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Optomechanics studies the interaction between the optical force and mechanical ob-
jects, and has led to intensive developments in ultra-sensitive measurements, coherent
quantum control, optical tweezers, etc. Silicon photonics is a material platform from
which Photonics Integrated Circuits can be made, and provide a perfect solution for
minimising optical systems. This thesis studies the integration of optomechanics and
silicon photonics—integrated silicon optomechanics, and explores its applications in
distributed fibre optical sensing (DFOS) and optical trapping. A novel 1.5 µm thick
Silicon on Insulator (SOI) platform is also demonstrated, which is advantageous to the
two applications compared to the widely-used thin SOI platform.

Firstly, this thesis proposes to use the integrated cavity optomechanical system to gen-
erate optical probe signals for DFOS. The proposed application is based on optome-
chanical oscillation (OMO), through which optical pulse trains (OPT) and sweeping-
wavelength optical signals (SWOS) for the DFOS application can be generated. Com-
prehensive analyses on the OMO threshold and oscillation characteristics are conducted,
and the extinction ratio (ER), duty cycle (DC) of the OPT and the sweeping range of
the SWOS are derived. Examples of utilising OMO-based OPT and SWOS for DFOS
applications are then demonstrated. The proposed OMO-based OPT generator and
OMO-Based SWOS generator do not rely on external RF sources and optical modula-
tors and can be fully integrated with silicon photonics platform. They thus provide
unconventional methods to reshape the optical source generation in DFOS.

Secondly, this thesis presents the design, optimisation and scaling effect of a dual-
waveguide optical trap on a SOI platform by comprehensive numerical simulations
in Lumerical FDTD Solutions. The simulations demonstrate that the waveguide thick-
ness is a crucial parameter in designing a dual-waveguide optical trap. It was found
the optimal waveguide thickness generally increases with the gap distance, accompa-
nied by a periodic feature. The optimal waveguide thickness and gap distance display
clear scaling effects over the optical wavelength. This thesis also proposes to use the
OMO process to load micro/nano-particles. The OMO process can break the adhesive
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connection between the micro/nano-particles and the container’s surface. The works
above not only pave the way for the design and optimisation of dual-waveguide op-
tical trappings for various applications, but also lays the foundation of a fully on-chip
optical trapping system working on vacuum or air.

Lastly, this thesis experimentally demonstrated a novel 1.5 µm thick SOI platform for
integrated optomechanics, rather than the widely-used thin SOI with a top silicon layer
less than 300 nm. For both the above two applications, thick SOI shows its advantages.
Thick SOI is suitable for fabricating low-frequency mechanical resonators, which are
necessary for long-distance DFOS applications. Thick SOI is also essential for dual-
waveguide optical trapping with a larger gap distance. In addition, the 1.5 µm thick
SOI has high power handling capability, low propagation loss, large mode size, and
comparatively small bend radius. Individual integrated silicon optomechanical com-
ponents based on 1.5 µm SOI platform are designed, fabricated, and measured, includ-
ing waveguides, grating couplers, MMIs, Bragg gratings, optical microresonators and
mechanical resonators. The measurement results show that all the individual photonics
components function well. These works lay a solid foundation for the full integration
of a silicon optomechanical system in the future.
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Chapter 1

Introduction

1.1 Research background of optomechanics

Optomechanics studies the interaction between optical radiation pressure and mechan-
ical objects. The concept of optical radiation pressure was first introduced by Kepler
in 1619 to explain the phenomenon that comet tails always point away from the Sun,
claiming that this is due to the radiation pressure of the sunlight [1]. This claim re-
mained unsubstantiated for more than two centuries before Maxwell’s theory of elec-
tromagnetism showed that light is an electromagnetic wave and carries momentum
and can therefore exert a force [2]. The experimental observations of the radiation pres-
sure force were realized by Lebedew and Nichols and Hull in the 1900s using thermal
light sources and a torsion balance [3, 4]. In 1909, Einstein theoretically derived the
statistic of radiation pressure force [5], which also led to the discovery of the wave-
particle nature of light and quantum mechanics.

However, the magnitude of these effects was too weak to have any significant practical
use. For a 1 W of incident beam perpendicular to a totally reflecting mirror, the gen-
erated radiation pressure force due to the reflection is around 7 nN [6]. This force is
too tiny to be observed and has no prominent effects on macroscopic objects before the
invention of the laser in 1960 [7]. A laser can provide a high-intensity, monochromatic,
collimated light field which is necessary for studying the optical radiation pressure
forces. Since then, the studies on optomechanics have developed mainly into two dif-
ferent research directions.

The first is the cavity optomechanics, where light is confined in an optical cavity and
interacts with a mechanical resonator during its circulations [8, 9]. It was first investi-
gated by Braginsky in the context of an interferometer by considering a harmonically
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suspended end mirror of an optical cavity. He theoretically studied the coupling pro-
cess and experimentally demonstrated that the retarded nature of the radiation pres-
sure force in the optical cavity could be used to cool or amplify the motion of the me-
chanical resonator, which is called dynamic back-action [10, 11]. On the other hand, the
mechanical motion of the movable mirror also led to the modulation of the enhanced
optical cavity field dramatically, which makes it possible to measure the mechanical
motion with extremely high sensitivity and accuracy. The most prominent example is
the Laser Interferometer Gravitational-Wave Observatory (LIGO) project for gravita-
tional wave detection [12], which won the 2017 Nobel Prize in Physics for its observa-
tion of gravitational waves from a black hole merge. Braginsky also studied the impact
of radiation pressure force on the accuracy of this measurement [13, 14], in which he
derived the standard quantum limit for the LIGO.

The second is the optical trapping. In the 1970s, Ashkin and his colleagues showed that
the radiation pressure force from a focused laser beam could trap and manipulate small
micrometre-size dielectric particles [15, 16]. This technique soon led to the application
of optical tweezers for trapping and manipulating viruses, cells, bacteria, etc. It now
becomes an off-the-shelf tool in bio- and medical-researches [6]. Besides, optical trap-
pings are also essential building blocks for levitated optomechanics [17, 18], where mi-
cro/nano dielectric particles are trapped and levitated by the optical radiation pressure
force in air or vacuum and decoupled from the environment. This decoupling reduces
the environmental dissipation and results in an ultra-high quality factor (Q-factor) of
the levitated particles, making it one of the most promising platforms for applications
in high-sensitivity sensing [19, 20, 21] and test of quantum physics [22, 23]. The meth-
ods of trapping and manipulating with optical radiation pressure were also extended
to molecules and atoms. Atoms were trapped and cooled to their motional ground
state and the ultracold atoms have enabled many applications including optical atom
clocks and precision quantum measurements [24, 25].

1.2 Motivation and objective

With the advancements of micro/nano fabrication, the field of optomechanics in both
the two research lines has seen a substantial development of miniaturization into mi-
cro/nano scale during the last two decades.

A variety of on-chip cavity optomechanical devices has been realised [26], in which
many interesting cavity optomechanical effects have been observed, including optical
spring [27], bistability [28], normal-mode splitting [29], optomechanical induced trans-
parency [30], optomechanical cooling [31] and optomechanical oscillation (OMO) [32].
Among these effects, OMO is unique and of great importance. It is induced by one
of the dynamic back-action — optomechanical amplification, whereby the mechanical
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resonator can be driven into self-oscillation by the optical cavity field. Such an on-chip
mechanical oscillation can also imprint itself into the optical cavity field, resulting in
the modulation on the optical cavity field and therefore acts as an on-chip modulator
without external RF sources.

In distributed fibre optical sensing (DFOS) that has been widely used in structure heath
monitoring [33], the physical parameters along the fibre can be measured distributedly
by injecting intensity-modulated optical pulse trains (OPT) or frequency-modulated
sweeping-wavelength optical signal (SWOS) into the fibre and detecting the backscat-
tered light signal. The OMO process thus provides a perfect solution for optical probe
signal generation in DFOS due to its on-chip modulation capability. Traditionally, the
optical probe signals are generated by discrete components, which are bulky and costly
and hinder the large-scale applications of DFOS. There is thus a clear and reasonable
incentive to explore the potential of using the on-chip OMO modulation method for
the optical probe signal generation (OPT and SWOS) in DFOS.

Along another research line, different on-chip optical trapping platforms have been
proposed and experimentally demonstrated. The near-field on-chip optical trapping
exploits the exponentially decaying evanescent field from the surface where light is
confined [34]. Such near-field trapping can only attract the particles to the surface,
which is not desired when one wants to levitate the particles or hold the particles in
a specific position. Compared to the near-field trapping, the dual-waveguide trap-
ping, which is the on-chip version of Ashkin’s dual-beam trapping, can stably levi-
tate the particles without contact with the chip surface and move the position of the
trapped particles by controlling the two beams. Several dual-waveguide optical trap-
ping platforms based on the unusually-used materials Ti2O5 [35], TripleX [36], polymer
[37] have been proposed, however, no systematic analyses and optimisations regard-
ing the waveguide dimension and gap distance have been conducted. Therefore, there
is clear motivation to further study and optimise the dual-waveguide optical trapping
scheme in a readily available platform such as silicon.

On the other hand, silicon photonics is the photonic system that uses silicon as an opti-
cal medium, similar to how electronics is concerned with the transmission and manip-
ulation of electrons [38]. It has experienced an enormous development because of the
well-established processing technology of silicon and the capability with complementary-
metal-oxide-semiconductor (CMOS) technologies. It provides the path to miniaturise
the optical system. In addition, silicon is also the perfect material platform for making
micro/nano mechanical structures, which has boosted the development of the Micro/Nano-
Electro-Mechanical-System (MEMS/NEMS) [39]. Silicon is thus the most promising
platform for integrated optomechanics. However, the widely used silicon photonics
material platform is the silicon on insulator (SOI) with top silicon layer at several hun-
dred nanometres, which usually has high propagation loss, loss power handling, small
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mode size and thus limits its application range. Therefore, there is a strong incentive to
explore a thicker SOI platform for integrated silicon optomechanical systems.

This project first aims to explore the applications of integrated silicon optomechanics,
both in cavity optomechanics and optical trapping. For the integrated silicon cavity
optomechanics, the OMO process was exploited to generate optical probe signals for
DFOS applications. For the optical trapping, comprehensive analyses and optimisation
of a dual-waveguide trapping system based on SOI platform were conducted. Lastly,
the fabrication and measurement of optomechanical components based on a novel 1.5
µm thick SOI platform are discussed.

1.3 Thesis Structure

• Chapter 1: Introduction. This chapter outlines the research background and objec-
tives of this project.

• Chapter 2: Literature Review. The second chapter first reviews the underlying physics
and properties of the cavity optomechanical system, followed by the typical implemen-
tation examples. I then introduce relevant knowledge and related literature about this
project, including silicon photonics, optical trapping and DFOS.

• Chapter 3: Integrated silicon optomechanics for distributed fibre optical sensing. In
this chapter, I studied the OMO process in an integrated cavity optomechanical system
and explored its applications for DFOS. The optomechanical dynamic back-action effect
was first introduced, followed by an analysis of the OMO in different regimes. Lastly,
the application of this OMO process for optical probe signals generation in DFOS was
shown explicitly.

• Chapter 4: Silicon optomechanics for on-chip optical trapping. In this chapter, the op-
tical trapping capability of the SOI-based dual-waveguide structure was demonstrated.
Also, the dual-waveguide optical trapping scheme is optimised and scaling effects are
shown. In addition, it is shown that the OMO process can be utilised to load micro/-
nano particles, which is an essential step for on-chip particle loading.

• Chapter 5: Integrated optomechanical components based on thick SOI platform. This
chapter will present the on-chip integrated optomechanical components design, fab-
rication, and measurement based on a 1.5 µm thick SOI platform. The experimental
results indicate that the components all function well and these components pave the
way for the full integration of on-chip silicon optomechanics.

• Chapter 6: Conclusions and perspectives. In this chapter, I conclude this thesis by
giving the conclusions and outlooks towards the integrated silicon optomechanical sys-
tems in the future.
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Chapter 2

Literature Review

In this chapter, I will first review the underlying physics and properties of the cavity
optomechanical system, followed by the typical implementation examples. I then in-
troduce relevant knowledge and related literature reviews about this project, including
silicon photonics, optical trapping and DFOS.

2.1 Basics of cavity optomechanics

Cavity optomechanics describes the interactive coupling between an optical resonance
mode and a mechanical resonance mode. In this section, the properties and relevant
physics of the basic components of a cavity optomechanical system, namely the optical
resonators and the mechanical resonators, will be introduced. After that, I also dis-
cussed the various geometric forms of chip-scale cavity optomechanical systems that
have been demonstrated.

2.1.1 Optical resonator

The optical cavity, also known as the optical resonator, is the basic component of a
cavity optomechanical system. It confines light by resonantly recirculating the optical
field when the standing wave condition is met, i.e. the single optical path length during
a round-trip corresponds to an integer multiple of the laser wavelength. The optical
cavity has played a crucial role in modern optical devices such as lasers, filters, accurate
measurement tools and nonlinear optics experiments[40].

Optical cavities have been realized experimentally in various forms, such as the mi-
crotoriod [41], microdisk [42], photonic crystal cavity [43], etc. The Fabry-Perot cavity
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𝜔𝑐𝑎𝑣

𝐿

FIGURE 2.1: Schematic illustration of a Fabry-Perot optical cavity with length L.

model is the most straightforward example to mathematically describe an optical cav-
ity. It should be noted that the analysis presented here is not limited to this particular
system.

The Fabry-Perot cavity consists of two highly reflective mirrors separated by a distance
L as shown in Figure 2.1. This cavity contains a series of optical modes whose resonance
wavelengths satisfy the standing wave condition,

λcav,m =
2nL
m

, (2.1)

where m is the integer mode number, n is the refractive index of the medium inside the
cavity. The corresponding angular optical resonance frequencies are thus given by,

ωcav,m = 2π · c
λcav,m

= m · π
c

nL
, (2.2)

where c is the light of speed. The free spectral range (FSR) of the optical cavity is de-
fined as the separation of two adjacent resonant modes. When considering the disper-
sion effect in the optical cavity, i.e. light with different wavelengths travel at different
speeds, the FSR (in wavelength) is given as,

FSR =
λ2

2Lng
. (2.3)

Here, ng = n − λ dn
dλ is the group refractive index which describes the overall propaga-

tion of the light. Since the input laser wavelength can be tuned to select a single optical
mode, a single optical mode whose angular frequency is ωcav and wavelength is λcav

will be focused hereafter.

Light can not be stored in an optical cavity forever due to unavoidable optical losses
from various sources. The optical loss is characterised by the cavity photon energy de-
cay rate κ = 1/τ (unit: rad/s), where τ is the cavity photon lifetime. The optical loss
sources can be decomposed into two parts: the intrinsic optical loss κi describing the in-
ternal losses such as absorption or scattering loss, and the external loss κe representing
losses due to external coupling such as waveguide coupling or tapered fibre coupling.
The total cavity loss equals the sum of individual loss sources, i.e. κ = κi + κe.
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Another important figure of merit to characterise the optical cavity is the optical Q-
factor, which is defined as the ratio of cavity photon lifetime to the optical period,

Q = ωcavτ =
ωcav

κ
, (2.4)

1
Q

=
κi

ωcav
+

κe

ωcav
=

1
Qi

+
1

Qe
, (2.5)

where Qi is the intrinsic optical Q-factor and the Q is called the loaded optical Q-factor.

2.1.2 Resonator-waveguide coupling theory

In cavity optomechanics, an optical cavity is coupled to the external coupling channel,
for instance, a waveguide or a tapered fibre. The coupled waveguide-resonator system
has been analysed and derived in [44], which provides a useful tool for the study of the
dynamical characteristics of the cavity optomechanical system.

𝑎𝑠
Input laser

𝑎𝑜𝑢𝑡

𝜅𝑖

𝜅𝑒
𝐿

FIGURE 2.2: Schematic illustration of a Fabry-Perot optical cavity coupled to an exter-
nal field.

Here, the example of the Fabry-Perot cavity coupled to an external field through one
end of the mirrors as shown in Figure 2.2 is used to describe the resonator-waveguide
coupling principle. It should be noted that Figure 2.2 shows a single-sided coupling
case, where one of the mirror is completely reflective and the light inside the cavity can
only couple out in one direction down the external field. For the double-sided coupling
scheme, photons inside the optical cavity are likely to couple out and propagate in
either direction along the optical cavity. This double-sided coupling case will be used
for the optical probe signal generation in Chapter 3.

The equation describing the dynamics of the above single-sided coupling optical cavity
field can be written as [44]:

da(t)
dt

= −iωcava(t)− κ

2
a(t) +

√
κes(t), (2.6)

where ωcav is the cavity resonance angular frequency. The complex mode amplitude
inside the cavity is defined as a(t) and nc = |a(t)|2 is normalised to equal the photon
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number in the cavity, such that the optical cavity mode energy is given by h̄ωL|a|2,
where h̄ is the reduced Planck constant. s(t) describes the input field amplitude and
|s(t)|2 is normalised to be the input photon flux, such the input optical laser power is
Pin = h̄ωL|s(t)|2. The optical cavity is driven by an input laser with angular frequency
ωL, therefore s(t) is set to be s(t) = ŝ(t)e−iωLt. For the convenience of further analysis,
the equation is transformed into a rotating framework with the laser frequency ωL by
using a(t) = â(t)e−iωLt. The modified equation of the time evolution of field amplitude
is thus given by,

˙̂a (t) e−iωLt − iωL â (t) e−iωLt = −iωcav â (t) e−iωLt − κ

2
â (t) e−iωLt +

√
κe ŝ (t) e−iωLt. (2.7)

Multiplying each side with eiωLt, the above equation can be transformed to:

˙̂a (t) = i∆â (t)− κ

2
â (t) +

√
κe ŝ (t) , (2.8)

where the laser detuning ∆ = ωL − ωcav has been introduced, which is the frequency
difference between the laser and the optical cavity. A positive value of detuning means
blue detuning, while a negative detuning means red detuning. By setting the input
driven amplitude as a constant ŝ(t) = s̄, the above first-order ordinary differential
Equation 2.8 can be solved as,

â (t) = Ce−
1
2 t(κ−2i∆) +

√
κe s̄

κ
2 − i∆

. (2.9)

where C is a complex amplitude decided by the initial conditions of the differential
equation. The first term is the transient damping part, and the second term is the
steady-state part. For time scale much longer than τ, the first term quickly decays
and only the second term is of relevance, such that the steady-state field amplitude is
given by,

ā =

√
κe s̄

κ
2 − i∆

. (2.10)

The mean photon number inside the cavity is,

nc = |ā|2 =
κe|s̄|2

∆2 + κ2/4
=

κe

∆2 + κ2/4
Pin

h̄ωL
. (2.11)

When the detuning ∆ is zero, the cavity photon number reaches the maximum value as

nc,max =
4κe|s̄|2

κ2 =
4Pinκe

κ2h̄ωL
. (2.12)

According to the theory derived in [44], the reflected field amplitude aout in the steady-
state is given by,

aout = s̄ −
√

κe ā. (2.13)
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Thus the reflection coefficient in steady-state can be found as,

R =
|aout|2
|s̄|2 =

(
1 − κe

κ/2 − i∆

)2

= 1 − κeκi

∆2 + κ2/4
. (2.14)

This coefficient corresponds to a Lorentzian spectrum over the laser detuning, with κ

being the FWHM linewidth of the Lorentzian spectrum. It should be noted that Equa-
tion 2.13 and Equation 2.14 only describe the single-sided coupling case where there is
only one output from the optical cavity. Apart from the reflected field from the input
mirror of the Fabry-Perot cavity model shown in Figure 2.1.2, the relations shown in
Equation 2.13 and Equation 2.14 also describe the transmitted field of an evanescently
coupled unidirectional resonator-waveguide system, such as the whispering gallery
mode (WGM) resonator coupled to a bus waveguide as shown in Figure 2.3 (A). In a
WGM resonator, the optical mode is confined and propogated along the rim of a circu-
lar resonator.

Optical
cavity
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FIGURE 2.3: (A) An evanescently coupled unidirectional resonator-waveguide sys-
tem made from a WGM resonator coupled to a bus waveguide. (B) The three coupling
regimes of the resonator-waveguide coupling system, shown as the transmission spec-

trum over the laser detuning.

In Figure 2.3 (B), the transmission spectrums over laser detuning according to Equa-
tion 2.14 were plotted for three different values of κe and the same value of κi. κe can be
continuously tuned by varying the external coupling strength, for example, by chang-
ing the reflectivity of the mirror of a Fabry-Perot cavity, or by changing the gap between
a bus waveguide and a WGM resonator. Three coupling regimes can be defined from
Equation 2.14: undercoupled regime (κe < κi), critical coupled (κe = κi), and overcou-
pled (κe > κi). In the undercoupled regime, the optical losses are dominated by the
intrinsic loss rate, and the cavity has a higher optical Q-factor. This regime is useful
for measuring the intrinsic optical Q-factor of the optical cavity. The critical coupled
regime is the case where the intrinsic loss rate equals the external loss rate. It can be
found that the transmission on cavity resonance (∆ = 0) becomes zero in this regime,
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and the intracavity photon number on resonance reaches maximum. This regime is
usually preferred for optical filters application which requires a high extinction ratio.

2.1.3 Mechanical resonator

A mechanical resonator is a prominent and basic example of a classical mechanical
system, for instance, a spring or pendulum. It has been used as an impressive tool for
addressing fundamental theoretical questions and results in a plethora of applications
[45]. Their intrinsic elasticity and clamping condition result in a restoring force towards
a given equilibrium position and a dissipative vibrational motion in the mechanical
resonators. In this part, I will briefly review the relevant features and equations of
the motion of a mechanical resonator, followed by noise analysis when measuring a
mechanical resonator.

A canonical mechanical resonator is shown in Figure 2.4, in which a mechanical object
with effective mass me f f experiences an external force Fex, an elastic force Fk = kx
and a damping force Fc = cẋ. Here, k is the spring constant of the system, and c is
the damping coefficient. Note me f f is the effective mass of the mechanical resonator.
For the simple case of a centre-of-mass oscillator of a point-like mass, for instance, the
trapped particle, me f f is the mass of the object. A comprehensive treatment of effective
mass in optomechanical experiments is given by Pinard [46]. It should also be noted
that Fex(t) is given by the thermal Brownian force in the absence of any other external
forces.

𝑭𝒆𝒙

𝒎𝒆𝒇𝒇

𝒄 𝒌

FIGURE 2.4: Schematic diagram of a mechanical resonator.

Therefore, the generic equation describing the motion of a mechanical resonator is
given by:

me f f
d2x(t)

dt2 + c
dx(t)

dt
+ kx(t) = Fex(t), (2.15)

where x(t) is the mechanical displacement. By introducing the mechanical resonance
frequency Ωm =

√
k/me f f and the damping rate Γm = c/me f f , a more general form of
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the equation can be obtained by rearranging the original Equation 2.15 to,

d2x(t)
dt2 + Γm

dx(t)
dt

+ Ω2
mx(t) =

Fex(t)
me f f

. (2.16)

The damping rate Γm describes the loss of the mechanical energy, and can be related
to the mechanical Q-factor by Qm = Ωm/Γm. The dimensionless Q-factor characterises
the ratio between the stored energy in the resonator and the energy lost in one period
of oscillation. Higher Q-factor indicates a lower energy loss. Various loss mechanisms
contribute to the total mechanical energy loss [45], which can be divided into intrinsic
and extrinsic sources. The intrinsic source mainly includes materials-induced loss and
fundamental anharmonic effects such as thermoelastic damping and phonon-photon
interactions. The extrinsic source includes viscous damping due to the interaction with
the surrounding gas molecules and clamping loss caused by the radiation of elastic
wave energy to the substrate through the clamping support. Therefore, the resulting
mechanical Q-factor is given by

1
Qtotal

= ∑
1

Qi
, (2.17)

where i represents the different loss sources.

The Equation 2.16 can be solved in the frequency domain by performing a Fourier
transform via x(Ω) =

∫ ∞
−∞ x(t)eiΩtdt to yield the following,

x(Ω) = χm(Ωm)Fex(Ω), (2.18)

χm(Ω) =
1

me f f (Ω2
m − Ω2)− ime f f ΓmΩ

. (2.19)

Equation 2.19 corresponds to a linear response description of the mechanical resonator,
χm(Ω) is called the mechanical susceptibility and physically it represents the mechan-
ical displacement response to unit acceleration at frequency Ω. The zero-frequency
response is given by χm(0) = [me f f Ω2

m]
−1 = k−1, where k is the spring constant.

In the practical optomechanical applications, the displacement x(t) can not be mea-
sured directly. The power spectral density (PSD) is mostly utilised as a useful tool for
analysing the dynamics of the mechanical resonator. For a given quantity r(t), the PSD
is obtained by taking the Fourier transform of its autocorrelation function according to
the Wiener Khinchin theorem,

Srr(Ω) =
∫ ∞

−∞
⟨r(t)r(t + τ)⟩eiΩτdτ, (2.20)

If the Fourier transform of the quantity r(Ω) is already known, then the PSD can be
approximated by,

Srr(Ω) = ⟨r(Ω)r(−Ω)⟩. (2.21)
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Thus, for a mechanical resonator experiencing a sum of external force with the PSD as
SFF(Ω), the displacement PSD can be expressed as,

Sxx(Ω) = SFF(Ω)|χm(Ω)|2 =
1

m2
e f f

SFF(Ω)

(Ω2
m − Ω2)2 + (ΓmΩ)2 . (2.22)

The fundamental force acting on the mechanical resonator is the thermal force which
causes thermal or Brownian motion and can be described by the fluctuation-dissipation
theorem [47], which shows that the double-sided PSD of the thermal force Sth

FF can be
obtained as [48]:

Sth
FF(Ω) =

2kBT
Ω

Im(χm(Ω)−1) = 2me f f ΓmkBT. (2.23)

where kB is the Boltzmann constant and T is the ambient temperature. It is obvious
that the PSD of the thermal force is frequency independent and white. It depends on
the ambient temperature T, mechanical damping rate Γm, and effective mass of the
resonator me f f . The associated double-sided thermal motion displacement PSD Sth

xx can
thus be expressed as,

Sth
xx(Ω) =

1
m2

e f f

2me f f ΓmkBT
(Ω2

m − Ω2)2 + (ΓmΩ)2 . (2.24)

This expression gives rise to Lorentzian peaks located at Ω = ±Ωm and with full width
at half maxima (FWHM) of Γm. Integration of the displacement PSD Sth

xx(Ω) leads to
the root-mean-square of the thermal motion ⟨x2

th⟩ as,

⟨x2
th⟩ =

1
2π

∫ ∞

−∞
Sth

xx(Ω)dΩ =
kBT

me f f Ω2
m

. (2.25)

The above Equation 2.25 indeed confirms the equipartition theorem, which relates the
temperature of a system to its average energies, specially 1

2 me f f Ω2
m⟨x2

th⟩ =
1
2 kBT.

2.1.4 On-chip silicon cavity optomechanics in practice

The research on micro/nano cavity optomechanics has been prosperous in the last two
decades due to the advent of high-quality optical microcavities and advanced nanofab-
rication techniques. Various on-chip cavity optomechanical systems based on silicon
material platform have been proposed and demonstrated, in which the mechanical dis-
placement alters the optical cavity resonance and thereby the photon number inside
it.

Optical microcavities are the key components for the on-chip cavity optomechanics
and the localised light in small volume leads to stronger optomechanics coupling ef-
fects. Classified by the geometric features of the optical cavities, there are mainly two
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typical types of on-chip silicon cavity optomechanical system, either based on the whis-
pering gallery mode (WGM) cavities [49, 50, 51, 52, 53] shown in Figure 2.5 (a-e) or the
photonics crystal cavities [43, 54, 55] shown in Figure 2.5 (f-h). For the WGM cavities,
light is confined in the rim of a circular cavity. Examples are microtoroidal cavity (Fig-
ure 2.5 (a)), microdisk cavity (Figure 2.5 (b, d)), racetrack microresonator (Figure 2.5 (c))
and double-micro-ring cavity (Figure 2.5 (e)). Photonic crystal cavity confines light in
a very small mode volume by creating a photonic bandgap around the optical cavity.
It can be a one-dimensional nanobeam (Figure 2.5 (f)), a two-dimensional defect cavity
(Figure 2.5 (g)), or a ”zipper” photonic crystal cavity (Figure 2.5 (h)).

From the point of the coupling mechanism, they generally utilise two types of radi-
ation pressure force coupling: either the scattering-type coupling in which the opti-
cal cavity field interacts with the mechanical resonator through momentum transfer
[49, 50, 54, 55] shown in Figure 2.5 (a-b, f-g), or the gradient force coupling in which
optomechanical coupling is induced by optical gradient force due to the near-field ef-
fect [51, 52, 53, 43] as shown in Figure 2.5 (c-e, h). For either case of the coupling mech-
anism, the optomechanical coupling is realized by varying the optical cavity resonance
frequency through mechanical motion.

2.1.5 Cavity optomechanical parameters

In terms of the real system parameters, a large number of previously demonstrated
devices can work as roadmaps when designing an application-oriented cavity optome-
chanical system. Mechanical frequency Ωm with values varying from ∼ MHz (sus-
pended nanobeam, microtoroid) to ∼ GHz (photonic crystal cavity) have been demon-
strated. Optomechanical devices with effective mass me f f ranging from g to zg have
been realised [26]. In terms of the optomechanical coupling, remarkably large optome-
chanical coupling coefficient G of around 100 GHz nm−1 has been obtained in the pho-
tonic crystal structure [43], where G denotes the optical cavity resonance frequency
shift per mechanical displacement.

In addition, the Q-factor of the on-chip optical cavity can be very high in the order of
millions, such as the chemically etched wedge resonator [56], the reflow processed sil-
ica microtoroid structure [41] and the Si3N4 microresonator fabricated using the Dam-
ascene process [57]. The Q-factor of micro-nano mechanical resonator also saw break-
through these years by sophisticated elastic phononic engineering [58], and an excep-
tionally low mechanical dissipation and Q-factor as high as 800 million was realised
[59]. Therefore, there is a flexible design space for the on-chip cavity optomechanical
system.
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(a) (b)

(c) (d) (e)

(f) (g) (h)

FIGURE 2.5: Examples of on-chip silicon cavity optomechanical systems. (a) Micro-
toroids in which the scattering-radiation pressure drives the rim of the cavity and
changes the optical path length [49]. (b) Microdisk optical cavity with integrated
wrap-around coupling waveguide, in which the coupling is induced by the scattering-
radiation force due to the photon momentum transfer [50]. (c) Racetrack microres-
onator, in which part of the waveguide is suspended to form the mechanical resonator.
The gradient force between the suspended waveguide and substrate leads to optome-
chanical coupling [51]. (d) Microdisk resonator, the gradient force between the sus-
pended beam and microdisk cavity couples them together [52]. (e) Double-micro-ring
cavity, where the gradient force between the two vertically stacked ring cavities re-
alises the optomechanical coupling[53]. (f) 1-D photonic crystal cavity, in which opti-
cal mode and mechanical mode can be both confined to the small defect region in the
nanobeam and are coupled through the scattering-radiation force [54]. (g) 2-D pho-
tonic crystal cavity, in which optical mode and mechanical mode can be both confined
to the small defect region in the membrane and are coupled through the scattering-
radiation force [55]. (h)”Zipper” photonic crystal cavity, where the two nanobeams

are coupled through the gradient optical force [43].

2.2 Silicon photonics

Silicon Photonics is a branch of Photonic Integrated Circuits and uses silicon as the
platform to integrate complex optical functions into an on-chip photonic circuit. The
use of silicon for integrated photonics was proposed as early as 1985 by Soref [60].
It was firstly designed and driven for communication systems and has seen its wide
applications in telecom and datacom area [61, 62].

There are actually a wide variety of material platforms to build Photonic Integrated
Circuits, such as lithium niobate, polymers, tantalum oxide, silicon, etc. However, sil-
icon is the most promising platform mainly because of its compatibility with CMOS,
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where the process of silicon has been developed by industry to a sufficient level. There-
fore, the mature silicon-based fabrication process can be directly utilized, which is very
beneficial when pursuing high volume manufacturing at a low cost. In addition, the
SOI substrate that has been widely used for CMOS technologies is an ideal platform
for making photonics components. The top silicon layer is transparent to infrared light
with a wavelength range above 1.1µm and has a large refractive index (3.48 for 1550
nm) compared to the buried SiO2 (1.44 for 1550 nm), which results in a tightly confined
optical waveguide mode and a compact footprint.

A typical fully integrated silicon photonics system consists of the following compo-
nents [38]: light sources (laser); Passive photonic components such as waveguides,
grating couplers, directional couplers, filters, splitters and (de) multiplexers; Modula-
tors that modulate the optical field through the change of applied electronic signals;
Photodetectors that convert optical signals to electronic signals.

2.3 Optical trapping

Since the pioneering works by Arthur Ashkin [15, 63, 64], optical trapping utilising the
optical radiation force has developed extensively and led to applications in various as-
pects. This part will briefly introduce the history and development of optical trapping
and the emerging on-chip optical trapping field.

2.3.1 The development of optical trapping

The first demonstration of optical trapping was reported in 1970 by Arthur Ashkin
[15]. He found that micron-sized particles in liquid solution can be accelerated in the
direction of light and driven into the beam axis by a continuous laser. The particles will
wander by Brownian motion after the laser beam is blocked. When two opposing equal
laser beams are used, particles will be trapped stably at the equilibrium point. Soon af-
ter that, Ashkin demonstrated the first levitation of particles of 15-25 µm in diameter in
air and vacuum by pointing the laser of 100-500 mW vertically to the particle. Hence the
radiation pressure force can offset the gravity [65, 63]. In 1986, another breakthrough
was achieved by Ashkin [64]. He reported the first gradient force optical trap, where a
single focused laser beam was used to trap a particle in all three degrees of freedom in
liquid. This technique soon led to the application of optical tweezers for trapping and
manipulating viruses, cells, and bacteria, and it now becomes a standard tool in bio-
physics [6]. In 2018, half of the Nobel Prize in Physics was awarded to Arthur Ashkin
for his contributions to optical tweezers. The development of optical trapping is shown
in Figure 2.6 [66].
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Living bacteria captured by light

After several years and many setbacks, individual atoms could also be caught in the trap. There were 
many difficulties: one was that stronger forces were needed for the optical tweezers to be able to 
grab the atoms, and another was the heat vibrations of the atoms. It was necessary to find a way of 
slowing down the atoms and packing them into an area smaller than the full-stop at the end of this 
sentence. Everything fell into place in 1986, when optical tweezers could be combined with other 
methods for stopping atoms and trapping them. 

While slowing down atoms became an area of research in itself, Arthur Ashkin discovered an entirely
new use for his optical tweezers – studies of biological systems. It was chance that led him there. 
In his attempts to capture ever smaller particles, he used samples of small mosaic viruses. After he 
happened to leave them open overnight, the samples were full of large particles that moved hither and
thither. Using a microscope, he discovered these particles were bacteria that were not just swimming 
around freely – when they came close to the laser beam, they were caught in the light trap. Howe-
ver, his green laser beam killed the bacteria, so a weaker beam was necessary for them to survive. In 
invisible infrared light the bacteria stayed unharmed and were able to reproduce in the trap.

Accordingly, Ashkin’s studies then focused on numerous different bacteria, viruses and living cells. 
He even demonstrated that it was possible to reach into the cells without destroying the cell membrane. 

Figure 1. Ashkin creates a light trap, which becomes known as optical tweezers.
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Ashkin creates his light trap
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Small transparent spheres are set in motion 
when they are illuminated with laser light. 
Their speed corresponds to Ashkin’s 
theoretical estimation, demonstrating that it 
really is radiation pressure pushing them.

One unexpected effect was the gradient 
force that pushes the spheres towards 
the centre of the beam, where the light is 
most intense. This is because the 
intensity of the beam decreases outwards 
and the sum of all the forces pushing the 
spheres sends them towards its centre.

Ashkin makes the spheres levitate 
by pointing the laser beam 
upwards. The radiation pressure 
counteracts gravity.
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live bacteria and cells in these optical 
tweezers.
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FIGURE 2.6: Development of optical trapping [66]. (a) Particles are driven along the
direction of the light by radiation pressure force. (b) Particles are simultaneously at-
tracted towards the centre of the beam by gradient force, where the light intensity is
highest. (c) Particles are levitated by pointing the laser vertically upwards, where radi-
ation pressure force balances the gravity. (d) Particles are trapped by optical tweezers

formed by a focused laser beam.

Among the various optical trapping schemes that have been proposed, single-beam
trapping and dual-beam trapping have been most widely used. In the single-beam
optical trapping, a laser beam is tightly focused to form an optical trap with the domi-
nating optical gradient force than the scattering force. This can be realised by lenses [64]
or parabolic mirrors [67]. However, single-beam optical trapping shows a limitation in
the application for trapping large particles where the dominating radiation scattering
force will overpower the gradient force and thus push the particle out of the trap. On
the contrary, in dual-beam optical trapping which can be achieved using fibre [68] or
free space laser beam [69], the optical gradient force is used to trap particles, while the
axial radiation scattering forces from the two counter-propagating laser beams are bal-
anced and thus make the optical trapping more stable. In the meantime, the particle
trapping position can also be controlled by changing the relative power, frequency, or
phase of the laser beams.

2.3.2 On-chip optical trapping

The conventional optical trappings rely on bulky, costly benchtop setup and usually
involves fibre or free space components, which limits its batch production and further
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applications. With the advance of silicon photonic, there is a strong desire to realise the
optical trapping on the chip.

Various on-chip optical trapping schemes have been proposed and demonstrated. Op-
tical waveguide trapping shown in Figure 2.7 (A) has been reported in [70]. The particle
is actually pulled down to the waveguide surface by optical gradient force and driven
by the radiation scattering-pressure force of the evanescent field of the waveguide, and
this has been used for particle transportation. Ring resonators shown in Figure 2.7 (B)
[71] were also used for optical trapping. In a ring resonator, the intensity field is mag-
nified with an intensity building factor. Therefore, the evanescent field is stronger than
that in a single waveguide with the same input power. In a ring resonator optical trap-
ping, particles are localized near the waveguide surface and propelled around the ring
in a periodic basis. The photonic crystal shown in Figure 2.7 (C) [72] is a cavity-based
on-chip optical trapping scheme. The photonic crystal cavity is formed by fabricating
some defects on a photonic crystal, within which only light with a specific wavelength
can exist. Thus an optical cavity is introduced, and the field intensity can be greatly
enhanced when working at the resonance of the cavity. The strong evanescent field of
the cavity can be used to trap particles.

(A) (B) (C)

FIGURE 2.7: Various on-chip optical trapping structures (A) Waveguide trapping [70]
(B) Ring resonator trapping [71] (C) Photonic crystal cavity trapping [72]

The above introduced on-chip trapping schemes rely on the evanescent field of the
confined optical mode to produce the optical force, which only allows 2D particle ma-
nipulation when the particles are in close proximity to the chip surface. However, this
kind of optical trapping generated from the exponentially decaying evanescent field
always attracts the particles to the chip surface and cannot stably trap the particle at a
specific position. This is where dual-waveguide optical trapping can play a role. Dual-
waveguide trapping, which combines state of the art micro/nano fabrication technol-
ogy and the dual-beam optical trapping scheme, enables mass production and at the
same time avoids any delicate mounting and alignment of optical fibres as in the con-
ventional dual-beam trapping. Besides, in the dual-waveguide trapping, the particles
can be held stably in a specific position away from the chip surface.

A variety of dual-waveguide optical trapping schemes have been proposed and ex-
perimentally demonstrated, with some of them shown in Figure 2.8. In 2011, Jacob
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Caro and co-workers first proposed and numerically verified the dual-waveguide op-
tical trapping scheme with two multimode strip Si3N4 waveguides launching counter-
propagating beams into a fluidic channel [73]. Later on, they experimentally demon-
strated dual-waveguide optical traps based on a structure called the TripleX platform
[36, 74, 75, 76], on which they successfully trapped polystyrene beads and realised
on-chip single-beam Raman spectroscopy. Olav Gaute Hellesø demonstrated similar
dual-waveguide optical traps using waveguide loops made of 150-180 nm tantalum
pentoxide (Ta2O5) on oxidised silicon substrates, where polystyrene microspheres and
red blood cells were propelled along the waveguides and stably trapped in the gap area
[35, 77]. In the following years, they carried out on-chip optical trappings for Raman
spectroscopy [78], lifting of particles [79], and they also used rib waveguides for on-
chip optical trapping [80]. Quite recently, the dual-polymer-waveguide trapping based
on freeform optics was proposed and experimentally demonstrated [37]. They used the
two-photon polymerization process to control the shape of the waveguide ends to get
strong intensity gradients and larger trapping potential.

(A) (B) (C)

FIGURE 2.8: Various dual-waveguide trapping devices. (A) The first design of dual-
waveguide trapping based on two multimode strip Si3N4 waveguides [73]. (B) The
first experimental dual-waveguide trapping with Ta2O5 waveguide [35]. (C) Dual-

waveguide trapping based on freeform optics using polymer [37].

Among the works on dual-waveguide trapping mentioned above, intensive numerical
simulations and experiments have been performed to study the field intensity profile,
optical trapping force, and trapping potential acting on particles with different radii
and under different gap distances. It was found that both the particle size and gap
distance have significant effects on the trapping force and potential. The waveguide
cross-section is manifestly another crucial geometric parameter, as it determines how
the mode profile is distributed and how the guided waveguide mode is converted into
the radiation mode outside the waveguide facet boundaries. However, no research has
been conducted to systematically investigate the effect of waveguide geometric size on
trapping capability until now, particularly the waveguide thickness under the single-
mode condition. This is critical for maximising the optical trapping capability. There is
thus a gap which requires further studies.
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2.4 Distributed fibre optical sensing

The distributed fibre optical sensing (DFOS) system injects an input light signal into the
fibre and measures the physical parameters along the fibre distributedly by detecting
the scattered light signal at the end of the fibre. Unlike the traditional sensing system,
which measures the physical parameters at a specific location, the DFOS can perform
the measurements continuously along the entire length of the sensing optical fibre [33].
If the physical parameter along the fibre changes, the scattered signal in the fibre will
be modulated. By measuring the modulated signal changes, one can get the physical
parameters along the fibre. This working concept resembles the sonar or radar in the
sense that they both send electromagnetic waves into the medium and measure the re-
flected signal from the target. However, the sonar and radar systems do not provide
continuous information of the medium between the source and target, while DFOS can
measure the spatial distribution of the measurands along the sensing fibre. This fea-
ture makes it an ideal sensing scheme for multi-point measurements, such as structural
health monitoring in civil infrastructures (buildings, bridges, dams, tunnels, highways,
oil and gas pipelines, etc.).

The criteria for DFOS include sensing range, measurement time, measurand resolution
and spatial resolution [33]. The sensing distance is the length of the sensing fibre under
test. The measurement time is the data reading and analysis time of DFOS to achieve
the required measurand resolution. The measurand resolution and spatial resolution
are the ability of the sensor to distinguish small measurand value changes and the
measurand values at closely spaced locations, respectively.

The reflection signal is from the light-matte scattering process in the optical fibre. There
are three types of scattering in the fibre: Rayleigh scattering, Brillouin scattering and
Raman scattering, of which the Rayleigh scattering is an elastic scattering and the scat-
tered light has the same frequency as the incident light, while the Brillouin scattering
and Raman scattering are inelastic scatterings resulting in a shifted frequency. The
scattering signal containing a spatial distribution of the measurands can be interro-
gated in three domains: the time domain, the frequency domain and the correlation
domain. Depending on the different domains, DOFS systems can be divided into three
categories: optical time-domain reflectometry (OTDR), optical frequency-domain re-
flectometry (OFDR) and optical coherence-domain reflectometry (OCDR). Here, I will
briefly introduce the operating principles of the former two types of DOFS systems that
have been widely used.

2.4.1 OTDR using the OPT source

The first OTDR was demonstrated in 1976 [81]. The schematic diagram of a typical
Rayleigh scattering based OTDR is shown in Figure 2.9. In an OTDR system, OPT is
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launched into the fibre. The optical scattering process in the fibre changes the propaga-
tion direction to all directions. The fraction of light that falls into the acceptance angle
of the fibre will be directed into the reverse direction and reflected into the launching
end. By using the optical circulator, this back-scattered light is separated and sent to
the photodetector and then for signal processing. It should be noted that this schematic
diagram is just a simple illustration of the Rayleigh scattering based OTDR, which mea-
sured the intensity of Rayleigh scattering light or the Polarisation optical time-domain
reflectometry (POTDR) measuring the polarisation change. For the Brillouin optical
time-domain reflectometry (BOTDR) or Phase optical time-domain reflectometry (Phi-
OTDR), another reference light beam from the laser source is needed.

Laser Modulator

Function 
generator

Signal 
processing

Sensing 
fibreCirculator

Optical 
pulse

Photodetector

FIGURE 2.9: Schematic diagram of an OTDR.

In an OTDR, the position of a measurand can be precisely estimated by evaluating
the time between sending and receiving an optical pulse. The spatial resolution of an
OTDR system is thus given by,

δz =
cW
2ng

, (2.26)

Where c is the speed of light, W is the pulse width and ng is the group index in the fibre.

For OTDR, the sensing distance is limited by the repetition rate of the OPT, which
should be low enough to avoid overlapping the backscatter signals with the sending
pulses from the fibre. The maximum sensing distance is given by,

z =
c

2 f ng
, (2.27)

where f is the repetition rate of the OPT. The measurement time is determined by the
signal-to-noise ratio (SNR) and the required measurement resolution. Therefore, the
measurement usually needs to cover many cycles of averaging to improve the SNR.
The SNR can be increased by enhancing the extinction ratio (ER) or the probe energy
of the pulses [82, 83]. From Equation 2.26, it can be found a finer spatial resolution
requires a narrower optical pulse width. For a fixed probe power, this means lower
probe energy and thus lower SNR, resulting in a lower measurement resolution during
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the same measurement time. In addition, a finer spatial resolution requires a wider de-
tection bandwidth [33], which increases the noise level and degrades the measurement
resolution. Therefore, the measurand resolution and spatial resolution are correlated
to each other, and there is a trade-off between them [33]. A single optical pulse must
be evaluated cooperatively in both the time(T)–domain and frequency(F)–domain. In
[84], the author proposed to use the Time-Frequency (T-F) localisation to evaluate the
optical pulse quality for DFOS. T-F localisation describes the extent to that a pulse is
restricted in both the T–domain and F–domain. The mean square deviation of the time
and frequency distribution of a signal is defined as,

∆T2 =
∫ +∞

−∞
t2| f (t)2|, (2.28)

∆F2 =
∫ +∞

−∞
f 2|F( f )2|, (2.29)

Where ∆T and ∆F are the variance of the signal f in T–domain and F–domain, re-
spectively. Smaller ∆T and ∆F means the pulse performs better in time and frequency
localisation. The product ∆T × ∆F can be used as an evaluation factor for the pulse
performance evaluation.

2.4.2 OFDR using the SWOS source

OFDR is a technique that retrieves the measurands information along the fibre in the
frequency domain. Figure 2.10 shows the schematic diagram of a typical OFDR. It
usually uses a SWOS source and a heterodyne detection method. The probe laser is
frequency-swept and sent to the sensing fibre through a coupler. The scattered light
from the sensing fibre then beats with the reference light reflected from a Faraday rota-
tor mirror. The beat signal is detected by a photodetector and then for signal processing.

Sweeping
Laser

Signal 
processing

Sensing 
fibre

Photodetector

t
f

Faraday rotator mirror

FIGURE 2.10: Schematic diagram of an OFDR.
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The measurement can be understood as follow: the laser frequency is swept with a
predefined shape (usually a linear shape), a particular beat frequency, which is the
frequency difference between the reference and the scattered light, is thus related to
the position where the scattering takes place. The spatial resolution of an OFDR is
determined by [33],

δz =
c

2ng · ∆F
(2.30)

Where ∆F is the frequency-sweeping range, ng is the group index in the fibre, c is the
speed of light. Therefore, the spatial resolution of OFDR is decided by the sweeping
range of SWOS source, that a larger sweeping range leads to a finer spatial resolution.
A few tens of GHz would result in a spatial resolution in cm scale, which makes the
OFDR more advantageous compared to OTDR in applications requiring high spatial
resolution.

Similar to that in the OTDR, the sensing distance is partially determined by the period
of the frequency-sweeping. The period of the frequency-sweeping needs to be longer
than the round-trip time for the probe light to be launched and scattered back to avoid
light overlapping. The sensing distance also depends on the laser linewidth, with a nar-
rower and more coherent laser source leading to a longer sensing distance. However,
unlike the OTDR, the trade-off between spatial resolution and measurand resolution in
OTDR does not exist in OFDR. The spatial resolution is determined by the frequency-
sweeping range, which is not related to the continuous or long-duration probe signal
in OFDR. Thus a high SNR and measurement resolution can be obtained without sacri-
ficing the spatial resolution. This is another factor that makes OFDR attractive in high
spatial-resolution sensing applications.

OFDR has a high requirement for the SWOS source. The laser must be highly coherent
and is able to sweep over a table and wide range. This has limited the application of
OFDR to short sensing distance in the past few years. It has been used to characterise
the optical components or even photonic integrated circuits [85, 86]. With the develop-
ment of high-quality frequency-sweeping laser sources, the sensing distance has been
extended to around 100 km [87]. With the aid of an auxiliary interferometer, a five
cm spatial resolution over a fibre distance of 40 km can be even obtained using OFDR,
which is well beyond what has been achieved in OTDR [88].

2.4.3 The need for an integrated optical probe source for DFOS

The main obstacles preventing the current DFOS system from large-scale applications
are their high cost (£60k-£100k per unit) and large size (usually the size of a computer
workstation), of which a big portion of cost and size come from the optical probe signal
generation system.
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For the OTDR systems, as shown in Figure 2.9, the OPT is currently generated by single-
wavelength continuous-wave lasers, discrete optical modulators, functional generators
or arbitrary wave generators, which are all bulky and expensive. Recently, integrated
OPT generation is achieved by a few approaches, including mode-locked semiconduc-
tor lasers [89, 90], microresonator-based Kerr soliton frequency comb [91, 92] and on-
chip optical modulator [93, 94]. The approach of semiconductor mode-locked laser
does not need an extra laser, but requires phase-lock design and heterogeneous inte-
gration, which needs a complicated process flow and is usually not CMOS compatible.
In addition, an external DC or RF source is also needed to activate the pump and tune
the laser. The approach of microresonator-based Kerr soliton frequency comb injects a
narrow-band laser source into an optical microresonator with a high Q-factor. It uses
the cascaded four-wave-mixing process to generate OPT. The soliton threshold power
increases with decreasing repetition rate [92] — this power scaling usually leads to
high power consumption for a repetition rate below 10 GHz that is highly desired for
OTDR applications due to the sensing distance requirement [33]. In addition, repetition
rate reduction needs a larger cavity length, a higher Q-factor and precise dispersion
control, resulting in a more challenging fabrication process. The approach of the on-
chip optical modulator generates OPT by modulating the input laser source with the
electrical-optical or thermal-optical effects. In addition to the complex fabrication pro-
cess involving metallisation and doping, an external bulky radio frequency (RF) source
is also needed, which are the bottleneck for the system-on-chip applications.

For the OFDR systems, as shown in Figure 2.10, a SWOS is required. Various methods
to generate SWOS have been used. In [95], the frequency of a commercial distributed
feedback laser diode is swept by modulating the current through the electrode with
a function generator. In [87], the authors use a small piezoelectric transducer (PZT)
actuator to expand or contract the laser resonator to modulate the frequency of a nar-
row linewidth fibre laser. In [96], a fibre laser is fed to an acoustic optical modulator
(AOM) which is driven by a function generator with a sweeping frequency. All of
these methods include discrete modulators and function generators, which are com-
plex and costly. Recently, [97] uses a Santec TSL-550 tunable laser and build-in contin-
uous frequency-sweeping function to get the sweeping-frequency optical probe signal.
However, these sweeping lasers are very expensive. For example, the sweeping lasers
from Luna [98], Santec [99], Keysight [100] all cost more than £30K per unit, and they
are also quite bulky.

To solve the issues mentioned above about the traditional methods of generating op-
tical probe signals in DFOS, the key scientific challenge is to minimise and reduce the
cost the optical signal generators in DFOS. Therefore, the best way should be to re-
alise a fully integrated optical probe signal generation on chip, which requires further
researches.



24 Chapter 2. Literature Review

2.5 Summary

This chapter first describes the related theories and principles behind cavity optome-
chanics, including optical resonators and mechanical resonators. A zoo of recently
demonstrated on-chip silicon cavity optomechanical devices were also reviewed. Sili-
con photonics technologies are reviewed, in which the benefits and advantages of using
silicon platforms for integrated optomechanics were discussed. Lastly, optical trapping
and DFOS are introduced, which work as the motivations of this thesis.
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Chapter 3

Integrated silicon optomechanics for
distributed fibre optical sensing

As been reviews in Chapter 2, the current DFOS systems are bulky and costly, mainly
comes from the optical probe signal generator used to interrogate the system, and there
is a clear incentive to solve this issue through the use of an integrated on-chip opti-
cal source due to its reduced size and cost. Even though different types of integrated
laser sources have been realised [101], of which many use III-V heterogeneous inte-
gration with silicon photonics, these integrated laser sources are not readily applicable
for DFOS due to the fact that the optical probe signal for DFOS requires a modulation
mechanism on the laser source, to generate either intensity-modulated optical pulse
trains (OPT) or frequency-modulated sweeping-wavelength optical signal (SWOS).

Here, the issues in traditional DFOS are addressed by investigating an innovative on-
chip optical probe signal generation solution based on the optomechanical oscillation
(OMO) process in a cavity optomechanical system. OMO is caused by the optomechan-
ical dynamic back-action [102, 103]. The back-action reduces the overall effective damp-
ing rate of the mechanical resonator. It then starts the mechanical oscillation when the
overall effective damping rate becomes negative. Recently, [104, 105] proposed to use
the OMO effects to generate optical frequency sidebands. This method involves a para-
metric process and potentially can be utilised to generate time-domain OPT based on
Fourier transformation. In addition, the mechanical oscillation will periodically change
the resonance frequency of the optical cavity, which could also be used to generate a
SWOS if a broadband laser is injected into the cavity. Therefore, I here explore the
potentials of using integrated optomechanics for the generating of the optical probe
signals for OTDR and OFDR, which will provide an important milestone on the path
towards high-performance, affordable, and fully integrated dynamic DFOS.

This chapter will first discuss the need for an integrated optical source for DFOS ap-
plications. I then introduce the formalism used to describe the cavity optomechanical
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system and the resulting optomechanical dynamic back-action effect, followed by a sys-
tematic analysis of the optomechanical self-sustained oscillation in different regimes.
Lastly, I show that this optomechanical oscillation (OMO) can be utilised for OPT gen-
erators that can be used for OTDR applications and the SWOS generators that can be
used for OFDR applications.

3.1 Cavity optomechanics

This section gives an introduction to the dynamic description of the cavity optomechan-
ical coupling process and the resulting dynamic back-action effect. A theoretical model
based on four independent dimensionless parameters which was first introduced by
Florian et al. [106] was utilised and adjusted in this work to analytically investigate
the cavity optomechanical coupling. A dead-zone was found that forbids the onset of
optomechanical oscillation (OMO) and the optimal detuning value and the associated
minimum threshold power were derived.

3.1.1 Cavity optomechanical coupling

A theoretical model of the cavity optomechanical coupling in the WGM form as shown
in Figure 3.1 (A) is considered, in which the displacement of the mechanical resonator
modulates the resonance frequency of the optical cavity. It should be noted that the
coupling can be realised in different ways as long as the mechanical mode vibration
changes the optical resonant frequency. Even for the coupling model based on WGM
shown here, the mechanical resonator can be in different forms. As shown in Figure 3.1
(B), the mechanical breathing vibration mode can coexist with the optical mode in the
cavity, where the radially-symmetric mechanical volume deformation changes the op-
tical cavity length and the corresponding cavity resonant frequency. This mechanical
deformation is caused by the optical scattering radiation force generated from the mo-
mentum transfer of the photons circulating inside the optical cavity. Figure 3.1 (C)
shows the cavity optomechanical coupling via the optical gradient force coupling, in
which the optical gradient force induced by the near-field between the suspended me-
chanical beam and the substrate causes out-of-plane mechanical deformation of the
beam. This mechanical motion can modify the effective refractive index of the optical
waveguide, and can therefore modulate the effective path length of the optical cavity
and realise cavity optomechanical coupling.

For a small mechanical displacement x(t), the resonance frequency of the optical cav-
ity ωcav(x) depends linearly on the displacement of the mechanical resonator x and is
given by,

ωcav(x) = ωcav − Gx, (3.1)
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FIGURE 3.1: (A) Schematic diagram of an optomechanical system in the WGM form
with cavity resonant frequency ωcav and damping rate κ. The mechanical resonator
with resonant frequency Ωm, damping rate Γm, and effective mass me f f is coupled
with the optical cavity through a coupling coefficient G. The optomechanical system
is excited with an input light through a coupling rate κe/2, and the transmitted optical
field through the drop port is the output. (B) An on-chip WGM optomechanical sys-
tem composed of a microdisk resonator and two bus waveguides which are coupled
through the optical scattering radiation force. (C) An on-chip WGM optomechanical
system composed of a micro-racetrack optical cavity and two bus waveguides which

are coupled through the optical gradient force.

where ωcav is the cavity optical resonance frequency for x = 0, and G = −∂ωcav(x)/∂x
is the optomechanical coupling coefficient which denotes the cavity resonance frequency
shift per displacement. For the cavity optomechanical system where the WGM mode
couples with the mechanical breathing mode as shown in Figure 3.1 (B), the optome-
chanical coupling coefficient is given by G = ωcav/R [102], where R is the radius of the
WGM resonator.

Therefore, when considering the resonance frequency shift caused by the mechanical
displacement, the original Equation 2.8 describing the optical cavity field amplitude
coupled to an external field can be rearranged to,

da(t)
dt

= i(∆ + Gx(t))a(t)− κ

2
a(t) +

√
κe

2
s. (3.2)

Note here that I have introduced a rotating frame at the laser frequency ωL, i.e., areal =
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aheree−iωLt and replaced the â with a. Here, ahere represents the optical cavity field in this
Equation 3.2, and areal is the real optical cavity field. This rotating frame method can
help to drop the term containing e−iωLt, which reduces the complexity in analysing the
dynamics of the optical cavity. Laser detuning is introduced as ∆ = ωL −ωcav. It should
also be note that the last term representing the external field input in above Equation 3.2
has been modified when compared to the original Equation 2.6 as a double-sided cou-
pling case is considered here. The output field is thus given by,

aout =

√
κe

2
a. (3.3)

The effect of light on the mechanical resonator which arises due to the radiation pres-
sure force should also be considered. In the context of the WGM coupling to a me-
chanical breathing mode, the radiation pressure force is generated by the momentum
transfer of photons due to the reflection at the mirror surface. The momentum carried
by a single photon can be written as:

p = h̄k, (3.4)

where k is the wave vector given by k = 2π/λ = ωcav/c. Therefore, the generated
radiation pressure scattering-force due to the reflection of photons in the cavity is [102]:

Frp(t) =
2πpnc

Trt
=

2πh̄ωcav

c
|a(t)|2
2πR/c

= h̄G|a(t)|2, (3.5)

with Trt = 2πR/c represents the cavity round-trip time of the photon, nc = |a(t)|2 is
the cavity photon number, G = ωcav/R is the optomechanical coupling coefficient for
the WGM cavity. Another mechanism to realize cavity optomechanical coupling is via
the gradient radiation force due to the near-field effects with the mechanical resonator
in the evanescent field of the optical cavity, for instance in [51, 52]. However, by in-
troducing the optomechanical coupling coefficient G defined as the cavity resonance
frequency shift per displacement, Equation 3.5 for the radiation pressure force Frp is a
general expression for both the scattering-force coupling and gradient-force coupling,
which makes it valid for different types of cavity optomechanical systems.

When neglecting all the thermal fluctuations(including the photon shot noise and the
intrinsic thermal noise), the following coupling equations can thus describe the time
evolution of the optical mode amplitude a(t) and mechanical displacement x(t)[26],

da(t)
dt

= i(∆ + Gx(t))a(t)− κ

2
a(t) +

√
κe

2
s, (3.6)

dx2(t)
dt2 + Γm

dx(t)
dt

+ Ω2
mx(t) =

h̄G|a(t)|2
me f f

. (3.7)
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Equation 3.6 describes the dynamics of the optical field, in which κ is the photon cavity
decay rate and κe represents the part associated with the external coupling. The effec-
tive drive amplitude of the pump laser is s and can be normalised as s =

√
Pin/(h̄ωL)

(Pin is the input laser power, ωL is the laser frequency, h̄ is the reduced Planck Con-
stant). Gx(t) represents the optical resonance frequency shift induced by the mechan-
ical motion. Equation 3.7 describes the temporal motion of mechanical resonator with
effective mass me f f , resonant frequency Ωm and energy damping rate Γm. The term on
the right side of Equation 3.7 is the radiation pressure force acting on the mechanical
resonator. Equation 3.6 and Equation 3.7 can theoretically describe the physical process
of optomechanical coupling and have proved many optomechanical experiments with
high precision, both in the linearised regime and nonlinear regime[107, 108].

3.1.2 Dimensionless coupling equations

The full coupling equations (Equation 3.6 and Equation 3.7) contain eight parameters,
which hinders the analysis of the system. For generality and simplicity, it is desirable
to non-dimensionalise the above coupled equations [108, 109]. Here, the variables t, a,
x could be rescaled as t̃ = Ωmt, ã = aΩm/(2

√
κe
2 s), x̃ = Gx/Ωm, and the following

expressions can be obtained.
da
dt

= 2
√

κe

2
s

dã
dt̃

, (3.8)

dx
dt

=
Ω2

m
G

dx̃
dt̃

, (3.9)

d2x
dt2 =

Ω3
m

G
d2 x̃
dt̃2 . (3.10)

The above equations (Equation 3.8, Equation 3.9, Equation 3.10) are substituted to the
original cavity optomechanical coupling equations Equation 3.6 and Equation 3.7, and
a new set of dimensionless parameters normalised to the mechanical resonant fre-
quency Ωm are introduced: ∆̃ = ∆/Ωm, κ̃ = κ/Ωm, Γ̃m = Γm/Ωm, κ̃e = κe/Ωm. The
original coupled equations can thus be reduced to Equation 3.11 and Equation 3.12 as
shown below:

dã
dt̃

= i(∆̃ + x̃)ã − κ̃

2
ã +

1
2

, (3.11)

d2 x̃
dt̃2 + Γ̃m

dx̃
dt̃

+ x̃ = κ̃eP̃|ã|2, (3.12)

where P̃ is the normalised dimensionless input laser power and is given by,

P̃ =
2h̄G2|s|2
me f f Ω4

m
=

2PinG2

me f f Ω4
mωL

. (3.13)

For simplicity, in the following analysis, κ̃e/κ̃ = 0.5 would be assumed, and in the ex-
periment this ratio can be varied by changing the coupling rate of the optical resonator
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to input/output waveguide. It deserves noting that Γ̃m = Γm/Ωm is a direct inverse of
the mechanical quality factor Qm.

In the above equations, the real input power Pin, optomechanical coupling coefficient
G, mechanical effective mass me f f , mechanical resonant frequency Ωm and input laser
frequency ωL have been included into the dimensionless input power P̃. The effects
of these parameters can thus all be taken into account in the variation of P̃. By this
means, the quantitative dynamics of this system will only depend on four dimension-
less parameters: normalised input power P̃, normalised optical cavity decay rate κ̃, nor-
malised laser detuning ∆̃ and normalised mechanical damping rate Γ̃m, which greatly
ease the complexity of the following analysis.

3.1.3 Optomechanical dynamic back-action

In this section, the dynamic back-action of a cavity optomechanical system around its
equilibrium state is studied. As will be shown below, this dynamical back-action can
reduce the effective damping rate of the mechanical resonator, and eventually leads to
the onset of OMO.

3.1.3.1 Linearised optomechanical coupling equations

The above inherently nonlinear coupling equations Equation 3.11 and Equation 3.12
describing the optomechanical system can be solved together by using a perturbative
method. Small fluctuations ϵã1(t̃) and ϵx̃1(t̃) around the equilibrium states ˜̄a and ˜̄x are
considered,

ã(t̃) = ˜̄a + ϵã1(t̃), (3.14)

x̃(t̃) = ˜̄x + ϵx̃1(t̃). (3.15)

In the above equations, ϵ is an order parameter much less than 1. Plugging above Equa-
tion 3.14 and Equation 3.15 into Equation 3.11 and Equation 3.12 yields the following,

ϵ ˙̃a1 =

(
i(∆̃ + ˜̄x + ϵx̃1)−

κ̃

2

)
( ˜̄a + ϵã1) +

1
2

, (3.16)

ϵ ¨̃x1 + ϵΓ̃m ˙̃x1 + ˜̄x + ϵx̃1(t̃) =
κ̃P̃
2
(
| ˜̄a|2 + ϵ2|ã1|2 + ϵ( ˜̄a∗ ã1 + ˜̄aã1

∗)
)

. (3.17)

By neglecting the second-order terms ∝ ϵ2 and keeping only terms up to first order of
ϵ, the following four equations could be obtained,

0 =

(
i(∆̃ + ˜̄x)− κ̃

2

)
˜̄a +

1
2

, (3.18)
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˙̃a1 =

(
i(∆̃ + ˜̄x)− κ̃

2

)
ã1 + i ˜̄ax̃1, (3.19)

˜̄x =
κ̃P̃
2
| ˜̄a|2, (3.20)

¨̃x1 + Γ̃m ˙̃x1 + x̃1 =
κ̃P̃
2
( ˜̄a∗ ã1 + ˜̄aã1

∗). (3.21)

Equation 3.18 and Equation 3.20 describe the equilibrium state of the system. Equa-
tion 3.19 and Equation 3.21 can be solved in the frequency domain analytically [26] by
performing a Fourier transformation. The results are given by,

iω̃ã1(ω̃) = (i ˜̄∆ − κ̃

2
)ã1(ω̃) + i ˜̄ax̃1(ω̃), (3.22)

iω̃ã1
∗(ω̃) = (−i ˜̄∆ − κ̃

2
)ã1

∗(ω̃)− i ˜̄ax̃1(ω̃), (3.23)

(−ω̃2 + iω̃Γ̃m + 1)x̃1(ω̃) =
κ̃P̃
2

( ˜̄a∗ ã1(ω̃) + ˜̄aã1
∗(ω̃)) . (3.24)

Here, ˜̄∆ = ∆̃ + ˜̄x is the modified laser detuning caused by the averaged mechanical
displacement offset ˜̄x due to the constant optical radiation pressure force on the me-
chanical resonator. The express of ã1(ω̃) and ã1

∗(ω̃) derived from Equation 3.22 and
Equation 3.23 can then be plugged into the Equation 3.24 shown above. The results are
given by,

(−ω̃2 + iω̃Γ̃m + 1)x̃1(ω̃) =
κ̃P̃
2

(
˜̄a∗ · i ˜̄ax̃1(ω̃)

iω̃ − i ˜̄∆ + κ
2

− ˜̄a · i ˜̄ax̃1(ω̃)

iω̃ + i ˜̄∆ + κ
2

)
. (3.25)

The imaginary part and real part of the right side of the above equations can be sepa-
rated as,

(−ω̃2 + iω̃Γ̃m + 1)x̃1(ω̃) = i
κ̃P̃| ˜̄a|2 x̃1(ω̃)

2

(
κ̃
2

κ̃2

4 + (ω̃ − ˜̄∆)2
−

κ̃
2

κ̃2

4 + (ω̃ + ˜̄∆)2

)

+
κ̃P̃| ˜̄a|2 x̃1(ω̃)

2

(
ω̃ − ˜̄∆

κ̃2

4 + (ω̃ − ˜̄∆)2
− ω̃ + ˜̄∆

κ̃2

4 + (ω̃ + ˜̄∆)2

)
.

(3.26)

The real and imaginary part of the above equation represents the effect of the radiation
pressure on the resonance frequency and damping rate of the mechanical resonator.
The resulting substantial change of mechanical resonator’s dynamics is referred to as
the dynamic back-action.

When comparing the two sides of Equation 3.26, it can be found that the optomechani-
cal induced normalised damping rate at the resonant frequency ω = Ωm is given by,

Γ̃opt =
κ̃P̃| ˜̄a|2

4

{
κ̃

κ̃2

4 + (1 + ˜̄∆)2
− κ̃

κ̃2

4 + (1 − ˜̄∆)2

}
. (3.27)
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This yields the normalised effective mechanical damping rate,

Γ̃e f f = Γ̃opt + Γ̃m. (3.28)

It can be found an effectively blue detuning (˜̄∆ > 0) leads to negative optomechanical
damping (anti-damping), while an effectively red detuning (˜̄∆ < 0) leads to a positive
optomechanical damping rate (extra damping). The extra damping on the mechanical
resonator results in optomechanical cooling [103, 31] where the mechanical vibration
is suppressed. In this research, only the case of blue-detuning was studied, where the
anti-damping leads to optomechanical heating, and the initial mechanical vibration is
amplified. Eventually, the OMO emerges when the overall damping rate Γ̃e f f is re-
duced to be negative.

3.1.3.2 Optomechanical oscillation threshold

In this section, the OMO threshold is then studied by analysing Equation 3.27 repre-
senting the optomechanical damping Γ̃opt. The above Equation 3.18 and Equation 3.20
are used to eliminate the parameter ˜̄x in Equation 3.27, thus the dimensionless optome-
chanical damping rate Γ̃opt can be obtained as a function of only three parameters: P̃, κ̃

and ∆̃.

In order to find the OMO threshold, as shown in Figure 3.2, the dimensionless optome-
chanical damping rate Γ̃opt as a function of P̃ and ∆̃ are plotted under four different
values of κ̃, namely κ̃ = 0.1, κ̃ = 0.5, κ̃ = 2 and κ̃ = 10. In each of the figures, the colour
represents the level of the value of Γ̃opt, and contours for Γ̃opt = −0.001,−0.01,−0.1,−1
are shown, which depict the threshold for OMO when Γ̃m = 0.001, 0.01, 0.1, 1.

It is clear from the colour bars of the figures that Γ̃opt has its maximum and minimum
value for each κ̃. Therefore, there exists a maximum cooling or heating rate for a given
value of κ̃, even though the input power P̃ varies monotonically. This can be explained
by looking at Equation 3.27 and Equation 3.20. Input power P̃ and effective laser de-
tuning ˜̄∆ both contribute to the optomechanical damping rate Γ̃opt through the dynamic
back-action (Equation 3.27). In the meantime, P̃ also changes the static displacement
˜̄x of the mechanical resonator, i.e. the effective laser detuning ˜̄∆, through the opti-
cal radiation-pressure force (Equation 3.20). Therefore, the value of Γ̃opt would not be
monotonically modified when monotonically varying P̃.

The existence of a minimum value of Γ̃opt could lead to a situation where the overall
damping rate Γ̃opt + Γ̃m is always positive when Γ̃m is large enough. This situation is
called ”dead-zone effect”, where no OMO can be excited under any detuning ∆̃ and
P̃ for certain given values of κ̃ and Γ̃m. In the “dead zone”, the mechanical resonator
still can be heated, and the thermal Brownian motion is amplified. However, due to
the large intrinsic mechanical damping, the optomechanical heating simply is not large



3.1. Cavity optomechanics 33

-1
-0.1

-0.1

-0
.1

-0.01

-0
.0

1

-0.01

-0.01

-0.001

-0.001

-0.001

-0
.0

01

-20 -10 0 10 20
10-2

100

102

104

106

-70

-60

-50

-40

-30

-20

-10

0

(A)

-1 -1

-0.1

-0.1

-0
.1

-0.01

-0
.0

1-0.01

-0.01

-0.001

-0.001

-0.001

-0
.0

01

-0
.0

01

-20 -10 0 10 20
10-2

100

102

104

106

-15

-10

-5

0

(B)

-1

-1

-0.1

-0.1

-0.1

-0.01

-0
.0

1

-0.01

-0.01

-0.001

-0.001

-0.001

-0.001

-20 -10 0 10 20
10-2

100

102

104

106

-4

-3

-2

-1

0

(C)

-0.1

-0
.1

-0.1

-0.01
-0.01

-0.01

-0.01

-0.001

-0.001

-20 -10 0 10 20
10-2

100

102

104

106

-0.8

-0.6

-0.4

-0.2

0

0.2

(D)

FIGURE 3.2: (A-D) The normalised optomechanical damping rate Γ̃opt as a function of
P̃ and ∆̃ for κ̃ = 0.1, κ̃ = 0.5, κ̃ = 2 and κ̃ = 10, respectively. The contours in the figure

show the OMO threshold for Γ̃m = 0.001, 0.01, 0.1, 1.
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FIGURE 3.3: OMO dead-zone shown as a relationship of Γ̃m and κ̃. In the dead-zone,
no oscillation will occur under any ∆̃ and P̃.

enough to reduce the effective damping rate to zero. Thus the optomechanical oscil-
lation can not happen. This can be observed from Figure 3.2, in which it is found the
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threshold contours for all the four different Γ̃m when κ̃ = 0.1, κ̃ = 0.5 and κ̃ = 2. How-
ever, there is no oscillation at all for κ̃ = 10 and Γ̃m = 1. The absence of the threshold
contour for κ̃ = 10 and Γ̃m = 1 suggests that this set of parameters lies in the dead-
zone for OMO. A wide range of κ̃ and Γ̃m are analysed and the resulting dead zone
is plotted in Figure 3.3. As shown in the figure, the dead zone appears at a combina-
tion region with low optical Q-factor and low mechanical Q-factor. When designing an
OMO device, the dead zone should be avoided.
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FIGURE 3.4: (A) Threshold power P̃thres for OMO process as a function of κ̃ and ∆̃
when Γ̃m = 1/5000. (B)The minimum threshold power P̃min

thres and the corresponding
normalised optimal detuning ∆̃norm

opt = ∆̃opt/(1 + κ̃) as a function of κ̃.

Apart from the dead-zone effect, it can also be found from Figure 3.2 that there exists
a minimum threshold power P̃min

thres and an associated optimal laser detuning ∆̃opt for
each κ̃ and Γ̃m, corresponding to the Y-coordinate and X-coordinate of the data point
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at the contour line with the lowest input power. Here, only the situation far away
from the dead-zone is considered, which is usually the preferred case in the experi-
ment. As shown in Figure 3.4 (a), the OMO threshold power P̃thres as a function of ∆̃
and κ̃ when Γ̃m = 1/5000 is plotted as a surface. In the valley of the surface, the mini-
mum threshold power is marked as a black line. The projection of this line to the side
and bottom can be viewed as the minimum threshold power P̃min

thres and corresponding
optimal laser detuning ∆̃opt. In Figure 3.4 (b), a normalised optimal detuning factor
defined as ∆̃norm

opt = ∆̃opt/(1 + κ̃) has been introduced, which is plotted as a function of
κ̃ with a blue line. It can be found that in the deeply resolved-sideband regime (RSR)
(κ̃ ≪ 1), the laser detuning associated with the minimum threshold power is approach-
ing ∆̃ = 1, while in the deeply unresolved-sideband regime (USR) (κ̃ ≫ 1), the optical
laser detuning is around 0.2κ̃. This suggests an optimal detuning ∆opt = Ωm in the
deeply RSR, and ∆opt = 0.2κ in the deeply USR. The associated minimum power P̃min

thres

is also plotted along with κ̃. The minimum threshold power increases with κ̃ in USR,
while keeping as a constant in the RSR. It shows that an optomechanical system in the
RSR requires less optical input power to start OMO. This is because smaller κ̃ means
higher optical Q-factor, which enhances the cavity field and leads to a larger field am-
plitude. A larger field amplitude would then lead to a larger optomechanical heating
rate as derived in Equation 3.27 and make the OMO easier to start.

As a summary, here, I have linearised the optomechanical coupling equations for the
small fluctuations near the equilibrium state and analysed the optomechanical dynamic
back-action effect and the OMO threshold. A dead-zone is found with a combination of
low optical Q-factor and mechanical Q-factor. Minimum optical threshold power and
the corresponding optimal laser detuning are derived.

3.2 Optomechanical oscillation

When the overall effective damping rate Γ̃e f f = Γ̃opt + Γ̃m is decreased to be negative,
the mechanical resonator starts to oscillate when small initial fluctuations occur, for
instance, the random thermal vibrations originated from the Brownian thermal noise.
As shown in Figure 3.5, the simulated time trace of the normalized displacement x̃
over time t̃ in an OMO process is plotted. The mechanical oscillation amplitude grows
exponentially until the oscillation reaches a steady-state regime due to the nonlinear
saturation effect, which balances the gain and loss of the mechanical resonator.

3.2.1 Oscillation in small amplitude

When the optomechanical oscillation amplitude is not too large, the motion is approx-
imately harmonic. An ansatz can be made that the mechanical resonator is oscillating
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FIGURE 3.5: The simulated time trace of x̃ over t̃ in an OMO process. The simulated
optomechanical parameters are: κ̃ = 100, Γ̃m = 1000, ∆̃ = 30, P̃ = 4 × 105, with the

initial displacement set at the equilibrium state x̃init = 147.3.

with a sinusoidal pattern as x̃(t̃) = ¯̃x + Ãcos(t̃), where ¯̃x is the dimensionless averaged
displacement and Ã is the dimensionless oscillation amplitude. Here, the oscillation
amplitude Ã in the steady-state under different system parameters will be derived.

By substituting the expression x̃(t̃) = ¯̃x + Ãcos(t̃) into Equation 3.11 and solving the
differential equation, the intracavity field can be analytically derived. The analytical
solutions can be written as [106],

ã(t̃) = eiÃsin(t̃)
∞

∑
n=−∞

α̃neint̃, (3.29)

where

α̃n =
Jn(−Ã)

κ̃ − 2i(∆̃ + ˜̄x − n)
. (3.30)

Here, Jn is the Bessel function of the first kind, so that the photon number inside the
cavity is given by,

|ã(t̃)|2 = ã(t̃) · ã∗(t̃) =
∞

∑
n,m=−∞

α̃n · α̃m
∗ei(n−m)t̃. (3.31)

The resulting cavity field consists of a range of frequency sidebands at mechanical har-
monics ±nΩm, where n is an integer. At the steady-state, the oscillation amplitude Ã
and averaged displacement ¯̃x are determined by two balance conditions: firstly, the
time-averaged input power acting on the mechanical resonator by the radiation pres-
sure force equals the power lost into the environment due to the mechanical damping.
Secondly, the time-averaged radiation pressure force causes the averaged mechanical
displacement. When looking at Equation 3.11, the following equations describing the
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balance conditions could be obtained:

¯̃x = κ̃eP̃⟨|ã(t̃)|2⟩, (3.32)

Γ̃m⟨ ˙̃x2⟩ = κ̃eP̃⟨|ã(t̃)|2 ˙̃x⟩, (3.33)

where the ⟨...⟩ represents the time-averaged operation. The following expressions could
be derived,

⟨|ã(t̃)|2⟩ =
∞

∑
n=−∞

|α̃n|2, (3.34)

⟨ ˙̃x2⟩ = ⟨Ã2 · 1 − cos(t̃)
2

⟩ = Ã2

2
, (3.35)

⟨|ã(t̃)|2 ˙̃x⟩ = ⟨
∞

∑
n,m=−∞

α̃n · α̃m
∗ei(n−m)t̃ · −Ãsin(t̃)⟩

= Ã⟨
∞

∑
n,m=−∞

α̃n · α̃m
∗ · ei(n−m−1)t̃ − ei(n−m+1)t̃

2i
⟩

= Ã

(
∞

∑
n=−∞

α̃n · α̃n−1
∗ · 1

2i
−

∞

∑
n=−∞

α̃n
∗ · α̃n−1 ·

1
2i

)

= Ã · Im(
∞

∑
n=−∞

α̃n
∗ · α̃n+1).

(3.36)

The above three expressions are then substituted to the balance conditions Equation 3.32
and Equation 3.33 and the following equations can be obtained,

¯̃x = κ̃eP̃
∞

∑
n=−∞

|α̃n|2, (3.37)

Γ̃m Ã
2

= κ̃eP̃ · Im(
∞

∑
n=−∞

α̃n
∗ · α̃n+1). (3.38)

Analogous to the optomechanical damping rate derived for the equilibrium state in
linearised regime (Equation 3.27), the amplitude-dependent effective optomechanical
damping rate Γ̃opt(Ã) could be derived, which was first introduced in [109] and is de-
fined as:

Γ̃opt(Ã) = −2κ̃eP̃ · Im(∑∞
n=−∞ α̃n

∗ · α̃n+1)

Ã
. (3.39)

For low amplitude with Ã → 0, Equation 3.39 can be simplified to Equation 3.27. The
balance condition can thus be recast into,

Γ̃opt(Ã) + Γ̃m = 0. (3.40)

After eliminating ¯̃x using Equation 3.37, the value of Γ̃opt could be numerically cal-
culated. Figure 3.6 plotted the simulated value of Γ̃opt as a function of ∆̃ and Ã when
κ̃ = 0.1, κ̃ = 0.5, κ̃ = 2 and κ̃ = 10, respectively. P̃ is set to a constant as 1. The
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FIGURE 3.6: (A-D) The amplitude-dependent effective optomechanical damping rate
Γ̃opt as a function of ∆̃, Ã when κ̃ = 0.1, κ̃ = 0.5, κ̃ = 2 and κ̃ = 10, respectively. P̃ is set
to a constant as 1. The contour lines shows the possible steady-state when Γ̃m = 10−3,

10−4 and 10−5 respectively.

contour lines Γ̃opt = −10−3, −10−4 and −10−5 indicates the possible steady-state when
Γ̃m = 10−3, 10−4 and 10−5 respectively. It should be noted that stable solutions are
given by the upper part of each contour line where Γ̃opt increases with increasing Ã.
This is because decreasing Γ̃opt would lead to an increase of the oscillation amplitude
Ã, which make the state lies in the lower part of the contour lines critical and unstable.

The maximum heating rate when Ã → 0 appears at around ∆̃ = 0.2κ̃ in USR (κ̃ > 1)
(Figure 3.6 (D)) and ∆̃ = 1 in RSR (κ̃ < 1) (Figure 3.6 (A)), which agree with the thresh-
old analysis results in Section 3.1.3.2. The onset of OMO from Ã = 0 is a Hopf bifurca-
tion into a limit cycle. Comparing the contour lines with different colours representing
the oscillation amplitude for different Γ̃m, it can be found that a larger value of Γ̃m

leads to a smaller oscillation amplitude. In Figure 3.6 (D), there is no contour line for
Γ̃m = 0.01. This can be explained by looking at Figure 3.2 (D), where it can be found
that the threshold of OMO is not reached for this set of parameters.
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In the RSR (κ̃ < 1) (Figure 3.6 (A,B)), it can be found found that oscillation ampli-
tude Ã can take multiple stable values under the same system parameters. This cor-
responds to several stable attractors in this optomechanical system, which has been
termed ”dynamic multistability” in previous research [106] and experimentally ob-
served in [110, 111]. The figures also show that larger ∆̃ generally results in larger
Ã. When adiabatically adjusting the laser detuning ∆̃, the oscillation amplitude Ã can
be tuned gradually along the contour line, during which the oscillation amplitude can
be increased to the extent that can not be acquired from zero initial condition. On the
other hand, sweeping back nonadiabatically the laser detuning ∆̃ to smaller value al-
lows us to reach attractors with higher amplitude Ã, where the OMO process can not
start spontaneously from the state of rest (Ã = 0). In the deeply USR (κ̃ ≫ 1) (Figure 3.6
(D)), the dynamic multistability vanishes, and there is only one steady state for a set of
system parameters.

3.2.2 Oscillation in large amplitude regime

For large oscillation amplitude, it will be shown here that the harmonic oscillation as-
sumption is no longer valid and the dynamics of the coupled optomechanical system
will have to be calculated by numerical simulations. The coupled differential equations
Equation 3.11 and Equation 3.12 that can accurately describe the dynamics of the op-
tomechanical system can be numerically solved using the explicit Runge-Kutta method
based on Dormand-Prince pair [112] to characterise the OMO characteristics with sys-
tem parameters variations.

As shown in Figure 3.7, the simulated OMO phase space trajectories are plotted for a
period of t̃ = 500 after a sufficiently long integration time. A phase space plot is a para-
metric graph of the velocity dx̃/dt̃ plotted as a function of the displacement x̃, with the
changing variable being the time. Phase-space plots are very useful for analyzing com-
plicated oscillations, with each oscillation way corresponds to a specific phase space
pattern. For instance, a limit cycle in the circular or ellipse shape in the phase space
represents a harmonic oscillation. In these plots, the Γ̃m is set to a constant as 0.001, and
∆̃ is set to an optimised value associated with a minimum threshold power for OMO
according to Section 3.1.3.2. The initial condition of the numerical simulation is set to
ã = x̃ = ˙̃x = 0.

From the figures, in both the RSR and USR, a stable ellipse limit cycle in phase space
can be formed with low input power P̃ (P̃ = 1e0, 1e2), which corresponds to a stable
OMO process in the long time limit. In Table 3.1, the numerically solved oscillation
amplitudes in limit cycles for P̃ = 1e0 as shown in Figure 3.7 are compared to the the-
oretical results predicted from the harmonic oscillation ansatz as shown in Figure 3.6.
The results turn out to match well with each other, which verifies the ansatz of the
harmonic nature of the OMO in a small oscillation amplitude regime.
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FIGURE 3.7: (A-D) The evolution of the OMO process phase space trajectories with
the increase of normalised input power P̃ for κ̃ = 0.1, κ̃ = 0.5, κ̃ = 2 and κ̃ = 10,
respectively. The Γ̃m is set to a constant as 0.001, and ∆̃ is set to an optimised value for
OMO according to Section 3.1.3.2. The initial condition of the numerical simulation is

set to ã = x̃ = ˙̃x = 0.

With the increase of the input power P̃ and the oscillation amplitude Ã, the simple har-
monic oscillation ansatz breaks down, and the OMO process gradually evolves towards
different dynamic behaviours for the cavity optomechanical system in USR and outside
USR. Outside the USR (Figure 3.7 (A,B,C)), the limit cycle representing a stable OMO
process evolves into phase trajectories in a random fashion, indicating the system is in
chaos. In the USR (Figure 3.7 (D)), the ellipsoidal-shaped phase trajectory evolves into
a mushroom-like shape phase trajectory, which means the simple harmonic motion de-
velops into a periodic motion with two different amplitudes. During the process, there
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κ̃ = 0.1 κ̃ = 0.5 κ̃ = 2 κ̃ = 10

Ã derived from harmonic oscillation ansatz 3.56 3.66 5.6 3.9
Ã derived from numerical simulation 3.59 3.68 5.65 3.91

TABLE 3.1: The comparison between OMO oscillation amplitude Ã obtained analyt-
ically from harmonic ansatz (Figure 3.6) and numerically from solving the coupling
equations (Figure 3.7), when P̃ = 1, Γm = 0.001, and κ̃ = 0.1, 0.5, 2, 10 respectively. ∆̃

is set to an optimised value associated with a minimum threshold power for OMO.

is a sudden change in the velocity of the motion. Here, the two dynamic behaviours
will be discussed in detail.

3.2.2.1 Optomechanical induced chaos

The chaos is characterised by positive Lyapunov exponents of the dynamic system,
where any small deviation from the initial trajectory grows exponentially with time.
The optomechanical chaos has been studied and observed in several works [113, 114].
Here, the Lyapunov exponents of the OMO process with the parameters shown in Fig-
ure 3.7 are calculated using the standard method presented in [115, 116], the results are
shown in Figure 3.8. The Lyapunov exponents separate regular motion with a negative
value from chaotic motion with a positive value.

Four lines are drawn because the optomechanical system is a four-dimensional system,
with four variables in the coupling equations. If any of the four values is positive, then
the system is in the chaotic regime. It can be found that the Lyapunov exponents dia-
grams precisely predict the evolvement into chaos in Figure 3.7. For the OMO process
with κ̃ = 0.1 and κ̃ = 0.2, the system evolves to chaos when P̃ = 1e3. While for the
system with κ̃ = 2, a larger power with P̃ = 1e5 is required to reach the chaos.

In this chaos regime, the mechanical motion is random and quite sensitive to the initial
condition. This poses challenges for using this oscillation to modulate the optical field.
Therefore, chaos should be avoided.

3.2.2.2 mushroom-like phase trajectory

It is already shown that the cavity optomechanical system in the deeply USR can dis-
play a mushroom-like OMO phase trajectory when the input power P̃ and oscillation
amplitude Ã are sufficiently large. To show this phenomenon more explicitly, an op-
tomechanical system in a deeply USR with κ̃ = 100, Γ̃m = 0.01, ∆̃ = 20, P̃ = 4e7 is
here simulated. The simulated phase space trajectory is shown in Figure 3.9 (A), as
well as the corresponding displacement (Figure 3.9 (B)), velocity (Figure 3.9 (C)) and
acceleration (Figure 3.9 (D)) variation with time.
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FIGURE 3.8: (A-C) The calculated Lyapunov exponents variation of the OMO process
with the increase of normalised input power P̃ for κ̃ = 0.1, κ̃ = 0.5 and κ̃ = 2 respec-

tively, corresponding to the evolution diagrams shown in Figure 3.7

From the phase space trajectory plot (Figure 3.9 (A)), the OMO display an obvious
mushroom-like shape, with two different amplitudes Ã1 and Ã2 during one oscillation
period. This effect has been observed experimentally in an optomechanical system with
a Bose-Einstein condensate [117] and numerically studied in [107, 118]. Although the
time-domain displacement diagram shows a harmonic pattern (Figure 3.9 (B)), there
is actually an abrupt change in the oscillation velocity during the transit between the
oscillation with amplitude Ã1 and Ã2 (Figure 3.9 (C)). This abrupt change in velocity
would result in an abrupt increase of oscillation acceleration, which is shown in Fig-
ure 3.9 (D).

To illustrate the principles behind this mushroom-like phase trajectory, the normalised
cavity photon number |ã|2 variations along with the phase space trajectory and the
acceleration diagram are plotted in Figure 3.10. A clear and perfect coincidence can
be found between the abrupt change of the oscillation velocity dx̃/dt̃ and the peak in
cavity photon number |ã|2. This coincidence is due to the large-amplitude induced
optomechanical interaction in the USR. In this USR, the optical cavity damping rate
is much larger than the mechanical resonance frequency. Therefore, the optical cavity
can respond quickly enough to the mechanical oscillation, and there is almost no delay
between them. For the large amplitude mechanical oscillation, the cavity resonance can
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FIGURE 3.9: (A) The phase space trajectory showing the velocity and displacement. (B,
C, D) The time-domain change of oscillation displacement, velocity and acceleration.
Note the simulation results are for an optomechanical system in deeply USR with

κ̃ = 100, Γ̃m = 0.01, ∆̃ = 20, P̃ = 4e7.

be actually shifted significantly away from the input laser frequency, which makes the
cavity out of resonance and thus the cavity photon number is nearly zero for most of the
time during an oscillation period. When the cavity is empty, the mechanical resonator
undergoes a damped harmonic motion represented by two single parts in the phase
trajectory with amplitude Ã1 and Ã2. However, when the mechanical motion makes
the optical cavity resonant with the input pump laser, the cavity would quickly build
up, and the cavity photon number increases abruptly, which was shown as the peaks
in Figure 3.10. This abrupt change in cavity photon number results in a large optical
radiation force on the mechanical resonator, and therefore the mechanical oscillation
experiences a large acceleration and thus, the velocity changes abruptly.
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FIGURE 3.10: (A) Three dimensional phase space trajectory showing the phonon cav-
ity number-displacement-velocity variation. (B) The time-domain variation of accel-
eration (top) and the cavity photon number (bottom). Note the simulation results are
for an deeply unresolved sideband optomechanical system with κ̃ = 100, Γ̃m = 0.01,

∆̃ = 20, P̃ = 4e7.

3.3 Optomechanical OPT generation for OTDR

It was shown in Figure 3.10 that a series of peaks in cavity photon number |ã|2 appear
when the oscillation amplitude of OMO is large enough to produce the mushroom-
like phase trajectory, these peaks can thus be potentially used for generating OPT for
OTDR applications. Here, a comprehensive analysis of OMO-based OPT generation
are conducted and clear applications for OTDR are shown.

3.3.1 OPT generation in different regimes

The cavity output field for different sideband regimes are studied by numerically solv-
ing the coupled equations Equation 3.11 and Equation 3.12 with the explicit Runge-
Kutta method based on Dormand-Prince pair [112] and monitoring the cavity output
field according to Equation 3.3.

As shown in Figure 3.11, the normalised output optical photon flux |ãout|2 = κex|ã|2/2
with time t̃/2π are plotted under different values of κ̃, namely κ̃ = 0.1, κ̃ = 0.5, κ̃ = 2,
κ̃ = 10, respectively. Other system dimensionless parameters are kept as constant:
Γ̃m = 1/1000, ∆̃ = 1, P̃ = 100. The integrating time is set to be long enough to reach the
OMO steady-state. It can be found that the continuous wave input light is modulated to
optical pulse and the output field are directly proportional to the intracavity field. This
is because the two-sided coupling case as shown in Figure 3.1 is considered here where
the non-input side is used as the output channel, such that the background continuous
wave light is suppressed and the output field is related to the intracavity field.
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FIGURE 3.11: (a-d) OPT generation with normalised optical cavity decay rates κ̃ =

0.1, 0.5, 2, 10, respectively. Other parameters are kept as constant: Γ̃m = 1/1000,
∆̃ = 1, P̃ = 100.

It can be found that for all the cases, the mechanical frequency Ωm determines the
repetition rate of the OPT, with two optical pulses generated during one mechanical
oscillation period. On the other hand, Ωm also significantly affects the normalised input
laser power P̃ as derived in Equation 3.13, which means an optomechanical system
with a large mechanical frequency Ωm requires a higher real input power Pin to obtain
the same optical pulse shape.

In terms of the pulse shape, the OPT generated in the RSR have many ripples (Fig-
ure 3.11 (a, b)), which is not desired for practical applications. This kind of shape has
been experimentally observed in [119] and was attributed to being caused by the inter-
ference between the stationary pump light and the light emitted from the cavity upon
discharging. Actually, in the RSR, the photon lifetime τ = 1/κ of the optical cavity is
much longer than the mechanical oscillation period 1/Ωm. Therefore, the optical cavity
can not respond instantaneously to the fast mechanical oscillation, and there is always
a delay between them. This leads to a complicated interference between the decaying
cavity field and the input field and results in ripples in the output field.

With the increase of κ̃, the ripples gradually disappear (Figure 3.11 (c, d)), and short
and smooth OPT can be obtained with the repetition rate at around 2Ωm in the deeply
USR (κ̃ ≫ 1). The reason for the short and smooth shape has been given when explain-
ing the mushroom-like phase trajectory for large-amplitude oscillation in the unsolved
sideband regime in the last section. Even the optical cavity can build up, and decay
very fast compared to the mechanical oscillation, there is still a decay cavity field that
can interfere with the input field, which results in fast oscillation at the tail of each peak.
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With the further increase of κ̃, this oscillation will become weaker and nearly invisible.
By this means, the sharp optical pulses shape are generated, and the OMO continues.
Therefore, the following analysis will be focused on the OPT analysis in the USR.

To evaluate the OMO-based OPT generator and provide guidance for the application
design, the simulated extinction ratio (ER) and duty cycle (DC) of the generated OPT
are plotted under different system parameters in Figure 3.12. Normalised input power
P̃ with a value from 10−1 to 104, normalised mechanical damping rate Γ̃m from 10−6

to 10−2 are simulated for an optomechanical system with κ̃ = 10, 40, 100 respectively.
The laser detuning ∆̃ is set to an optimised value associated with a minimum threshold
power (see Section 3.1.3.2). Figure 3.12 thus shows explicitly the characteristics of the
generated OPT. Larger ER and smaller DC represent a sharper and shorter optical pulse
shape.

It is clear that the ER increases linearly with input power P̃ in the logarithm plot scale,
while the DC decreases with P̃. This means a higher input power is needed to produce
a sharper and shorter optical pulse shape. When comparing the parallel lines with
different colours representing different Γ̃m, it is clear that smaller Γ̃m (larger mechan-
ical Q-factor Qm) leads to larger ER and smaller DC. Quantitatively, ER increases by
3dB when Γ̃m decreases by one order of magnitude. The discrepancies for large value
of P̃ are caused by the insufficient simulation time due to the limited computational
resources when solving the differential equations. From the figures with varying κ̃,
even though larger κ̃ leads to better pulse shape with suppressed ripples, it decreases
ER when other parameters remain the same. This is because larger κ̃ represents lower
optical Q-factor, lower cavity enhancement and weaker field amplitude, which will
decrease the OMO amplitude and ER.

3.3.2 OMO-Based OPT generation for OTDR

Here, a design example is demonstrated to realise an OMO-based OPT generator for
a DFOS application – OTDR. In the OTDR application, OPT is sent to the fibre and
the backscattered optical signal is measured to sense the measurands along the fibre
distributedly.

3.3.2.1 Time-Frequency (T-F) localisation

As been introduced in Section 2, the measurand resolution and spatial resolution are
correlated to each other, and there is a trade-off between them. The single optical
pulse must be evaluated cooperatively in both the time (T)–domain and frequency
(F)–domain.
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FIGURE 3.12: The characteristics of the generated OPT under different parameters. (A,
B, C) The ER variation with P̃ and Γ̃m when κ̃ = 10, κ̃ = 40, κ̃ = 100, respectively. (D,
E, F) The DC variation with P̃ and Γ̃m when κ̃ = 10, κ̃ = 40, κ̃ = 100, respectively. The
laser detuning ∆̃ is set to a constant at the optimal value associated with a minimum

threshold power.

Here, the optical pulse generated in the OMO-based OPT generator is compared with
Rectangular, Gaussian and Lorentzian pulse shape to evaluate their T-F localisation.
The pulses all have 50 ns FWHM and 1 µs period, and the OMO-based optical pulse is
generated with an optomechanical system with κ̃=100. The T–domain and F–domain of
the pulses were plotted in Figure 3.13. The T–domain and F–domain variances obtained
by Equation 2.28 and Equation 2.29 for the four pulse shapes and their product are
given in Table 3.2.
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ical system with κ̃ = 100.

TABLE 3.2: Variance in the time-domain and frequency-domain with the product of
the two variances for different optical pulse shapes

Rectangular Gaussian Lorentzian OMO based
∆T 3.23e-12 2.91e-12 4.79e-12 4.86e-12
∆F 8.38e+10 1.03e+9 8.92e+8 9.48e+8

∆T × ∆F 0.2706 0.003 0.0043 0.0046

In terms of T-F localisation, the OMO based optical pulse is close to Lorentzian and
Gaussian shapes, which are much better than the widely used Rectangular shape in
DFOS. The OMO-based OPT generator is also much more straightforward than the
traditional OPT generator used in DFOS, which usually requires function generators,
EOM or AOM.

3.3.2.2 OMO-based OPT generation examples for OTDR

As shown in Figure 3.14, an example of a real OMO-based OPT generator for the OTDR
applications is here considered, including BOTDR, Phi-OTDR, POTDR.

The function generator and EOM which are used to generate the OPT in traditional
OTDR can be replaced by the proposed OMO-based OPT generator. The OMO-based
OPT generator example shown here is formed by suspending part of a racetrack-shaped
optical microresonator, where the suspended beam serves as the mechanical resonator
and is coupled to the optical cavity. The fundamental out-of-plane mechanical vi-
brating mode can alter the effective index of the suspended waveguide, and can thus
change the optical cavity resonance frequency and realise optomechanical coupling.
This kind of structure had been experimentally demonstrated to exhibit large-amplitude
optomechanical oscillation [51]. It should be noted that only the out-of-plane vertical
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FIGURE 3.14: The upper-left box shows the schematic of an OMO-based OPT gener-
ator. It is formed by suspending part of a racetrack-shaped microresonator on an SOI
substrate, where the mechanical resonator (suspended beam) is coupled to the opti-
cal cavity. The other three boxes show the classical OPT generators utilized in three
types of DFOS (BOTDR, Phi-OTDR, and POTDR), which use a function generator and
an EOM to generate OPT. These traditional OPT generators can be replaced by the
OMO-based OPT generator. EOM: Electro-optic modulator, FC: Fibre coupler, PS: Po-

larisation scrambler, PD: Photodetector, LC: Local oscillator, BPF: Bandpass filter.

oscillation of the suspended beam are considered. This is mainly because the optical
gradient force are generated between the beam and the substrate underneath, which
drives the suspended beam vertically. In addition, the out-of-plane mechanical motion
has the largest impact on the effective index of the suspended waveguide and can thus
realise efficient optomechanical coupling. This kind of cavity optomechanical system
in the form of racetrack-shaped optical microresonator is just one option of the various
kinds cavity optomechanical system shown in Section 2.1.4.

As been analysed in Section 2, different optical pulse characteristics can get different
OTDR measurement specifications. The repetition rate sets a limit on the maximum
sensing distance, while ER and DC decide the measurand resolution and spatial res-
olution. For the OMO-based OPT generator, different optomechanical parameters can
generate OPT with different repetition rate, ER and DC, and can fit the various OTDR
system requirements. The OMO-based OPT generator based on SOI substrates with
top silicon layer of four different thickness are considered, namely 110 nm, 220 nm,
500 nm, 1.5 µm, and their application in OTDR are explored. During the design of the
cavity optomechanical system shown in Figure 3.14, the thickness of the beam h and
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the length of the beam L are the two critical parameters. The value of L/h was set to
be 200 for all the four cases. The lengths of the beams are thus 22 µm, 44 µm, 100 µm
and 300 µm, respectively. To maintain the single-mode condition as will be introduced
in Chapter 5, the width of the suspended beams are set to be 0.5 µm, 0.5 µm, 0.5 µm
and 1.1 µm, respectively. Note for the beam with thickness of 500 nm and 1.5 µm, a
rib-to-strip mode converter [120] is needed to realise the suspension and keep a low
cavity loss.

TABLE 3.3: Four sets of optomechanical parameters of the OMO-based OPT generator
for an OTDR application

Case 1 Case 2 Case 3 Case 4
Beam thickness (µm) 0.11 0.22 0.5 1.5

Beam length (µm) 22 44 100 300
Beam width (µm) 0.5 0.5 0.5 1.1

Mechanical frequency Ωm (Hz) 2.02e6 1.01e6 4.41e5 1.47e5
Effective mass me f f (pg) 1.2 4.4 23.0 457.2

Mechanical Q-factor 1000
Coupling coefficient G (Hz/nm) 1e8

Laser wavelength λL (nm) 1550
Optical cavity linewidth κ (Hz) 2.02e8 1.01e8 4.41e7 1.47e7

Optical Q-factor 9.58e5 1.92e6 4.39e6 1.32e7
Input laser power Pin (W) 0.1

Normalised input laser power P̃ 2.09e6 9.10e6 4.79e7 1.95e8

The four sets of optomechanical parameters are listed in Table 3.3. The fundamental
out-of-plane mechanical resonant frequency Ωm and effective mass me f f are obtained
through the Finite Element Analysis (FEA) software COMSOL Multiphysic. The me-
chanical Q-factor was set to be 1000 for all the cases, corresponding to normalised me-
chanical damping rate Γ̃m = 0.001. The optomechanical coupling coefficient G is set
to be 0.1 GHz/nm, which can be easily achieved according to the results in [51] where
G = 1 GHz/nm was realised for the same structure. Input laser wavelength is set to be
1550 nm, which is most widely used in silicon photonics. The normalised optical damp-
ing rate κ̃ = 100 is assumed for all the case, through which the optical cavity linewidth
κ and optical Q-factor can be obtained as shown in the table. This assumption also
agrees with the truth that waveguide with larger cross-section has lower propagation
loss, which will be shown in Chapter 5. The input laser power Pin is assumed to be 100
mW for all the case. According to Equation 3.13 which relates the normalised dimen-
sionless input power P̃ to the real system parameters, the normalised dimensionless
input power P̃ are thus found to be 2.09e6, 9.10e6, 4.79e7, 1.95e8, respectively.

By fitting these data to the Figure 3.12 (C, F), the DCs of the generated OPT are found
to be 0.024, 0.013, 0.006, 0.003, respectively, and the ERs of the generated OPT are found
to be 28.3 dB, 32.9 dB, 38.1 dB, 42.4 dB, respectively. The repetition rate and the pulse
width can thus be obtained based on the mechanical resonant frequency and DC. The
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corresponding sensing distance and spatial resolution can be obtained using the Equa-
tion 2.26 and Equation 2.27. The detail characteristics of the generated OPT and the
OTDR measurement specification are listed in Table 3.4

TABLE 3.4: The characteristics of the generated OPT and corresponding OTDR mea-
surement specifications for the four sets of optomechanical parameters

Case 1 Case 2 Case 3 Case 4
Duty cycle 0.024 0.013 0.006 0.003

Extinction ratio (dB) 28.3 32.9 38.1 42.4
Repetition rate (Hz) 4.04e6 2.02e6 8.82e5 2.94e5

Pulse period (µs) 0.2475 0.4950 1.1338 3.4014
Pulse width (ns) 5.9 6.4 6.8 10.2

Sensing distance (m) 25.3 50.5 115.7 347.1
Spatial resolution (m) 0.60 0.65 0.69 1.05

From Table 3.3 and Table 3.4, the OTDR sensing distance can reach 347.1 m in the 1.5
µm SOI platform, and spatial resolution can reach 0.6 m for the 110 nm SOI platform.
The ER can be as high as 42.4 dB. It can also be found that the thicker SOI platform
is preferred for longer distance OTDR measurement, with 347.1 m achieved in the 1.5
µm SOI platform while only 25.3 m can be achieved for 110 nm SOI platform. The
sensing distance can be further enhanced to several thousands of meters by decreasing
the mechanical resonant frequency, which can be realised by using thicker SOI substrate
or by increasing the beam length. The ER and DC can also be further enhanced by
increasing the input laser power or the optomechanical coupling coefficient.

As a summary, here, I have demonstrated numerically that the OMO-based OPT gen-
erator can fulfil the pulse generation requirement of an OTDR. The OPT is analysed in
both time and frequency domain, and it was found that the OMO-based OPT shape is
close to Lorentzian and Gaussian shapes, which are much better than the widely used
Rectangular shape in OTDR. Four cavity optomechanical examples of OMO-based OPT
generator for OTDR were also demonstrated. The results shows that the OTDR mea-
surement requirement can be fulfilled with reasonable and feasible optomechanical pa-
rameters. It was also found thicker SOI substrate is better for long-distance OTDR
measurement.

3.4 Optomechanical SWOS generation for OFDR

The OMO process introduced above can modulate the optical cavity resonance fre-
quency, which provides a mechanism for frequency modulation. In this section, I ex-
plore the potential of using the OMO process to generate a sweeping-wavelength opti-
cal signal (SWOS) for the OFDR application.
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3.4.1 SWOS generation theory

The proposed scheme to get such a SWOS generator is shown in Figure 3.15. It can
be based on the same cavity optomechanical device that has been introduced to re-
alise OMO-based OPT generator in the last section. In this scheme, two laser sources,
in which one is single-wavelength and another is broadband, are injected into the op-
tomechanical system through the two ends. During the experiment, two optical isola-
tors should be placed at the output of the two laser sources (port 1 and port 3) to isolate
the laser transmitted back from the multimode interferometer (MMI).

It has been shown in the above analysis that a single-wavelength laser with a proper
laser detuning and a larger-than-threshold optical power can lead to the OMO process,
where the mechanical resonator is driven into oscillation. This optomechanical oscilla-
tion, in turn, changes the optical cavity resonant frequency and generate the OPT (port
4).

𝜆𝜆𝜆𝜆

Port 1

Port 2

Port 3

Port 4

Port 3 Port 2

𝑡𝑡𝑡𝑡

Port 1 Port 4

FIGURE 3.15: The schematic diagram of generating SWOS with the OMO process in a
cavity optomechanical system. Two laser sources, with one being single-wavelength
and another being broadband, are injected into the optomechanical system through
the two ends. The single-wavelength laser with proper laser detuning and optical
power can drive the mechanical resonator into oscillation. This oscillation, in turn,
changes the optical cavity resonance frequency. Another broadband laser passing
through the optical cavity is filtered into a single-wavelength laser source, whose fre-
quency is modulated by the OMO process. The linewidth of the broadband laser
source is chosen to be smaller than the FSR of the optical microcavity. During the
experiment, two optical isolators should be put on the output of the two laser sources
(port 1 and port 3) to isolate the laser transmitted back from the multimode interfer-

ometer (MMI).

The linewidth of the broadband laser source is chosen to be smaller than the FSR of
the optical microcavity so that the broadband laser injected into the optomechanical
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system passes through the optical cavity and is filtered into a single-wavelength laser
(port 2) whose linewidth equals the decay rate κ of the optical resonator. For instance,
an easily available commercial broadband laser with 1 nm linewidth can be chosen for
an optical microresonator with 2 nm FSR. Due to the optomechanical modulation on the
optical resonant frequencies, the frequencies of the generated single-wavelength laser
is modulated by the OMO process. Thus, a SWOS is realised. Note that the broadband
laser is chosen to have a low power which does not affect the OMO process and the
wavelength range is different from the wavelength of the single-wavelength laser to
avoid interference between them.

The frequency of the generated optical source is chirped along with the mechanical os-
cillation. In the RSR (κ < Ωm), the optical cavity field can not respond fast enough
to the mechanical motion, and the resulting interference between the input broadband
light and the cavity field would result in a distorted-shape output field. In addition,
with the increase of the oscillation amplitude, the OMO evolves into chaos and thus
modulates the cavity resonance frequency randomly and arbitrarily, which is not de-
sired. In the deeply USR (κ ≫ Ωm), that the optical cavity responds fast enough to the
mechanical motion, and the mechanical oscillation can be simultaneously imprinted
into the frequency-chirping of the output field. Even though the OMO process devel-
ops from a harmonic motion into a mushroom-like phase trajectory (Figure 3.9) rep-
resenting two oscillation amplitudes per period, this modulation is controllable and
predictable. Therefore, the deeply USR should be used for OMO-based SWOS genera-
tion. In this regime, the generated optical pulse trains are also short and smooth.

3.4.2 OMO-based SWOS generation for OFDR

I now consider the OMO-based SWOS application in the OFDR, which is shown in
Figure 3.16. The proposed OMO-based SWOS generator can replace the various tradi-
tional SWOS generator reviewed in Section 2.4.3. In the meantime, the simultaneously
generated OPT can be used as a trigger signal to synchronise the sweeping system and
signal processing system.

For the OFDR application, the main related parameters of the generated SWOS are
the frequency-sweeping range ∆F. The frequency-sweeping range ∆F = GA is lin-
early proportional to the dimensionless oscillation amplitude through the relation Ã =

GA/Ωm, where G is the optomechanical coupling coefficient, A is the real oscilla-
tion amplitude, Ωm is the mechanical resonant frequency. Therefore, the frequency-
sweeping range under different system parameters can be obtained by calculating ∆F =

Ωm Ã. Note that for the mushroom-like OMO with two different amplitudes A1 and
A2, the real amplitude is obtained by A = (A1 + A2)/2. The simulated normalised
dimensionless oscillation amplitude Ã variation with P̃ and Γ̃m when κ̃ = 10, 40, 100,
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FIGURE 3.16: The schematic diagram of using the OMO-based SWOS in an OFDR
application. The proposed OMO-based SWOS can replace the traditional sweeping-
frequency sources, and the generated optical pulse trains can be used as a trigger sig-
nal to synchronise the sweeping system and signal processing system. Also, two op-
tical isolators should be put on the output of the two laser sources to isolate the laser

transmitted back from the multimode interferometer (MMI).

respectively, are shown in Figure 3.17. It is shown that the oscillation amplitude Ã in-
creases linearly with the input power in the logarithmic scale plot, and one order of
magnitude decreases in Γ̃m leads to an 3dB increase of Ã. A larger value of κ̃ leads to
a fast response of the optical cavity, while at the same time it decreases the oscillation
amplitude Ã.

Here, the potential of generating OMO-based SWOS in an optomechanical system is
explored with the same optomechanical parameters of the Case 4 shown in Table 3.3.
As illustrated in Section 3.3, such an optomechanical system can generate OPT with
pulse width at 10.2 ns, DC at 0.003, ER at 42.4 dB, which can be used for OTDR appli-
cation with 347.1 m sensing range and 1.05 m spatial resolution. The main parameters
are Ωm/2π = 147 kHz, κ̃ = 100, Γ̃m = 1e − 3, P̃ = 1.95e8. When looking at Figure 3.17
(C), it can be inferred that such a set of optomechanical parameters would lead to OMO
with a normalised oscillation amplitude Ã being at high as around 2.68 × 104. The re-
sulting optical cavity resonant frequency shift is ∆F = ÃΩm = 3.9 GHz. The theoretical
spatial resolution can thus be obtained as,

δz =
c

2ng · ∆F
=

3e8
2 × 1.47 × 3.9e9

m = 2.62 × 10−2 m, (3.41)

where the group index ng = 1.47 of the SM-28 fibre at 1550 nm has been used. The
sensing distance is the same as in the OTDR application, which is 347.1 m. The laser
linewidth fw equals the optical damping rate: fw = κ = 1.47e7 Hz. The coherent length
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FIGURE 3.17: (A, B, C) The simulated mechanical oscillation amplitude Ã variation
with P̃ and Γ̃m when κ̃ = 10, 40, 100, respectively. The laser detuning ∆̃ is set to
a constant at the optimal value associated with a minimum threshold power. The
frequency-sweeping range depends on both the mechanical frequency and the me-

chanical resonant frequency, which can be expressed as ∆F = ÃΩm.

of this laser source is thus given as,

Lc =
c

π fw
= 6.5 m, (3.42)

Although this coherent length is quite limited, the long-distance of OFDR sensing be-
yond the coherence length has been investigated by using phase noise compensation
[121, 88] or phase term analysis [122]. Also, it should be noted that the spatial reso-
lution can be further enhanced by increasing the oscillation amplitude. For example,
in [51], the authors demonstrated an oscillation amplitude greater than 300 nm in an
optomechanical system with G = 1 GHz/nm, which corresponds to a sweeping range
of 300 GHz and spatial resolution of around 10 µm. The laser coherent length can be
increased by a larger optical Q-factor. For instance, in [56], an optical Q-factor of 875
million can be obtained in a wedge-resonator, through which a laser coherent length of
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431 m can be obtained. However, in such a high-Q optical cavity, an extremely low me-
chanical resonance frequency is required to achieve the USR. The spatial resolution and
laser coherent length of the OFDR measurement using the OMO-based SWOS with the
optomechanical parameters in Case 4 in Table 3.3 and these two ideal cases are shown
in Table 3.5.

TABLE 3.5: The spatial resolution and laser coherent length of the OFDR measure-
ment using the OMO-based SWOS with the optomechanical parameters in Case 4 in

Table 3.3 and other two ideal cases.

Case 4 Ideal case
Spatial resolution (m) 2.62e-2 1e-5 [51]

Laser coherent length (m) 6.5 431 [56]

In a traditional OFDR, the laser frequency is linearly chirped during the measurement
so that the beat frequency is also linearly proportional to the position where the scat-
tering takes place. In this proposed OMO-based SWOS generator, however, the laser
frequency is swept by the OMO process, who develops from a harmonic motion into
a mushroom-like phase trajectory representing two oscillation amplitudes per period
with the increase of oscillation amplitude. The frequency-sweeping is not linear, there-
fore the position can not be mapped to the beat frequency linearly. To solve this issue,
the generated OPT can be used as the synchronisation signal. The signal processing
system can then add a window on the generated SWOS and use only a segment of that
signal as having been implemented in [96]. Also, the nonlinear sweeping pattern can
be processed by the signal processing algorithm to locate the precise position corre-
sponding to the beating frequency [97].

As a summary, here, the OMO process is used to generate SWOS. A single-wavelength
laser with proper detuning and enough power is used to drive the mechanical resonator
to oscillation, and another broadband laser is filtered by the optical cavity whose res-
onance frequency is modulated by the OMO. The output of the broadband laser can
thus be used as a SWOS. The unresolved-sideband regime should be used for the fast
optical cavity response. An example of using this OMO-based SWOS for the OFDR ap-
plication was demonstrated, and a theoretical spatial resolution 2.62× 10−2 m and laser
coherent length 6.5 m can be obtained. Using the previously demonstrated examples
where oscillation amplitude is large enough [51] or optical Q-factor is larger enough
[56], spatial resolution as low as 1 × 10−5 m and laser coherent length as long as 431 m
could be obtained.

3.5 Conclusion and discussion

In this chapter, a novel solution of using the integrated optomechanical system to ad-
dress the issues with the optical probe signal generation in the traditional DFOS system
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has been explored. I first discussed the need for an integrated optical source in DFOS
systems, followed by a comprehensive analysis of the cavity optomechanical coupling
process regarding the OMO threshold and the OMO characteristic in different sideband
regimes. The OMO displays harmonic motion when the oscillation amplitude is small.
It then evolves into chaos in RSR and into a mushroom-like phase trajectory in USR.
Lastly, it was shown that this OMO can be utilised to generate OPT that can be used for
OTDR applications and SWOS that can be used for OFDR applications. Clear examples
and the performance parameters are demonstrated.

During the design of the OMO-based OPT generator and SWOS generator, the trade-
offs need to be considered. The first parameters that need to be decided is the me-
chanical resonant frequency Ωm, which determines the DFOS sensing distance. For
the widely used SOI substrates with top silicon layer in several hundred manometers,
fabricating mechanical resonators with Ωm lower than ∼ MHz is challenging due to
the large Young modulus and small effective mass [45]. These physical properties of
traditional silicon photonics limit the period of the generated OPT and SWOS to be
lower than µs, corresponding to a sensing distance of less than several hundred me-
tres. Therefore, a thick SOI substrate is preferred. Thick SOI can also handle high
optical power, which is necessary for increasing the mechanical oscillation amplitude,
ER and frequency-sweeping range.

On the other hand, Ωm also significantly affects the dimensionless normalised input
laser power as derived in Equation 3.13, with a larger value of Ωm leading to lower
dimensionless P̃, which means a larger real input power Pin, optomechanical coupling
coefficient G or lower effective mass me f f is needed to obtain the same ER, DC or Ã.
When the mechanical resonance frequency Ωm is determined, a suitable optical cavity
decay rate κ should be chosen. A large value of κ (approaching the USR) results in a
sharper optical pulse and less delay between the mechanical motion and the optical
cavity field; however, it leads to smaller ER, DC and oscillation amplitude Ã under the
same input power. This will cause low spatial resolution for both the OTDR and OFDR.
In addition, a large κ causes a broadened linewidth for the sweeping-frequency laser
and thus a reduced coherent length, which also shortens the sensing distance.

Although the cavity optomechanical system parameters design are not independent
of each other, and a lot of trade-offs and physical limitations as discussed above need
to be considered, the proposed OMO-based OPT generator and OMO-Based SWOS
generator will still potentially play an important role for short-distance DFOS appli-
cations. The proposed OMO-based OPT generator and OMO-Based SWOS generator
do not rely on an external RF source, optical modulators for modulation and are fully
integrated with silicon photonics platform; they thus provide unconventional and pre-
viously unattainable control of light to reshape the optical source generation in DFOS
and result in an exceptional simplicity, size reduction that is hard to achieve in conven-
tional solutions. In the long run, a fully on-chip optical probe signal generation can
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be achieved by integrating the laser source on the chip using a heterogeneous integra-
tion method involving the III-V material, which will provide an important milestone
on the path towards high-performance, affordable, and fully integrated dynamic DFOS
system.
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Chapter 4

Silicon optomechanics for on-chip
optical trapping

On-chip optical trapping, which utilises the optical force to trap and manipulate objects
on-chip, has potential applications in biological manipulation, Raman spectroscopy,
and integrated quantum optomechanics. Among the various optical trapping schemes,
on-chip dual-waveguide traps combine the benefits of stable trapping and mass pro-
duction. Various dual-waveguide optical trappings have been reviewed in Chapter 2.
Although many works have been conducted on the dual-waveguide trapping about
the effect of particle size and gap distance on optical trapping capability, no systematic
analysis have been done about the influence of the waveguide geometric size which
obviously acts as an important parameters. There is thus a clear incentive to fill this
gap by systematically investigating the effect of waveguide geometry on trapping ca-
pability, particularly the waveguide thickness under the single-mode condition. This is
critical for maximising the optical trapping capability.

In this chapter, comprehensive studies on the SOI-based on-chip dual-waveguide trap-
ping were conducted. The optical trapping capability of the SOI-based dual-waveguide
structure was first demonstrated using the Lumerical FDTD Solution [123]. Then, the
dual-waveguide optical trapping scheme is optimised, and scaling effects are shown.
Lastly, the potential of using the OMO process as a method to separate and load mi-
cro/nano particles was explored.

4.1 Optical Trapping Force

The interaction between particles and the optical field generates an optical force that
traps the particles, but the way this interaction can be described and analysed depends
on the size of the particle and the wavelength of light.
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When the size of a particle is much larger than the wavelength of the laser, the optical
forces acting on the particle can be analyzed by ray optics treatment [124]. A qualitative
analysis view of the ray optics method is intuitively shown below in Figure 4.1. It is
mainly based on the fact that the momentum is transferred when the light is refracted
and reflected while passing through a particle. Considering the two rays a and b in the
figure, the rays refract as they enter and leave the surface of the dielectric particle, and
the direction in which the rays exit changes with respect to the direction of incidence.
Due to the conservation of momentum, the corresponding optical force Fa and Fb are
generated. It can be found that the resultant force always pushes the particle to the
focus of the beam. Thus a focused laser beam can form a stable 3D optical trap. In
reality, the effect of surface reflection in the particles needs to be considered, which will
push the particle forward along the direction of light. If this force is larger than the
trapping force generated by refraction, the particle will be pushed out of the focus.

a b

ab

f

𝐹𝑎 𝐹𝑏

O

FIGURE 4.1: Qualitative analysis of optical force in Ray optics treatment

If the dimension of the particle is much smaller than the wavelength of the laser, then
the light would fall into the regime of Rayleigh scattering [125]. The particle can be
treated as a dipole in an inhomogeneous electromagnetic field, and the generated opti-
cal force on the dipole can be divided into two parts, gradient force and scattering force.
The gradient force comes from the electrostatic interaction between the induced dipole
and the electromagnetic field, and can be calculated as the sum of the Lorentz force
acting on the particle, which is given by the combination of the electric and magnetic
force on a point charge due to electromagnetic fields [126],

F = ∑
i

Fi = ∑
i

qi(Ei +
dxi

dt
× B), (4.1)

where F is the Lorentz force, q is the charge, E is the electric field intensity, x is the
position vector of the particle, B is the magnetic flux density. Assume that the particle
can be treated as a dipole separated by a distance d = x1 − x2, then Lorentz force can
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be written as,

F = q
(

E1 − E2 +
d(x1 − x2)

dt
× B

)
= q

(
(d · ∇)E +

d(d)
dt

× B
)

.
(4.2)

The dipole momentum of the particle is given by P = qd = αE, where α is the polar-
izability of the particle. Substituting it into the above equation leads to the following
expression,

F = α

(
(E · ∇)E +

d(E)
dt

× B
)

. (4.3)

By using the following Maxwell Equation 4.4 and vector identity Equation 4.5,

∇× E = −dB
dt

, (4.4)

(E · ∇)E = ∇(
E2

2
)− E × (∇× E), (4.5)

The results can be given by,

F = α

(
∇E2

2
− E × (∇× E) +

dE
dt

× B
)

= α

(
∇E2

2
− E × (−dB

dt
) +

dE
dt

× B
)

= α

(
∇E2

2
+

d(E × B)
dt

)
.

(4.6)

It can be found that the second term of the above equation corresponds to the derivative
of the Poynting vector, which will be zero for a stable continuous laser. Therefore, the
optical force when the particle is much smaller than the laser wavelength is given by,

F(r) =
α

2
∇|E(r)|2, (4.7)

where r = (x, y, z) is the location of the centre of the particle, α is the polarisability of
the induced dipole of a spherical dielectric particle given by [127],

α = 4πϵ2a3 ϵ1 − ϵ2

ϵ1 + 2ϵ2
. (4.8)

Here, a is the radius of the spherical dielectric particle, ϵ1 and ϵ2 are the dielectric con-
stant of the particle and the surrounding medium respectively. The relationship be-
tween electric field E and field intensity I can be given by,

I(r) = cn2ϵ0
|E(r)|2

2
, (4.9)

where n2 is the refractive index of the surrounding medium, ϵ0 is the dielectric constant
in the vacuum. For the dielectric material, ϵ2 ≈ ϵ0n2

2. Combining the Equation 4.8 and
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Equation 4.9 into the Equation 4.7 yeilds the following,

Fgrad(r) =
4πa3n2

c

(
n2

1 − n2
2

n2
1 + 2n2

2

)
∇I(r), (4.10)

where n1 is the refractive index of the dielectric spherical particle. From the equation
above, it can be found that the gradient force on the particle is proportional to the
gradient of the optical field intensity. This means that the gradient force acting on the
particle always points toward the highest intensity part of the beam. If a focused laser
beam is applied to a particle, then the particle will be trapped near the focus, and the
gradient force acts as a restorative force that keeps the particle in the trap.

There is also a scattering radiation force acting on the particle in the propagation direc-
tion of the light beam. It originates from the radiation of secondary or scattered waves
from the oscillating electric dipole in the electric field, which can be written as [125],

Fscat(r) = z
128π5a6

3cλ4

(
n2

1 − n2
2

n2
1 + 2n2

2

)2

n5
2 I, (4.11)

where λ is the wavelength of the laser light, z represents the unit vector in the direction
of propagation.

When looking at the optical gradient force Equation 4.10 and the optical scattering force
Equation 4.11, it is interesting to note that the former scales with the particle size as a3

while the latter scales faster as a6. Therefore, for a certain value of particle size a, the
scattering force will dominate. For the single beam optical trapping scheme where the
scattering force is stronger than the gradient force, the particle will be pushed out of the
trap. Therefore, this poses an upper limit on the particle size that a single beam optical
trap can handle. For the standing wave trapping or dual-beam trapping, the scattering
forces are balanced, and only the gradient forces work on the particle.

The third situation is when the particle size is comparable to the laser wavelength. In
this case, neither ray optics nor Rayleigh scattering condition is met, and the general-
ized Lorenz-Mie theory should be used. It enables the calculation of optical forces with
any laser source and particle shape, including the optical calculation in the Rayleigh
regime. The theoretical derivation of the method is just too complex to be discussed
here, a detailed description of this analytical method can be found in [128, 129].

4.2 Dual-waveguide optical trapping

In this section, the simulation setup in Lumerical FDTD solution for the dual-waveguide
trapping will be introduced. Detailed introduction of FDTD method, simulation model,
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field intensity distribution and the trapping capability of the dual-waveguide scheme
will be given.

4.2.1 Finite-difference time-domain (FDTD) method

The finite-difference time-domain (FDTD) method [123] is used in this chapter to study
the electromagnetic fields for the dual-waveguide optical trapping. FDTD is a method
to solve Maxwell’s equations in the time domain. The equations are solved numeri-
cally on a discrete grid in both space and time, and derivatives are handled with fi-
nite differences. Since it solves for all vector components of the electric and magnetic
fields, it is a fully-vectorial simulation method. Due to the fact that it is a time-domain
method, FDTD can usually calculate broadband frequency results with a single sim-
ulation. FDTD method has emerged as the primary and effective simulation method
for electromagnetic wave interaction with material structures, especially in the wave
optics regime where the feature size is on the order of the wavelength and diffraction,
interference, coherence and other similar effects play a critical role.

This research aims at the simulation of the interaction of light emitted from the inte-
grated waveguide and nano-size dielectric particles, which exactly falls into the scope
of the FDTD method.

4.2.2 Dual-waveguide configuration

The dual-waveguide optical trapping model used for the simulation in Lumerical’s
FDTD solutions is shown below in Figure 4.2. Two identical rib waveguides with width
w and thickness t made from an SOI substrate are separated by an intentionally de-
signed gap with distance L. Compared to the TripleX and Ti2O5 platforms that have
been used in previous dual-waveguide traps [74, 80], the SOI substrate shows more
advantages because it is commercially available at low cost and is CMOS compatible.
In addition, the state-of-the-art silicon photonics technologies facilitate the integration
of electronics, optics, and mechanics on the same wafer, in the same fabrication facility.

In the simulation, two in-phase mode sources, with the same power of 50 mW each,
are placed at 0.5 µm from the end facet of the waveguides with opposite injection di-
rections. The fundamental transverse electric (TE) mode shown in Figure 4.3 is excited
in each source. The material of the guided layer and bottom cladding layer are set to
be Silicon and SiO2, respectively. Before running the simulation, the refractive index is
fitted according to the material library of the Lumerical software. The background in-
dex of the model is set to be 1, which corresponds to the air or vacuum environment. A
rib geometry is chosen because it can maintain the single-mode condition even in thick
waveguides. The etching ratio, defined as the ratio of the etched thickness to the overall
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FIGURE 4.2: Schematic of the simulation model for the dual-waveguide optical trap.
Two identical rib waveguides are separated by a gap distance L, and two in-phase
mode sources with the same powers of 50 mW are placed at 0.5 µm from the end facet
of the waveguides with opposite injection directions. To maintain the single-mode
condition, the waveguide width is set to be w = 0.87 t, where t is the thickness of the

waveguide.

thickness of the silicon layer, is kept as a constant of 0.5, and the waveguide width is set
to be w = 0.87 t, which is the maximum value to maintain the single-mode condition
[130]. The waveguide slab width is set to be 10 µm considering the higher-order mode
leakage into the slab, and the thickness of SiO2 is set to be 2 µm.

FIGURE 4.3: TE mode profile of the rib waveguide from the two in-phase mode
sources.

The coordinate origin point is set to be at the centre of the gap in the x-direction, at
the centre of the waveguide width in the y-direction and on the slab surface in the z-
direction. The FDTD simulation domain is set to be 10 µm in both y- and z-direction.
In the x-direction, the simulation domain is L + 3 µm. A perfectly matched layer (PML)
is used as the boundary condition. Three frequency-domain field and power monitors
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are placed in three separate planes, namely the XY plane, XZ plane, and YZ plane, to
measure the optical intensity distribution between the waveguides. When implement-
ing the FDTD simulation, a 50 nm mesh size is used, which is proven to be fine enough
to resolve the fields through the FDTD mesh convergence test.

4.2.3 Intensity field profile

The dual-waveguide trap with waveguides thickness t = 2 µm and input wavelength
λ = 1550 nm is first simulated to study the characteristics between the two waveg-
uides. The simulated optical field profiles in the XY plane (Z=0) and XZ plane (Y=0),
are shown in Figure 4.4 (A and B) for a gap distance L = 1 µm, and in Figure 4.4(C and
D) for a gap distance L = 3 µm. In the intensity field profiles, the colours bar represent
the intensity of the field. It can be found that both in the XY plane and XZ plane the
light guided inside the waveguides diverges rapidly at the end facet and then interferes
to generate several periodically distributed local maximum intensity points inside the
gap area. There is one point for the gap distance L = 1 µm and three points for the gap
distance L = 3 µm. These hot points are the positions where particles can be trapped by
the optical gradient force. The interference fringe can also be found in the waveguide,
which is caused by the interference of propagating light and reflected light from the
waveguide facet. Within the gap, the period deduced from the modulation patterns
is in close agreement with the theoretical value of λ/2 = 775 nm. When comparing
the field profiles in XY plane and XZ plane, it is apparent that the beam leaving the
waveguides in XZ plane is more divergent than in XY plane, since the confinement of
the waveguide mode is tighter in the vertical direction than in the horizontal direction.

The periodic pattern within the gap is generated by interferometric modulations from
two aspects. Firstly, it is the interference between the propagating light transmitted
out of one waveguide facet and the reflected light from the facet of another waveguide.
Secondly, it is the interference between the two counter-propagation beams which come
from the two mode sources and are transmitted out of the end facets of the waveguides.
Due to the much larger transmission over reflection at the air/silicon interface [44],
the second type of interference dominates. Given the condition that the two mode
sources are set in phase, there is a constructive interference effect at the centre due to the
matched distances to the mode sources. Therefore, the intensity at the centre is always
a local maximum while changing the gap. This constructive interference also happens
at locations in the x-axis where x = ± kλ

2 , k = 0, 1, 2..., in which the gap distance L must
be greater than (2k+1)λ

2 . These points are further called the trapping points.
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(A) L = 1 µm, XY plane (B) L = 1 µm, XZ plane

(C) L = 3 µm, XY plane (D) L = 3 µm, XZ plane

FIGURE 4.4: (A and B) Field intensity profile for a gap distance L = 1 µm in XY
plane and XZ plane, respectively. (C and D) Field intensity profile for a gap distance

L = 3 µm in XY plane and XZ plane, respectively.

4.2.4 Optical trapping force and trapping potential

Assuming a dielectric particle is placed within the gap, the particle will be trapped to
one of the trapping points owning to the optical gradient force pointing to the region
with the highest optical intensity. Due to the conservative nature of the optical gradient
force, a unique value called trapping potential can be assigned to each location. The
depth of the trapping potential well plays a crucial role in keeping the trapped particles
within the optical trap and can be used to characterise the optical trapping capability.
The deeper the potential well is, the more stable the optical trap becomes. According
to Ashkin’s stability criterion [64], the depth of the potential well has to be higher than
10kBT, where kB is the Boltzmann constant and T is the ambient temperature, to make
the optical trapping capability strong enough to offset the effect of Brownian thermal
vibration of the particle so that the particle can be stably trapped.

In Lumerical’s FDTD Solutions, the optical force acting on a particle can be calculated
by calculating the volume integral of the time-averaged Lorentz force density for a cube
enclosing the particle [131]. The force at each mesh point is given by,

F = ϵbϵ0(∇ · E)E − iwϵ0(ϵr − ϵb)E × B, (4.12)
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where ϵ0 is the vacuum permittivity, ϵb and ϵr are the background relative permittivity
of the medium and particle. After that, the trapping potential can be calculated by in-
tegrating the optical force over the space of the particle. Here, an SOI dual-waveguide
optical trap with waveguide thickness t = 3.5 µm and gap distance L = 4 µm is demon-
strated, in which a silica sphere with 200 nm diameter is trapped at the centre. The input
optical wavelength is 1550 nm and the applied power is set to be 50 mW. The simulated
optical force and trapping potential for the y-axis (Figure 4.5 (A)), z-axis (Figure 4.5 (B))
and x-axis (Figure 4.5 (C)) are plotted below respectively. In the figures, the resulting
trapping potentials are normalized to kBT (T=300K).
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FIGURE 4.5: (A, B and C) The simulated optical force and trapping potential for a silica
sphere with 200 nm diameter trapped at the centre of a dual-waveguide optical trap
with waveguide thickness t = 3.5 µm and gap distance L = 4 µm in the y-axis, z-axis

and x-axis respectively. Note that the applied optical power is 50 mW each.

It can be found from Figure 4.5 (A and B) that a stable optical trap for 200 nm particles
can be formed along the y-direction and z-direction with a 50 mW applied power. The
optical force is linear around the centre and shows a restoring character attracting the
particle to the centre. While in the X direction, multiple trapping points are generated
along the x-axis, which agrees with the field intensity pattern analysis in Section 4.2.3.
According to the criteria of stable trapping, the potentials in all three directions are
deep enough to overcome the particle Brownian motion and thus form a stable optical
trap.



68 Chapter 4. Silicon optomechanics for on-chip optical trapping

4.2.5 Optical trapping capability for different particle size

The trapping capability, namely the optical force and trapping potential of the dual-
waveguide optical trap is first studied for different particle sizes. The SOI dual-waveguide
optical trap was set with waveguide thickness t = 3.5 µm and gap distance L = 4 µm,
in which a silica sphere with radius as 50 nm, 100nm, 150 nm and 200 nm is trapped
at the centre. The input optical wavelength is 1550 nm, and the applied power is set
to be 50 mW. The calculated optical forces and trapping potentials are shown below in
Figure 4.6.

For optical force in z- and y-direction shown in Figure 4.6 (A, C), there is always a neg-
ative slope around the original point, and the force is linearly dependent on the dis-
placement. This negative slope indicates that the force is a restoring force pushing the
particle back to its origin. With the shifting distance increasing, the forces experience
an extreme point, after which the force gradually falls back to zero. When increasing
the particle size, the position of the extreme points move away from the origin, and
a larger optical force is generated on the particle. From the optical trapping potential
shown in Figure 4.6 (B, D), it can be seen that the depths of the potential wells are much
higher than 10 which acts as the criteria for stable trapping. Crucially, it is clear that a
larger particle leads to a deeper potential well.

For the optical force and trapping potential in the x-direction, it can be found from Fig-
ure 4.6 (E, F) that there are more than one points that can trap a particle; this originates
from the optical interference within the gap. It can also be found that larger particle
size leads to larger optical force and trapping potential. In the origin point, the optical
force curve always has a negative slope that pushes the particles to an intensity local
maximum point. However, it has been shown in [132] that with the further increase
of the particle size, the optical force in a standing wave trap depends periodically on
particle size and the trapping point changes between interference maxima and minima,
which means the origin point is not always a trapping point.

The process of calculating optical force and trapping potential using the volume in-
tegration method shown above can only be implemented by parametrically sweeping
the location of the particle to get the optical force acting on the particle at each position,
which will require significant computational resources. The simulation time may even
increase by orders of magnitude if the effect of gap distance and waveguide thickness
also need to be analysed. Therefore, another figure of merit to quickly assess the optical
trapping capability is desired.

It has been shown in section 4.1 that the particles interacting with light can be treated
as point dipole charges in an electric field when the particle size falls into the Rayleigh
scattering regime. The induced dipole moment can is p = αE. The energy of the dipole
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(D) Optical trapping potential in the z-axis
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FIGURE 4.6: The simulated optical force and trapping potential for a silica sphere with
radius of 50 nm, 100nm, 150 nm and 200 nm trapped at the centre of a dual-waveguide
optical trap with waveguide thickness t = 3.5 µm and gap distance L = 4 µm in the
y-axis, z-axis and x-axis respectively. Note that the applied optical power is 50 mW

each.

can be then written as [127],

U = −p · E = −α|E|2, (4.13)
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where α is the polarisability of the dielectric particle given by Equation 4.8. Therefore,
the depth of the generated optical trapping potential well is given by,

U = −8πn2r3 I(r)
c

(
n2

1 − n2
2

n2
1 + 2n2

2

)
. (4.14)

From Equation 4.14, the optical trapping potential is linearly proportional to the field
intensity I, which means the optical trapping capability can be characterised by the
optical intensity in the trapping point if the Rayleigh scattering condition is matched.
Here, only the particles with dimensions from tens of nanometer to several hundred
nanometers are studied, which match the Rayleigh particle condition for the simu-
lation wavelength near 1550 nm. Therefore, a dual-waveguide optical trap configu-
ration without a particle is used to simulate the trapping characteristics of the dual-
waveguide optical trap. In the meantime, the optical intensity I is also linearly propor-
tional to the square of the electric field amplitude |E|2 from Equation 4.9. Thus, |E|2

is chosen to represent the optical intensity within the gap and to work as the figure of
merit to assess the trapping capability under different waveguide thicknesses. It has to
be understood that this depends on the prerequisite that the particle size falls into the
Rayleigh scattering regime. For larger particles out of this regime, the optical potential
is complicated and are not just related to the optical field intensity, which is beyond the
scope of this research.

4.3 Dual-waveguide optical trapping optimisation and scaling
effect

4.3.1 Intensity field distribution over different waveguide thickness

Following the discussion in section 4.2.5 that the field intensity can be used to charac-
terise the trapping capability, the optical field distribution features within the gap of
the optical traps are analysed under different waveguide thicknesses. When the wave-
length λ = 1550 nm, the simulated optical field intensity profiles in the x-axis for dual-
waveguide traps with waveguide thicknesses from 0.5 µm to 4 µm are shown below in
Figure 4.7 for gap distance L = 0.775 µm, L = 2.325 µm, L = 3.875 µm, L = 5.425 µm,
respectively. Those four gap distance theoretically meet the standing wave condition
when the wavelength is λ = 1550 nm. It can be found the number of trapping points,
namely the local intensity maximum points, increases with the gap distance L. In each
of the trapping points along the x-axis, it is apparent that there is a waveguide thick-
ness value in which the optical intensity reaches its local highest, meaning that there
is an optimal waveguide thickness that maximises the optical intensity and trapping
capability.
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(D) L = 5.425 µm

FIGURE 4.7: Field intensity profile in the x-axis for dual-waveguide trap with waveg-
uide thickness from 0.5 µm to 4 µm when (A) the gap distance L=0.775 µm. (B) the gap
distance L=2.325 µm. (C) the gap distance L=3.875 µm. (D) the gap distance L=5.425

µm. The grey line in the figures show the contour map of the optical intensity.

When looking at the field intensity near the edges of the gap in the four figures, it is
interesting to note that the intensity curves at the edges almost align with each other for
different gap distances and in the meantime, decreases with the waveguide thickness
for each curve. This is because the input power of the two mode sources is set to be
the same for different waveguide thicknesses, and thus the field intensity is reversely
proportional to the waveguide cross-section area, which means the waveguide with
smaller thickness has higher field intensity. Besides, across the air/silicon interface, i.e.
the end of the waveguide, the field intensity distribution is continuous, and this makes
the intensity at the two edges of the gap dependant only on the waveguide thickness
and independent of the gap distances between two waveguides. Therefore, the val-
ues of the intensity at the edge of the gap are equal for configurations with the same
waveguide thickness. On the other hand, the radiation loss within the gap increase
with gap distance, so the overall intensity inside the gap decreases with the gap dis-
tance. This makes the peaks near the edge of a large distance gap more prominent than
the counterpart in a small distance gap. Therefore, two high peaks on the two edges of
the gap are observed clearly in the case of small waveguide thickness in Figure 4.7 (B,
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C and D). As a comparison, the peaks in Figure 4.7 (A) is not that prominent due to the
high-intensity hot spot inside the gap.

What deserves noting is the second-highest intensity area in Figure 4.7 (A) and the
highest intensity areas in Figure 4.7 (B, C and D). They are at the edge of the gap
area when the waveguide thickness is small. There are two theoretical trapping points
close to the edge of the gap x ≈ ±0.775 µm for Figure 4.7 (B), x ≈ ±1.55 µm for Fig-
ure 4.7 (C), x ≈ ±2.325 µm for Figure 4.7 (D), at the configuration with larger waveg-
uide thickness, where the local maximum intensity points exist. Particles can be thus
trapped here rather than attracted to the end facet. As for the case of small waveguide
thickness, however, the intensity at the edge of the gap is too high that the theoreti-
cal trapping points disappear, and particles would be attracted to the end facet of the
waveguides. This feature is very meaningful in overcoming the drawbacks in tradi-
tional dual-waveguide optical trapping, where particles can be easily attracted to the
end of the waveguide, by properly designing the waveguide thickness and gap dis-
tance.

4.3.2 Optimal waveguide thickness for optical trapping

When the wavelength is λ = 1550 nm, a parametric sweep of the gap distance L and
waveguide thickness t in FDTD Solutions is conducted to study the effect of these two
parameters on the field intensity at the trapping points, which represents the trapping
capability there. The waveguide thickness t is swept from 0.5 µm to 4 µm, and the
gap distance L is swept from 0.5 µm to 6.2 µm. During the simulation, the value of
each input mode source electric amplitude for optical traps with different waveguides
thicknesses are elaborately set to ensure that each input power of the two in-phase
sources is kept as a constant at 50 mW. The input power is calculated by the built-in
function “sourcepower” of the FDTD Solutions. By doing this, the effect of the input
optical power on the trapping capability can be eliminated and the study can be focused
on the impact of waveguide thickness t and gap distance L.

As analysed above, there are multiple trapping points within the gap. For the trapping
points located at x = 0, x = ±λ/2, x = ±λ, further called the centre, X1 and X2,
Figure 4.8 (A ,B, C) show the relation of the field intensity as a function of the gap dis-
tance L and the waveguide thickness t respectively. The ‘ridge’ like intensity surfaces
show that the field intensity generally decreases with the gap distance L in all three of
the graphs. This is intuitive because a larger gap distance means more radiation mode
energy is diverged and lost to the outside medium environment, leading to a lower op-
tical intensity within the gap. At the position of the ridges, however, periodically local
maximum intensity points along the gap distance direction can be found, which are
attributed to the constructive interference of light between the two waveguide facets
when the gap distance L matches the standing wave condition. It is also apparent that,
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FIGURE 4.8: (A,B, and C) The field intensity as a function of the gap distance L and
the waveguide thickness t at the centre, X1, X2, respectively. The colour represents the

optical intensity. The wavelength λ = 1550 nm

for each gap distance L, there is a value of waveguide thickness t that can maximise
the optical intensity, which is called the optimal waveguide thickness top. These fig-
ures also show that top is not a constant but rather dependent on the gap distance L.
This can be understood by considering the dual-waveguide optical trap as a coupled-
resonator model which has been introduced in [44]. In the coupled-resonator model,
the maximum intensity within the resonator occurs when the critical coupling condi-
tion is matched, namely κe = κi, where κe refers to the loss rate associated with the
input coupling, and κi refers to the remaining internal loss. In the dual-waveguide con-
figuration described here, κe and κi are determined by waveguide thickness t and gap
distance L. Even though the accurate numerical relationship between them is still un-
clear and currently under exploration, what is certain is that there is an optimal combi-
nation of waveguide thickness t and gap distance L according to the coupled-resonator
theory, thus there exists an optimal waveguide thickness top for each gap distance L to
maximise the intensity.

Extracted from the field intensity profiles in Figure 4.8, Figure 4.9 shows the maximum
optical intensity and the corresponding optimal waveguide thickness top over the gap
distance L at the trapping points at the centre, X1, X2. From the red curves represent-
ing the maximum optical intensity, periodic peaks along with a descending trend are
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observed. The periodic peaks come from intensity enhancement due to standing wave
modulation, while the descending trend is caused by the increased optical energy loss
to the environment with gap distance. It can also be found that the maximum intensity
curves at the centre, X1, and X2 align with each other very well, meaning the maximum
trapping capability for the centre, X1 and X2 are almost at the same level.
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FIGURE 4.9: The extracted maximum optical intensity and optimal waveguide thick-
ness top as a function of the gap distance L at the centre, X1, X2. The blue curves
represent the extracted data for the optical waveguide thickness top, while the red
curves indicate the corresponding maximum optical intensity. The curves with trian-
gular, rectangular, and star shape symbols represent the data for the trapping point at

the centre, X1, and X2, respectively.

From the blue curves representing the optimal waveguide thickness top, it can be found
that top generally increases with the gap distance, which indicates a thicker waveguide
is preferred to maximise the trapping capability with a larger gap distance. However,
the trends do not monotonically increase but rather change with a periodic feature
whose period matches perfectly with the red curves for maximum intensity.

Looking into the difference between the optical waveguide thickness curves for the
three trapping points, it is found that the top for the trapping point at the centre is
larger than that for the trapping points at X1 and X2. Nevertheless, when the gap
distance matches the standing wave condition, the top is generally consistent with each
other.

4.3.3 Scaling effect over the wavelength

In the above analyses, the wavelength λ are set to be 1550 nm. However, other wave-
lengths can also be used in optical trapping applications, such as 785nm which has
been used for Raman spectroscopy excitation in optical trapping demonstrated in [74].
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In addition, the input optical wavelength can be easily tailored to maximise the trap-
ping capability through a tunable laser, for which the role the input wavelength plays
in the design of dual-waveguide optical traps must be explored. Therefore, in addition
to the sweep of the waveguide thickness t and the gap distance L, another parametric
sweep of the wavelength λ from 1100 nm to 2000 nm was conducted to study the effect
of wavelength on the optimal waveguide thickness top. Again, waveguide thickness t
is swept from 0.5 µm to 4 µm, and gap distance L is swept from 0.5 µm to 6.2 µm. The
input optical power is set to be the same at 50 mW for each mode source to eliminate
the effect of the input power.
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FIGURE 4.10: (A,B, and C) Normalised optimal waveguide thickness top norm = top/λ
as a function of the normalised gap distance Lnorm = L/λ at the trapping point at the

centre, X1, X2, respectively.

To take into account the effect of optical wavelength, the geometric value, namely the
gap distance L and the waveguide thickness t are normalised to the input wavelength
λ. Figure 4.10 show the normalised optimal waveguide thickness top norm = top/λ as
a function of the normalised gap distance Lnorm = L/λ at the trapping point at the
centre, X1, X2, respectively. In each figure, the curves for different wavelengths are
plotted with different colours and symbols. These three figures all demonstrate that,
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for different input wavelengths λ, the top/λ over L/λ curves align with each other
very well except for the discrepancy near the first peak in Figure 4.10 (C). This can be
attributed to the dramatic intensity difference between the waveguide end facet and the
X2 trapping point. These results clearly demonstrate the scaling effects of the optimal
waveguide thickness and the gap distance over the optical wavelength. The scaling
effect is intuitive because gap distance and waveguide thickness are both geometric
parameters, so that the whole system for different wavelengths could be shrank or
enlarged to make the systems equivalent to each other.

Analogous to the findings in Section.4.3.2 for a wavelength of 1550 nm, these curves
also show that the normalised optimal waveguide thickness top norm generally increases
with the normalised gap distance Lnorm, along with a periodic feature. The top norm over
Lnorm curves reach their peaks when the normalised gap distance is Lnorm = L/λ = n+

0.5, n = 0, 1, 2. . . , which matches the standing wave condition of the dual-waveguide
configuration. In comparison to the curves at the trapping point at the centre shown in
Figure 4.10 (A), the curves in Figure 4.10 (B, C) start from Lnorm ≈ 1.5 and Lnorm ≈ 2.5,
because the trapping points X1 and X2 only exist when the Lnorm ≥ 1.5 and Lnorm ≥ 1.5,
respectively.
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FIGURE 4.11: From top to bottom: Maximum intensity as a function of normalized
gap distance Lnorm = L/λ at the trapping point at the centre, X1, X2, respectively. In
each figure, the curves for different wavelengths are plotted with different colours and

symbols.

Figure 4.11 show the corresponding maximum field intensity as a function of the nor-
malised gap distance Lnorm = L/λ at the trapping point at the centre, X1, X2, respec-
tively. These curves also show clear periodic standing wave features which result from
the interference effect. It is interesting to note that the larger optical wavelength leads to
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weaker trapping capability. This is obvious as larger optical wavelength λ means larger
gap distance L in the case of the same normalized gap distance Lnorm = L/λ, which
gives rise to greater radiation loss within the gap. Therefore, a shorter input wave-
length is generally preferred when a stronger trapping capability is desired. Commu-
nication band 1550 nm wavelength laser is usually used in the SOI waveguide platform
owing to its easy accessibility and low waveguide propagation loss, while wavelength
below 1200 nm can not be used in the SOI platform due to the high material absorption
loss. Compared to the SOI platform, the previously used Si3N4 or Ta2O5 is transparent
at visible wavelength 532 nm, which can be used to enhance the trapping capability as
has been analysed above. However, the fabrication complexity may hinder their use.

From the point of application, the input power should always be made the best of to
maximise the trapping capability within the gap. Further, the gap distance or wave-
length can be adjusted to meet the standing wave condition when the optical inten-
sity reaches a local maximum. Thus, here, the values of normalised waveguide thick-
ness top norm are roughly summarised for trapping points at the centre, X1, X2, when
the standing wave condition is matched, namely the normalised gap distance Lnorm =

L/λ = n + 0.5, n = 0, 1, 2. . . . Only a rough value of top norm could be obtained because
they are not always precisely located in the standing wave points due to the discrete
and limited number of positions in the simulations. The results are shown below in
Table 4.1. It can be seen from the table that when the gap distance matches the standing
wave condition, the top is generally consistent with each other for the trapping points at
Center, X1, and X2. There is a subtle difference among them, showing that the top norm

is slightly smaller when trapping a particle at the side rather than that at the centre.
Furthermore, it is evident that a larger waveguide thickness is desired with a larger
gap distance, providing that the standing wave condition is fulfilled.

Normalised gap distance
Normalised optimal waveguide thickness top norm

Centre X1 X2

Lnorm = 0.5 1.2 – –
Lnorm = 1.5 1.8 1.8 0
Lnorm = 2.5 2.25 2.2 2.1
Lnorm = 3.5 2.6 2.5 2.4
Lnorm = 4.5 2.9 2.8 2.6

... ... ... ...

TABLE 4.1: The value of normalised optimal waveguide thickness top norm when the
Normalised gap distance Lnorm matches the standing wave condition for trapping

point at Center, X1 and X2.
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4.4 Optomechanical oscillation for separating micro/nano-particles

4.4.1 Micro/nano-article loading

A key technique to the application of optical trapping is the efficient and controllable
particle loading process. For optical trapping in a liquid environment, the micro/nano
particles can be suspended for a long time due to the buoyancy force, thus the particles
near the optical trap can be easily captured. In the air or vacuum, however, the particles
need to be detached from the storage surface and launched into air around the optical
trap. This is not an easy process due to the large adhesion force between the particles
and surface when compared to the gravitational force acting on the particle.

In previously demonstrated macroscopic optical trapping setup in optical trapping in
air or vacuum, two methods are mainly utilized to launch the particles, ultrasonic neb-
uliser source and piezo vibration. Ultrasonic nebuliser breaks the diluted solution of
the nanoparticles into small droplets and disperses the droplets containing nano par-
ticles into the optical trapping area. The solution must be highly volatile so that it
can evaporate quickly, and then the particle can be trapped. Piezo vibration is used
mainly for separating and loading micron-sized particles on the piezoelectric plate.
High-frequency vibration of the plate can separate the particles from the surface of the
plate due to the large acceleration acting on the particle.

For on-chip optical trapping in air or vacuum, the nebuliser cannot accurately spray
the diluted solution to the designed trapping area but rather to the whole area of the
chip, which causes huge contamination or even damage to the chip. The same issues
also stand out for the external piezo vibration method, in which accurate loading seems
impossible due to the large size of the piezoelectric plate. A plausible solution is to fab-
ricate an on-chip piezoelectric vibrator to the optical trapping chip, but this requires
heterogeneous integration of material with a high piezoelectric coefficient, which in-
creases the complexity in terms of both designs and fabrication.

In the on-chip cavity optomechanical systems, it has been shown in Chapter 3 that
the dynamic back-action effect can lead to on-chip self-sustained optomechanical os-
cillation (OMO), where the mechanical resonator is first heated and finally driven into
oscillation by the optical cavity field. These self-sustained OMO devices can be fab-
ricated on the SOI substrate with the fabrication process compatible with previously
proposed on-chip dual-waveguide optical trapping. In addition, the oscillation can be
excited and sustained purely by the optical field without the need of the introduction of
external electrical input, which greatly eases the fabrication and application complex-
ity.

Here, it is proposed that the on-chip cavity optomechanical oscillation process could be
used to break the adherent force and load the particle to the optical trap.
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4.4.2 Micro/Nano Particles separation threshold

When two particles in a vacuum or air are close to each other, attractive forces such as
the Van der Waal’s force arise between them. A pull-off force, which is the minimum
force that breaks the connection, is thus necessary to separate the adhering particles.
The interaction between two solid spheres is usually described by the model of John-
son, Kendall, and Roberts (JKR) [133] or the model of Derjaguin, Muller and Toporov
(DMT) [134]. The JKR model is suitable for the analysis between large and soft parti-
cles, while DMT model is used for analysis for small and hard solid particles. For the
on-chip optical trapping in vacuum considered in this part, micro/nano-size particles
need to be trapped, and thus the DMT model is used for the analysis here. The DMT
model predicts a pull-off force between two spherical particles as:

F = 4πReγ. (4.15)

Here γ is the effective solid surface energy and Re is the reduced radius of the two
particle surfaces, Re = R1R2/(R1 + R2), with R1 and R2 being the individual particle
radii. For the case with two identical spherical particles, Re = R1/2 = R2/2. For
the case with a planar surface and a particle, the radius of the planer surface is +∞,
thus Re = R1, with R1 being the radius of the particle. A large number of spherical
particles are assumed to be on a planar surface, and the particles are not only adhered
to each other but also to the surface. According to the analysis above, the pull-off force
between particles is only half of that between the particle and the planar surface. When
the surface is vibrated, and the acceleration is increased gradually, the particles will
be set apart from each other before being pulled off from the surface. Therefore, the
case of particles adhered to a planar surface is considered for the separation threshold
analysis.

In [135], the authors conducted experiments based on the principles of atomic force
microscopy (AFM) to directly measure the pull-off force between two silica spheres of
radii between 0.5 and 2.5 µm. The results show a linear dependence of the pull-off
force on the particle radius, and an effective solid surface energy γ = 0.0186J/m2 was
obtained for the above DMT model. With this value of γ, the pull-off force between a
1 µm-diameter silica particle and a glass surface is calculated to be 88nN. The gravita-
tional force on the same particle is about 12 f N, which is seven orders of magnitude
smaller than the pull-off force.

The separation threshold for silica microsphere particles stuck on a glass surface by the
Van der Waal’s force is then considered. The required acceleration to break the adhesive
connection is thus given by,

a =
F
M

=
4πRγ
4
3 πR3ρ

=
3γ

R2ρ
, (4.16)
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where ρ = 2330 kg/m3 is the density of the silica sphere. The calculated relationship
between the required acceleration and the particle size is shown below in Figure 4.12. It
can be found that a 1 µm diameter silica microsphere particle needs at least an acceler-
ation of about 1.2× 108m/s2 to break the Van der Waal’s force. The smaller the particle,
the larger acceleration is required to break the connection.
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FIGURE 4.12: The required minimum acceleration needed to break the adherent force
and separate a silica sphere from a flat surface.

4.4.3 Optomechanical oscillation for separating particles

In section 3.3, the application of OMO for optical pulse generation has been discussed,
which analysed the optical field during the oscillation. Here, the mechanical motion
during this oscillation will be discussed and the application for a sonicating source that
can be used to separate micro/nano particles will be given.

For the purpose of separating particles using OMO, a large acceleration during the
oscillation is required. For oscillation with a sinusoidal pattern, the acceleration is lin-
early proportional to the oscillation amplitude. It has been shown that this harmonic
oscillation assumption breaks down in a large oscillation amplitude regime. From the
OMO process in the chaos regime, the mechanical motion is random and quite sen-
sitive to the initial condition. This poses challenges for the application for separating
particles in on-chip levitated optomechanics because of the uncertainty when design-
ing the on-chip cavity optomechanical device. Therefore, the chaos regime should be
avoided for separating particles. For the OMO process with mushroomlike phase tra-
jectory shown in Figure 3.9, it can be seen that the value of the normalised acceleration
d2 x̃/dt̃2 experiences an increase by nearly an order of magnitude to 6 × 105 when the
optical cavity is in resonance, which is very beneficial for particle separation. Here, a
real cavity optomechanical system is assumed with a reasonable set of parameters as:
mechanical resonant frequency Ωm/2π = 5 MHz, optomechanical coupling coefficient
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G = 2π × 1 GHz nm−1, effective mechanical mass me f f = 1 pg, input laser wavelength
λL = 1550 nm. According to the transformation relationships shown in Section 3.1.2,
the maximum acceleration can be calculated as,

d2x
dt2 =

Ω3
m

G
d2 x̃
dt̃2 ≈ (2π × 5 × 106)3

2π × 1 × 1018 × 6 × 105 ≈ 2.96 × 109 m/s2. (4.17)

The required optical input power to realize this acceleration is,

Pin =
P̃me f f Ω4

mωL

4G2 ≈ 300 mW. (4.18)

According to the results shown in Figure 4.12, this predicted acceleration acting on
the particle can be realized by an input optical power with only 300mW, and in the
meantime can theoretically separate a spherical silica particle with as small as radius
200 nm from the surface of the optomechanical device.

4.5 Conclusion and discussion

In summary, the design, optimisation and scaling effect of dual-waveguide optical
traps on the SOI platform are presented by comprehensive numerical simulations in
Lumerical FDTD Solutions. In the simulations, two identical rib waveguides with two
in-phase mode sources injected into opposite directions are designed to form a dual-
waveguide optical trap. Within the gap, multiple interference maxima or hot spots can
be formed, where the particles are trapped.

By studying the theoretical equations of optical force and trapping potential acting on
a Rayleigh particle, it was found that the trapping capability can be characterised by
the optical intensity at the trapping location. The simulations demonstrate that the
waveguide thickness is a crucial parameter in the design of a dual-waveguide optical
trap, and the optimal thickness depends on the gap distance between waveguides. The
parametric sweep simulation found that the optimal waveguide thickness top increase
with the gap distance L generally, and in the meantime is composited with periodic
features whose period meets the resonance condition (standing wave in the gap). The
wavelength from 1100 nm to 2000 nm was also swept and it was found that the op-
timal thickness shows a scaling effect over wavelength, meaning that the normalised
optimal waveguide thickness top norm shows the same features over normalised gap
distance Lnorm. The value of top norm in various trapping points are summarised to pro-
vide explicit information on designing the optical trap. This optimization result and
the scaling effects show the fundamental relationship of waveguide thickness, gap dis-
tance, input wavelength when designing an on-chip dual-waveguide optical trap, and
provide comprehensive guidance to design such an optical trap. This will pave the
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way for further applications of dual-waveguide optical traps in biological manipula-
tion, Raman spectroscopy, on-chip levitated optomechanics, and integrated quantum
photonics.

Lastly, it was proposed that the OMO process could be used to break the adherence
force, which prevents the particle separating process. The adherent force between par-
ticles and surface are analytically derived, and the required acceleration to vibrate the
particles from a surface is calculated for different particle size. Then, the acceleration
variations during the OMO process were investigated, and it was found the mechanical
resonator experiences an abrupt increase in acceleration when the OMO is in a mush-
roomlike phase trajectory. This increase is very beneficial for particle separation. A
set of reasonable optomechanical parameters was assumed, and it was found an input
power of 300 mW can separate a spherical silica particle as small as 200 nm from the
surface of the optomechanical device. All of these works combined lay the foundation
of a fully on-chip optical trapping system working on vacuum or air.
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Chapter 5

Integrated optomechanical
components based on thick SOI
platform

The integration of silicon photonics circuits and mechanical structures increases both
the design and fabrication complexity. In order to locate and solve the issues that may
be encountered during the experimental demonstration of the two applications that has
been discussed in Chapter 3 and Chapter 4, individual optomechanical components on
silicon photonics platform need to be first tested.

In this section, I will present the on-chip integrated optomechanical components de-
sign, fabrication, and measurement based on a thick 1.5 µm SOI platform. The compo-
nents include single-mode rib waveguides, grating couplers, multimode interferome-
ters (MMIs), waveguide Bragg gratings, high-Q micrometre-size optical resonators and
mechanical resonators. The experimental results indicate that the components all func-
tion well, and these components pave the way for the full integration of on-chip silicon
optomechanics, especially for two previously discussed applications.

5.1 The advantages of a thick SOI platform

As has been reviewed in Section 2, silicon photonics shows its strength in various as-
pects. In this project, therefore, SOI is used as the material platform for the integrated
optomechanical system. SOI is an attractive platform for the integration of such de-
vices, as it is easily commercial available with different specifications, and a lot of fab-
rication processes have been developed worldwide.

Currently, the majority of silicon photonics devices use SOI wafers with the top silicon
layer of less than 300 nm, among which 220 nm is most widely used. The motivations
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to use the thin silicon layer come from various aspects [136]. Firstly, the thin silicon
layer less than 300 nm can surely maintain the single-mode condition in the vertical
direction for both rib and strip waveguide. Secondly, the fabrication process of the SOI
with a thin silicon layer is compatible with the CMOS foundry infrastructures. Thirdly,
the SOI with a thin silicon layer is suitable for making pn-junction for modulator ap-
plications.

However, for the applications of integrated optomechanics applications discussed in
the previous two chapters, SOI wafers with a thicker silicon layer are preferred. Thick
SOI can also maintain the single-mode condition through a rib waveguide design. Even
more, thick SOI is suitable for low-frequency application, can handle higher power, has
low propagation loss and larger mode size, which are all important for cavity optome-
chanics for DFOS and optical trapping.

5.1.1 Low mechanical frequency

Thick SOI platform shows its special strengths for the applications of integrated op-
tomechanics for long-distance DFOS measurement. As has been analysed in the Sec-
tion 3.5, the mechanical resonance frequency Ωm is usually larger than ∼ MHz in the
thin SOI substrate, which limits the sensing distance to several hundred metres. The
thick SOI platform, however, is suitable for fabricating a low-frequency mechanical res-
onator compared to the widely-used thin (< 300 nm) SOI substrate. For example, the
radial frequency of the fundamental vibration mode of a double-clamped beam is given
by Ωm = 6.4585 h

L2

√
E
ρ [137], where h is the beam thickness, L is the beam length, E is

the Young’s modulus of the beam, ρ is the material density of the beam. On the other
hand, the length of the double-clamped beam can not be too long due to the residual
compressive stress introduced by the SOI wafer bonding process. This compressive
stress can cause buckling of the beam, which is not desired for a cavity optomechanical
system. The beam buckles when the compressive stress is larger than π2Eh2/3L2 [137],
where E is the Young’s modulus, h is the thickness of the beam and L is the length of
the beam.

This relationship shows that the different beams with the same value of L/h have the
same capability to resist buckling. It can also be found that when scaling up the vol-
ume of the beam, the mechanical resonant frequency decreases with the same order
of magnitude. Therefore, thick SOI platform can be used to fabricate a low-frequency
mechanical resonator and thus provide a good solution for long-distance DFOS appli-
cations.
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5.1.2 High power handling

The capability to handle high power in silicon waveguides is critical. Especially for the
two applications that have been proposed in previous chapters, they both require high
optical power. The OMO-based OPT and SWOS both needs high optical power to get a
larger mechanical oscillation amplitude A, and thus a larger ER and larger frequency-
sweeping range. The on-chip optical trapping also needs high optical power to increase
the trapping potential to make the trapping more stable.

However, the two-photon absorption (TPA) effect in silicon is significant [138, 139]. The
TPA is an instantaneous nonlinear absorption effect, and the absorption depends on the
power per unit area in the waveguide. When a laser with high optical power per unit
area is injected into the waveguide, the silicon waveguide will experience power satu-
ration and self-heating, which will then generate free carriers and change the refractive
index. This will be detrimental for the applications. Therefore, a larger waveguide
cross-section can handle a high optical power.

According to [136], the power threshold for a 220 nm thick waveguide (effective mode
area 0.1 µm2) is around 300 mW, while a thicker waveguide with an effective mode area
3.5 µm2 can handle up to 10 W. Therefore, a thicker SOI platform is desired to increase
the maximum handling power in a silicon waveguide.

5.1.3 Low waveguide propagation loss

A low waveguide propagation loss are critical when making high Q-factor optical cav-
ities. Although it is shown in Section 3.3 that a lower optical Q-factor (unresolved side-
band regime) is preferred for better optical pulse shape, a high-Q optical cavity is still
needed to lower the required optical input power. In addition, a low waveguide prop-
agation loss is also the key for large-scale silicon photonics circuits involving multiple
components and functions, as many of them would introduce extra loss.

In silicon waveguides, the propagation losses originate from three sources: scattering,
absorption and radiation [130]. For high optical power, the waveguide loss is mainly
induced by the TPA effect. For low optical power, the absorption loss is mainly the
band edge absorption and can be negligible for 1.5 µm wavelength range. The radia-
tion loss for a straight silicon waveguide can also be negligible. The main propagation
losses come from the scattering caused by the waveguide surface roughness [62]. The
waveguide mode in a thick waveguide and larger waveguide cross-section is tightly
confined, and thus, the electromagnetic field has less interaction with the rough sur-
face. However, the thin silicon layer can not confine the waveguide mode very well,
leading to an increased overlap with the waveguide surface and a large waveguide
propagation loss.
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For instance, the rib waveguide in 220 nm SOI platform fabricated in the CORNER-
STONE Rapid Phototyping Platform has a waveguide loss of 3 dB/cm [140], while the
rib waveguide in 3 um SOI platform developed by VTT shows a waveguide loss as low
as 0.1 dB/cm [141].

5.1.4 Large mode size

As shown in the dual-waveguide optical trapping optimisation in Chapter 4, the optical
field experiences a sharp divergence and power loss at the end of the waveguide due
to the small mode area. Also, the optimised waveguide thickness generally increases
with the gap distance, which poses a limit on the size of the particle that can be trapped.
In addition, considering the fact that silicon is an indirect band-gap semiconductor
not applicable for making laser sources, integrating a mature and well-developed III-V
semiconductor laser source in the silicon optomechanical chip is not straightforward
and becomes a long-term goal.

Existing III-V lasers have a multi-micron mode size, which makes it difficult to integrate
the lasers with the 220 nm thick waveguides due to the large coupling loss induced by
the mode area mismatch. For the thick SOI platform, however, the straightforward
edge coupling can directly and efficiently guide the light from the III-V laser sources
to the silicon chips. In [136], a coupling efficiency of 0.2 dB has been achieved using
a 3 µm thick SOI. In addition, the simple V-groove structure can provide highly effi-
cient coupling between single-mode optical fibre and the thick silicon waveguide in
the multi-micron size scale [142].

5.2 Integrated photonic components design

5.2.1 1.5 µm thick SOI platform

The advantages of the thick SOI platform have been discussed above. However, a larger
bend radius is generally necessary to ensure low bend loss for thicker SOI waveguides.
For single-mode strip waveguides in the thin (< 300 nm) SOI platform, the loss in the
bend area mainly comes from the optical radiation loss, which can be reduced to suf-
ficiently low with micrometre-scale bending radii. For the thick SOI platform, a rib
waveguide must be used to enable the single-mode operation. However, rib waveg-
uides have low lateral index contrast compared to strip waveguides, which results in
extra loss due to the mode energy leaked into the slab. To solve this issue, large bend
radii in the order of several hundred micrometres to millimetres must be used, and
a larger waveguide thickness needs a larger bend radius [38] to avoid excessive opti-
cal loss. This leads to a larger footprint for the silicon photonics chip in a thick SOI
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platform and is detrimental to the compactness of devices. Even though Euler-shape
and multi-mode bends had been proposed and demonstrated good compatibility, with
10 µm bend radius in a 4 µm thick SOI showed loss below 0.02 dB/90◦, thicker waveg-
uides still need a larger bend radius to enable low bend losses when compared to the
bend in a thin SOI with the same design method [143].

Considering these trade-offs, an SOI wafer with 1.5 µm thick silicon layer and 2 µm
thick buried oxide layer is used. Nevertheless, unlike the 220 nm and 340 nm SOI plat-
forms where the photonic component designs are well-researched and easily available,
the photonic components need to be specially designed for the 1.5 µm SOI platform.

5.2.2 Optical waveguide

An optical waveguide is the most basic passive photonic component, which is used
to guide light between different photonic components. In an optical waveguide, the
optical energy is constrained in the dielectric structure by total internal reflection from
the dielectric interfaces. The working principle of an optical waveguide can be demon-
strated by the planar type waveguide as shown in Figure 5.1. The refractive index of
the core layer, the lower substrate and the top cladding layer are n1, n2 and n3 respec-
tively. When n1 > n2, n1 > n3 and the incident angle is greater than the critical angle,
and the total internal reflection can occur at the interface. Thus the light is confined to
the core layer with a high refractive index n1 and propagates to the right.

𝑛2

𝑛1

𝑛3

(A)

FIGURE 5.1: Total internal reflection, describing the working principle of a dielectric
waveguide.

Rib and strip waveguides are the commonly used waveguides in silicon photonics. The
cross-sections of these two types of the waveguide are shown in Figure 5.2 (A, B). For
both of them, light is confined in the high refractive index core area, namely the silicon
layer for an SOI wafer, with a SiO2 substrate underneath. The cladding area can be
either deposited SiO2 or air. The electric field profiles of the fundamental TE modes of
the two types of waveguide simulated by Lumerical Mode Solutions [144] are shown
in Figure 5.2 (C, D). A waveguide mode is a time-harmonic solution to Maxwell’s equa-
tions, which are determined by the cross-sectional refractive index profile of the waveg-
uide. Each waveguide mode has an effective index ne f f , thus the propagation constant
along the propagation direction of a waveguide is given by k = ne f f

2π
λ , where λ is the

optical wavelength.
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FIGURE 5.2: The cross-section and mode profile of rib and strip waveguide (A) Cross-
section of a strip waveguide. (B) Cross-section of rib waveguide. (C) TE mode field

profile of a strip waveguide. (D) TE mode profile of a rib waveguide.

Single-mode is usually preferred in silicon photonics to avoid unwanted coupling to
higher order modes and the resulting detrimental mode beating and power radiation
in the bend [143]. The single-mode strip waveguide usually has a dimension on the
order of a few hundred nanometres in both width and height. The rib waveguide,
however, can maintain the single-mode condition with micrometre-scale cross-section
when correct waveguide dimensions are used, where higher optical modes leak into the
slab regions [62]. To ensure the single-mode condition in 1.5 µm SOI, the rib waveguide
should be used instead of the strip waveguide. For a large cross-section rib waveguide
with dimensional parameters shown above in Figure 5.3, the single-mode condition
can be maintained by the condition [130]:

W
H

≤ 0.3 +
D/H√

1 − (D/H)2
, (5.1)

1
2
≤ D

H
≤ 1, (5.2)

where W is the width of the rib waveguide, H is the thickness of the silicon layer and
D is the slab thickness. The waveguide that is used throughout this thesis has an H =

1.5 µm, D = 0.75 µm, and W = 1.1 µm, which matches the single-mode condition
mentioned above and ensure a large cross-section of the waveguide. The simulated
effective index and group index of the fundamental TE model near 1550 nm is ne f f =

3.400 and ng = 3.714.

As can be seen from the mode field profile in Figure 5.2 (D), the confinement of mode
in rib waveguide is tight and has less contact area with the etched sidewalls, so it has
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(A)

FIGURE 5.3: Cross-section of a silicon rib waveguide.

lower scattering losses which result in lower waveguide propagation losses. In addi-
tion to that, as the dimensions get larger, fabrication tolerances become easier to meet
[145].

5.2.3 Grating coupler

Efficient light coupling between the external standard optical fibre and the silicon pho-
tonic chip is a key functionality for the integrated silicon optomechanical system. Var-
ious methods have been proposed, including edge couplers, microlenses couplers and
grating couplers.

The edge coupler directly butt-couples a standard optical fibre to the facet of an optical
waveguide with expanded waveguide mode, which can be realized by increasing the
waveguide core size [146] or reducing the model confinement through the inverse taper
[147]. The microlenses coupler [148] utilises a lens to focus the input laser beam to the
end facet of an optical waveguide. For both these methods, all the inputs and outputs
need to be routed to the edge of the chip for the coupling process, which greatly limits
the test flexibility and increases the complexity of the design process of the chip. As for
the grating coupler, light can be injected into or collected from the chip surface using
the grating coupler, which can be designed to be anywhere on the chip. Grating cou-
plers can thus be used for wafer-scale tests of the integrated photonic devices without
the need to dice and polish individual devices. In addition, grating couplers provide re-
laxed alignment tolerances and comparatively high coupling efficiency. These benefits
make grating couplers the most promising coupling method for integrated photonic
devices [149].

The design of a complete 3-dimensional (3D) grating coupler is usually simplified to the
2-dimensional (2D) problem as the width of the grating is much larger (> 10 µm) than
the optical wavelength. The 2D schematic of a grating coupler made from SOI substrate
is shown in Figure 5.4. The coupler consists of a silicon core layer, a top cladding layer,
and a bottom buried SiO2 layer. The silicon core layer is etched uniformly to form
periodic structures. The cladding can be air or deposited SiO2 to protect the functional
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silicon top layer. te is the etch depth of the grating, Λ is the grating period, w is the
width of each grating teeth, and the duty cycle is defined as DC = w/Λ. The light
beam incident in the waveguide from the left can be radiated to the free space with a
specific angle θ. It should be noted that an output grating coupler can also be used to
couple a light beam into the chip with the same efficiency due to the reciprocity.

Si

SiO2

Cladding

Λ

𝜃

𝑤
𝑡𝑒

FIGURE 5.4: Schematic cross-section of a grating coupler.

The working principle of the grating coupler is the phase match condition, which re-
quires that in the direction of propagation, the propagation constant in free space must
be the same as that in the grating area. This phase match condition can be written as
the well-known grating equation [150],

ncsinθ − ne f f = m · λ0

Λ
, (5.3)

where nc is the refractive index of the cladding, which in this design is 1 for air. ne f f

is the effective index in the grating region, which is decided by the effective index of
the original non-etched waveguide, the etch depth te and the duty cycle DC. λ0 is
the optical wavelength, m = ±1,±2,±3... and corresponds to the different diffraction
modes of the grating. Clearly only the diffraction modes with m < 0 can be radiated
because the ne f f much be larger than nc to confine the light in the waveguide. The
condition under which the the m-th order diffraction order can be radiated out of the
surface (−90◦ < θ < 90◦) is given by,

mλ0

−nc − ne f f
< Λ <

mλ0

nc − ne f f
. (5.4)

To achieve a high coupling efficiency, single-beam radiation is usually desired for grat-
ing coupler design.

Here, a grating coupler on the SOI substrate with 1.5 µm thick top silicon layer and
2 µm thick buried SiO2 layer needs to be designed. The grating coupler is designed
for the use of TE polarisation and 1550 nm wavelength. Although the grating coupler
has been widely used in SOI wafer with 220 nm and 340 nm thick silicon layer, their
implementation on 1.5 µm SOI platform is not straightforward. The main obstacle for
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the design of a grating coupler in 1.5 µm SOI is the multimode nature in the grating
area due to the thick silicon layer. For the waveguide, a rib cross-section with width
1.1 µm is used to maintain the single-mode condition. In the grating area, however, the
waveguide is too wide to maintain the single-mode condition. Thus the waveguide is
vertically multimode.

For the conventional grating coupler shown in Figure 5.5 (A), an adiabatic taper is used
to expand the waveguide mode field from the waveguide to the grating. In this case,
the mode field at the end of the taper is distributed within the full thickness, which
would excite the unwanted higher-order modes in the grating region. Each mode has
a different effective index ne f f and thus multiple light beams are radiated separately
with different angles, which will cause extra coupling loss.

(µm) 
0.75 

(A) (B)

FIGURE 5.5: Schematic of a grating coupler. (A) Conventional design (B) Inverse taper
design

To address the above issue, an inverse taper was introduced in the design of a grating
coupler based on 1.5 µm SOI to realize efficient coupling [151, 152]. As shown in Fig-
ure 5.5 (B), an inverse taper is utilized to transform the mode field distribution in both
lateral and vertical directions, so the mode is actually pushed down to the bottom slab
layer and expands in the lateral direction, which will limit the excitation field to the
thinned slab region rather than the full thickness of the slab in the grating area. This
inverse taper mechanism will suppress the excitation of higher-order modes and thus
enhance the coupling efficiency.

By optimizing the dimension parameters of the inverse taper and grating coupler, the
following optimal parameters were obtained: inverse taper end width xend = 0.33 µm,
etching depth te = 750 nm, grating period Λ = 860 nm, grating duty cycle DC = 0.5.
The width of the grating is set to Wg = 15 µm to increase the overlap between the
optical fibre the gratings. Notably, this grating coupler design and waveguide design
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in the last section can be etched in a single step due to the same height of waveguide
and gratings, which is very beneficial for fabrication. Another feature of this design
is that the grating coupler actually uses the second diffraction order (m = −2) with a
negative diffraction angle θ = −13.4◦ from the vertical direction. This is quite different
from most of the grating coupler designs, which use the first-order diffraction order
(m = −1) and has a positive coupling angle.

Here, this novel design and the conventional design are simulated in Lumerical FDTD
solutions [123]. A 2D grating coupler model is used to simulate the performance of the
grating coupler. The grating coupler is simulated as a two-port device. As shown in
Figure 5.6 (A,B), port 1 is set as the source at the end of the fibre to inject light from
above the grating with a tilted angle, and port 2 lies in the waveguide area (the end
of the taper) where the light goes out. The simulation boundary condition is set to be
the perfect match layer (PML). For the simulation of the conventional grating coupler,
the thickness of the output waveguide is defined as 1.5 µm, while the thickness of the
output waveguide of the novel design is set to 0.75 µm.

Grating

Optical fibre

Port1

Port2

PML boundry

(A)

Grating

Optical fibre

Port1

Port2

PML boundry

(B)

FIGURE 5.6: The FDTD simulation model for (A) Conventional grating coupler (B)
Grating coupler with reverse taper design

The performance of the grating coupler is characterized by the transmission through
the grating coupler to the output waveguide. This transmission result can be obtained
by viewing the “expansion for port monitor” result of port 2. The result is shown in
Figure 5.7 by normalizing the transmission efficiency to dB, where the Ttotal is the cou-
pling efficiency of total power transmitted to the waveguide, while Tout is just for the
fundamental TE mode from the source port. It can be seen that almost all the power
is propagating in the fundamental TE mode for inverse taper design, and a maximum
coupling efficiency of −2.4dB can be achieved at 1555 nm. In comparison, for the con-
ventional grating coupler, the coupling efficiency in the fundamental TE mode can only
reach −6dB even though the overall transmission is around the same level in −2.4dB.
This means more than half of the input power is in the higher mode and will be lost.
Therefore, the grating coupler with inverse taper design will be used throughout the
project.
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FIGURE 5.7: The FDTD simulation results for (A) Conventional grating coupler (B)
Grating coupler with reverse taper design

5.2.4 Multimode interferometer (MMI)

An important function in silicon photonics is to split a guided light into two parts and
combine them together. There are a few photonic components that can be used to fulfil
this function, including Y-splitter, MMI, and directional coupler [62]. Y-splitter is the
simplest structure. However, they typically have a higher loss and uneven splitting
ratio due to the unavoidable fabrication error of the sharp tip between the two waveg-
uides, which is very critical to the performance of the Y-splitter. For directional coupler,
the two waveguides are brought in proximity to enable evanescent coupling between
them. Light is coupled back and forth in the two waveguides along with the light
propagation direction. An elaborate design of the coupling length and the separation
distance between the waveguides can produce any splitting ratio of the coupler. How-
ever, the separation distance is normally in the order of several hundred nanometres
and has less fabrication error tolerance.

In an MMI, higher modes are excited in the central multimode waveguide section. The
interference of these modes can form the self-imaging of the input field at a certain
distance [153]. Self-imaging occurs when all the modes in the multimode area arrive
in phase at the same point. The output waveguides can be positioned at these self-
imaging points where input light is split. Compared to Y-splitter and directional cou-
pler, MMI does not require small gaps or fine tips, therefore have an easier fabrication
process. In addition, it has low insertion losses, large optical bandwidth, low polariza-
tion dependence and low temperature sensitivity [38].

The typical 2 × 2 MMI and 1 × 2 MMI are shown in Figure 5.8. In this project, a 1 × 2
MMI is required to equally split and combine the light. 1 × 2 MMI based on 1.5 µm
thick silicon layer of SOI and rib waveguide structures has not been reported before,
but an analogical 2 × 2 MMI was reported based on the same 1.5 µm SOI platform.
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More underlying theory and general design procedures can be found in [153]. The
dedicatedly detailed design process for this 2 × 2 MMI on 1.5 µm SOI can be found
in [154, 155]. Eventually, they got optimal dimension parameters as following: MMI
length LMMI = 256 µm, MMI width WMMI = 12.8 µm, waveguide width Ww = 2.8 µm,
waveguide separation distance S = 2.15 µm, taper length LT = 100 µm.

(A) (B)

FIGURE 5.8: The schematic diagram of (A) 2 × 2 MMI and (B) 1 × 2 MMI

For the 1×2 MMI, the corresponding dimension parameters can be directly obtained
according to the design characteristics table of MMI shown in Table1 in [153]. The MMI
length LMMI = 256 × 3/4 = 192 µm, MMI width WMMI = 12.8 µm, waveguide width
Ww = 2.8 µm, waveguide separation distance S = 2.15 × 3/2 = 3.225 µm, taper length
LT = 100 µm.

The MMI with these dimension parameters is simulated using EME solver in Lumerical
Mode Solutions [144]. The simulated field profile for the designed MMI is shown in
Figure 5.9. The transmission of the fundamental mode can be acquired from the “user
s-matrix” from the EME solver. The total transmission is around 98.7%. This simulation
verified the functionality of this MMI, and this MMI will be used in this project.

FIGURE 5.9: Simulated field profile of the designed 1 × 2 MMI

5.2.5 Waveguide Bragg grating

Optical filtering or wavelength selection is also an important function in silicon pho-
tonics, which can be usually realised by either ring resonators or waveguide Bragg
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gratings. A schematic of waveguide Bragg grating is shown below in Figure 5.10. It
is obvious that the waveguide Bragg gratings resembles the grating couplers because
they are both structures with periodic features. These periodic features cause peri-
odic modulation on the effective refractive index in the propagation direction of optical
mode [156, 157]. For waveguide Bragg grating, this effective index modulated is usu-
ally achieved by varying the dimensions of the waveguide.

Si

SiO2

Cladding

Λ 𝑤
𝑡𝑒

FIGURE 5.10: Schematic diagram of a Bragg grating

The difference between the grating couplers and the waveguide Bragg grating is the ra-
diation angle of the input light. For grating couplers, the input light is radiated out of
the chip surface with a tilted angle θ. While for the waveguide Bragg gratings, the
radiation angle θ = −90◦, which means the input light is reflected back. At each
periodic transition of the effective index, part of the light will be reflected. The re-
flected light interferes constructively in a narrow band at a certain wavelength, result-
ing in a strong reflection back toward the source. This wavelength is called the Bragg
wavelength λB. At other wavelengths, light can transmit through the Bragg grating
structure. The Bragg wavelength λB can be derived using Equation 5.3, in which the
θ = −90◦, m = −1. The reflected light is guided in the same route back to the source,
thus nc = ne f f . The Bragg wavelength can therefore be readily written as,

λB = 2Λne f f , (5.5)

where Λ is the grating period, ne f f is the averaged effective index of the grating area.
One may argue that the m = −2 diffraction order can also be used for waveguide Bragg
grating. If the m = −2 diffraction order is used, then the grating period is found to be
Λ = λ/ne f f by substituting θm=−2 = −90◦. However, it can be found that the m = −1
diffraction mode can also be radiated with a vertical angle θm=−1 = 0◦ with this grating
period, leading to a huge loss of the Bragg grating. The same reason excludes the use
of a higher diffracting mode for the waveguide Bragg grating application. This is also
why the grating couplers have to be designed with a tilted radiation angle but not
vertically radiating light out.
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In this thesis, a rib waveguide based on a 1.5 µm silicon layer of SOI is used. The rib
waveguide has a height of 1.5 µm, a width of 1.3 µm and an etching depth of 0.75 µm.
Compared to strip waveguides, the overlap between the field profile and sidewalls
is very low in the rib waveguide. This weak overlap leads to weaker effective index
perturbations compared to strip waveguide gratings when using corrugations with the
same size, thus allowing narrower bandwidth with larger periodic features [157].

To make Bragg gratings on the rib waveguide, there are several different configura-
tions. The grating corrugations can be formed on the top [158, 159], on the sidewall
[156], or on the slab [156]. In this single-etched waveguide containing only one 0.75 µm
etch step, etching corrugations on the sidewall is less complex and much more flexible.
Therefore, the configuration shown in Figure 5.11 is used. The original width of the
unperturbed waveguide is W. The corrugation on each sidewall has a width ∆W and
consists of a recessed part and a protruding part (±∆W/2). The number of the gratings
are N.

FIGURE 5.11: A top view schematic of a Bragg grating

The effective index of a rib waveguide with a height of 1.5 µm, width of 1.1 µm and
etching depth of 0.75 µm has been simulated to be 3.400 for TE mode. Due to the weak
perturbation on the effective index in a rib waveguide, this value will be used as the
averaged effective index in the Bragg grating area. Then, the Bragg wavelength was
chosen to be 1550 nm, and the corresponding grating period can be now easily derived
by using Equation 5.5. The period can be obtained as Λ = λB/(2ne f f ) ≈ 228 nm. An-
other undecided parameter is the corrugation width ∆W shown in Figure 5.11. It has
been advised that larger corrugation and a higher period number can lead to stronger
reflection and wider bandwidth [157]. The influence of these parameters will be ana-
lyzed by simulation. An analysis with different grating periods was also carried out to
study its influence.

Again, the EME solver in Lumerical Mode Solutions is used for the simulation. During
the simulation, only one period of the grating structure needs to be simulated, and the
period number can be easily set when editing EME. Two ports are set at each end of the
solver to calculate the transmission and reflection. The result can be viewed using the
wavelength sweep feature in the EME Analysis window.

All the results are shown in Figure 5.12. It can be found that the simulation results of
the Bragg grating agree well with the theory. In Figure 5.12 (A), a pronounced reflection
peak appears near the 1550 nm and has a bandwidth of around 3 nm in the first design
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(A) Λ = 228 nm, n = 3000, ∆W = 400 nm
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(B) Λ = 228 nm, n = 3000, ∆W = 200 nm
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(C) Λ = 228 nm, n = 500, ∆W = 400 nm
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(D) Λ = 226 nm, n = 3000, ∆W = 400 nm
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(E) Λ = 230 nm, n = 3000, ∆W = 400 nm

FIGURE 5.12: Simulated transmission and reflection spectrum of the Bragg grating
with the dimension parameters.

with Λ = 228 nm, n = 3000 and ∆W = 400 nm. In Figure 5.12 (B), the corrugation width
∆W was reduced to 200 nm, and it was found that shorter corrugation width ∆W leads
to a narrower bandwidth. From the result of Figure 5.12 (C), in which the number of
the period n was reduced to 500, it was found the extinction ratio decreases. This is due
to weaker reflection with less grating periods. When comparing Figure 5.12 (A, D, E),
it was found that the Bragg wavelength is very sensitive to the grating period Λ. When
decreasing the period Λ to 226 nm by only 2 nm, the Bragg wavelength was reduced
by around 12 nm, and vice versa. The Bragg wavelength increases to around 1563 nm
when the period increases to 230 nm. It can also be noted that at a shorter wavelength, a
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broad drop in the transmission spectrum is present. This is caused by the higher leaky
modes [158, 159], which cannot be guided in a single-mode rib waveguide. Therefore,
they are not reflected and leak out of the waveguide.

In this project, various waveguide Bragg gratings will be fabricated and tested to verify
the simulation results.

5.3 Device fabrication

In this section, the fabrication process to create the aforementioned photonic compo-
nents, optical microresonators and mechanical resonators on a 1.5 µm SOI wafer is dis-
cussed. The related fabrication imperfections during the fabrication process are also
discussed. All the fabrication processes are completed in Southampton Nanofabrica-
tion Centre.

5.3.1 Fabrication flow

Figure 5.13 shows the outline of the fabrication process flow. The fabrication process
starts with a 30mm× 40mm SOI chip with 1.5 µm thick silicon layer and 2 µm BOX layer
(Figure 5.13 (A)). The chip is kept in 210◦C oven for 2 hours before 550 nm of ZEP-520A
electron beam resist is spun onto the top surface of the chip (Figure 5.13 (B)). The chip is
then prebaked with 180◦C for 3 minutes and spun with Espacer. A thin film of Espacer
is highly conductive, therefore it solves problems related to positional errors during
electron-beam (Ebeam) lithography processes (JEOL JBX 9300FS).

The next step is the first Ebeam lithography (Figure 5.13 (C)). All of the photonic com-
ponents will be defined by this step. The electron beam resists ZEP-520A experiences
a physical change when exposed to high energy electrons. After the pattern written
process, the chip is first rinsed with DI water to remove the Espacer and then blow-
dried. It is then developed in ZED-N50 developer for 135 seconds by heavily shaking
the chip, followed by rinsing in Isopropyl alcohol (IPA) for 45 seconds two more times.
The developer will dissolve the regions that were exposed to the high energy electron
beam. The chip is then blow-dried and ready for the next step process.

The fourth step is the shallow etching of 750 nm. The region where the resist was
dissolved and removed will be etched and other regions were protected from being
etched by the resist. This transfers the patterned resist into the silicon layer of the SOI
chip (Figure 5.13 (D)). This is accomplished by inductively coupled plasma (ICP) tool
with Oxford Instruments Plasmalab 100 System. The chip is placed on a carrier wafer
with Santovac vacuum oil between them, before loading them to the lock-in chamber.
Vacuum oil is used for two reasons. Firstly, it works as an adhesive connector that
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FIGURE 5.13: The schematic diagram of the fabrication process. There are two Ebeam
lithography steps and two ICP etches. The steps from (A) to (E) are processed for
the waveguide, grating coupler and alignment marks; The steps from (F) to (I) is the
processing of micro-gap and beam; The last HF vapour etch step suspends the beam

and form the mechanical resonator.
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can keep the small chip steady during the movement. Secondly, it is a good thermal
conductor and can thus keep the temperature of the chip the same at the base plate,
which is critical for the ICP etching. The 750 nm etch process is finished with 3-4 steps.
After each step, the chip needs to be characterized by Ellipsometer to measure the etch
depth and calculate the etch rate. After the etching, the back of the chip needs to be
cleaned to remove the vacuum oil. The remaining resist is then stripped by Oxygen
Plasma Asher (Figure 5.13 (E)).

A series of the same steps are repeated to spin a resist of 900nm (Figure 5.13 (F)), expose
the chip to electron beam (Figure 5.13 (G)) and etch the chip by 1.5 µm to BOX layer
(Figure 5.13 (H)). A thicker resist is needed because of the deeper etch. The resist is then
stripped by plasma Asher (Figure 5.13 (I)). This step is used to define the geometry of
the mechanical structure, which in this project is a cantilever beam.

The last step is to suspend the mechanical structure (Figure 5.13 (J)) by Hydrofluo-
ric (HF) acid etching. HF can etch out the SiO2 while keeping the silicon structure
remained. The most widespread method of HF etch is wet chemical etching using a so-
lution of HF and water. However, as the solutions dry, the free-moving microstructures
can be fulled to stick to each other after the release process due to the air-liquid inter-
face surface tension, which can damage the microstructures. To avoid this problem, HF
vapour etching is used, where the SiO2 etching is accomplished by HF etchant in the
gas phase. HF vapour etching is thus suitable for releasing fragile microstructure such
as the suspended waveguide and cantilever.

5.3.2 Fabrication imperfection analysis

The real fabricated device is unlikely to be the same as designed, and the fabrication
imperfections always exist due to various sources. The usually discussed fabrication
imperfections are surface roughness and misalignment. Here, I will discuss a fabrica-
tion imperfection during the deep etching process, which in some sense may serve as a
novel fabrication method.

Figure 5.14 show the waveguide cross-section view taken by scanned electron micro-
scope (SEM) after the deep 1.5 µm silicon ICP etch, namely after the step (I) in Fig-
ure 5.13. This deep etch into the SiO2 layer is used to form the mechanical structure
and the shown rib waveguide should have been protected by the thick resist ZEP-520A
during the etch. However, it was found that the rib waveguide is etched and two
”very-thin walls” are formed on both sides of the waveguide, with width on the order
of several nanometres.

This phenomenon can be explained by looking at Figure 5.15, where the schematic
diagrams of the waveguide cross-section before and after the deep ICP etch are shown.
During this fabrication process, 600 nm thick resist was spun on the chip. This value is
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(A) (B)

FIGURE 5.14: Thin wall caused by thin resist

based on the ICP etching selectivity ratio of around 3:1 between silicon and ZEP520A
from previous experiences. For an ICP etch with 1.5 µm, 600 nm thick resists thus
should have been thick enough to protect the waveguide from being etched.
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(A) Waveguide cross-section before deep ICP etch
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(B) Waveguide cross-section after deep ICP etch

FIGURE 5.15: The schematic diagram of the waveguide cross-section view after the
second resist spin

Nevertheless, from the Figure 5.15 (A) showing the waveguide cross-section before
the deep etch, it can be found that the resist coating near the stair is quite different
from that in a flat surface. On top of the stair (area A), the thickness of the resist is
less than the designed 600 nm, while in the bottom of the stair (area B), a resist with
thickness larger than 600 nm can be obtained. The designed 600 nm resist can only
be made at the flat area (area C). Therefore, the resist on top of the waveguide is not
thick enough to protect the underneath waveguide. On the other hand, during the
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first ICP etch, the sidewall of the formed rib waveguide is not perfectly vertical. The
resist covering this tilted sidewall can thus protect the silicon from being etched. The
Figure 5.15 (B) shows the cross-section diagram after the 1.5 µm deep etch. It can be
found the waveguide is etched and two ”very-thin walls” are formed on either side of
the waveguide. The vertical angle of the waveguide sidewall and the thickness of the
resist decide the thickness of the ”very-thin wall”.

This fabrication imperfection was finally resolved when increasing the resist thickness
to 900 nm, but this fabrication imperfection provides a potential solution for fabricating
vertical thin-wall structures on an SOI chip.

5.4 Integrated photonic components measurement

This section will show the observed images, experimental setup and measurement re-
sults of the designed silicon photonic components, including grating couplers, MMIs
and waveguide Bragg gratings.

DUT
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Optical 
power meter

Computer

Trigger in

Fibre
positioner

Fibre
positioner

Polarisation
controller

(A)

FIGURE 5.16: The schematic diagram of the experimental setup used to measure the
on-chip photonic devices.

5.4.1 Measurement setup

The diagram of the experimental setup for silicon photonic components characterisa-
tion is shown in Figure 5.16. A continuous-wave (CW) tunable laser in C&L band
(Keysight 81940A) is utilised as the laser source. The light coming from the tunable
laser is guided to a polarisation maintaining (PM) fibre and then passes through the
polarisation controller, where the polarisation of the light can be controlled. Then, the
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fibre is fixed to a positioner, through which the fibre can be moved in x, y and z direc-
tion and the angle of the fibre can be changed. At the end of the fibre, the fibre cladding
is stripped and cleaved to expose the fibre core. After that, the light is coupled into
the Device Under Test (DUT) via grating couplers, and coupled out of the DUT into
another fibre using the same method. Lastly, the light in this fibre is fed into the optical
power meter (Keysight 81634B). The tunable laser and the power meter are connected
and synchronised with the lightwave measurement mainframe (Keysight 8163B), so
that the real-time wavelength transmission spectrum can be measured. To achieve a
complete alignment between the fibre and the grating coupler, the transnational mo-
tion on X-Y-Z stage, the angle of the fibre arm and the polarisation of the input light
need to be finely adjusted to make the optical power transmitted out from the DUT as
large as possible. A microscope over the chip is used to aid the alignment process. A
micrometre is used to adjust the angle of the fibre arm. After the fibre has been fully
aligned, the laser wavelength is then swept and the power transmission in the opti-
cal power meter is recorded, through which the transmission spectrum of the DUT is
obtained.

(A) (B)

FIGURE 5.17: The fibre coupling platform

The fibre coupling platform as shown in Figure 5.17 consists of two piezoelectric con-
trolled stages adjusting the fibre position, one manual stage for adjusting the sample
under test, another manual stage for adjusting the microscope. Other components
not shown here include piezoelectric controller, microscope illumination, thermal con-
troller, microscope display monitor and pumping system for fixing the sample.

5.4.2 Grating coupler

The SEM images of the fabricated grating coupler with inverse taper design are shown
in Figure 5.18. The inverse taper is clearly shown and connects to the uniform gratings.
The measured grating period is Λ = 857 nm, and teeth width is w = 427 nm, which
are close to the designed parameters 860 nm and 430 nm respectively shown in the last
section.
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(A) (B)

FIGURE 5.18: The SEM images of the fabricated grating coupler. (A) shows the inverse
taper connected to uniformly etched gratings. (B) shows the measured dimensional
size of the grating period, with grating period Λ = 857 nm and teeth width w =
427 nm, which are close to the designed parameters 860 nm and 430 nm respectively

shown in the last section.

The coupling efficiency of the designed grating coupler is tested. The coupling angle
is set to −13.4◦. The fibre stage and polarization controller are first adjusted to max-
imise the transmission. Figure 5.19 (A) shows the measured coupling efficiency and
simulation coupling efficiency. The measured coupling efficiency is obtained from the
measured data divided by a factor of 2 because there are two grating couplers. It can
be seen from the results that the peak transmission wavelengths in both the measure-
ment and simulation are around 1555 nm, showing a good agreement. However, the
measured maximum coupling efficiency is around 5.5 dB while the simulation value is
around 3 dB. The extra losses could be attributed to the setup intrinsic losses and 5.5 dB
loss per grating coupler is an acceptable result when compared to other measurement
results from the fabricated grating couplers based on 220 nm or 340 nm SOI in COR-
NERSTONE MPW foundry [160, 140], where they can get around 5dB loss per grating
coupler. The result also shows a 3 dB bandwidth of 40 nm.

The coupling angle influence on the performance of the grating coupler is then studied.
As shown in Figure 5.19, the measured coupling efficiency of the grating coupler with
coupling angle from −11◦ to −15◦ are plotted. It can be found that the coupling angle
influences the central wavelength of the grating coupler, with a larger angle leading
to a decrease central frequency. The tuning coefficient, defined as δλ/δθ, is calculated
to be around 5 nm per degree. This relationship between the coupling angle θ and
the central frequency can also be verified via Equation 5.3. It was also found that the
best coupling efficiency occurs for the coupling angle with around 13◦, which validates
the optimisation results of the grating coupler. Another point to notice is the periodic
ripples on the transmission spectrum, which is inevitably caused by the Fabry-Perot
cavity form by the two grating couplers and the waveguide.
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FIGURE 5.19: (A) The measurement and simulation result of a single grating coupler
with inverse taper design, the coupling angle is set to be −13.4◦. The data is obtained
from the measured coupling efficiency divided by a factor of 2 because there are two
grating couplers. (B) The measurement results of the grating coupler with coupling

angle varying from −11◦ to −15◦.

5.4.3 MMI

The fabricated MMI is shown in Figure 5.20, which shows a good geometry. The main
figure of merit of a 1 × 2 MMI is the inertial loss and the power splitting ratio between
the two output waveguides. For an ideal 1 × 2 MMI, the power transmitted out from
any output waveguide should be 50% of the input power, which corresponds to a −3dB
coupling loss. The fabricated MMI is tested using a cascaded MMIs structure fabricated
in the same chip. The cascaded structure is shown below in Figure 5.21. A number of
MMIs are connected through one of the two outputs and the input, and another output
of each MMI is connected to a power meter to measure the insertion loss and split ratio
of MMI.

FIGURE 5.20: The image of the fabricated 1 × 2 MMI.

In this measurement, 8 MMIs are cascaded and measured with a 1550 nm wavelength
laser using grating couplers. The measured result is shown in Figure 5.22. It can be seen
that the transmission shows a perfect linear relationship with the unit number. The
measured data is linearly fitted, and an average split ratio of 2.96 dB/unit is derived.
This value is very close to the ideal value of 3dB and proves that the design of the MMI
is perfect.
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Input
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FIGURE 5.21: Schematic of the cascaded MMIs test structure, with the input of an MMI
connected to one of the outputs of another MMI.

0 1 2 3 4 5 6 7 8 9
- 7 0

- 6 5

- 6 0

- 5 5

- 5 0

- 4 5

Tra
ns

mi
ssi

on
 (d

B)

U n i t  n u m b e r

 M e a s u r e m e n t
 L i n e a r  f i t

E q u a t i o n y  =  a  +  b * x
S l o p e - 2 . 9 5 8 8 6  ±  0 . 0 5 1

FIGURE 5.22: The measurement result of the cascaded MMIs. The lines with black dots
are the experimental measurement results, and the red line shows the linear fitted data.
An average power spitting ratio of 2.96 dB is inferred from the results, which shows

the functionality of the fabricated MMI.

5.4.4 Waveguide Bragg grating

The SEM images of the fabricated waveguide Bragg gratings are shown in Figure 5.23.

(A) (B)

FIGURE 5.23: Waveguide Bragg grating

The measured corrugation width is ∆W = 181 nm, grating period Λ = 231 nm, which
are close to the designed parameter 200 nm and 228 nm respectively. However, the
designed square corrugations on each sidewall of the waveguide Bragg grating are
fabricated to be in round shapes. This can be attributed to the unavoidable fabrication
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errors. The image taken from a tilted angle shows that the etching of the sidewalls of
the waveguide Bragg grating is vertical and form a good geometry.

Bragg gratings are tested under two different conditions, namely with a gap or without
a gap.
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(B) Λ = 226 nm, N = 3000
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(C) Λ = 228 nm, N = 1500
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(D) Λ = 228 nm, N = 3000

1 5 2 0 1 5 3 0 1 5 4 0 1 5 5 0 1 5 6 0 1 5 7 0 1 5 8 0 1 5 9 0 1 6 0 0
- 7 0
- 6 0
- 5 0
- 4 0
- 3 0
- 2 0
- 1 0

0
1 0

Tra
ns

mi
ssi

on
 (d

B)

W a v e l e n g t h  ( n m )

 M e a s u r e m e n t
 S i m u l a t i o n

(E) Λ = 230 nm, N = 1500
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(F) Λ = 230 nm, N = 3000

FIGURE 5.24: Measurement results for the waveguide Bragg gratings without gap,
the parameters are (A) Λ = 226 nm, N = 1500. (B) Λ = 226 nm, N = 3000. (C)
Λ = 228 nm, N = 1500. (D) Λ = 228 nm, N = 3000. (E) Λ = 230 nm, N = 1500. (F)

Λ = 230 nm, N = 3000;
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Device Period Number of Bragg wavelength/(nm) Extinction ratio/(dB)
number / (nm) gratings Test Simulation Test Simulation

1
226

1500 1537.6 1539.1 5.5 21.9
2 3000 1537.6 1539.1 11.1 49
3

228
1500 1550.3 1550.5 4.5 22.1

4 3000 1550.3 1550.5 14.6 62.7
5

230
1500 1562.6 1563.8 5.8 21.6

6 3000 1562.6 1563.8 16 49.1

TABLE 5.1: The measurement and simulation results of Bragg grating without a gap.

When the waveguide Bragg gratings are tested without a gap, its two sides are con-
nected with the waveguide without any gap between them. Figure 5.24 show the
measured results and the corresponding simulated results of the Bragg gratings with
different grating periods and number of gratings. The corrugation width is set to be
∆W = 200 nm. Note the measured results have been normalized by subtracting the
grating coupler loss from the transmission.

It can be seen from the results that the simulated and measured Bragg wavelengths
have slight mismatches of around 2nm for all the devices with different periods. This
mismatch can be attributed to the unavoidable fabrication imperfection such as over-
etching. However, for the Bragg gratings with the same period but a different number
of periods, the Bragg wavelengths match well and these results show fabrication uni-
formity. In terms of the extinction ratio, it is apparent that a larger number of periods
leads to a higher extinction ratio. This is due to stronger reflection with more grating
periods. Nevertheless, the extinction ratios for measurement is obviously much smaller
than the simulation. This may be caused by the round shape corrugations rather than
the ideal square corrugations, which cause weaker reflections. The simulated broad
drops in transmission spectrum in shorter wavelength can also be seen from the mea-
surement results for all the devices, this is due to the higher leaky mode in the rib
waveguide. However, the broad drop wavelength ranges in simulation and measure-
ment do not agree well and show clear deviations. This may be caused by the fact that
an ideal rib waveguide cannot be simulated by the EME solver in Lumerical, and only
a finite slab region can be used to represent the large slab in a real rib waveguide. This
may cause deviation when calculating waveguide higher mode profiles which leak into
the slab. The key parameters of the Bragg grating test without a gap can be summarized
in Table 5.1.

When the waveguide Bragg gratings are tested with a gap, there is a gap between one
side of the grating and the input waveguide, and another side is connected with the
output waveguide directly. The gap is introduced here to analyse the effect of gaps in
silicon photonics, and to make preparations for the future experimental implementa-
tion of dual-waveguide optical trapping. Figure 5.25 show the measured results with
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different grating periods and gap distances. Note the measured results is not nor-
malised.

Three different grating periods and four different gap distances are tested. The number
of period of all the devices is 3000. The corrugation widths are set to be ∆W = 200 nm.
For each of the plots from top to bottom, the gap distances of the spectrum are 1 µm,
3 µm, 6 µm, 8 µm. It can be found that the gap between the grating and the waveguide
causes a large loss when comparing results to the grating coupler test results with no
gap. A 1 µm gap results in around 10 dB optical loss. From the results of devices with
different gap distances, it can found that increased gap distance results in an increased
loss. The loss increases dramatically with the gap distance when the gap is small. When
the distance increased to 6 µm, the change in loss is no longer explicit. It can also be
seen from the results that the Bragg wavelength is quite accurate and stable for each
period of the device even though a gap is introduced.
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(C) Λ = 230 nm

FIGURE 5.25: The test results of Bragg grating with gaps for different periods. (a)
Period Λ = 226 nm. (b) Period Λ = 228 nm. (c) Period Λ = 230 nm

From the measurement of Bragg grating with a gap or without a gap, it can be found
that the Bragg grating shows a uniform performance in terms of Bragg wavelength.
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This is very beneficial when it is used as an optical filter. Also, when gaps are intro-
duced in the device, the Bragg grating still functions well.

5.5 Measurement and parameter extraction of optical microres-
onators

The optical resonator is an important component of an integrated optomechanical sys-
tem. Here, a series of racetrack-shape microresonators are fabricated on the 1.5 µm
SOI platform. The microresonators were measured and the coupling parameters were
extracted.

The fabricated racetrack-shape microresonators are shown below. Figure 5.26 (A) shows
that the microresonator in a racetrack-shape is coupled to a bus waveguide, and the
coupling happens at the straight section where two straight waveguides are in close
proximity to each other. Figure 5.26 (B) shows the enlarged view of the coupling area.
The designed waveguide width and gap distance are 1.1 µm and 250 nm respectively,
while they are measured to be 1.06 µm and 290 nm. This is caused by the inevitable
over-etching effect during the fabrication process. The racetrack consists of two semi-
circles with a radius 400 µm and two straight waveguides with a length 20 µm, such the
perimeter of the cavity is L = 2553.3 µm.

(A) (B)

FIGURE 5.26: The images of the fabricated racetrack-shape optical microresonator

In order to study the coupling behaviour of the resonators, the coupling gap is varied
from 250 nm to 750 nm. The measured transmission spectrums of the microresonators
are shown in Figure 5.27. The transmission measurement of the resonators at around
1543.5 nm shows optical resonances with a FSR of 250 pm. The theoretical FSR can
be calculated as FSR = λ2/(Lng), where the group index ng in this frequency was
simulated to be 3.724. This leads to a theoretical FSR of 250.5 pm, which is very close to
the measured value 250 pm.
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FIGURE 5.27: The measured transmission spectrums of the racetrack-shape microres-
onator for six different coupling distances, 250 nm, 350 nm, 450 nm, 550 nm, 650 nm,

750 nm

When increasing the gap distance, the strength of the external coupling rate κe de-
creases. It can be found from the results that a larger gap distance leads to a larger
ER. For the microresonator with a gap distance 750 nm, the ER can be up to 12dB. This
value is far away from the critical coupling regime, therefore all the measurements are
in the over-coupling regime.

The spectrum is then fitted with a Lorentz shape using the curve fitting tool in Origin
2021 software [161]. The fitting Lorentz function is given by,

y = y0 +
2A
π

w
4(x − xc)2 + w2 . (5.6)

The parameters y0, W, A, xc in this fitting function can thus be extracted using the curve
fitting tool for the transmission spectrum with different gap distances. This fitting
Lorentz function can be compared to Equation 2.14 which describes the transmission
of a WGM microresonator coupled to a bus waveguide, and the relationship between
them can be written as,

κ = κi + κe = w, (5.7)

4κeκi · y0 =
−2Aw

π
. (5.8)

Note here the parameter y0 comes from the coupling loss of the system, which for this
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optical microresonator measurement is around 30 dB. The parameter κe and κi which
represent the damping rate of the optical microresonators can then be extracted. The
extracted values of κe, κi, and κ = κi + κe are plotted in Figure 5.28 (A), it can be found
the external damping rate κe decreases monotonously with the increase of gap distance.
For the intrinsic damping rate κi, a lower-than-expected value can be seen when the
gap distance is 350 nm. This could be attributed to a measurement error. It can also be
verified from this plot that the microresonators were in the over-coupling regime, as κe

is always larger than κi.
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FIGURE 5.28: (A) The extracted values of optical damping rate κe, κi, and κ = κi + κe
for different gap distances. (B) The extracted values of optical Q-factor Qe, Qi, and

1/Q = 1/Qe + 1/Qi for different gap distances.

The corresponding optical Q-factors were also calculated and shown in Figure 5.28 (B),
where the external coupling optical Q-factor Qe, intrinsic optical Q-factor Qi and the
directly measured loaded optical factor Q are shown. The loaded optical Q-factor Q in-
creases with the gap distances, and a maximum value of Q=69227 was experimentally
obtained when the gap distance is 750 nm. The fitted intrinsic optical Q-factor Qi gen-
erally increases with the gap distance except for an error point when the gap distance
is 350 nm. This relationship could be caused by a better etching quality in the gap area
when the gap distance increases. The maximum Qi can be as large as around 1.87× 105.

Another important parameter is the waveguide loss α, which is usually with a unit
dB/cm. This value can be derived from the intrinsic optical damping rate κi. When
there is no external coupling to an optical microresonator, the photon energy in the
cavity decays at the intrinsic damping rate κi, which can be expressed as [26],

dW
dt

= − κi

2π
W, (5.9)
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Where W is the cavity photon energy. Assuming the initial energy is W0, the cavity
photon energy can thus be given by,

W = W0e−
κi
2π t. (5.10)

The energy loss in dB when the photons travel around the cavity for a full circle is thus
expressed as 10 · log 10(e−

κi Trt
2π ), where Trt = Lne f f /c is the round trip time of the cavity,

L is the cavity path length and c is the light speed. The waveguide loss in the unit
dB/cm can thus be written as,

α =
10 · log 10(e−

κi Trt
2π )

100 · L
=

log 10(e−
κi Lne f f

2πc )

10 · L
. (5.11)
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FIGURE 5.29: The calculated waveguide loss

This equation can thus be used to get the waveguide loss. The calculated waveguide
losses for different gap distances are shown in Figure 5.29. It can be seen that an aver-
aged waveguide loss of around 0.6dB/cm can be obtained for the rib waveguide based
on 1.5 µm SOI platform. Compared to other waveguide losses that have been achieved
in the SOI platform [162, 163], this value is quite competitive and represents a high
level of waveguide quality, especially when considering the fact that the no pre- or
post- processes for decreasing surface roughness have been carried out.

5.6 Brownian motion measurement of mechanical resonators

Micro/nano mechanical resonator is the basic component of an integrated optomechan-
ical system. Here, mechanical resonators in the form of a cantilever beam on the 1.5 µm
SOI platform were fabricated. The cantilever beams are formed on the top silicon layer
of the SOI wafer by ICP etching the surrounding silicon, and subsequently suspended
by etching away the SiO2 layer underneath using the vapour HF.
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Suspended cantilever beams with designed width at 300 nm and different lengths were
fabricated, and the one with 8 µm length is shown in Figure 5.30 (A). The cantilever
is formed within a gap area. Figure 5.30 (B) shows the beam width measurement of
a 12 µm length beam. The measured beam width is 193.7 nm. This width shrink is
caused by the over-etching effect. Actually, some cantilevers with 100 nm beam width
were also designed, but they just ”disappeared” after the etching process, which can
also be explained by the over-etching. The thickness of the beam is thinned to 750 nm
during the first 750 nm etch step except for the end area, where it is formed by etching
away half the rib waveguide and therefore the thickness here is 1.5 µm.

(A) (B)

FIGURE 5.30: Suspended cantilever mechanical resonator

To prove that the cantilever was indeed suspended, the thermomechanical (’Brown-
ian’) motion of the suspended cantilever beam needs to be characterised. As shown in
Section 2, the displacement PSD would show a Lorentzian peak near the mechanical
resonance. The setup as shown in Figure 5.32 [164, 165] was used to do this measure-
ment.

The setup is based on an existing scanned electron microscope (SEM). SEM is typically
used to get a static image of an object by scanning a focused beam of free electrons
over the object and detecting secondary electron emission current I(r) (r is the coordi-
nate). The secondary electron current I is sensitive to the position of the object, and
is modulated proportionally by the mechanical motion of nanostructure. The record-
ing of a real-time change of the time-dependent secondary electron current I(t) thus
includes the motion information of the nanostructures. Therefore, a spectral analysis
of the time-domain recording I(t) can reveal the natural resonant frequencies and the
displacement amplitude of the nanostructure.

During the experiment, the chamber was pumped to 7.5 × 10−6 mbar, and focused the
beam of free electrons at the end of the suspended cantilever, where the vibration am-
plitude is maximum. The secondary electron current I(t) was recorded by a Lock-in
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and quantied. Displacements of picometric amplitude –

smaller by orders of magnitude than the electron beam spot size
– can be resolved in this way, as will be shown below.

To estimate the resolution of the technique, we assume that
noise in the secondary electron current originates from the
Poisson statistics of electrons incident on the detector. The

signal-to-noise ratio (SNR) is then
ffiffiffiffi
N

p ¼ ffiffiffiffiffiffiffiffiffi
Is=e

p
; where N is the

number of detected electrons, e is electronic charge and s is
integration time. The secondary electron current gradient will
be at a maximum at the sharp edges of a structure and limited
by the spot size r of the incident electron beam. It can therefore
be estimated as VI(r) � I/r. When measuring the amplitude of
displacement a � jdr(t)j by detecting secondary electron current
variation, unitary SNR will be achieved when

a � r=
ffiffiffiffi
N

p � r
ffiffiffiffiffiffiffiffiffiffiffiffiffi
e=ðIsÞp

; giving an estimate of the resolution of
the technique. For the typical values in a scanning electron
microscope: I� 1 pA and r� 1 nm, a displacement of a�0.4 pm
could be measured with a one second integration time. By
comparison, the lattice constants of solids are typically in the
range from 300 to 700 pm and, by most denitions, the radii of
isolated neutral atoms lie in the range between 30 and 300 pm.16

A point-by-point Fourier analysis of the secondary electron
current provides for spatial mapping of the oscillatory modes of
an object with nanoscale resolution determined by the focal
spot size of the incident electron beam. This hyperspectral
mode mapping can be performed within the bandwidth of the
secondary electron detector and can enable mapping of Brow-
nian motion in nanostructures. From thermodynamic consid-
erations (the equipartition theorem), the root mean square
(RMS) amplitude of Brownian motion for an oscillator with
natural frequency f and effective mass meff is given by

hai ¼ 1=ð2pf Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kBT=meff

p
; where kB is the Boltzmann constant

and T is temperature. For example, a doubly clamped silicon
nanowire 25 mm long and 200 nm � 200 nm in cross-section
will have effective mass �9.28 � 10�16 kg (the ratio of its
effective mass and its physical mass is 0.4 in its fundamental
mode17) and will oscillate at fundamental frequency f � 3 MHz.
At room temperature (T � 300 K) it will exhibit thermal oscil-
lations of RMS amplitude hai �100 pm.

Application of themotion detection technique to the study of
Brownian motion in nanostructures is illustrated in Fig. 2. The
test structure consists of an array of nanowire beams of
different lengths cut from a 50 nm thick silicon nitride
membrane coated in a further-structured 50 nm layer of gold (as
archetypal elements of, for example, a nano-mechanical
photonic metamaterial). The beams range in length from 20
to 30 mm in 2 mm steps and have fundamental in-plane oscil-
lation frequencies of between 2.11 and 1.17 MHz. With the
incident electron beam (acceleration voltage 5 kV, beam current
86 pA) focused to a point at the edge of the central section of
a beam, and with knowledge of the secondary electron current
gradient VI at that point from the static image (DC component
of the SE signal) of the sample I(r), the frequency dispersion of
calibrated in-plane Brownian displacement amplitude (Fig. 2b)
can be derived from the measured frequency spectrum of
secondary electron current dr(u) � dI(u)/VI. The optimum
injection point for each nanowire is selected on the basis of SNR
(over an 18 ms integration time) from a line scan of several
points traversing the high secondary electron gradient edges.

From experimental data, RMS displacement amplitude can

be evaluated as hai ¼ O
ÐþN
0 Sthðf Þdf ; where Sth(f) is the power

spectral density (PSD) of displacement,18 which in turn is ob-
tained as the square of the displacement data plotted in Fig. 2b

Fig. 1 Detecting movement in nanostructures. When a beam of free
electrons is focused at the edge of an oscillating nanostructure, the
secondary electron current I(r,t) is modulated proportionally to the
amplitude of movement dr(t) and the gradient of its secondary electron
emission profile at the incident electron injection point. Spectral
analysis of the current as a function of spatial coordinate r over the
object provides for mapping the oscillatory modes of the
nanostructure.

Fig. 2 Detecting thermal (Brownian) motion in nanostructures. (a)
Static secondary electron image of an array of six free-standing, gold-
coated silicon nitride nanowires with lengths between 20 and 30 mm.
(b) Frequency dispersion of the nanowires' thermal [Brownian] motion
displacement amplitude measured with the incident electron beam
focused at the points denoted by colored dots in (a). Peaks correspond
to the [length-dependent] fundamental in-plane oscillatory resonant
frequencies.
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FIGURE 5.31: Detection scheme of the cantilever motion [164]. When a focused beam
of electrons hits the surface of an oscillating nanostructure, the secondary electron
current I is modulated by the mechanical motion of nanostructure. Spectral analysis

of the SE current thus provides the motion information of the nanostructure.

Beam length
Resonant frequency (MHz)
Simulation Experiment

12 µm 1.702 1.639
8 µm 3.707 2.931
6 µm 6.399 5.201

TABLE 5.2: The fundamental in-plane resonant mode frequency of the suspended can-
tilever obtained from finite element simulation and experiment, respectively.

amplifier and then analysed with the build-in frequency spectrum analyser. The mea-
sured electrical voltage noise PSDs Sv(Ω) (unit: V2/Hz) of the suspended cantilevers
with different lengths are shown in Figure 5.32, where Figure 5.32 (A, B, C) is the result
for beam length 12 µm, 8 µm and 6 µm respectively. A pronounced resonance peak can
be found in each graph, with the enlarged view shown in the inset. The peaks are fitted
with a Lorentz function with a constant baseline. The inferred mechanical resonance
frequencies and Q-factors are shown in the inset. The measured resonance frequencies
were compared to the simulated fundamental in-plane resonance frequencies obtained
from COMSOL finite elements analysis in Table 5.2. Note that the measured beam
width 193.7 nm is used for the simulation. Good agreements can be found between
the experiments and simulations. The measured mechanical Q-factor is on the order
of thousand, which can be further increased by pumping to a higher vacuum level
and elastic phononic engineering [59]. Because no external force was applied to the
cantilever, the pronounced Lorentz peaks thus correspond to the fundamental in-plane
mechanical resonant mode. The higher-order in-plane modes were not observed due
to the limited bandwidth of the secondary electron detector.
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FIGURE 5.32: The measured thermal noise spectrum originated from the Brownian
motion of the suspended cantilever beam with a length of (A) 12 µm. (B) 8 µm. (C)
6 µm. The insets show the enlarged view of the thermomechanical spectrum (blue)

and the Lorentz fitting (red) near the peak.

It should be noted that the measured signal is the electrical voltage PSD. The displace-
ment PSD can be calibrated by using Equation 2.24. The amplitude of the Lorentz peak
in the electrical voltage PSD corresponds to the thermomechanical noise spectrum den-
sity at resonance: Sth

xx(Ωm) = 4kBT/me f f ΓmΩ2
m (unit: m2/Hz). Using standard beam

theory and the finite element simulations, the effective mass can be obtained for each
beam. The transduction gain of the measurement system can thus be acquired and
defined as: Tg =

√
Sth

xx(Ωm)/Sv(Ωm) (unit: m/V).

To conclude, this project has successfully fabricated an on-chip mechanical resonator
in the form of a suspended cantilever. The full suspension is verified by the measured
thermomechanical spectrum of the cantilever using a house-in setup for nanomotion
observation. This novel method for mechanical thermal Brownian motion measure-
ment is also an important supplementary means to optomechanical measurement.
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5.7 Conclusion and discussion

In this chapter, the individual integrated silicon optomechanical components are de-
signed, fabricated, and measured based on a 1.5 µm thick SOI platform. Thicker SOI
wafers can fabricate low-frequency mechanical resonators, handle higher optical power,
has lower propagation loss and larger mode size, which are beneficial for biedan two
applications, cavity OPT or SWOS generator for DFOS and dual-waveguide optical
trapping. The cavity optomechanical OPT or SWOS generator for DFOS need a high
optical input power for sharper pulses generation or wider frequency sweeping range,
and a lower mechanical frequency is suitable for long-distance DFOS application. The
dual-waveguide optical trapping application needs a high optical power and low waveg-
uide propagating loss. However, a thicker SOI would also need a larger bend radius
and result in a large footprint. Considering the trade-offs, 1.5 µm thick SOI platform is
selected.

The individual components include single-mode rib waveguides, grating couplers,
MMIs, waveguide Bragg gratings, optical microresonators and mechanical resonators.
These components are not only the basic components for the two previously discussed
applications in Chapter 3 and Chapter 4, but also are important build blocks for a wide
range of integrated silicon optomechanical applications. The fabrication processes are
introduced, and the imperfection has been analysed. The measurement results prove
that all the individual photonics components function well. Especially, the optical mi-
croresonator and mechanical resonator both have comparatively high Q-factor, and the
waveguide has a low propagation loss. All of these works combined lay a solid founda-
tion for the full integration of a silicon optomechanical system in the future, particularly
for the cavity optomechanical OPT or SWOS generator for DFOS and dual-waveguide
optical trapping.
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Chapter 6

Conclusion

6.1 Summary

To summarise my work, this thesis discussed the integration of optomechanics and
silicon photonics—integrated silicon optomechanics, and explored its applications in
DFOS and optical trapping. This thesis also demonstrated a novel 1.5 µm SOI platform
for integrated optomechanics.

1). Firstly, a novel application of using the integrated optomechanical system to address
the issues with the traditional optical probe signal generation in the DFOS system was
proposed, and explicit examples were demonstrated. The proposed application was
based on the OMO process induced by optomechanical dynamic back-action.

A comprehensive analysis of the cavity optomechanical coupling process was con-
ducted by non-dimensionalizing the theoretical coupling equations describing the cou-
pling process, through which only four system parameters are needed and the analysis
complexity is greatly eased. The OMO threshold was then analytically derived. A
dead-zone that forbade the onset of OMO was found and the optimal detuning value
and the associated minimum threshold power were derived. The OMO characteristic
in different sideband regimes was studied, and the OMO displays harmonic motion
when the oscillation amplitude is small. It then evolves into chaos in RSR and into a
mushroomlike phase trajectory in USR.

The OMO process in deeply USR can modulate the optical cavity field instantaneously,
through which a single-wavelength continuous-wave laser can be intensity-modulated
to OPT for OTDR application, and a broadband laser can be frequency-modulated to
SWOS for OFDR application. The ER and DC of the OPT and the frequency-sweeping
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range of the SWOS were systematically simulated under different optomechanical sys-
tem parameters. Based on this design guidance, four sets of optomechanical parame-
ters were designed with different SOI thicknesses. Using these OPT and SWOS gener-
ated by these designed optomechanical systems, the OTDR and OFDR measurement
performance were theoretically calculated. The results show the capability of these
optomechanical systems for the DFOS applications. It was also found that the SOI sub-
strate with a thicker silicon layer is preferred for longer-distance DFOS applications.

2). Secondly, the design, optimisation and scaling effect of dual-waveguide optical
traps on the SOI platform were presented by comprehensive numerical simulations
in Lumerical FDTD Solutions. By studying the theoretical equations of optical force
and trapping potential acting on a Rayleigh particle, it was found that the trapping
capability can be characterised by the optical intensity at the trapping. The simula-
tions demonstrate that the waveguide thickness is a crucial parameter in the design of
a dual-waveguide optical trap, and the optimal thickness depends on the gap distance
between waveguides. The parametric sweep simulation found that the optimal waveg-
uide thickness increase with the gap distance generally, and in the meantime, is com-
posited with periodic features whose period meets the resonance condition (standing
wave in the gap). The wavelength was also swept and it was found that the optimal
thickness shows a scaling effect over wavelength. The value of optimal thickness in
various trapping points is summarised in Table 5.1 to provide explicit information on
designing the dual-waveguide optical trap.

In addition to the dual-waveguide optical trapping, it was also proposed that the OMO
process could be used to break the adherence force, which prevents the particle sep-
arating process and load particles. The adherent force and the required acceleration
to separate the particles from a surface are analytically derived for different particle
sizes. The acceleration variations during the OMO process were then investigated, and
it was found the mechanical resonator experiences an abrupt increase in acceleration
when the OMO is in a mushroom-like phase trajectory. This increase is very beneficial
for particle separation. A set of reasonable optomechanical parameters was assumed,
and it was found an input power of 300 mW can separate a spherical silica particle as
small as 200 nm from the surface of the optomechanical device. All of these works com-
bined lay the foundation of a fully on-chip optical trapping system working on vacuum
or air.

3). Lastly, the individual integrated silicon optomechanical components are designed,
fabricated, and measured based on a novel 1.5 µm thick SOI platform, including single-
mode rib waveguides, grating couplers, MMIs, waveguide Bragg gratings, optical mi-
croresonators and mechanical resonators. The 1.5 µm thick SOI platform, rather than
the widely-used thin (< 300 nm) SOI platform, is chosen for its higher optical power
handling capability, lower propagation loss, larger waveguide mode size, and compar-
atively small bend radius. In addition, this thick SOI platform is suitable for fabricating
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low- frequency mechanical structures compared to the thin SOI platform. The fabrica-
tion processes containing two etch steps are introduced, and the imperfection has been
analysed. The measurement results prove that all the individual photonics components
function well. All of these works combined lay a solid foundation for the full integra-
tion of a silicon optomechanical system in the future.

6.2 Outlook

The contribution of this thesis mainly contains two theoretical applications of inte-
grated silicon optomechanics and an experimental demonstration of a novel 1.5 µm
silicon optomechanical platform. Therefore, the future work of this project will be the
experimental demonstrations of the proposed applications.

1). Experimental demonstration of OMO-based OPT generator and OMO-based SWOS
generator for DFOS application based on 1.5 µm SOI platform. The four sets of optome-
chanical parameters with different SOI thicknesses show that thick SOI is preferred for
long-distance DFOS application. In the next stage, the implementation in 1.5µm plat-
form should be explored, in which low resonance frequency mechanical resonator can
be made and long-distance sensing is thus possible. To further reduce the mechanical
resonance frequency, a long suspended cantilever beam can be used, which can be cou-
pled to a WGM optical cavity via the near-field. To improve the optical Q-factor further,
the resist-reflow process [166] can be used to get a smoother sidewall. Also, the Ebeam
lithography and ICP etching recipe both need to be optimised to reduce the roughness
on the sidewall to reduce waveguide propagation loss.

2). The applications of on-chip dual-waveguide trapping. The first and most explicit
application is biological particle trapping. The dual-waveguide optical trapping chip
can be used for biological particle trapping, including blood cells and bacteria, and
particle identification through the use of lasers with different power and wavelength
to trap different particles. This dual-waveguide optical trapping is also promising for
widespread applications in areas such as water-quality monitoring and medical di-
agnostics, for example, detection of human cells indicative of a disease and harmful
bacteria.

The dual-waveguide trapping can also be exploited to be used for sensing applications
like the traditional macroscopic levitated optomechanics. To enable the sensing ap-
plication, the experiment must be conducted in a vacuum environment. Actually, a
vacuum setup for integrated silicon optomechanics testing has been built and tested. It
is based on a cube vacuum chamber and self-designed fibre coupling stage compatible
with the chamber. Optical signals and electrical signals are introduced into the chamber
through feedthrough. Once a particle is trapped and the vacuum is on, its properties in-
cluding mass, radius, oscillation frequency, oscillation amplitude, and damping factor
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could be obtained by measuring its displacement PSD. The parametric feedback cool-
ing [67] can then be used to cool the thermal motion of the trapped particle and realise
stable trapping. Ultrasensitive sensing can be explored following the parametric feed-
back cooling, including force sensing, displacement sensing, and acceleration sensing.
The high-Q factor of the levitated particle holds great promise for ultrasensitive sens-
ing. It has also been found that the precession motion exists in levitated optomechanics
and the precession period can be precisely measured [167]. This precession motion can
be linked to the gyroscope motion under the effect of gravity and may serve as a novel
mechanism for measuring gravity.

3). Full integration of all the components into the same chip. The fascinating long-
term perspective is the possibility of integrating all the components to a single chip
with vacuum packaging, including laser source, an optical detector, optical modulator,
particle source and ASIC for signal processing. Although laser sources and detectors
in silicon photonics have not been reported with sufficient efficiency and reliability,
yet it is currently a very hot research area for many groups in the world. Once been
fully integrated, the integrated silicon optomechanics chip will open up new avenues
with respect to high-sensitivity sensing application and fundamental quantum physics
research with a compact chip-scale device.
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Davor Ristic, and Silvia Soria. Whispering gallery mode microresonators: funda-
mentals and applications. La Rivista del Nuovo Cimento, 34(7):435–488, 2011.

[41] DK Armani, TJ Kippenberg, SM Spillane, and KJ Vahala. Ultra-high-q toroid
microcavity on a chip. Nature, 421(6926):925–928, 2003.

[42] Wei C Jiang and Qiang Lin. Chip-scale cavity optomechanics in lithium niobate.
Scientific reports, 6(1):1–7, 2016.

[43] Matt Eichenfield, Ryan Camacho, Jasper Chan, Kerry J Vahala, and Oskar Painter.
A picogram-and nanometre-scale photonic-crystal optomechanical cavity. nature,
459(7246):550–555, 2009.

[44] Hermann Haus. Waves and fields in optoelectronics. Prentice-Hall, 1984.

[45] Andrew N Cleland. Foundations of nanomechanics: from solid-state theory to device
applications. Springer Science & Business Media, 2013.

[46] Michel Pinard, Y Hadjar, and Antoine Heidmann. Effective mass in quantum
effects of radiation pressure. The European Physical Journal D-Atomic, Molecular,
Optical and Plasma Physics, 7(1):107–116, 1999.

[47] Herbert B Callen and Theodore A Welton. Irreversibility and generalized noise.
Physical Review, 83(1):34, 1951.

[48] Peter R Saulson. Thermal noise in mechanical experiments. Physical Review D, 42
(8):2437, 1990.
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