fibre, a microscope is mounted, as shown in Fig. 3.11b, to
proceed with the dimpling procedure - with an overview illustrated in Fig. 3.13. To prepare
the mould used for dimpling, a stripped fibre was taped on a mount perpendicular to the
fibre-taper with manual zyz-positioning stacks (Newport - DS25-XYZ). The stripped fibre

of diameter 125 um, or the dimple-mould, should also be cleaned with acetone, IPA, and
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methanol. An important step is to apply a graphite (Tube-O-Lube®) layer on the mould to
avoid sticking after the annealing process. Graphite generally burns off with the hydrogen
flame but excess graphite should be avoided because particles may still remain in a tapered
fibre which is nearly impossible to remove. After applying the graphite, a Kim-wipe, or a

gentle air blow, was used to brush off excess graphite.

a
) Dimple Hres) Fiber-Holder

Microscope \\ / Fiber-Clamp
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Figure 3.15: a) Rendered image of the gluing process with the 5-minute epoxy
applied on the fibre-holder placed upside down. The inset show the top-view of the
fibre-clamps, fibre-holder, and the dimpled tapered fibre in a simplified manner.
Monitoring in real-time, the fibre-holder was raised until the epoxy touched the
tapered fibre as shown in b) and c) [47].

I then retracted the clamps about 10 pum in a single step, where the thinnest region can
be spotted from the bending - and the mould is centred at this location shown in Fig. 3.13.
Next the mould was raised to touch the tapered fibre in the thinnest region and continuously
raised while the clamps are retracted simultaneously. During the manual process of raising
and retracting, the tapered fibres should be fully tensioned at all times to wrap the tapered
fibre tightly around the mould. After the mould is raised as much as possible, depicted in
Fig. 3.14b, the torch-tip was replaced with the HT-1 and lit with a small flame portrayed
in Fig. 3.14c upside down. The small flame is handled manually to touch the mould and
the tapered fibre lightly (1 second) flashing a red glow. The reverse process of lowering the
mould and tensioning the fibre-clamps are done until the mould is levelled with the tapered
fibre to release the dimpled tapered fibre off the mould. This part of releasing is the most
difficult part of the dimple process as it tends to break easily upon releasing. Starting with

gentle Hy gas from the torch, it is manually placed underneath the tapered fibre - where the
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flow can be gradually increased until the dimpled fibre-taper separates from the mould. If a
graphite was nicely coated without excess, this process should not be so difficult. Typically
the overall process after the dimple recovers most of the transmission as seen in Fig. 3.13
f) with only 8 % loss in transmission. Recently I have gotten better with less than 1 % loss

during the dimple procedure reported in the Appendix A.

Figure 3.16: Image of the fully fusion spliced dimpled fibre assembled together with
the commercially made chip awaiting pumping and optomechanical measurement.

After successfully making a dimple, as shown in Fig. 3.13d, a custom-machined adapter
was placed to hold the fibre-holder upside down. A microscope was used to make sure that
the fibre-holder is levelled with the tapered fibre, where additional layers of Kapton tape
may be necessary for fibre-holder levelling. This step is also very important because the glue
has to touch the fibre simultaneously. If the glue is touched on one side first, the uneven
contact destroys the dimple by one-sided tensioning. A wooden applicator was used to mix
the two components of the epoxy (Devcon 5-minute epoxy) and small droplets were applied
on the inner corners of the fork. When the tapered fibre touches the glue by raising the
fibre-holder, the tension in the fibre can be finally adjusted before it hardens. After waiting
about 20 minutes, until fully hardened, a new mixture of the epoxy can be fully applied to
the rest of the area to hold the fibre in place. I note one caution where the glue height must
be shorter with respect to the dimple position. There were a few instances where the glue
was taller than the dimple making it harder to couple. At this time, the goniometer was
used to tilt the fibre-holder to have the dimple in a lowest spot. To avoid this problem of
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glue touching the chip rather than the dimpled-fibre itself, it is important to use the wooden

applicator, where excessive glue can be flattened before it hardens.

When all goes well with the above process, the dimpled fibre-taper can be transferred into
OVC using the fusion-splicer (FSU 995 FA). The fusion-slicer uses two electrodes centred
on the two cleaved ends of the fibre where high voltage is applied to fuse the two fibres
together. This is an automated process where straight cleaved ends are required. After
removing the mechanical splice from the fibre-puller apparatus, the ends of the fibre-taper
are again cleaved and placed inside the fusion splicer with the other end coming from the
chamber. The area provided from the fibre panel (Fig. 3.3) gives plenty of room for the fusion
splicer. Losses of ~ 0.03 dB and 0.01 dB were achieved on each splice. After fully fusion
spliced into the OVC, the excess fibres are wrapped around the circular plate with Kapton
tape shown in Fig. 3.16. A final step is done is done by placing the aluminum cylinder back

with appropriate vacuum grease to seal the chamber prior to pumping air out.



CHAPTER 4

Experimental Results and Discussions on Small Torsion

Sensing

Work will win when wishy washy wishing won’t.

- Thomas S. Monson

Having provided details of the post-processed chips (Chapter 2) and the custom-designed
optomechanical vacuum chamber (Chapter 3), this chapter will now discuss the core results
from the experiment, which resulted in a publication in 2013 highlighting the suitability
of optomechanics in torsion sensors (36). The discussion will begin with the non-invasive
calibration procedure used to accurately describe the thermally driven motions of torsion
paddles. During this procedure, finite-element method (FEM) simulations were heavily used
to provide the appropriate effective constants, mass (m.g) and torsion spring constant (Kef),
which were necessary for calibrating mechanical peaks in frequency space. Further FEM sim-
ulations were used to calculate the moment of inertia to confirm the torsion mode observed
in each device. I have collected and compiled all the parameterized optomechanical devices
from the commercially made chips to identify important optomechanical parameters such as

disk diameter and gap size to design the next generation of optomechanical torsion devices.

4.1 Thermomechanical calibration procedure for tor-

sion mechanics

There are diverse methods for probing different NEMS devices such as free-space optical
(56), (57), tapered-fibre (58), capacitive (59), or piezoresistive measurements (60). In the

41
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context of optomechanics where the sensitivities are enhanced by a high-Q.p optical res-
onator, thermal motion of a chip-scale resonator are easily resolved without an external
drive. Consequently the equipartition theorem, which relates the potential energy of the
system to the bath temperature, is utilized to accurately extract the mechanical frequency
(fn), mechanical quality-factor (Qmecn), and the displacement noise-floor (zg) of the me-
chanical device. The non-invasive and precise approach for thermomechanical calibration

was followed from the paper by Hauer et al (55).

4.1.1 Johnson noise

I begin the discussion with the well-known thermal fluctuations in resistors, commonly
known as Johnson noise or shot noise, derived as a special case of the fluctuation-dissipation

theorem - relating the noise to the dissipation of the system (61):

Vims = vVBW = /4kzTR BW. (4.1)

Here, the Vi is the root-mean-square voltage noise density [V], v is the constant voltage
white noise [V/v/Hz| within the measurement bandwidth (BW) [Hz], kp is the Boltzmann
constant [J/K], T is the temperature [K], and R is the resistance [{2]. Since the origin of
the voltage fluctuations comes from the mechanical vibrations of electrons in resistors under
thermal equilibrium, we will see that Eqn. 4.1 is highly analogous to the thermal forces in
NEMS devices.

4.1.2 Equations of motion

The dynamics of mechanical resonators can be modelled from the damped harmonic oscil-
lator equation. My devices, being a torsional one, I also include the angular version of the

harmonic oscillator model:

5a(0) + Qnifh,f"“) L Q2a(t) = TS:’ (1.2)
Gat) + =24 (0) + 020, (1) = 0 (4.3)
chch,n eff,n

where z,(t) (0,,(t)) is the linear (angular) displacement, 2, is the angular mechanical fre-
quency, Qmech,» is the mechanical quality factor, F'(t) (7(t)) is the force (torque) applied to
the resonator, and meg,, (Iefrn) is the effective mass (moment of inertia) for a particular
mechanical mode n. The meg, used in Eqn. 4.2 is an actual mass weighted by a mechanical

mode shape (n), which is an important parameter for calibration (Section 4.1.4.3). The same
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goes for I.g, but later we will use the torsion spring constant kg, instead to be consistent
with previously reported literature (14), (62). Applying a Fourier transform to Equs. 4.2

and 4.3 in frequency space they become

—0%2,(Q) — 2, 2 (Q)i + Q2 2,(Q) = F(S) (4.4)
Qmech,n Meff,n
_020,(0) — g )i+ 020, ) = T8 (4.5)
mech,n Ieﬂ:”
Rearranging Eqns. 4.4 and 4.5,
F(Q)
Q) = 4.
Zn( ) meff,n(Q% - Q2 - Z{M)TL/Qmech,n) ( 6)
()
( ) Ieff,n(Q% -2 - ZQQ'M/Qmech,n) ( )
we can relate the displacement to the forcing term by
2(2) = x(F(Q), (4.8)
where the generalized susceptibilities are
(@ = : (19)
Xz B meff,n(Q% - QZ - iQQn/Qmech,n) '
1
Xo(€2) = (4.10)

Ieﬂ,n(Q% - Q2 — ZbQQn/Cgmech,n) ’

4.1.3 Power spectral densities

From the apparatus observed in Fig. 3.2, AC transmission collected from the photodiode
provides an oscillating voltage transmission where the mechanics from the optomechanical
system are embedded. Applying a frequency sweep function in a lock-in amplifier, or a
spectrum analyzer, it provides a mechanical spectrum of the motions in terms of centre
frequencies (fy) and Qmech With a measurement BW. The raw data of the spectrum, shown
in Fig. 4.1, can be turned into power spectral density (PSD) voltage (SSP) by squaring the
voltage spectrum (Vexp) normalized by the bandwidth (BW) (56):
V2

Sy = =8 4.11
v BW ? ( )
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Figure 4.1: Raw data for the mechanical frequency spectrum observed for a torsional

device using the optomechanical transuction obtained at the side of the optical
resonance.

which provides a constant white thermal noise and the peak as

SOP(f) =S4 + aS,u(f) (4.12)
SEP(f) = S+ BSuulf). (4.13)

Here, Sy, (f) is the voltage power spectral density, S™ is the constant noise-floor, a ()
are the conversion factors in unit [V2/m?] ([V2/rad?®]), and S,,(f) (Ses(f)) is the linear
(angular) displacement PSD. The expressions of displacement PSD’s (S,,(f), Seo(f)) are

derived thoroughly in Hauer et al. (55). From the mean-square amplitude of the oscillator’s
motion,

<ﬁw=;AﬂM@mx (4.14)

the PSD version of Eqn. 4.8 can be applied

S..(Q) = [x- (V) [*St, (4.15)

where the force PSD are assumed constant by thermal forces Spp(2) = S%... The integral in

Eqn. 4.14 can be evaluated while the left term can be related to the equipartition theorem,

(U,) = %kBT = %meggi@i(m), (4.16)
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providing the constant Brownian force as

Q2

th
SFF = 4]€BTmeH)n .
Qmech,n

(4.17)

This is very similar to the Johnson noise expression in Eqn. 4.1, where R is replaced by the
dissipation rate (~ v = Qy,/Qmech,n). Substituting the derived constant thermal force (Eqn.
4.17) back to Eqn. 4.15 results in a displacement PSD as the following:

- AkpTA,
() = e e (2 — 22 + (000, /O )?) (4.18)
Soa(Q) = kT (4.19)

Ieff,anech,n((Q2 - Q%)2 + (QQn/Qn)2) .

Expressed in terms of frequency, f = /27, and effective torsion spring constant, keg, =

Lg, Q2| the equivalent expression can be found:

_ kT f

SZZ (f) B 27—‘—3Tncf'f,nCQmCCh,n((f2 - fy%)2 + (ffn/chch,n)z) (420)
3

Soo(f) = 2hsT (4.21)

71'fiefjf,anech,n((f2 - fq%)Q + (ffn/Qmech,n)Q) .

Substituting Eqns. of 4.20 and 4.21 to 4.12 and 4.13, we arrive at the theoretical model used

to fit the experimental PSD for torsional devices:

Afn

gexp — Snf 4.
W) (P = T2 + (P Qe ) .
SEP(f) = 516+ Dl (42

chch,n((f2 - f721)2 + (ffn/chch,n)Q) ’

where S2f

v

s frn s Qmechn, A= akpT/2m3meg, B = 2BkpT/kegm are the four fit-parameters.
From the parameter A using the simulated effective mass (meg) of a particular mode, we

can extract the conversion factor a and likewise with 8 using B and Keg:

27T3meﬁ‘A
= — 4.24
T (4.24)
ke B
= . 4.2
b= ST (4.25)

These conversion factors, o and 3, were used to calibrate linear and angular noise-floors
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Snf.
nf
snf — Svv (4.26)
(0%
nf
Sps = % (4.27)

The root-square displacement noise-floor, or minimum detectable signal, can be found by
VS22 (f) = S.(f) and /Spa(f) = Se(f) in units [m/vHz] and [rad/v/Hz]. Reported dis-
placement sensitivities of torsional device were on the order of ~ fm/v/Hz (62), (63) where
the purpose of this project was to demonstrate even better sensitivities on smaller torsional

devices using thermally resolved optomechanical systems.

So far, I have included both expressions for spectral densities in the linear and angular case

but they are related assuming the small angle approximation, 6 ~ z/(w/2), by

So0lf) = —5Sulf) (4.28)

where w is the width of the simple torsion paddle (Fig. 2.1).

4.1.4 Simulation

Mode identification is important prior to any calibration. To achieve this, I have used COM-
SOL software to simulate the device’s mechanical eigenfrequencies. Since torsional oscillators
are intrinsically sensitive to moment of inertia, this was used to confirm the torsional mode,
supporting the claim by the eigenfrequency simulations. After identifying the torsional me-
chanical mode, I have again used COMSOL to independently generate effective masses and

torsion spring constants to calibrate each device - showing consistent results.

4.1.4.1 Mode identification

Using primarily the structural mechanics module in COMSOL, I have carefully constructed
models to replicate the exact structures taken from SEM images. To accomplish this, I
have magnified images of the paddle structures and scaled each dimensions of the paddles
by pixel using Adobe photoshop software and compared it with the scale bar of the image.
For example, the initially designed 10 pum disk diameter resulted in 9.67 ym showing slight
deviation occured in the fabrication process. The resolution of the exact dimensions were
ultimately limited by the SEM resolution. I was able simulate mechanical modes that match

accurately to the experimental data as a result. For simulations, I have used the built-in
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Figure 4.2: The first four eigenmodes of the torsion paddle system simulated from
COMSOL with a) out-of-plane torsional mode, b) flexural mode, c) in-plane tor-
sional mode, and d) in-plane mode with frequencies of 9.04 MHz, 13.62 MHz, 17.40
MHz, and 17.72 MHz respectively.

material of single crystal silicon with appropriate properties of the density (2329 kg/m?)
and Young’s modulus (170 GPa) consistent with Ref. (64).

After using an extremely fine mesh for the simulation, I have found four fundamental
frequencies of 9.04 MHz, 13.62 MHz, 17.40 MHz, and 17.72 MHz captured in Fig. 4.2.
Comparing the simulated frequencies with real data in the nine optomechanical devices,
the first two peaks near 9 MHz and 9.3 MHz were always observed and determined to be
the torsional and the out-of-plane flexural mode, respectively. The discrepancy in the 13.62
MHz out-of-plane mode can be explained by an hybridization of two modes caused by an
over-hang in the posts during the wet-etch process. I have tested these modes in another
set-up, described in Section 4.3.2, to confirm this. There is also an additional third peak
that appears inconsistently with the devices with a range of frequencies (11 MHz ~ 13 MHz)
and relative amplitudes. Although I suspect that this third mode near 12 MHz is related
to the in-plane motion (Fig. 4.2¢,d), I was not able to confirm this due to discrepancies
among devices. An example of this peak is included in Section 4.3.3. Before drawing any
conclusions on the first peak’s identity, additional simulations were done using the moment

of inertia calculations.
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Figure 4.3: a) SEM images of the fabricated devices with 5 pum (purple), 10 um
(green), and 20 pm (red) diameter disks. b) The predicted frequencies calculated
through FEM (dashed lines) and measured frequencies (markers, solid lines are
linear fits) of devices with varying sized optical disks are plotted against the change
in moment of inertia calculated from the modelled geometries.

4.1.4.2 Moment of Inertia

As mentioned earlier, the torsional mode should respond strongly to changes in the moment
of inertia of the system. Due to the three different disk sizes used in this experiment, the
evanescantly coupled torsion paddles also have slightly different geometries from the curva-
ture of the disk (recall Fig. 2.5). These caused slight changes in the moment of inertia, which

were calculated from COMSOL using the general expression for the moment of inertia:

I= /de(x2 + 9%+ 2%). (4.29)

From the moment of inertia calculations for the three different curvatures of the torsion
paddles (Fig. 4.3), the experimental data followed the same trend as the simulations where
the first peak was sensitive to the changes in the moment of inertia while the second peak
stayed nearly the same. Now that the first experimental mode is properly identified as the

torsional mode, the calibrations can now proceed.
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Figure 4.4: Based on the eigenfrequency and moment of inertia simulations, the
peaks in Fig. 4.1 are identified as the torsional mode (left) and the flexural mode
(right).

4.1.4.3 Effective constants

The effective torsion spring constants, ke, and effective masses, meg, were each found
through FEM simulations using the structural mechanics module but adding different physics
to the simulations: stationary mode for kg and eigenfrequency mode for meg. In the early
stage of the experiment, I have simulated effective torsion spring constants for calibration
(14), (62). Since the publication of Hauer et al. (55), the consistent effective mass approach

became highly favourable - being simple and widely applicable for other mechanical modes.

Figure 4.5: FEM simulations used to apply a torque to find the effective torsion
spring constant. a) The edge load of £F/2 was applied at opposite ends of the
paddle, b) resulting in a torque.
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Starting with the effective torsion spring constant, I applied an edge load (under solid
mechanics module) on both ends with equal and opposite forces in the stationary mode to
torque the paddle. For this method, the geometries had to be simple and symmetric to apply
the torque evenly to avoid complications to the simulation. Therefore, the GDS designed
dimensions were used instead of the fabricated dimensions shown in Fig. 4.5. By applying a
manual torque corresponding vertical displacements were obtained. Based on the definition
of torque, 7 = r x F, and the angular form of Hooke’s law, 7 = k6, the torsion spring

constant is expressed as

w?F
4z

For example, I applied an edge load of 0.5 N on both ends to make total force (F') of 1

Reff = (430)

uN, width (w) was 4 um, and the simulated z was 0.404 ym resulting in keg = 9.91 x 10712
Nm/rad. Using this value, § in Eqn. 4.24 was found for further calibration.

The effective mass approach uses exact shapes of a device, providing more accurate sim-
ulation of these constants. All it requires is to evaluate a volume integral and maximum
displacements after the mode simulation. The definition of effective mass has some freedom
in its choice but the following normalized definition was used to generalize to all mechanical

shapes and modes (55):
2
Megt = /dV 7] 5 (4.31)

|rn max

where p is the uniform density, 7, is the displacement for a particular mode n, and 7, max
is the maximum displacement. After doing the mode simulation shown in Fig. 4.2, the
volume integral (Eqn. 4.31) was evaluated for each eigenmode to obtain its effective mass.
The effective mass for the torsional device was 0.74 pg and for the flexural mode was 1.38
pg, which are smaller than the recently reported torsional device (~ 13.05 pg) (62). The
calibration for all of the nine devices was done primarily using the effective mass, and they

are shown in Section 4.2.2.

4.2 Experimental data

So far I have discussed the simulation and the calibration methods for a given optically
transduced mechanical mode, as seen in Fig. 4.4, where I can accurately identify the me-
chanical modes and further calibrate the torsional mode using either effective constant (ke
or meg). In optomechanical experiments each mechanical resonance has a different sensi-
tivity based on various factors, namely optical modes, optomechanical coupling, and Qopt.
This section describes the experimental procedure to optimize the optomechanical signals

to obtain the best data possible in a device using a lock-in amplifier. Each of the nine



CHAPTER 4.

Normalized Transmission Normalized Transmission

Normalized Transmission

EXPERIMENTAL RESULTS AND DISCUSSIONS

T T T T 0.4
a)
09F
o3
06f
o2
03 o1
1560 1580 1600 1620
Wavelength (nm)
T T T T 0.4
09} )
Jo03
06
o2
03 0.1
0.0 0.0
1560 1580 1600 1620
Wavelength (nm)
T T T T 5
c)
09 -4

1560 1580

1600
Wavelength (nm)

1620

Figure 4.6: The data from the lock-in technique, where the wavelength is scanned
over the whole tunable range (1550 nm ~ 1630 nm), with optical resonances shown
as a dip in the transmission (orange) while the fundamental mechanical frequency is
locked near 9 MHz with 100 Hz bandwidth (black). The optical data were normalized
to the background scan (without coupling). The three plots correspond to a) 5 pm,
b) 10 pum, c¢) and 20 pm diameter disks coupled to torsional oscillators with the
smallest gap of ~ 130 nm. During the measurement, the dimpled tapered fibre was
touching the optical disk.
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devices were optimized and summarized in this section with accurate calibration of their

noise-floors.

4.2.1 Optical resonator
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Figure 4.7: Three devices, each with a 10 ym diameter disk but with varying gaps
between the disk and the mechanical structure, show the variation of the optical
resonance near 1577 nm. The red resonance is the smallest gap (100 nm) with Qopt
of 19,990, yellow having gap of 180 nm with Qop¢ of 25,500, and green resonance
having the largest gap (230 nm) having 37,780. Therefore we conclude that an
increase in the gap between the optical and the mechanical resonator increases the

Qopt .

There are three different microdisk diameters, 5 ym, 10 ym, and 20 pm, each of which have
different optical profiles, as shown in Fig. 4.6. Since the mechanical detection is based on
the optically enhanced detection through a WGM microdisk, the optical properties of these
devices are highly important. The optical quality factor, in the high-Q limit, is defined as

wo

Qopt = A (4.32)

where wq is the optical resonance frequency and Aw is the optical linewidth at full-width
half-max. These two quantities, wy and Aw, are found by fitting an optical resonance to the

Lorentzian line-shape:

1
= A
L(w) = i

(@ —w0)? + (3Aw)?’ (4.33)

Qopt is simply a measure of a photon lifetime (~ 1/Aw), or dissipation rate (~ Aw), in

an optical resonator. In principle a higher Qop¢ will result in enhanced detection as other
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groups have demonstrated using high quality optical resonators (Qopt > 10°) in Refs. (25),
(65), and (66).

Figure 4.8: SEM micrograph of the optomechanical torsion designs overlaid with
a simulation of the optical mode showing evanescent coupling between the two
oscillators (optical and mechanical).

My devices, in comparison with the reported Qopt of 5 x 10° in SOI bare-microdisks
(65), have only moderate Qopt for two main reasons: evanescently coupled torsion paddle
and the fibre touching the disk scattering optical power in the cavity. Based on the three
gaps presented, the smallest gap almost always resulted in a larger optical dissipation. For
example for the 10 pm diameter disk, the three gaps of ~ 130 nm, 180 nm, and 230 nm gave
Qopt of 19,990, 25,500, and 37,780, respectively, for the same optical resonance while keeping
the laser power and the polarization the same as shown in Fig. 4.32. Therefore within the
same mode volume, it is clear that torsional device dissipates the optical power based on
the gap. I also touched the disk with the dimpled tapered fibre to avoid low frequency
mechanical noise caused from the fibre. Hovering above the disk generally provides better
Qopt but is harder to perform experimentally. For the hovering configuration, the tapered
fibre needs to be highly tensioned to avoid optical gradient forces pulling the fibre to the
disk, but there are still added mechanical noise in the system. From the calibrated results,
noise-floors are generally higher for the hovering case, where a particular device touched by
a fibre (Fig. 4.8) shows the sensitivity is five times better when hovering. Although hovering
is achievable in our setup, I preferred the touched configuration for mechanical stability at

a cost of generating higher order optical modes and slightly lower Qopt.

However Qopt is just one parameter; the optomechanical coupling strength is equally
important. Since the paddle dimensions are nearly the same in all nine devices, the smaller
disk diameter should give the largest coupling due to the larger optical mode overlap with the
mechanical mode than larger microdisks. However the Qqp¢ for 5 ym diameter disk is much
lower in the order of ~ 10% due to surface effects and the higher curvature of the WGM disk.
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The competing effects between the energy stored in the resonator and the optomechanical

coupling is highly important.

From the optical properties point of view, my optomechanical devices may not seem
as attractive as other optomechanical systems - cleverly designed to overlap optical and
mechanical modes to achieve high (Qop¢ and large G devices (65),(67). However, there are
some benefits to weakly coupled designs. First, the thermo-optic heating from the high Qs
optical cavity does not affect the coupled mechanical structures due to the separation of these
resonators. Second, the paddles can be functionalized and modified without contaminating
the optical properties of the disk, which can be highly applicable in sensing applications.
I have worked towards with a recipe to deposit patterned layers of gold onto a paddle for

applications in molecule sensing (see Appendix C).

4.2.2 Optimization of mechanical data
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Figure 4.9: Fine wavelength scan (orange) of the optimized optical resosnance near
1577 nm based on Fig. 4.6b. The numerically calculated slope (lavender) of the

optical resonance qualitatively agrees well with the locked mechanical amplitudes
(black).

For each of the nine devices, thermal motion of the first few peaks was easily observed with-
out external actuation. Using any optical resonance present in a microdisk, I could always
find mechanical peaks similar to these in Fig. 4.1. Locking the torsional mode frequency
around a small bandwidth of 100 Hz using the lock-in amplifier, I can monitor the peak me-
chanical amplitude (at 9.03 MHz) while sweeping the laser wavelength. The data observed in

Fig. 4.6, shows the mechanical peak amplitude with the corresponding optical resonances of
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the 5 pm, 10 pm, and 20 pm diameter microdisks. The mechanical amplitude voltages were
maximized to identify the best optical resonance that contains the largest peak, hence the
best coupling. Scanning that optical resonance with finer resolution and further optimizing
the FPC and the VOA, I found the best spot for the highest mechanical signal without in-
troducing bistability of the optical resoannce, as seen in Fig. 4.9. The numerical derivative,
or the slope of the optical resonance, shows good qualitative agreement with the detected

mechanical signal.

’ Device H Diameter (um) ‘ Qopt ‘ Gap (pm) ‘ fo (MHz) ‘ Qmech ‘ Sof (fm/Hz'/?) ‘

co4 4.85 4310 0.12 8.91 3670 37
C05 4.80 7180 0.19 8.91 7180 80
Co06 4.76 7960 0.24 8.92 3430 71
C10 9.67 14200 0.10 9.04 3750 7
C11 9.60 45700 0.19 9.06 3050 51
C12 9.63 15130 0.26 9.04 2810 ()
C19 19.58 58620 0.10 9.15 3450 22
C20 19.24 30500 0.16 9.28 4660 64
C21 19.39 33230 0.24 9.24 3429 83

Table 4.1: Tabulated experimental results for all nine devices of the torsion paddle
with torsion rod length of ~ 5 pm.

I have optimized the optomechanical signal from all the torsion paddle devices using the
above lock-in technique, summarized in Table 4.1. Comparing these calibrated noise-floors,
the best sensitivity of these devices was obtained with the 10 pm diameter microdisk with
~ 100 nm gap between the optical and the mechanical resonator, demonstrating noise-floor
down to 7 fm/\/m.

In addition to the table, Fig. 4.10 shows a comprehensive plot of the trends in the noise-
floor with respect to the disk diameter and the gap between the optical and mechanical res-
onators. The trend in noise-floor with gap (Fig. 4.10b) is easy to understand as smaller gaps
should result in better coupling due to greater overlap between the mechanical resonator and
the evanescent optical field. This is limited by the feature resolution in nanofabrication with
EBL techniques and stiction problems. As for the disk diameters, higher sensitivities occur
at 10 pm due to trade-off between optical mode-volume and coupling strength. The smallest
disk should have the largest coupling strength since the torsional resonator is comparable in

size to the microdisk, however the large curvature in a small disk is more susceptible to the
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Figure 4.10: Comprehensive plots for all nine optomechanical torsion devices pre-
sented to show a trend in a) optical disk diameter and the b) gap between the
optical cavity and torsional oscillator. Lines are guides to the eye and trends are
explained in the text.

surface effects of the microdisk which can increase scattering as is evident from smaller Qops
in Table 4.1. Also there a smaller number of resonances to work with, as seen in Fig. 4.1a
and hence the 10 pm diameter seems to be the best cavity out of the nine optomechanical
structures. Note that the noise-floor errors from the fit are too small (~ %2 fm/v/Hz) to
display in Fig. 4.10.

4.2.3 Mechanical spectrum for the most sensitive device

The plots shown in Fig. 4.11 are the optimized and properly calibrated data for the best
optomechanically transduced torsion device (36). The device has an angular sensitivity of
4 nrad/v/Hz and equivalent displacement sensitivity of 7 fm/+/Hz, comparable to other
optomechanical systems (35), (68), confirming that optomechanical platform is excellent for
small mass torsional devices. From the benefit of the torsional motion, a lot of interesting

magnetic systems and molecule dynamics can be probed using optomechanics.

The conversion factors, a = 1.24 x 106 V2/m? and 8 = 5.12 x 10* V2 /rad?, were found
from independent calibration methods using meg and keg, respectively, resulting in a consis-
tent noise-floor result of 6.81 fm/v/Hz and 6.76 fm/v/Hz. The published graph in Fig. 4.11a,
shows the noise-floor above 10 fm/+/Hz in contrast to the calibrated noise-floor of 7 fm/+/Hz
(36). This was simply due to the narrow range used for the sweep, where I have swept larger
frequency ranges (~ 400 kHz span) at a later date on the same device shown in Fig. 4.11b -
showing the noise-floor reaching the reported sensitivity. I note that the figure was slightly

smoothed to properly fit the PSD voltage. I will call this optimized device as C10, referring
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Figure 4.11: a) Calibrated plot of the most sensitive torsional mode (9.04 MHz) from
the 10 um diameter microdisk resonator coupled to the torsion paddle with 100 nm
gap. The calibrated noise-floor obtained from the fit parameter (Sf) translates
to linear displacement sensitivity (S2f) of 7 fm/ VHz and corresponding angular
sensitivity (S3f) of 4 nrad/v/Hz (36). b) Taken at a later date, plotting the same
device but scanning at a wider frequency range confirms that the noise-floor does
reach the calibrated values.
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to its device number in the design, in further discussions of the torque sensitivities, coupling

factors, and air measurements.

4.3 Discussion

From the angular and linear displacement sensitivities, further topics in torque sensitivity,

other mechanical modes, and improved torsional designs will be discussed and summarized.

4.3.1 Torque sensitivity
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Figure 4.12: Torque sensitivity plot where S, was minimum near the torsional res-
onance.

From the definition of torque, 7 = k#, the angular noise-floor multiplied by the effective
torsion spring constant gives a torque sensitivity of 4 x 10~2° Nm/+v/Hz. However this torque
sensitivity occurs at the angular noise-floor (outside the resonance), but force sensitivities
are enhanced near mechanical resonance, as demonstrated in Doolin et al. (31). The torque
sensitivities should also be more sensitive near the torsional mode resonance shown in Fig.
4.12. The angular susceptibility, in Eqn. 4.10, was substituted in the relation, S, (Q2) =
S (2)/]x0(2)|?, to expand the torque sensitivity as

Ser(F) = Suo() 2 ((f2 R (&) ) (4.34)

where S;.(f) is the torque PSD. Fig. 4.12 is a plot of v/S;, as a function of mechanical
frequency and the minimum dip in the sensitivity observed at the resonance is 0.8 zZNm/v/Hz.

This enhancement of torque sensitivity near the mechanical resonance is also reported in
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Losby et al. where the sensitivity increased by a factor of ~ v/Qumecn near its mechanical
frequency (62).

I can use the other definition of the torque: S, = (w/2)2Srr to find the same result as
above (Fig. 4.12). Using this definition, along with Spr = St at the mechanical resonance

(31), the resonantly enhanced sensitivity can be expressed as

(4.35)

S, = 1;’\/ AK pTmeg

Q
Qmech

resulting in the same result of 0.8 zNm/v/Hz. As long as the device is thermally resolved,
better sensitivity results from smaller torsion width (w), mes, and larger Qmech. In addition,
cooling the device in a dilution refrigerator will result in a better torque sensitivity, where
~ 9 yNm/ VHz can be estimated at 30 mK. At this temperature, the equipartition theorem
still holds (kT > hQ) due to the low frequency device (9.03 MHz) (10~2°J > 10-27)J),

hence the calibration method should still work in these temperature ranges.

4.3.2 Out-of-plane mode

To experimentally verify that mode near 9.3 MHz in Fig. 4.1 is indeed out-of-plane, I used a
piezoelectric buzzer underneath the chip to see if it actuates efficiently. At first, I was puzzled
that the actuation was not as expected. Rather than actuating in amplitude, the shape of
the resonance changed such that broad sidebands appeared. Since the fibre was touching the
chip and the buzzer actuates the whole chip, the buzzer might have actuated the fibre and
the disk together. I have moved to another setup, pictured in Fig. 4.13 the interferometric
apparatus, to see out-of-plane the actuation. With this apparatus, the thermal peaks were
not resolved near 9 MHz and 9.3 MHz, but using the buzzer, I was able to see the driven
peaks (50 mV), shown in Fig. 4.13. The driven torsional peak was oddly actuated in both
amplitude and phase; however, the second mode did look like a typical driven resonance.
From this data I am able to conclude that 9.3 MHz is the out-of-plane mode. The effective
mass of the out-of-plane mode for C10 was 1.3 pg, resulting in a calibrated displacement
noise-floor of 38 fm/\/I-E and a Qmecn of 7180.

4.3.3 Third mode

For completeness, I include the third peak observed in C10 but I was not able to discern
any trend from all nine devices. The peak of this third mode is shown in Fig. 4.14 without a

calibration as this cannot be done without mode confirmation. A shear piezo could be used
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Figure 4.13: The experimental appratus in a) (56) was used to test the out-of-plane
actuation. These mechanical peaks were not thermally resolved, where small peaks
only start to appear with piezo-buzzer driving at 10 mV (light green). The dark
green in b) is driven at 100 mV and the corresponding phase is observed in c)
showing the efficient driven mode at 9.3 MHz in contrast to the 9 MHz peak.
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Figure 4.14: The third peak (suspected in-plane mode) appearing near 12 MHz on
a linear scale for the 10 pm diameter disk with 100 nm gap.

to investigate this further but I did not pursue this route as the peak was small and I was

more interested in the torsional mode.

4.3.4 Second order coupling

Figure 4.15: a) Optical FEM simulation of the straight side wall and its uniform
field for second order coupling. b) An angled image of the optomechanical torsion
design with sidewall angles of 10 degrees from vertical.

Based on the planar geometry, seen in Fig. 4.15a, I at first thought that twice the frequency
should be seen and not the resonant frequency itself due to symmetry in the optical profile
and mechanical motion. However from the angled view of the SEM micrograph, the sidewalls
had an angle of ~ 10° from vertical direction breaking this symmetry. The asymmetry caused
the experimental peaks to agree with the simulations and not twice the frequency as expected
from torsion and out-of-plane modes. Second harmonic peaks were observed in a cantilever

device still on the same chip, in which the nonlinear 2 f signal was investigated thoroughly
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(69).

4.3.5 Experimental calculation for G
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Figure 4.16: The plot is similar to Fig. 4.9 where orange is the optical transmission
showing the cavity resonance but plotted against optical frequencies to determine
the slope (AV/Aw) at the location of the highest mechanical amplitude of a torsional
mode (black). This slope is found by a linear fit (purple line) and is an important
quantity to determine the experimental G based on the optomechanical transduction
mechanicsm tuned at the side of an optical resonance.

The side-of-fringe optomechanical transduction, shown in Fig. 4.9, demonstrates that the
slope of the resonance plays an important role to the optomechanical coupling coefficient,
G. Following the discussions in Refs. (31) and (70), G can be determined experimentally
using the known conversion factor, «, and the slope. The chain rule is applied to obtain the

derivative of voltage with respect to displacement,

oV IV dw
—_— = 4.

0z Ow 0z (4.36)
where the latter part (Ow/0z) is the optomechanical coupling factor for linear displacements.

The equation can be rearranged to

ov [ov\ !

where 9V /92 is the conversion factor, 1/, and the second term is the inversed slope of the
DC transmission with respect to laser frequency at the optimized optical frequency (Fig.
4.16). The C10 device, for example, has « of 1.242 x10'6 V2/m? and slope of 3.375 x10~1°
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V/Hz. Accounting the AC and DC gains in the PD (40 V/mA and 10 V/mA), G was found
to be 82 MHz/nm for the device C10.

4.3.6 Air data
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Figure 4.17: Thermally resolved raw data for the optimized torsional device in air
with Qmech of 150.

To conclude the discussions of these devices, I also took thermomechanical data in air. This
thermomechanical data was observed in the C10 device, but was more difficult to see in
other devices. The Quecn suffers significant dissipation from air damping the mechanical
system as observed in Refs. (31), (71). For my device (C10), the Qmecn was 150 in air.

4.4 Smaller moment of inertia devices

As mentioned in Section 2.1.2, second-year optomechanical designs are parameterized based
the successful devices in the first-year, which included trimmed torsion paddles (from ~ 25
pg to 0.7 pg in geometrical mass - designed by C. Doolin). With these devices, I saw slight

improvements in displacement sensitivities over our published data.

4.4.1 SEM

The geometry in the second batch was mainly focused on 10 pm diameter disks with evanes-
cently coupled gaps of 130 nm where the mechanical structures were varied via coupling

length illustrated in Fig. 4.18). The effective mass of the torsional mode was ~ 0.3 pg,
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Figure 4.18: SEM images of three small mass torsion paddles with increaseing cou-
pling length towards the right (0.13 gm, 1 pm, and 2 pm, respectively).

slightly smaller than the previous designs (0.7 pg). The right-most device, T677, in Fig.
4.18 gave the best noise-floor and maximum signal, but higher asymmetry is apparent in

the torsion paddle with larger changes in the moment of inertia.
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Figure 4.19: From the skinny torsion paddle structure (T677), one major torsional
peak was observed near 8 MHz. Other mechanical resonances have very small am-
plitudes due to the asymmetry in the torsion paddle where the weight is primarily
on one end.

4.4.2 Simulations and optimizations

For all three devices in Fig. 4.18, FEM simulations were performed to identify their mechan-
ical modes. The change in the geometrical shapes, meant to increase the optomechanical
coupling, resulted in non-trivial mechanical modes from the asymmetric design. One inter-
esting feature of these trimmed torsion paddles is that the simulated frequencies are far
apart, hence there are no hybrid modes with the flexural mode like the C10 device. The

torsional mode, which is the mode of interest, agreed well with the simulated frequency.
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Figure 4.20: FEM simulations of the T677 device showing some of the structural
modes in a) 6.61 MHz, b) 17.97 MHz, ¢) 20.61 MHz, and d) 27.64 MHz. Due to
the added mass on the paddle close to the microdisk, it has smaller mechanical
amplitudes for modes b), ¢), and d), compared to the torsional mode a). From the
experimental data, shown in Fig. 4.19, a single large torsion peak near 8 MHz was
observed.

65
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Figure 4.21: The change in the moment of inertia plotted for the three different
devices in Fig. 4.18 where the drastic changes in the moment of inertia was observed
compared to Fig. 4.3. The simulation (hollow squares) agrees well qualitatively with
the experimental data (solid red squares). Lines are guides to the eye.

To confirm this mode I have used the same approach as Section 4.1.4.2 to calculate moment
of inertia for all three devices using exact geometries. As shown in Fig. 4.21, large changes in
the moment of inertia were demonstrated in comparison to the Fig. 4.3. The experimental
results qualitatively agrees with the simulations, or has a similar trend, illustrated in Fig.
4.21.

Applying the same procedure for optimizing the mechanical data using a lock-in amplifier,
I have found the best spot near the 1587 nm to take the mechanical data shown in Fig. 4.22.

4.4.3 Best device from the trimmed paddles

Fig. 4.23 shows the optimized scan of the T677 device with calibrated noise-floor of 6
fm/+v/Hz and 2 nrad/v/Hz, slightly better than C10 device. Although it is not a significant
increase in its sensitivities, the purpose was to reduce the size of this torsion paddle. On the
other hand the resulted torque sensitivity was twice the C10 device (1.6 zNm/+/Hz near the
torsional resonance), mainly due to the lower Qmech- From Eqn. 4.35, the torque sensitivity is
dependant on ~ /Qmecnh and the T677 has lower mechanical quality factor (625) compared
to C10 device (3750). The next generation of torsional device, therefore, should be designed
to have large Quecn as well as the displacement sensitivities by parameterizing the torsion

rods.
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Figure 4.22: Optimization process to maximize the peak mechanical amplitude at
7.85 MHz (the torsional mode), where the optical resonance near 1587 nm was used.
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Figure 4.23: The frequency spectrum of the device T677 of the torsional mode in
log scale. This device is slightly better in sensitivity compared to the C10 device
but has lower Qmpecn of 625.



CHAPTER 5

Conclusion and Outlook

If I have seen further it is by standing on the shoulder of Giants.

- Sir Isaac Newton

V. B. Braginsky is one of the distinguished figures in cavity optomechanics who predicted
that the radiation pressure from a high-Q,¢ cavity can affect a coupled mechanical oscillator
via cooling and amplification, which was demonstrated in a torsion-balanced coupled to a
Fabry-Pérot cavity (72). The radiation pressure effect, or the back-action of measurements,
ultimately sets the lower-bound as the SQL where I gave an exceptional example of LIGO in
Chapter 1 - whose sensitivity was limited by the Johnson noise in low power, and radiation
pressure in high power. To utilize the radiation pressure effect more fully - optomechanical
devices were constructed in a sideband resolved regime, which the optical linewidth (Aw) is
comparable to the mechanical frequency (€2,), to demonstrate mechanical cooling (26) for

mechanical modes down to its quantum ground state (73), (74) using a pump-probe method.

The possibilities to observe quantum effects in a macroscopic NEMS system with radiation
pressure assisted cooling certainly caught my attention; however, my optomechanical devices
are not sideband resolved since my torsion frequency is much lower (few MHz) compared
to the optical linewidth of a microdisk (GHz). Recently rather than focusing on a single
mechanical mode cooling, there are also ways to couple two distinct mechanical modes in
a system to parametrically amplify and damp the modes, opening up doors for mechanical
entanglement (75), (76). Engineering my single torsion paddle to multiple paddles, using
optomechanics, I should be able to observe and control more effectively for coupled torsion
modes. Also rather than relying on the back-action cooling, we are developing a new low-
temperature optomechanical apparatus - where I could passively cool the mechanical device

to study quantum systems in experiments.
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Although I will follow the similar trend in the cavity-optomechanics community for pump-
probe methods, there are also advantages to my published work. For sensing applications,
the resolved-sideband regime is discouraged since we want to simply enhance the detec-
tion while not affecting the mechanical device from measurements. There are many applica-
tions in sensing nanoscale magnetic systems, studing macroscopic quantum phenomena, and
probing material properties. So far I have given an overview of the current topics in cavity
optomechanical systems towards quantum measurements using sideband cooling; however,

there are many other applications to be made in non-sideband resolved devices.

5.1 Summary

The motivation for this project was to demonstrate the usefulness of the optomechanical
platform for torsion oscillators as they are reduced in scale. I have successfully characterized
a set of optomechanical torsion designs to probe thermomechanical motion very sensitively,
much improved over previously reported devices (14), (62). Some important parameters for
enhancing the sensitivity, or noise-floor, in a optomechanical system was the Qopt of the
optical cavity, the gap between the optical and mechanical resonators, and the microdisk
diameters - where I implemented a dimpled tapered fibre for efficient optical coupling. The
mechanical data was optimized using a lock-in amplifier, which allowed identification of the
best optical resonance for data acquisition. Using the most optimized device I have obtained
displacement noise-floor sensitivities of 7 fm/v/Hz and 4 nrad/v/Hz, which correspond to
torque sensitivities of 0.8 zZNm/v/Hz near the torsional resonance frequency of 9.03 MHz.
Further improvements were made, where the mass of these torsional devices was reduced
(from 25 pg to 7 pg), while the sensitivities were increased slightly to 6 fm/v/Hz and 2
nrad/v/Hz. My project successfully showed that this optomechanical platform increases the

sensitivity of nanoscale torsional oscillators.

5.2 Outlook

One of the immediate future prospects for torsional optomechanics is to test in real sensing
applications. An example of studying molecule dynamics will be possible if the molecules
are bonded to a functionalized paddle by sensing the change in the moment of inertia and
the shifted frequencies. Therefore a controlled deposition technique using a patterned re-
sist, required for the functionalizing the non-reactive silicon paddle, is listed in Appendix
C. Moving to magnetic materials deposited on the paddle will open up doors for numerous

magnetism-related studies in nanoscale regime. Simultaneously I am also currently working
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on a recipe to fabricate devices myself for the next generation of torsional devices with-
out having to rely on commercially fabricated products. I have been optimizing an EBL
recipe using a hydrogen silsesquioxane (HSQ) resist, while optimizing plasma etch for sili-
con. Once these nanofabricated torsional devices are improved and functionalized, they will
be incorporated into a dilution cryostat to improve torque sensitivity and explore macro-
scopic quantum effects such as superconductivity, superfluidity, and the de Haas-van Alphen
effect.

5.2.1 Exploring other materials for optomechanical systems

From the available commercial fabrication, I was provided with a SOI platform having both
excellent mechanical and optical properties. However there are other robust materials to be

considered in optomechanics.

Material | Young’s Modulus (GPa) | Index of Refraction
Si 190 3.48
SiC 700 2.59
SiO, 73 1.46
SigNy 380 1.98
AIN 308 2.12
Diamond 2035 2.39

Table 5.1: List of Young’s modulus for various robust materials (38) and corre-
sponding index of refraction near 1550 nm (77).

Table 5.1 shows various materials listing two basic properties of Youngs modulus and index of
refraction as a measure of their mechanical and optical properties (38), (77). Both properties
should be high for ideal optomechanical systems resulting in high Qop¢ and Qmecn; however,
there seems to be a trade-off between the choice of optical material or mechanical material.
GaP is another optical material recently implemented in an optomechanical system (78),
which is optically comparable to silicon but the Young’s modulus is lower than silicon
(~ 103 GPa). SiC, a diamond-like crystal, has been nanofabricated recently as a circular
torsion paddle using a similar smart-cut technology to produce SOI wafers (79) - nevertheless
patterning and etching this material is extremely difficult for optomechanical structures.
The best way to implement both of the best worlds is to use a hybrid system using different
materials for optical and mechanical resonators. Such hybrid system was used in a force
sensor developed by Gavartin et al using SizNy nanostrings and SiOs wedge-disks. Although
the index of refraction of SiOy is low, fabricating very smooth sidewall is possible (33).
Such a hybrid system is desirable, but requires a lengthier and more complex fabrication
procedure. Another interesting material is AIN, where this material is also piezoresistive

making it possible to have an opto-electro-mechanical platform (80).
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Among the different possibilities, my realistic choice for the next optomechanical material
would be SigNy, concentrating more on the elasticity of the material. The high stress SigNy
has exceptional mechanical properties (56) and is also a good photonic material that is

relatively easy to fabricate.

5.2.2 Upgrades on the apparatus

The schematic used in this project (Chapter 2) for optomechanical transuction is beautifully
simple and simply beautiful and yet it is highly sensitive in a small scale device. However
there is room for improvement in the apparatus. Since there are slow drifts in the laser,
a Pound-Drever-Hall (PDH) technique can be employed for laser frequency stabilization.
This technique uses a phase-modulated laser locked in an external stable Fabry-Pérot in a

feed-back loop to adjust the drifted laser frequency (81).

We can also add another laser to the system in order to parametrically drive (pump) the
mode while doing the measurement (probe). A balanced homodyne detection technique is
also being considered to do a phase-sensitive detection instead of the amplitude-sensitive
detection (47).

5.2.3 Low temperature apparatus

From the specialty of our lab, we are planning to implement the optomechanical apparatus
in a dilution refrigerator to observe quantum phenomena using optomechanical sensors.
There are a lot of technical details, omitted in this section, to reach mK temperature ranges
mostly dealing with thermalizing the wires, sample, and the fibre. The setup is resembles
the room temperature OVC as shown in Fig. 5.1 with essential parts such as the objective,
positioning stages, and the fibre holder. There is still a lot more work to be done, which we

are working hard on as a team.
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Figure 5.1: A photograph of our current progress with the low-temperature optome-
chanical apparatus. The components are similar as the room temperature OVC
where a microscope, nanopositioning stages, and a fibre holder are present.
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APPENDIX A

Smaller dimpling procedure

I always do that, get into something and see how far I can go.

- Richard Feynman

At times, the optical cavities were hard to couple into with our standard dimpled tapered
fibres, in particular when there are other structures too close to the device. De-tensioning
the fibre-dimple to narrow the lowest spot did not help as it adds mechanical instability to
align properly, similar to the case of the u-shaped fibre. A simple idea to make the dimple
even smaller was achieved using the same procedure as described in Section 3.3 but using a
tapered fibre as a mould instead of the bare stripped fibre. The tapered fibre mould should
not be pulled to a single mode, stopping half way through the rapid oscillations of Fig. 3.12,
to maintain its rigidity as a mould. The tapered fibre mould tends to be easily fused with
the dimpled tapered fibre during the dimple-annealing process than the bare stripped fibre.
Therefore I had to clean the mould surface well and applied more graphite than usual and
nearly all transmission was maintained (99.5 %) when finished (see Fig. A.1b). A summary
of the smaller dimple fabrication is shown in Fig. A.1 including the tapered fibre profile,
dimpling procedure, and the photograph of the final result.
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Figure A.1: The same procedure from Section 3.3 was used to produce smaller
dimpled tapered fibres where a half-tapered fibre is used as a mould with diameter
~ 65 pm. a) The typical tapering profile with 78 % efficiency down to a single mode
fibre near 1 pym in diameter. b) After the dimple procedure, the transmission was
recovered (99.5 %) where the optical image of a fully fabricated tapered fibre is
shown in c).
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APPENDIX B

New optomechanical torsion design

Figure B.1: An example of a possible design for the next generation of torsional
device. The gaps are drastically reduced to ~ 35 nm and the coupling length are
increased by a triangular paddle to increase G. The holes are inserted to reduce
the mass of the torsion device and the device is highly symmetric. This design
is currently used to optimize the recipes for EBL patterning and plasma etching
(ICP-RIE).

Although EBL patterning is not a cost-efficient process, it provides better resolution than
the commercial options using the state-of-the-art photolithography patterning (< 100 nm).
Based on a two-year project general parameters to consider in the design process are min-
imizing the gap between the two resonators, increasing the coupling strength, maximizing
the intrinsic Qopt, and Qmecn, reducing the paddle width w, and decreasing the effective
masses. A preliminary design, aimed at achieving better angular or torque sensitivity, is
shown in Fig. B.1. I am still in the process developing optimized torsion designs for device

fabrication.
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APPENDIX C

Deposition

C.1 Magnetic nanoparticles

Figure C.1: Depositing small magnetic nano-particles (maghemite) on the chip using
the pick-and-place method in the fibre-puller setup. The spot on the letter A (right)
shows the deposited particle, placed from the tip of the tapered fibre. Due to a floppy
tapered fibre, I was not able to aim and deposit precisely. The scale-bar is 10 pm.

In order to drive the torsional mode efficiently with an AC magnetic field I have attempted to
place small magnetic nano particles on the paddles. The nanoparticle used was a maghemite
(superparamagnetic) core with silica in a dH2O solution. I tried to use the pick-and-place
method using the tip of the tapered fibre to deposit this particle on a chip. After some
tests, this method could not accurately deposit particles at a desired location for number of
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reasons but the main issue was that the apparatus was built lego-like, where I have gathered
and assembled various parts of the experiment shown in Fig. C.1. The micrometer did not
have the precision I need for accurate deposition using a broken tapered fibre. The best I
could do was shown in Fig. C.1 where I aimed for the centre of the middle line in the letter A
but was clearly off by ~ 20 pym. Implementing a small dimple could work, being more rigid,
but it destroys both the dimple and the device for each trials. Rather than pick-and-place
method, depositing small magnetic films seems to be a much elegant method. The problem
with this method, however, is that depositions usually occur prior to releasing the device
with wet-etchant - where BOE does etch most magnetic materials. There is a new technique
recently developed by Diao et al. where the patterned magnetic films can be deposited
after the structure is released (82). This technique involves placing released structures in a
solvent (IPA), and slowly introducing organic resists in the solution, which fills all the gaps
and surface with the resist. After baking the resist, the chip can be patterned with EBL.

This method seems more promising and is a current work in progress.

C.2 Pt dots

Cursor|Height =

7.0 nm

=19

Figure C.2: a) Exposure test of Pt dot depositions with varying exposures from 1
to 9 seconds. b) Throughout the devices we have exposed ~ 4 seconds on each dots
giving dots of ~ 100 nm in size.

I also attempted to deposit of Pt dots on the torsion paddle. The purpose was to see the
effects of tiny metal dots deposited on dielectric paddles on the optomechanical coupling.
The depositions were operated using the focused ion beam (FIB) located at NINT, where
Pt gas was introduced into the chamber and the electron gun is spotted in areas of interest
for deposition. During this process Pt dots were successfully transferred to the paddles
as shown in Fig. C.2 but from experimental data, I have seen significant degradation in
all optomechanical parameters including both Qopt, Q@mecnh and the noisefloor. This could
be the effect of metals on an optomechanical system, however I note that being able to

observe anything through the FIB deposits small amounts of Pt - possibly on the disk as
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well (Fig. C.2b). It is possible that the degraded optical disk lowered all the optomechanical
parameters. Optical structures need to be masked, or unaffected, by the deposition in the

torsional resonator - introducing the next appendix to pattern metal on the paddles.

C.3 Gold Deposition

Figure C.3: Successful patterened gold film (~ 15 nm thickness) deposited on the
paddles as shown in a) and b) with smallest feature size of ~ 80 nm in b).

The best way to mask an optical disk while simultaneously pattern windows on the paddle
for deposition is done with EBL (Raith150-Two). Photolithography is not suited for this
post-patterning mainly due to the feature resolution and the alignment resolution. I have
optimized the EBL recipe to align the already designed structures using alignment marks
and create openings for thermal deposition of metals. Successful examples of gold deposited
torsion paddles are shown in Fig. C.3 with potential applications in molecular sensing. The
gold-functionalized surface allows thiol bonds to molecules containing sulphur, facilitating

the study of the dynamics of molecules.

C.3.1 Post-alignment recipe for EBL

I have used EBL to pattern windows for thermal deposition while all other structures are
successfully masked. The EBL process is essentially the same as scanning-electron imaging
with an added pattern generator to deflect the electron beam in a small area (write-field
of 100 pm x 100 pm) to pattern the organic resist. This procedure is typically very slow,
depending on the doses, but produces highly accurate patterns. It takes some effort to
optimize exposure doses on a specific resist thickness, aperture, and voltage. I have mainly
used EBL to post-pattern the already fabricated IMEC chips, where aligning the structures

on a nm-scale raised the difficulty significantly. Each trial took a long time because of



APPENDIX C. DEPOSITION 79

\U\‘H\H\
TR

Coarse Alignment Fine Alignment

Figure C.4: Post-alignment includes aligning all three different coordinate systems in
the equipment. The stage movement (X,Y) should first be aligned with the design
coordinates (U,V) (coarse alignment) and the electron beam should be adjusted
(fine alignment) to account for the actual coordinates in a real chip (u,v).

lengthy steps required: piranha cleaning, resist spinning, EBL patterning, and SEM imaging.
While waiting for the second batch of IMEC chips, I have optimized the post-patterning
process to align the fabricated structures with the design quite well allowing me to pattern
any shapes on the torsion paddle shown in Fig. C.3. The complete recipe for the EBL
alignment process will be listed in this section, where I skipped all the of the basic training
steps for proficient EBL users. The difficulty in alignment comes from the three different
coordinate systems, the stage, design, and the device coordinates, that must be synced prior
to electron beam exposures. Fig. C.4 shows the simplified procedure as the coarse, dealing
with stage alignment to the designed GDS file, and fine alignment, controlling the beam
deflection within the write-field to account for the discrepancies from the design and the

actual fabrication.

I specifically chose polymethyl methacrylate organic resist (PMMA), which is available
in different molecular weights. For example using 495K and 950K PMMA, the different
molecular weight causes different exposures with the same dose, allowing the lighter bottom
layer to expose more than the top layer creating a window such that the gold on the chip
does not touch the resist during deposition. In this configuration shown in Fig. C.5, a very
thin deposition layer can be achieved where a single PMMA layer resist often removes the

deposited metal together when the layer is thin (~ 20 nm).

I will present the recipe in a step-by-step form, trying to avoid confusion. The following
recipes are for trained EBL users for those that are interested. One important rule of thumb

is to never look at device during the EBL process, where the user should only look at the
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Single Layer PMMA Bi-Layer PMMA

-~

Figure C.5: Illustration of the bilayer structure of PMMA. The lighter PMMA
495k is underneath the heavier PMMA exposing more with the same dose, where it
creates a nice contact-less window compared to the single layer case. Bilayer method
is required for very thin layer or a small feature size.

alignment marks. Hence, the coordinates of your devices with a custom-chosen origin should

be pre-determined before proceeding with the post-alignment process.
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Figure C.6: A layout of the IMEC chip where the green area is the location of
optomechanical torsional devices. Based the alignment marks as shown in a), a
separate layer (63) having eight rectangles inside the 100 pm x 100 pm write-field
box was prepared to do fine-alignment as shown in b). Coarse alignments were done
by a 3-point alignment, where the origin in ¢) and the other two alignment marks
(marked by arrows in the layout) were used. I have made patterns on torsional
paddles as shown in gold colour (layer 92) with an example demonstrated in d).
Note in a), a gold box in the corner was also patterned to confirm how well the
alignment was done after the exposure of bi-layer PMMA.

« Preparation

1. A new gds file must be prepared with the desired exposed pattern overlaid on

top of the existing device features in a different layer. An example illustrated in
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Fig. 2.9 defines the layer 92 (gold colour) as exposed area. The resist being used
is a positive resist PMMA, in which the exposed area will provide a window for
metal deposition. Layer 76 is the existing pattern fabricated by IMEC and an
arbitrarily chosen layer 92 (gold) is the desired overlaid design. The Raith150-
Two software, used in EBL, always defines the left bottom corner of the structure
to be the centre the write-field. I made a small box (layer 92), where bottom-left
corner is forced to be the origin (U, V) = (0, 0) as shown in Fig. C.6¢. I have also
made small boxes at a corner near a device to inspect the alighment as seen in
Fig. C.6a.

2. The Layer 63 is specifically reserved in the Raith150-Two software for the auto-
matic write-field alignment. A separate design should be patterned with the same
alignment marks in this layer as shown in Fig. C.6b. Note that these structures
should be simple geometries such as squares or rectangles. Complex geometries
made by boolean operation in layer 63 did not scan properly with the software.
The sample alignment features T used are shown in Fig. C.6b (layer 63). Designs
in layer 63 should not exceed the write-field area, which is typically 100 um X
100 pm.

3. Piranha-clean the sample before spinning the resist on the sample.

4. Using the Brewer Spinner and Hotplate equipment, coat the IMEC chip with
first the PMMA 495K A2 resist followed by PMMA 950K A2 resist. I have pro-
grammed the spinning recipe in PK_PMMA_BILAYER that should resulting in
~ 120 nm thickness. The hotplate should be preheated to 180°C.

— Place the chip on the smallest chuck holding it with vacuum.

— Run a test spin using the programmed recipe PK_PMMA_BILAYER. It
should spin 500 RPM for 10 seconds with ramp speed of 100 RPM/s and
4000 RPM for 40 seconds with ramp speed of 350 RPM/s.

— Apply plenty of drops (> 4 drops) with a pipette to cover the whole chip with
PMMA 495K A2 resist and wait 10 seconds prior to spinning for consistency.

— Run the recipe (PK_PMMA_BILAYER) and bake the sample at 180°C for
10 minutes.

— Repeat the spinning for PMMA 950k A2 resist on top of the 495k layer with
the same recipe. Note that prior to spinning 950k resist, the sample should
be completely cooled down by waiting ~ 1 minute after the baking.

— The resist usually coats partially on the back-side of the chip in the four
corners. Simply remove them using plastic tweezers and acetone applied Q-

tips for better thermal contact in the Raith150-Two sample holder.
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5. Scratch the corner of the chip (non-important area) using a diamond scribe to

obtain a small particle for focusing.

6. When mounting the chip on the sample holder, the chip should have good thermal
contact with the sample holder for optimal results. Simply wiggle the chip using

a plastic tweezers after clamping.

7. After clicking the load sample button the automated processes will place the chip
inside the chamber. Turn on the SEM controller and activate the accelerating
voltage to 10 kV (EHT) with 10 pm aperture. Raise the Z-axis to 19 mm using
the XY mode in the software. under the Raith150-Two stage controller.

8. Locate a particle of size ~ 200 nm near the scratched corner and perform the
typical SEM operation to obtain a good image by adjusting the focus, stigmatism,
and aperture. Skip the write-field alignment, typically done at this step, until the
end. In post-alignment EBL, the fine alignment using layer 63 will overwrite any

existing write-field alignment hence it is not necessary at this point.

9. Measure the current by driving the stage to the Faraday Cup position and click
Measure. Set the experimentally determined optimized exposure dose to 144

uC/em? (it may vary).
« Coarse Alignment

1. First, locate the origin of the chip using the SEM live image. Only work with the
patterned alignment features and never image directly the devices through the
SEM as it will expose the resist. In the example (Fig. C.6c), the origin is at the
inside corner of the alignment mark shown in Fig. 2.9. Under the Adjust UVW -

origin correction click Adjust and make sure that Global mode is selected.

2. Either use the centre of the cross-hairs in a live SEM scans or scan a new image
(File - New image in the Raith150-Two software) and place the flag on the
SEM to find the exact coordinates in the stage (X,Y) and press adjust origin.
The latter method is highly preferred as the live image always drift slightly and
the scanned image is actually how the pattern generator is going to write the

pattern. Therefore, scanned images should be the basis for any alignment.

3. In the angle-alignment, keep the origin as one of the coordinates and move the
sample along X direction until the last alignment mark is found. Be careful not
to expose actual devices at this point by controlling the zoom and the stage
movement. Flag the position on the alignment mark using the scanned image
and click Adjust. Note that these two alignment marks, used in angle-alignment,

should be perfectly horizontal in the GDS design.



APPENDIX C. DEPOSITION 84

4. Change the mode to Local and do a 3-point alignment. Click Drive under the
angle correction menu to move to the origin and define this point as one of the
3-points. Drive to the other alignment mark locations as shown in Fig. C.6. If
the origin- and the angle-alignment was done properly in the global mode, the
alignment marks at a far location should be easily found without exposing much
of the area nearby. While the stage is driving the beam is blanked, or covered,
automatically to avoid exposures along the way. The procedure is the same as
the origin and the angle correction using the flag to find the three points in
the scanned image. Note that the three-points should not be on the same axis
as illustrated in Fig. C.6. After clicking Adjust, the design coordinates should
now be synced with the stage movement with good accuracy. Navigate through

different alignment marks to check the coarse alignment.
« Fine Alignment

1. The fine alignment is done by the write-field alignment, which aligns the beam to
the exact features of the devices. The layer 63 described above was used to align
the 8 rectangles to the alignment marks. Note again that the complex geometries

sometimes does not scan properly, so I used simple rectangles from the software.

2. Move the stage to the smaller alignment mark (Fig. C.6) near the device of inter-
est. The centre location with respect to the alignment marks should be precisely

the same with the origin created in layer 63.

3. Create a new position list (File — New positionlist) and add the layer 63 designs
to the list.

4. Scan layer 63 by clicking (Scan — All) and a scanned image will appear with one
rectangle overlaid with the one of the alignment block with some mismatch. Hold
Ctrl key and move the box such that they are perfectly aligned and click Accept.
All the 8 boxes designed in layer 63 will be scanned consecutively and separately

and the alignment results will be based on these scans.

5. The devices near this write-field aligned area are ready for exposure but the
exposed area should be kept at minimum for best results. It will be at best
within the same write-field, but in my case the devices one write-field box away.
Exposing structures far away from this alignment (> write-field area) will cause
large deviation from the desired pattern. Therefore, write-field alignment should
be over-written again in the next area of interest. This can be a long process where
creating a new position-list is a great idea with repeating sequences of write-field
alignment and small area exposure. The exposed area should be chosen carefully
because the left bottom corner of the desired area will be considered as the origin

in u,v coordinates. Therefore the U,V coordinates should be manually filled to



APPENDIX C. DEPOSITION 85

displace the exposure area to the desired location. For example, if I desired the
working area to be 200 um x 200um at the location (1 mm, 1 mm), then the
U,V coordinates should be (1.05 mm, 1.05 mm) with working area defined by
two points (1 mm, 1 mm) to (1.2 mm, 1.2 mm). The 50 pm is added to each U
and V to account for the write-field of 100 pm x 100um (if different write-field
sizes are used, the (U, V') should be added to the half-length of these coordinates.

« Fine Alignment without Layer 63

1. There is a quicker way to produce decent results without the layer 63 if there are
only handful of structures to post-pattern. However, the former method using
layer 63 is preferable. This quick method requires a typical write-field alignment

in step 8 under ”Preparation”.

2. After the coarse alignment, navigate to the alignments marks near the interest
area for exposure. Make sure the location is equally displaced between multiple

alignment marks (Fig. C.6a for example).

3. Blank the beam and drive manually within the write-field using relative coordi-
nates in (U, V) and obtain a scanned image. If the location is not exact, manually
input the U-shift and the V-shift based on the scanned image and click send (box
under write-field Alignment). The input should be inverted with respect to the
image. For example, if the image was shifted 100 nm in U-direction to the right,
then input —0.1 pgm in the U-shift column. Go back to the exact original location

as shown in Fig. C.6.

4. Test various corners starting from the same location to map each points to correct
U-shift and V-shift. After satisfactory alignment, expose the desired area nearby
and remember to add 50 pm to the design (U, V) coordinates.

The results from these alignment procedures are shown in Fig. C.3 using both methods.
They are not perfect because I have used slightly larger exposure area centred around the
write-field alignment, but they were very satisfactory to pattern various shapes on the torsion
paddles. After properly shutting down the system clicking unload button, the PMMA layer
was developed for one minute in MIBK:IPA (1:3) and 20 seconds in IPA after a thorough
rinse with water. After drying the chip with an air-gun, the sample is now ready for metal

deposition.

C.4 Thermal evaporation for thin film deposition

The post-patterned device is now ready for deposition, where I used a custom-built thermal

evaporator system at the thin-film lab (UAlberta) as shown in Fig. C.7. The automated
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Figure C.7: A high-vacuum evaporator system located at the thin film lab (UAI-
berta). a) A photograph of the bell jar used for thermal deposition of chrome and
gold. Some of the components are displayed such as b) an electrical contact used to
pass high-current to heat the deposition material and c) valves used to pump out
the bell jar using a diffusion pump.

sputtering system (Floyd) at the Nanofab also works well with a large exposed area (>
1 pm), but it is not suited for thin layer deposition on a small area (Fig. C.3). I have
successfully deposited 5 nm Cr and 15 nm Au, where Cr is the adhesion layer for Au
(typically 1/3 ~ 1/4 of the desired Au thickness). The recipe for thermal deposition is
simple and easy but I have listed them for completeness. Prior to deposition, liquid nitrogen

(LN3) must be prepared in a small dewar (40 L).

« Deposition

1. The first step is to vent the chamber and mount the sample upside down. The
quartz crystal should be on the same level as the sample. Cover the sample using
the shutter by rotating the knob at the bottom of the chamber. The shutter
can be tricky to use so practice until the shutter can be covered and opened
efficiently. The desired deposition material should also be prepared on a tungsten

boat, which was Cr (wire) and Au (scraps).

2. Fill the tank with LNy, which is located in the bottom of the diffusion pump
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(metallic tube), until LNy comes out at the other end of the tank (latex tube).
It is important to have this tank filled with LNy before opening the cryo-valve
to trap contaminations from the diffusion pump. Also fill the rough-pump trap
with LNy at the back, which is optional.

3. Seal the bell jar and close the foreline-valve. Then open the rough-valve, located
at the back, to pump out the bell jar to 60 mTorr. The pressure gauges are
displayed at the back panel where the bell jar pressure should not go lower than
50 mTorr during the roughing stage.

4. Close the rough-valve and open the foreline-valve.

5. With the foreline-valve open, it is ready to open the cryo-valve (diffusion pump).
Do this step very slowly such that if the pressure starts to rise stop opening the
cryo-valve and wait till the pressure drops again. After the valve is completely

open, turn on the ion gauge.

6. Pump the chamber for two hours to have base pressure near 10~% Torr ~ 10~7

Torr.

7. Mechanically touch the electrical rod to the desired deposition container by ro-
tating the rod clock-wise (Fig. C.7b). Watch the pressure and obtain a good

electrical contact (it should fit nicely with the counter-sink).

8. Increase the current until a glow appears in the material and calibrate the quartz
thickness monitor. Start the deposition using the shutter for desired layer thick-

ness with low deposition rate.

9. Undo the electrical contact and rotate the material inside using the knob under

the chamber to deposit other materials (repeat steps of 7 and 8).

10. Turn off procedure is the reverse-order where the ion gauge must be turned off
first, then the cryo-valve is slowly closed, and the bell jar is finally vented. After
taking out the deposited sample, rough the bell jar by closing the foreline-valve,
and opening the rough-valve. After reaching 60 mTorr, close the rough-valve and

open the foreline-valve.

After depositing a small layer of Cr and Au, an ultrasonic acetone liftoff procedure was
used to remove the organic resist layer (PMMA) leaving the gold patterns on the paddles.
Finally cleaning the chip with piranha solution, the device is now ready for post-processing
as shown in Fig. 2.8 resulting in Fig. C.3. Note that the piranha solution does not etch Au
but it slowly etches Cr, which the cleaning time was kept to a minimum (~ ten minutes)

instead of thirty minutes.
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