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Summary

The history of micro-electromechanical systems (MEMS) can be traced back to the
1960s. In the past decades, worldwide researchers committed themselves to the
development of such micro systems. MEMS devices benefit not only from space
advantage but also high performance. Thanks to the further development of micro and
nano fabrication techniques, the footprint of MEMS devices can be further shrunk to
nano-scale and thus nano-electromechanical systems (NEMS) emerged. Such
MEMS/NEMS devices have many merits, including ultra-low energy consumption,
ultra-small footprint, high operating rate and low per unit cost compared with macro

devices.

Si nano photonics has also been widely studied due to their potential in future optical
communication, signal processing systems, etc. Compared with conventional optical
systems, nano photonic devices also have the merits of on-chip compatibility, low
energy consumption, and ultra-high operating rate. Importantly, such Si photonic
devices can be fabricated together with the nano mechanical devices using a series of
standard nano fabrication processes and thus Si photonic devices can be easily
integrated with NEMS actuators. Consequently, it is believed that the combination of
nano mechanics and nano photonics has promising future not only in academia but also
in engineering. As reported in literatures, on-chip optical gradient force has the

capability to deform and reconfigure nano structures and thus it is promising to develop



optical force driven devices for all-optical systems.

This thesis focuses on mechanical tuning and optomechanics of photonic devices based
on coupled photonic crystal nanobeam cavities, with studies including nano fabrication
process development, device tuning with NEMS actuators, investigation of optical

gradient force and tunable cavity optomechanics.

High efficiency resonance tuning by electrostatically shifting the coupled nanobeam
cavities in the lateral direction has been achieved. Coupling strength tuning over wide
range with high precision is demonstrated and the repeatability and dynamic tuning are
also proven, as well as the mode symmetry inversion. Based on the lateral tuning, lateral
shearing optical gradient force is predicted and demonstrated in experiments. It is the
first study of such lateral shearing optical force according to the author’s knowledge.
The study of optical force has great potential in all-optical system development. Thus,
a more attractive area, cavity optomechanics, is also investigated in this thesis and a

tuning method of cavity optomechanics is proposed and experimentally demonstrated.

Vi
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Introduction

Chapter 1. Introduction

1.1. Research Background

Nowadays, semiconductors play an important role in our lives. Semiconductor
components take an irreplaceable place in modern electrical and electronic equipment,
ranging from radios to satellites. Yet the development of semiconductor-based
electronic devices has seemingly reached a bottleneck. Due to issues such as parasitic
capacitance, the operating rate of semiconductor components is limited and cannot be
further enhanced with conventional methods [1]. To address such limitations and make
breakthroughs, both industrial and academic researchers are trying their best to
investigate novel technologies as alternatives. Many of them have turned their eyes to
photonic techniques. Photonics utilizes photons as the information carrier instead of
electrons. Photonic signal processing has already been proven to have ultra-high
operation rate and low crosstalk between channels [2, 3]. Yet the cost and yield problem
still limits the further industrialization and commercialization of photonic technology,
while conventional electronic devices already can be industrially manufactured with
low cost and high yields [4]. The trade-off between electronics and photonics is widely
discussed in literatures [5-10]. It is believed that these two technologies can be

combined together to complement each other.

The key advantage of photonic techniques over conventional electronic techniques is

their potential ultra-high operation rate. Numerous studies have been carried out to

1
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develop methods to dynamically control photonic devices, known as tunable photonics,
which has many advantages such as flexibility and error compensation. Based on
existing studies, the traditional tuning mechanisms for on-chip photonic devices can be
generally classified into three groups, thermo-optic [11], electro-optic [12, 13], and
mechanical methods. Among them, thermo-optical methods have the advantage of a
relatively wide tuning range, but they are limited by their slow operating speed and high
energy consumption [11] and thus are not ideal for practical applications. Electro-optic
methods are fast in general but they suffer from a limited tuning range because the
tuning is based on the manipulation of optical indices, which vary only slightly with
respect to modulation voltage [14]. Besides, electro-optical methods and thermo-optical
methods do not have the capability to drastically reconfigure the photonic structures or
significantly tune the coupling strength between them, which describes the interaction
between them and is determined by the mode overlap integral of them. In contrast,
mechanical tuning, mechanically displacing or deforming structures, is a natural way
to tune photonic devices and has many outstanding advantages over other methods.
Despite the drawbacks of electro-optical methods, electro-optical tuning still dominates
current studies of tunable photonics and is relatively mature compared with mechanical
tuning. Yet the nascent mechanical tuning methods are believed to be good candidates
to complement the electro-optical tuning and further accelerate the development of

photonic technologies [15].

Actuation using micro/nano-electromechanical systems (MEMS/NEMS) is the most
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widely used on-chip mechanical tuning method and the history of MEMS can be traced
back to the last century [16-18]. To date, MEMS devices are widely commercialized;
for example, MEMS actuators are utilized to drive the micro cameras on cell phones.
Thanks to the development of micro and nano fabrication techniques, MEMS devices
has further shrunk and thus, NEMS devices have emerged [19, 20]. NEMS technology
is rapidly developing and NEMS actuators and sensors are employed for various state-
of-art studies, for example, a study regarding the near-field radiation heat transfer in
nano-scale, in which ultra-precise and reversible mechanical control is required and

realized using a NEMS electrostatic actuator [21].

Silicon photonic devices are widely built with materials like single crystal silicon, poly-
silicon, and silica including silicon oxide, silicon nitride, etc. and they have already
proven to have strong capabilities in infrared (IR) light confinement and modulation
[22, 23]. Silicon and silica are commonly-used MEMS/NEMS materials as well,
making it possible to build photonic devices on-chip monolithically integrated with
MEMS/NEMS actuators. More importantly, it is easy to combine their fabrication
processes and there exist well-established fabrication techniques for such device
manufacturing. The existing studies of on-chip mechanical tuning of photonic devices

with MEMS\NEMS actuators will be reviewed in detail in the next chapter.

With the development of photonic technologies, the on-chip optical gradient force is

reported to have the capability to deform and thus reconfigure nano structures [24, 25].
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Besides, compared with conventional optical force generated by free-space light used
for optical trapping, the on-chip optical gradient force generated by guided modes in
photonic structures can be bipolar, portending a promising future of all-optical
controlled photonic systems. Furthermore, on-chip cavity optomechanics is more
attractive, in which the optical and mechanical degrees of freedom are coupled together.
Using cavity optomechanics, mechanical cooling and amplification can be realized as
a result of the interaction between photons and phonons [26]. Optical systems for
communication and signal processing based on cavity optomechanics are also believed
to be promising. The current progress of on-chip optical gradient force and cavity

optomechanics will be reviewed in the next chapter.

1.2. Objectives

This thesis describes the study of on-chip mechanical tuning and cavity optomechanics
of photonic devices based on coupled photonic crystal nanobeam cavities. The four

main goals are to:

(1) Develop nano fabrication process and testing methods for on-chip mechanically

tunable photonic devices and optomechanical devices.

(2) Investigate the photonic device tuning with mechanical methods and demonstrate
a resonance tuning in a dual-coupled photonic crystal nanobeam cavities system

with integrated NEMS actuators; and study the coupling strength tuning based on
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such tuning mechanism.

(3) Study the on-chip optical gradient force and investigate a novel lateral shearing
optical force generated by dual-coupled photonic crystal nanobeam cavities; and

develop a measurement method to detect the proposed optical force in static mode.

(4) Study the on-chip cavity optomechanics; and develop and demonstrate a tuning

method for cavity optomechanics in coupled photonic crystal nanobeam cavities.

Due to limitations, the photonic devices that are experimentally investigated in this

thesis are based on single crystal silicon and thus the devices are all passive.

1.3. Outline of the Thesis

The thesis starts with an introduction chapter, Chapter 1, regarding the research

background, objectives and outline of this thesis.

Chapter 2 reviews existing studies related to the study in this thesis. The review is
divided into four sections, photonic crystal cavities, MEMS/NEMS tunable photonic

devices, on-chip optical gradient force and on-chip cavity optomechanics.

Chapter 3 mainly discusses the nano fabrication process developed for the photonic

devices investigated in this thesis. The testing equipment and setup are also introduced.

Chapter 4 discusses a study of the lateral tuning of dual-coupled photonic crystal
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nanobeam cavities. It starts with a design principle of the cavities investigated in the
proposed study. Then coupled mode theory is investigated as the basic theory of the
study in this chapter. Device design is sequentially introduced. Finally, the theoretical

and experimental results are presented and discussed.

Chapter 5 presents a study of the lateral shearing optical gradient force in coupled
photonic crystal nanobeam cavities. The physics of optical gradient force is first briefly
described and then the optical force generated by coupled photonic crystal nanobeam
cavities is introduced. The experimental methods and results are elaborated upon and

discussed.

Chapter 6 proposes a tuning method for on-chip cavity optomechanics based on dual-
coupled cavities. The theory of cavity optomechanics is briefly discussed and the

proposed method is experimentally demonstrated.

Chapter 7 lists the main conclusions of the studies in this thesis and proposes some

future research suggestions.
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Chapter 2. Literature Review

This chapter reviews existing studies related to tunable photonic devices and cavity
optomechanics of on-chip photonic devices. The review covers four topics, photonic
crystal cavities, MEMS/NEMS tunable photonic devices, on-chip optical gradient force

and on-chip cavity optomechanics.

2.1. Photonic Crystal Cavities

The photonic devices investigated in this thesis are based on photonic crystal nanobeam
cavities. Due to the large volume of literature on photonic crystal cavities, the topic of
PhC cavities will be selectively reviewed only in this section. Yet, studies of NEMS

tunable PhC cavities will be reviewed in detail in the next section.

Optical resonators with high quality factors (Q factor) and small mode volume are
powerful tools to manipulate light and matter. Such resonators can be applied to diverse
areas, including quantum technology [27], optical trapping [28], optofluidics [29],
nonlinear optics [30], and nanoparticle detection [31, 32]. Among optical resonators,
photonic crystal cavities, when compared with other kinds of optical resonators or non-

resonant structures, have been demonstrated to have many advantages [33-36].

Photonic crystal (PhC) [37, 38], a kind of photonic bandgap structure, is an optically
functional periodic structure. Analogous to semiconductor materials in which a periodic

atom array can affect electron collective motions, photonic crystals can confine photons
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due to Bragg scattering, resulting in bandgaps. Photons with frequencies within
photonic bandgaps cannot propagate in the crystal. Photonic components based on
conventional rectangular waveguides can also be achieved using photonic crystals such
as photonic crystal waveguide filters [22] and couplers [39]. However, one of the most
attractive usages of photonic crystals is for building PhC cavities by inducing defects

into them.

Figure 2.1 Schematics of (a) 1D PhC cavity and (b) 2D PhC cavity.

PhC cavities can be generally grouped into three types: one-dimensional (1D), two-
dimensional (2D) and three-dimensional (3D) cavities. Among these, 3D cavities are
difficult to be fabricated on-chip and characterized, whilst 1D and 2D cavities are the
most widely studied. Typical configurations are shown in Figs. 2.1(a) and (b). 2D PhC
cavities are formed by inducing defects inside a planar photonic crystal [40]. Reported
2D cavities that are fabricated on silicon-on-insulator (SOI) material systems can have
Q factors of over 10° [35]. Similarly, 1D PhC cavities (also known as nanobeam cavities)
built by putting two PhC Bragg mirrors together to form a Fabry-Pé&ot-like resonator

can also have Q factors of over 10° [41-43].

These PhC cavities can be applied to diverse areas. For example, optical switching can
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be realized in photonic crystal cavities based on the mechanism of nonlinear index
variation caused by the plasma effect of carriers generated by two-photon absorption
[44]. In optical switching, characterizations of the high quality factor and small mode
volume are desired because these characterizations can lead to the reduction of
switching energy. PhC cavities have also been proven to realize strong coupling of
matter and light [45-48], which has great potential in the studies of cavity quantum
electrodynamics. Other applications, like PhC lasers [49] and chemical sensing [50, 51]

have also been demonstrated.

PhC nanobeam (1D) cavities have the merit of a small footprint and thus the ease to be
mechanically controlled. Consequently, they become a powerful alternative to 2D PhC
cavities. Dual-coupled nanobeam cavities also have intrinsic symmetric and anti-
symmetric supermodes. More importantly, compared with 2D cavities, 1D cavities have
ultra-high design flexibility [42, 43]. A design principle will be introduced in Chapter
4. In a word, it is reasonable to employ PhC nanobeam cavities for the study in this

thesis.

2.2. MEMS/NEMS Tunable Photonic Devices

With electrostatic tuning of photonic structures based on diverse configurations
including waveguides, ring/disk resonators and PhC cavities, various applications like
tunable optical modulators, couplers, filters, routers and switches are developed. The

tuning using MEMS/NEMS has already been proven to be advantageous, which will be
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reviewed in this section.

2.2.1. MEMS/NEMS tunable photonic devices based on waveguides and

ring/disk resonators

A dielectric rectangular waveguide is a conventional on-chip photonic structure for
wave-guiding, in which the light is confined by total internal reflection with a higher
index than its surrounding. Mechanically tunable photonic devices based on
waveguides are generally built with configurations of segmented waveguides, coupled

waveguides and their derivatives.

Input
Waveguide

(a) (b)

Output
Waveguide

— ~_~

Beam Movable
Suspension Waveguide

Figure 2.2 Schematics of the (a) “off” and (b) “on” states of the switch based on
segmented waveguides configuration. The light grey parts denote movable structures
while the dark grey parts indicate fixed structures. (The schematics in the figures below
in this chapter follow the same rule.)

Comb Drive

——

Instinctively, the transmission of light along segmented waveguides is roughly
proportional to the total effective mode overlap integral of the waveguide cross-sections,
which varies with the offset of the centers of the fixed and movable waveguide
segments. Thus, one can build an optical switch by mechanically moving the central

movable waveguide segment [52]. The switch configuration is illustrated by Figs. 2.2(a)
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and (b), from which it can be seen that the switch utilizes a monolithically integrated
comb drive actuator. The comb drive actuator actuates through electrostatic attraction.
For more details of MEMS/NEMS comb drive, one can refer to Refs [53, 54]. The
movable fingers of the comb drive are rigidly connected to the movable waveguide
segment, while the entire movable structure is supported by beam suspensions. At the
initial condition, the movable waveguide segment has a large offset from the fixed input
and output waveguides and the transmission is nearly zero, indicating an “off” state of
the switch. If a voltage is applied across the fixed and movable fingers of the comb
drive, the movable waveguide segment is displaced and thus the offset is reduced; the
transmission thus increases, representing an “on” state. Such comb drive and beam
suspensions can be standardly designed [55] for large displacements with high
positioning accuracy. This segmented waveguides configuration can also be applied to
transduction [56] and displacement sensing [57] applications. Other optical switches

and filters can also be achieved with a similar segmented waveguides design [58, 59].

Movable
Waveguide

Fixed
Waveguide

Folded Beam
Suspension

Figure 2.3 Schematic of the tunable waveguide coupler controlled by a comb drive
actuator.

Similar NEMS actuation and supporting methods can be used to build coupler switches

11
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based on coupled waveguides [60-65]. As illustrated in Fig. 2.3, this device is also
actuated with comb drive, while folded beam suspensions instead of straight beam
suspensions are used to support the movable structure to release potential residual
stresses that may result from fabrication. Light is launched into and collected from the
fixed waveguide. A comb drive similar to that described above is used to control the
coupling gap between the coupled waveguides by varying the applied voltage, in which
case the output light can be modulated. Extinction ratio of over 10 dB at a wavelength
of 1550 nm was reported to be experimentally demonstrated on such coupler switches
[61] with a measured rise time of about 18 us [62]. In addition, a similar 1 >3 switch
has also been developed based on triple-coupled waveguides configuration [65].
Besides in-plane tuning of the dual-coupled waveguides, out-of-plane tuning has also
been investigated for on-chip large scale switches [66, 67]. It is noted that not only the
output light intensities can be controlled by tuning the coupling gap between the
waveguides, but the output phase information can also be modulated. For example, a
phase shifter has been developed based on a similar principle of waveguide coupling
[68], in which the electrostatic force is applied directly to the waveguides with a voltage

across them.

Besides changing the coupling gap, moving one of the waveguides along its length
direction while maintaining a constant coupling gap will result in light modulation as a
result of variation in the effective optical path length. This method is also known as

delay line modulation and can be used to control optical phase information [69-71]. A
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combination of optical path length tuning and coupling strength tuning is also possible

[72].

Due to intrinsic light field resonant enhancement, optical resonators are widely used for
light control because they are wavelength-selective and usually have relatively high
sensitivity to tuning. A well-known family of conventional micro optical resonators is
micro ring/disk resonators, also known as whispering-gallery-mode (WGM) resonators.
Reported ring/disk resonators fabricated with silicon/silica materials can have Q factors
of over 108 [73]. Generally, a ring resonator system consists of a ring and coupled
channel waveguides, which is a classic wavelength-selective add-drop filter with four
ports named as input, through, add and drop.
@ Drop
Input ~o

" Through

Input Through
Add

Figure 2.4 Schematics of the tuning mechanisms based on the ring resonator system by
mechanically moving (a) the channel waveguide and (b) the ring.
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By tuning the coupling strength between the ring and channel waveguides through like
changes in the coupling gap, the system’s resonance wavelength and/or the full width
at half maximum (FWHM) can be manipulated. Such a tuning mechanism can be
realized by translating the channel waveguide (see Fig. 2.4(a)) [74-76] or the ring (see
Fig. 2.4(b)) [77] with the integrated comb drive. The coupling gap between the ring and

channel waveguides can be controlled by applying different voltages to the comb drive.

Electrode

(b)

Electrode

Figure 2.5 Schematics of (a) in-plane and (b) out-of-plane tuning mechanisms for add-
drop filters, consisting of a disk resonator coupled with suspended channel waveguides.

A relatively simple way to tune the coupling strength between the channel waveguides
and the resonator through deformation of the waveguides has also been reported [78].
As illustrated in Fig. 2.5(a), two free-standing waveguides are coupled with a disk

resonator. When a voltage is applied across the waveguides and the on-chip fixed
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electrodes as shown in the figure, the flexible waveguides will bend towards the disk,
thus obviating the need for an additional bulky MEMS actuator. (It is noted that the
displacement control accuracy and driving range of this kind of electrostatic actuator is
not comparable to that of the comb drive.) The results of wavelength switching with an
extinction ratio of 9 dB were reported. Besides in-plane waveguides actuation, out-of-
plane waveguides bending (see Fig. 2.5(b)) that achieved an enhanced extinction ratio
of over 20 dB has also been reported [79, 80]. As shown, the channel waveguides are
suspended above the disk and the vertical coupling gap between them can be adjusted
with a voltage applied across the suspended waveguides and the electrodes beneath
them. When coupled out-of-plane, the waveguides are tangentially positioned as
illustrated in the inserted top view to obtain a relatively strong coupling between the
disk and waveguides. Such an add-drop filter has been demonstrated to have a wide

tunable bandwidth, ranging from 12 to 27 GHz [81].

Besides static tuning, dynamic modulation based on such devices has also been
demonstrated to have a high signal to noise ratio [82]. In the study cited in [83], dynamic
optical intensity modulation controlled by an electrically-excited mechanical resonator

is experimentally demonstrated.

2.2.2. MEMS/NEMS tunable photonic devices based on PhC cavities

PhC cavities, as introduced in Section 2.1, are another advantageous group of optical

resonators and also can be functionalized through mechanical tuning. For example,
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MEMS/NEMS actuators can be integrated to vary the coupling between PhC cavities
and waveguides, thereby enabling a range of tunable photonic devices. Kanamori et al.
developed a wavelength-selective channel drop switch with a 2D PhC cavity in-plane
coupled to a movable waveguide with the gap between them controlled by a comb drive
[84]. The drop efficiency can be controlled to 12.5 dB with a 600 nm gap variation. The
combination of MEMS/NEMS with PhC cavities can form mechanically-tunable
photonic resonators/cavities, which are attractive for quantum signal processing [46],
controlling of slowing and stopping light [85], tunable lasers [86] and many other

applications.

Resonance control of optical resonators has long been studied and numerous
mechanically tuning methods that do not modify the nature of the resonators have been
developed. One of the established methods utilizes evanescent field perturbation (or
proximity perturbation), in which dielectric probes or cantilevers are suspended above
2D PhC cavities [87, 88] or micro ring resonators [89, 90] through complicated
fabrication processes and driven by non-monolithic actuators. Besides the complicated
system configuration, generally, only small tuning ranges can be achieved with
relatively large mechanical displacements. To enhance the tuning range using
evanescent field perturbation, Chew et al. studied near-field perturbation to 1D PhC
cavities using nano-scale probes driven by monolithic NEMS comb drive actuators [91,
92]. In these reported studies, nano probes with different shapes are investigated and

compared. However, the probe perturbation methods also suffer from transmission and
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Q factor degradation and the tuning range is still small though relatively enhanced.

To develop a cavity resonance tuning method with large tuning range and without
significant transmission and Q factor reduction, the coupled-cavity tuning approach is
proposed. When two cavities are coupled together, the resonance frequencies of their
coupled supermodes can be adjusted by controlling the coupling coefficient between
them, which is determined by the overlap integral of the mode fields of the two
resonators. The coupling between two optical resonators could be described by the well-
established temporal coupled mode theory (CMT), which will be introduced in detail
in Section 4.2. Essentially resonance control can be realized by tuning the coupling
strength, which can be easily implemented with on-chip integrated MEMS/NEMS
actuators. A number of experimental demonstrations of the coupled-cavity resonance
tuning approach have been reported. They are commonly based on 1D (nanobeam) PhC
cavities due to their small footprint and ease of mechanical control. For example, when
a voltage is applied across two in-plane-coupled 1D cavities, the induced electrostatic
force pulls the two cavities together and thus changes the coupling strength between
them [93]. Aresonance wavelength shift of up to 9.5 nm on an even mode was observed.
Using a similar method, vertically-coupled nanobeam cavities can also be
electrostatically controlled [94]. In order to achieve large variations in coupling gap and,
consequently, large wavelength tuning ranges, integration of MEMS/NEMS comb drive

actuators with PhC cavities is found to be highly advantageous.
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Figure 2.6 SEM images of (a) close-up view of the dual-coupled nanobeam cavities and
(b) NEMS comb drive controlled dual-coupled nanobeam cavities system.

Figures 2.6(a) and (b) show a dual-coupled nanobeam cavities system in which one of
the coupled cavities is fixed and light is launched into and collected from this cavity.
The other movable cavity is integrated with a NEMS comb drive that controls the
coupling gap. With this mechanism, up to 8 nm red-shift of an even mode and 3.8 nm
blue-shift of an odd mode were observed in experiments without significant Q factor
degradation when the coupling gap was changed from 750 to 150 nm [95]. Compared
with the study in Ref [93], the resonance tuning in Ref [95] is purely based on coupling
strength variation, without deforming the cavities. To further broaden the resonance
tuning range, a triple-coupled nanobeam cavities system was proposed and developed
using two on-chip integrated comb drives, where over 24 nm of resonance shift was
experimentally demonstrated [96]. It is also interesting to note that in contrast to
systems with large wavelength tuning ranges, ultra-precision resonance tuning over a

small range has also been reported. For example, to accurately measure the
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optomechanical coupling coefficients of a set of dual-coupled 1D PhC nanobeam
cavities, a comb drive that is combined with a mechanical displacement shrinkage
mechanism is used for ultra-fine control of the coupling gap and correspondingly, the

resultant resonance [97].

Beam Suspension Electrode h—
ARAT 1A
Input Output

Waveguide Waveguide
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Figure 2.7 (a) Schematic of a tunable air-slot 2D PhC cavity with integrated electrostatic
actuators. The yellow holes denote the defect region of the 2D PhC slab. (b) Schematic
of a tunable transversely split nanobeam cavity.

Another way to control the cavity resonance is to reconfigure or deform cavities using
MEMS/NEMS. For 2D cavities, there is a popular design, which can be referred to as
air-slot cavities, having ultra-small mode volumes [98]. As shown in Fig. 2.7(a), an air-
slot is inserted in a planar photonic crystal slab and the dimensions of the air holes near
the cavity center are adjusted to attain high Q factors. As can be seen, the air gap can
be electrostatically tuned with the illustrated electrical configuration. In the reported
experiments, strong opto-electro-mechanical coupling and resonance shifting were
demonstrated [99, 100]. Besides air-slot 2D cavities, reconfigurable or deformable
cavities can also be realized with 1D cavities. As shown in Fig. 2.7(b), the ladder-like

cavity is transversely split by an air-slot into two symmetric parts, which are both
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movable and mechanically controlled by their individual comb drives. The width of the
air-slot is controlled by varying the voltage applied to the actuators. In the reported
experiments, a resonance shift of up to 17 nm of the second-order mode was detected
with an air-slot width increment of 26 nm while the Q factor varied only slightly [101].
1D PhC cavities can also be longitudinally split and mechanically tuned. One can refer
to Refs [102-104], while details will not be elaborated. Yet, there is no coupling strength

tuning involved in the reconfiguration or deformation of PhC cavities.

As discussed above, on-chip tuning mechanisms for photonic devices using
monolithically integrated MEMS/NEMS generally have the merits of simple system
configurations and fabrication processes, high precision, good reversibility, dynamic
control capability, and low energy consumption. Therefore, the tuning methods have
promising applications in future optical communication, sensing and quantum

processing systems.

However, among these reviewed works, there are few studies discussing the coupling
strength tuning between coupled photonic structures, even though it is one of the strong
capabilities of NEMS tuning. The study of the interactions between optical micro/nano
resonators, which are strongly coupled to each other through their evanescent fields, is
of high impact for both their fundamental physics and potential applications [105-109].
Analogous to chemical molecules formed by coupled atoms, coupled optical

micro/nano resonators are also known as photonic molecules [110, 111]. The coupling
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strength between resonators (photonic molecules), which characterizes their interaction,
is a key parameter [112]. Precise control of coupling strength enables the entanglement
generation in quantum-emitter-embedded photonic systems [113], improvement of
single photon statistics in single photon devices [114], realization of spontaneous
symmetry breaking [115] and Josephson phenomenon [116] in photonic molecules, and
many others. However, due to fabrication imperfections, fine control of coupling
strength is hard to achieve. Although several methods including laser non-thermal
oxidation and water micro-infiltration have been developed for post-fabrication
compensation of the coupling strength, they are however irreversible, hard to control
and have limited accuracy and tuning ranges [117, 118]. Thus the author proposes to

study coupling strength tuning of coupled photonic resonators using NEMS actuators.

2.3. Optical Gradient Force Based on On-chip Photonic Devices

Conventional optical forces are usually generated by free-space light mainly for optical
trapping [119] and they have been investigated for decades, while nowadays the study
of optical force is focused on the optical gradient force generated by on-chip photonic
devices. As discussed, such optical force can be bipolar depending on mode symmetry.
For example, as illustrated in Fig. 2.8, when the mode is symmetric, the force is

attractive, while if the mode is anti-symmetric, the force can be repulsive.

21



Literature Review

Symmetric ‘

G
A
S

Anti-symmetric ‘

- .__'{ﬁ,

% "‘:;:l{('

Figure 2.8 Illustration of the optical gradient force direction depending on mode
symmetry.

Optical gradient force is theoretically predicted to arise from the overlap between
parallel guided waves evanescently coupled together and the force can be attractive or
repulsive depending on the mode symmetry of the two guided waves [120]. Models of
optical gradient force between coupled waveguides have been established [121] and
many numerical studies have been reported to predict optical force generated by diverse
kinds of photonic configurations, including coupled planar waveguides [122],
waveguide and coupled substrate [123], coupled WGM resonators [124] and coupled
2D PhC cavities [125]. Generally, the optical force generated by optical resonators has
a higher magnitude than that arising from non-resonant structures because the light

energy is resonantly enhanced in resonators.
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Figure 2.9 Schematics of photonic configurations, (a) ring resonator coupled with
tapered-fiber waveguide, (b) waveguide coupled with its dielectric substrate, (c)
coupled waveguides with MZIs, (d) vertically coupled WGM resonators, and (€) NEMS
comb drive controlled coupled PhC nanobeam cavities.

With the development of nano fabrication and testing techniques, experimental studies
of on-chip optical gradient force have been widely reported. Such a force is
demonstrated to arise from a ring resonator and a coupled tapered-fiber based
waveguide (the configuration is illustrated in Fig. 2.9(a)) in 2007 [126], and nearly one
micrometer displacement of the waveguide was observed in experiments. Actually, in
the reported study, the device cannot be regarded to be totally on-chip. As for totally

on-chip optical gradient force studies, the configuration of a waveguide coupled with

23



Literature Review

its dielectric substrate was investigated in 2008 for optical gradient force [127]. As
illustrated in Fig. 2.9(b), the waveguide is suspended over the substrate. The force is
generated between waveguide and the substrate and is detected by monitoring the
evanescent coupling of the guided wave to the substrate. In this study, the nano
mechanical device is driven in the dynamic mode and a strong spring softening effect
was observed, indicating a relatively large magnitude of the force. A limitation in this
study is that the mode symmetry and thus the force direction cannot be manipulated. In
another configuration based on coupled waveguides, the input light is manipulated by
a monolithically integrated Mach—Zehnder interferometer (MZI) as illustrated by Fig.
2.9(c) [24]. The input light is split and launched into the two MZI arms with different
lengths, which could induce a phase difference before the coupled waveguides. By
changing the input wavelength and thus the difference of effective light path length in
the two MZI arms, the phase difference can be controlled. In this way, the mode
symmetry in the coupled waveguides can be manipulated. The output light from the
coupled waveguides is also tuned by another MZI based on the same mechanism to
enhance displacement detection sensitivity by examining the output phase information.
In experiments, switching between attractive and repulsive force by varying the input
wavelength was demonstrated and mechanical oscillation excited by optical force was
achieved. A very similar study is reported in Ref [25]. Generally the optical gradient
force generated by non-resonant structures will have a relatively low magnitude. To

address this issue, Cai et al designed and fabricated a device based coupled PhC
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waveguides [128]. The PhC waveguides have relatively low group velocity of their
guided waves and thus the optical force generated can be enhanced. The experimentally
detected optical force in this study is estimated to be as high as 1.01 pN/um/mW (force

magnitude over unit waveguide length and pumping power).

Other configurations like coupled optical resonators have also been investigated. In the
study of Ref [129], vertically coupled WGM resonators (see the schematic in Fig. 2.9(d))
were investigated as an all-optical wavelength router driven by optical gradient force.
In experiments, both static and dynamic working modes were realized. Besides, in a
large-scale vertically coupled WGM resonators system, an optical force-induced
mechanical deformation of as large as 20 nm was realized with input power of only 3
mW [130]. Coupled PhC nanobeam cavities have also been investigated to study the
optical gradient force. In the report of Ref [131], the device is based on NEMS-
controlled coupled nanobeam cavities as illustrated in Fig. 2.9(e). As shown, one of the
cavities is fixed and light is launched into and collected from this cavity, while the other
cavity is a movable cavity integrated with NEMS comb drive and supported by spring
suspensions, and thus the coupling gap between cavities can be manipulated by
applying voltage to the comb drive. The force is measured in static mode through
monitoring the mode resonance wavelength shifting. In experiments, an estimated
attractive force of 6.2 nN when pumping on an even mode and an estimated repulsive
force of 1.9 nN when pumping on an odd mode with less than 1mW incident laser power

were demonstrated. This study indicates a very high energy efficiency of the optical
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gradient force.

However, among the reviewed studies of optical gradient force, especially the force
generated by coupled PhC nanobeam cavities, there is no report of optical gradient force
in the lateral direction (along the cavity beam). As mentioned, to better understand the
optical gradient force generated by on-chip photonic devices and develop all-optical
controlled system based on it, it is important to fully study all kinds of optical gradient
force. Due to the absence of the study on lateral shearing optical gradient force, a study

concerning such force was carried out by the author and this is described in Chapter 5.

2.4. On-chip Cavity Optomechanics

Besides statically deforming nano structures, the optical force can also interact with
mechanical vibration, resulting in many interesting phenomena. The optical spring
effect has been theoretically predicted for years [132, 133] and has been demonstrated
in experiments [134-136], in which the optical mode and mechanical deformation
interact with each other. More specially, the effect will result in mechanical resonance
frequency shift, depending on the optical pumping frequency detuning. Furthermore, it
was found that the optical pumping could dramatically enhance or suppress the
mechanical oscillation, i.e., mechanical amplification or cooling [26, 137-142]. Now it
is being extensively investigated as cavity optomechanics. Earlier studies of
optomechanics are based on the type of optical force of radiation pressure (for example,

the study in Ref [143]). Nowadays, both radiation pressure and optical gradient force

26



Literature Review

are investigated for cavity optomechanics in on-chip photonic devices.

(a) (b
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Figure 2.10 Schematics of photonic structures of (a) toroid resonator, (c) vertically
coupled disk resonators, (d) vertically coupled wheel-shape ring resonators, (e) coupled
nanobeam zipper cavities, (g) nanowire (h) disk resonator coupled with a waveguide,
(i) ring resonator coupled with a waveguide, and (j) disk resonator coupled with multi-
channel waveguides, one of which is segmented. Typical mechanical resonance mode
shapes of (b) toroid resonator and (f) coupled zipper cavities.

One of the classic photonic structures used to investigate optomechanics is the toroid
resonator as illustrated in Fig. 2.10(a). Some typical mechanical resonance mode shapes
of the toroid resonator are illustrated in Fig. 2.10(b). In the study of Ref [144], a nano

toroid resonator was optomechanically excited and mechanical resonance with Q factor
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reaching 1x10° was achieved. In experiments, both mechanical amplification and
cooling were observed, and the study showed a potential displacement detection with
sensitivity of sub-fm/Hz2. Such optomechanical systems based on toroid resonators
were also investigated for mass sensing [145] and magnetic field detection [146]. The
study in Ref [147] investigated the mechanical normal mode coupling in a
micromechanical system to understand the physics of mechanical dissipation and it
revealed the potential of cavity optomechanics to break the limitation to the mechanical
Q factors due to mechanical damping induced by material loss. Such cavity
optomechanics can also induce a transparency effect [148, 149], providing new tools

for light propagation controlling, for example on-chip slowing and storage of light.

Photonic configuration of vertically coupled disk resonators (see Fig. 2.10(c)) was also
studied for optomechanics [150] and this cited study revealed that the optical gradient
force may have higher optomechanical driving capability than radiation pressure in a
coupled disk resonators system. In another study based on vertically coupled disk
resonators, it indicated that the optomechanical coupling can be used to reduce and even
eliminate the anchor loss of a mechanical resonator through the destructive interference
of the elastic waves [151]. A similar design of vertically coupled wheel-shape micro-

ring resonators (see Fig. 2.10(d)) was also studied for broad band tuning [152].

Coupled PhC nanobeam cavities are another typical photonic structures for cavity

optomechanics. Eichenfield et al designed and fabricated coupled zipper cavities, the
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configuration of which is given in Fig. 2.10(e) with typical mechanical resonance mode
shapes illustrated in Fig. 2.10(f) [153]. Large per-photon optical gradient force was
realized. Due to the large force and the minimized structure mass, the structure
mechanical rigidity is determined to a great extent by the optical mode. There are also
theoretical studies of cavity optomechanics based on coupled zipper cavities [154, 155]
and a vertically coupled 2D PhC cavities system has been theoretically investigated as
well [156]. Besides coupled PhC cavities, optomechanics has also been demonstrated
on single deformable or reconfigurable 1D [157-159] and 2D [160-163] PhC cavities.
In the study of Ref [159], optical signals in a 1.5 MHz bandwidth were tuned over a
frequency span of 11.2 THz via cavity optomechanics; in the study of Ref [160], an

estimated optomechanical coupling rate of 320 kHz was achieved.

Optomechanics can even be achieved in a silicon nanowire structure, as illustrated in
Fig. 2.10(g). For example, a study demonstrated cooling of silicon nanowires
mechanical vibration to 30-40 K from room temperature, indicating great potential in
zeptogram-scale mass detection [164]. Remarkably, this study shows that though the
mechanical structure’s dimensions are much below that of the light wavelength of light,
the optomechanical coupling remains very strong. Simple structure like a micro-pillar

has also been demonstrated with optomechanical coupling [165].

Photonic configurations consisting disks or rings should not be ignored. Cavity

optomechanics based on the classical systems of disk or ring coupled with a waveguide
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(see Figs. 2.10(h) and (i)) has also been reported. In the study of Ref [166], the nonlinear
behavior of an optomechanically excited nanostructure was observed based on a ring-
bus waveguide coupled system. In another study, force sensing with spectral density of
15 aN/HzY? was achieved based on an optomechanical disk-waveguide coupled system
[167]. A more complicated system consisting of a disk coupled with multi-channel
waveguides, one of which is segmented, was investigated for radio frequency signal
amplification [168]. As illustrated by the schematic in Fig. 2.10(j), the disconnected
waveguide is driven out-of-plane via optomechanics, resulting in optical signal

modulation.

To sum up, with the ability to measure nanomechanical oscillation beyond the quantum-
limit [138, 169, 170], currently cavity optomechanics is widely studied for sensing
applications with ultra-high resolution [144] and even for investigation of gravitational
waves [171]. Itis believed to have potential in both fundamental physics and innovative
technologies. Another key achievement of optomechanics is its demonstrated capability
to maintain high mechanical Q factors for an optomechanical resonator oscillating in
heavy loss condition, like in liquids [172, 173]. This achievement indicates a promising

future for the application of optomechanics to biological and biomedicine sensing [174].

For better control and measurement of mechanical motion using cavity optomechanics,
it is important to develop tuning methods for the cavity optomechanics, which is

scarcely reported in the literature, probably because no effective method to reconfigure
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the optomechanical device has been tried. Yet, as discussed in Section 2.2, NEMS
tuning could serve as a strong tool to adjust the optomechanical devices to achieve
tunable cavity optomechanics. This tuning method proposed in this thesis is described

in Chapter 6.
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Chapter 3. Nano Fabrication Process and Experimental

Testing Setup

In this chapter, experimental methodologies used in this thesis study will be introduced.
The development of nano fabrication process for the proposed photonic devices is a key
component of the study in this thesis and it will be discussed in Section 3.1. In addition,

the testing setup and equipment are introduced in the following section.

3.1. Nano Fabrication Process

3.1.1. Introduction to micro and nano fabrication techniques

Standard micro fabrication processes have been established for released MEMS
microstructures and they generally can be categorized as bulk micromachining or
surface micromachining. Bulk micromachining forms structures by selectively etching
inside the material substrate, in which case anisotropic etching is commonly used.
Unlike bulk micromachining, surface micromachining builds structures by depositing
and etching of different layers on top of the substrate. Bulk micromachined devices are
space-consuming and are usually limited to anisotropic materials. By comparison,
surface micromachining permits flexibility in materials selection and enable high-
resolution patterns and thus is widely used for the fabrication of MEMS/NEMS devices

and photonic circuits.
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Traditional photolithography is a common method to define the patterns in micro
fabrication and has a resolution in the micron- and submicron-scale. Improved methods,
including electron beam lithography (EBL), focused ion beam (FIB), optical projection
lithography, extreme UV lithography and X-ray lithography [175], are frequently used
for nano patterning processes. Among them, EBL and FIB have an ultra-high resolution
of several nanometers. No physical mask is required and patterns are formed by
scanning a focused electron/ion beam dot by dot. Thus, they are flexible but time-
consuming processes and are used extensively for fabricating nano-scale photonic
structures such as photonic crystals and plasmonic nano dots. FIB even combines
lithography and etching together to form the structures, while there is no etching
involved in EBL. After defining the pattern, such as by EBL, material etching and
deposition are utilized to form the structures. The most commonly-used etching
methods are ion milling [176] and reactive ion etching (RIE) [177]. Whilst ion milling
is advantageous in the precise etching/patterning of materials like metals, it can cause
crystal damage, induced by ion impact, when etching single crystal materials [178].
Conventional RIE usually cannot achieve high aspect ratios and near-vertical sidewalls.
Thus, the Deep-RIE technique has been developed [179] and widely used in nano

fabrication, especially of single crystal materials like single crystal silicon [180].

As for deposition, there are diverse techniques of chemical [181] and physical [182,
183] vapor deposition and sputtering [184] of metallic and various kinds of dielectric

materials. Last but not the least, chemical etching of sacrificial layers is always required
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to form suspended structures for mechanical tuning. Hydrofluoric (HF) acid etching of
silicon dioxide (SiO2) is a common final fabrication process step to release and
functionalize MEMS/NEMS devices. It is usually done using the HF vapor, instead of
the liquid phase to avoid adhesion/stiction of nano structures arising from liquid surface

tension [185].

3.1.2. Flow of the developed nano fabrication process

As for the nano fabrication used in this thesis, it is conducted by the procedure described
below. The devices are fabricated on 4’ silicon-on-insulator (SOI) wafers, with top
single crystal silicon device layer of 260 nm, lightly p-type doped, while the total wafer
thickness is 675 +15 um. The top layer silicon has an electrical resistivity ranging from
13.5 to 22.5 Ohm-cm and the crystal orientation is (100). The key structures are built
first before other accessorial electrical functional structures. Before starting, the wafer
is cleaned with acetone and isopropyl alcohol (IPA) and flushed with distilled water (Dl
water). The wafer is coated with EBL resist ZEP520, which is positive resist, with a
highest spinning speed of 3000 rpm/s, resulting in a resist thickness of about 250 nm.
Then patterns of suspended structures such as PhC cavities, NEMS actuators (comb
drive actuators as shown in Fig. 3.1) and suspensions are defined with EBL. Before
exposure, the wafer is pre-baked for two minutes with a temperature of 180°C.The
structures are formed by DRIE and the etching is stopped on the box silicon dioxide

layer. After etching and removing the residual EBL resist the structure of a single device
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is realized as illustrated in Fig. 3.1.

Coupled cavities

Figure 3.1 lllustration of the structure after forming the suspended structures by DRIE
etching, and removing the residual EBL resist. The light and dark gray layers denote
the top silicon device layer and the silicon substrate respectively, while the yellow layer
denotes the SiO2 box layer.

After removing the residual resist, the wafer is cleaned and coated with another layer
of EBL resist and the grating couplers and tapered rib waveguide are patterned again
by EBL. These structures are formed by DRIE with an etching depth of 80 nm. After
etching, the residual resist is removed again with Micro-remover 1165. The structure of

a single device is illustrated in Fig. 3.2.

Tapered
waveguide

Figure 3.2 lllustration of the structure after forming the grating couplers and tapered rib
waveguide by DRIE etching, and removing the residual EBL resist.
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Subsequently, the wafer is carefully cleaned and treated by HMDS oven, followed by
coating with positive photon-resist AZ5214E (or AZ9260), which is positive resist.
Before exposure, the wafer is pre-baked for 1.5 minutes (for AZ5214E or 10 minutes
for AZ9260) with a temperature of 90°C. Then the structures of isolation trenches are
patterned by traditional photolithography and formed by RIE or DRIE etching through
the device layer. After removing the residual photon-resist with resist stripper (or with

acetone and IPA), the structure is obtained as illustrated in Fig. 3.3.

Figure 3.3 Illustration of the structure after forming the isolation trenches by DRIE or
RIE etching, and removing the residual photon-resist.

The wafer is then cleaned and coated with AZ9260. Another photolithography step is
conducted to pattern the gold electrodes, which are formed by metal deposition with
electron beam evaporator and a lift-off process. The structure is illustrated in Fig. 3.4.
In the lift-off process, after gold deposition, the wafer is immersed in acetone for over
three hours. Then the wafer (whilst still immersed in acetone) is treated with ultrasonic

waves for five minutes, after which the gold patterns are formed.
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Gold electrodes

Figure 3.4 Illustration of the structure after forming the gold and electrodes by electron
beam evaporator metal deposition and a lift-off process.

The last step is to release the suspended structure from the substrate using HF vapor.
Before release, the wafer is diced into small chips, which makes them easier for release,
device packaging and testing. A single device after the entire fabrication process is

illustrated in Fig. 3.5.

Figure 3.5 Illustration of a completely fabricated device.

The entire fabrication process is summarized in Fig 3.6.
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Resist removal Resist removal Liftoff
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Figure 3.6 Flow chart of the fabrication process.

In the HF vapor release process, the sample chips after dicing, as shown in Fig. 3.7(a),
are placed at and cover the through-holes on the sample holder, face down (the holder
is shown in Fig. 3.7(b)). Then the holder is placed on a Teflon beaker containing
moderate amount of HF solution (49% HF, 1:1 diluted). The entire setup is shown in
Fig. 3.7(c) and as can be seen, the sample chips are heated with an osram lamp and the
temperature is controlled by adjusting the distance between the lamp bulb and the
sample chips. The entire setup is placed in a fume hood for safety reasons and the

release process roughly takes about 8 hours.
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~ Sampler holder sampler holdel

Figure 3.7 Pictures of (a) sample chips after dicing for release, (b) sample holder used
in HF vapor release and (c) release setup.

3.1.3. Results and discussion

Figure 3.8 shows SEM images of some successfully fabricated devices. As can be seen,
the device is suspended after HF vapor undercuts the structure. The triangular holes on
the bulk serve as etching windows during the release. The period of production is about
three weeks and nearly one hundred of such devices can be fabricated in one fabrication

cycle with a yield about 50%.
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10 pm

Figure 3.8 SEM images of successfully fabricated devices.

The key and most difficult steps are nano etching (with DRIE) and HF vapor release.
Except for the grating couplers and tapered rib waveguides, the suspended parts of the
device have to be fully etched. Yet it is quite difficult to guarantee success because the
etch rate of the DRIE is not stable. SEM can be used to check whether the device is
fully etched but SEM characterization is only accessible after the wafer is diced into
small chips, when it is too late to remedy the situations. Figure 3.9 shows an example
of a failed device. As can be seen, there are still silicon materials left in the rectangular
holes and at the corners. These residual materials would definitely make the device non-
functional. To solve this problem, careful calibration of the etch rate every time before

etching real samples is necessary.
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Figure 3.9 SEM image of a failed device due to being un-fully etched.

HF vapor release is another difficult process. The key in this process is temperature
control. HF release is a chemical process and liquid phase water is involved and
necessary in this reaction. The amount of water condensed on the chip surface depends
on the temperature and partial pressure of water vapor in the environment. Yet only the
temperature can be controlled. The chemical etching rate is proportional to the amount
of liquid water condensed. If the temperature is too low, the amount of liquid water
would exceed a critical value, in which case the structure will stick to the substrate due

to liquid surface tension, as shown in Fig. 3.10.

024

Figure 3.10 SEM image of a failed device due to stiction to the substrate.
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HF release requires much experience and Fig. 3.11 shows an example of a successfully
released device with similar structure configuration. The long thin beam is of about 20

um in length, 180 nm in width and 260 nm in thickness.

Figure 3.11 SEM images of successfully released structures with long thin beams.

Besides the sticking to the substrate, long thin beams without support and placed closed
to each other will also stick together. The sticking together may happen at the initial

stage of the release, as shown in Fig. 3.12.

500 nm 500 nm

o

Figure 3.12 SEM images of a failed device due to stiction between long thin beams.

The structure shown in the above figures is the coupled cavities, which is a key structure
of the devices studied in this thesis. With careful temperature control, release of this

kind of structures can be achieved and Fig. 3.13 shows a successful example.
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Figure 3.13 SEM images of a successfully released coupled cavities structure.

3.2. Testing Setup

As introduced, the devices investigated in this thesis will be optically characterized with

electrical tuning. Thus the devices should be tested as generally illustrated by the

schematic in Fig. 3.14.

Light source

Optical

signal input

A 4

Device

Optical
signal output

A

Electrical tuning
signal input

Electrical power

Figure 3.14 Schematic of the general testing setup configuration.

3.2.1. Electrical configuration

Optical detector

The devices studied in this thesis all require electrostatic tuning, and thus they have to

be electrically functionalized.
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Figure 3.15 Pictures of (a) sample chip packaged with DIP, (b) wire bonder, (c) home-
made socket stage with electrical connections, and (d) DIP assembled on the socket.

Firstly, the sample chip is packaged with a dual in-line package (DIP) as shown in Fig.
3.15(a). Then the on-chip gold electrodes are connected with the package pins through
wire bonding with the wire bonder (KNS 4523A Digital) shown in Fig. 3.15(b). A
home-made socket stage with electrical connections (see Fig. 3.15(c)) is used to hold
the package and after assembling the setup is shown in Fig. 3.15(d). Thus, the electrical

signal can be applied to the on-chip device.
3.2.2. Optical configuration

As mentioned in Section 3.1.2, the devices are on-chip integrated with grating couplers.
The light signal will be launched into or out from the device through the coupling
between the grating coupler and a single- or multi-mode fiber, the configuration of
which is illustrated in Fig. 3.16. As shown, the fiber is pointed to the grating coupler

with a 10 degree offset against the vertical plane. The SEM image of the grating coupler
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Is shown in Fig. 3.17(a), which has an area of about 12 um =12 um. The grating coupler
Is connected with a rib waveguide, the width of which is tapered from 12 um to 700 nm.
The tapered rib waveguide is connected with the suspended feeding waveguide at either
side of the PhC cavity; Fig. 3.17(b) presents a SEM image of the connection of the rib

waveguide and the feeding waveguide.

Light from the laser source is coupled to the single-mode fiber and then to the on-chip
device by the grating coupler. The light is then guided by the tapered rib waveguide to
the suspended feeding waveguide and subsequently launched into the cavities. The
transmitted light from the cavities is then guided by similar waveguide structures and
coupled out from the sample chip through another identical grating coupler to the multi-

mode fiber and finally collected by detectors.

Fiber

Grating Tapered rib Feeding
coupler waveguide waveguide

/] \
/ /

Figure 3.16 Configuration of the coupling between fiber and grating coupler and the
connection between grating coupler, tapered rib waveguide and suspended feeding
waveguide.
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Figure 3.17 SEM images of (a) the grating coupler and (b) the connection between the
tapered rib waveguide and the suspended feeding waveguide.

Figure 3.18 Pictures of (a) vacuum chamber (closed) on an optical table with vibration
isolators, (b) fiber alignment platform in the vacuum chamber (c) main TLS, and (d)
OSA.
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The fiber alignment platform is located in a vacuum chamber placed on an optical table
with vibration isolators as shown in Figs. 18(a) and (b). As can be seen, the single-mode
and multi-mode fibers are fixed on two piezo-actuated XY Z-stages separately and the
stages are controlled with their individual controller outside the chamber, the white box
at the right bottom of Figs. 3.18(a) and (b). There is also a multi-degree optical

microscope (at the left bottom of the figures) for the alignment.

Figures 3.18(c) and (d) show the main tunable laser source (TLS) (AQ4321D from
ANDO, with a wavelength range of from 1520 nm to 1620 nm) and the optical spectrum
analyzer (OSA) (6317C from ANDO), which can be synchronized together for
wavelength scanning and they are the key equipment to characterize the optical
properties of the device. Other testing equipment are given in Figs. 3.19(a-h); they are
DC power supply (E3631A from Agilent), network analyzer (4395A from Agilent),
another TLS (TLS-510 from Sentac, with a wavelength range of from 1500 nm to 1630
nm), erbium doped fiber amplifier (EDFA), high speed oscilloscope (DSO90404A from
Agilent), dynamic signal analyzer (N9020A from Agilent), function generator (33220A
from Agilent) and InGaAs photodetector (1592NF from Newport), the use of which

will be elaborated upon in the following chapters.
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Figure 3.19 Pictures of (a) DC power supply, (b) network analyzer, (c) TLS, (d) EDFA,
(e) oscilloscope, (f) dynamic signal analyzer, (g) function generator, and (h) InGaAs
photodetector.
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Chapter 4. Lateral Tuning of Dual-coupled Photonic

Crystal Nanobeam Cavities

In this chapter, the author studies a resonance tuning in dual-coupled PhC nanobeam
cavities by laterally shifting the movable cavities with integrated NEMS comb drive
actuators. The photonic crystal cavity design is firstly introduced and then the coupled
mode theory is discussed as the basic theory of the study of this chapter. Next, the device
design is introduced. The analytical and numerical results are sequentially presented.
At the end, experimental results are elaborated upon and discussed. The proposed
tuning method is proven to have high tuning performance compared with conventional
coupling gap tuning. Coupling strength tuning with wide tuning range and high
accuracy is realized in experiments. The repeatability and dynamic tuning are also
demonstrated. The study in this chapter provides a new way to optimize the coupling
strength of the photonic molecules (PhC cavities) and has great potentials in the study
of cavity quantum electrodynamics and the development of efficient quantum

information devices.

4.1. Design of Photonic Crystal Nanobeam Cavities

4.4.1. Resonator coupled with feeding waveguide

As introduced, the PhC nanobeam cavities investigated are designed to be coupled with

feeding waveguides for light input and output as illustrated in Fig. 4.1.
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Figure 4.1 Schematic of a resonator coupled with feeding waveguides. The blue parts
denote the feeding waveguides, while the red part denotes the cavity.

Assume that the cavity has a resonance mode with amplitude p and resonance frequency
wo and si/s/sr denote incident/transmitted/reflected waveguide mode amplitudes,
respectively. 1/zw is employed to denote the decay rate due to feeding waveguide
coupling loss and 1/zi is employed to denote the intrinsic loss of the cavity. The

equations relating these quantities can be given as

d : 2
ap="%p—ap+a5i (4.1)
S, =0S+<Pp 4.2)
§=¢p (4.3)

where constants a and & represent the strength of the waveguide coupling and o is a

reflection coefficient. These constants can be determined with methods of energy

: . 2
conservation and time-reversal symmetry and the results are a=&= [— and
T,

w

o =-1 [186]. Besides, if we further take into consideration of the intrinsic loss of the

cavity (1/zi), the mode equation can be rewritten into

1lo=i-wo|0—(£+3)|0+\/zsi (4.4)
dt T T, T,
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By solving this equation, it can be found that

__iflfm__¢%| (4.5)

Ipl= A/z +2/7,)

Combining this result and the constants solved above, the normalized on-resonance
amplitude transmission t (= |st//|si|) is given as

21z,

T Wit 4207, (4.6)

One can induce constants Qi (= ziwo/2) and Qw (= (zw/2)wo/2) to denote the cavity quality
factor related to intrinsic loss and feeding waveguide coupling loss. Then the total

quality factor Q: can be given as

1

R T1/Q,+1/Q

4.7
and the normalized on-resonance energy transmission T (= |si|%/[si[?) can be given as

Q 2
T=(—"—
( 0+ QW) (4.8)

4.4.2. Design principle

As can be seen from Eq. (4.7) and Eq. (4.8), a high waveguide coupling quality factor
(Qw) will result in a high total quality factor (Qt) but a low transmission (T). In other

words, there is a trade-off between the cavity quality factor and transmission. Here in
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this section, the design principle of PhC nanobeam cavity in this thesis study for both
high quality factor and high transmission is introduced. The principle is developed by
Loncar’s group at Harvard University [187, 188]. The key factors of the design in
achieving high Q factors and transmissions at the same time are: (i) zero cavity length,

(ii) constant lattice period, and (iii) a Gaussian-like field attenuation profile.

Such cavities can be designed by the following steps:

(1) Determine a target resonance frequency and increase the frequency slightly (by
roughly 1%), because the cavity resonance frequency is a little below the lower bandgap
edge of the central segment. Given that the wavelength scanning range of our main TLS
and OSA is from 1520 nm to 1620 nm, the first order resonance wavelength can be set
to be around 1570 nm. It is also noted that the mode polarization is chosen to be

transverse electric (TE).

(2) Set the thickness of the cavity beam, which is the thickness of the top single crystal

silicon layer of the SOI wafers used, i.e., 260 nm in this case.

(3) Determine the cavity beam width. Cavity with wider beams has higher effective
index nerr, which pushes the mode away from the light line, resulting in reduced
radiation loss. However, wider cavity beams allow for unwanted multi-mode waves.

Here in this thesis, a beam width of about 700 nm is chosen.

(4) Decide the cavity lattice period (cavity hole period) a based on a = Ao/(2net), where
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Ao is the determined resonance wavelength and nes is the effective mode index, which
can be roughly estimated by numerically modeling a rectangular waveguide with the

same cross-section as that of the cavity beam.

(5) Determine the filling factors for each of the PhC lattice. The filling factors
arrangement should result in a highest mirror strength (considering it as a Bragg mirror)
for the target resonance frequency. In addition, there should be enough segment mirrors

to construct a Bragg mirror.

(6) Achieve a Gaussian-like field attenuation profile in the mirror region by linearly

tapering the mirror strength, which can be realized by linearly tuning the filling factors.

(7) Finally the cavity can be formed by putting two piece of such Bragg mirrors back
to back. Thus the cavity length is zero, resulting in reduced radiation loss and small

mode volume.

Generally, in a Bragg mirror, the evanescent field in the mirror region can be given as
sin(feraggX)exp(-px), where Baragg IS the propagation constant in the mirror region and p
is the attenuation constant. The scattering loss in the mirror can be minimized by
making fSeragy = 7/a. The mode in the cavity region (oscillation region) can be given as
SiN(fmodeX). By making feraggy = fmode, the scattering loss at the cavity-mirror interface

can be minimized.

It is noted that the lattice period is not crucial as long as a bandgap can be formed. The
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design also can survive large fabrication tolerances, such as variation in cavity beam
cross-section and segment holes diameters. The detailed cavity design will be
elaborated in the following sections and chapters together with the entire device design.
To reduce the segment scattering loss, a nearly constant propagation constant Smode IS
required in the oscillation region, which is obtained by the constant lattice period (hole

segment period).

Cavities designed with the above principles usually have multi-orders of TE mode. The
resonance mode order can be determined by the number of antinodes in the modal field
envelope. For example, the mode with one antinode in the modal field envelope is the
first order mode. Similarly, the mode with two and three antinodes in its wave field
envelope are the second and third order modes, respectively. The first, second and third
order TE resonance modes in a single cavity are illustrated by the mode profiles in Figs.
4.2(a-c). It is noted that the mode profiles are described by their individual transverse

electrical field distributions.
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Figure 4.2 Mode profiles of the (a) first order, (b) second order, and (c) third order TE
modes in a single cavity.
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When two such identical cavities are coupled together, the mode profiles of their first
to fourth order even and odd TE modes are as shown in Figs. 4.3(a-h). These mode

profiles are obtained by finite-difference time-domain (FDTD) simulation.
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Figure 4.3 Mode profiles of the (a, b) first order even and odd, (c, d) second order even
and odd, (e, f) third order eve and odd, and (g, h) fourth order eve and odd TE mode in
dual-coupled cavities.

4.2. Coupled Mode Theory

Coupling of optical modes is widely involved in photonic devices, which can be
analyzed by the well-established coupled mode theory (CMT) [189-194]. The theory
generally includes two portions, spatial CMT and temporal CMT. Spatial CMT is
widely used to describe the coupling between propagation modes on two waveguides,
placed parallel and close to each other [190-193], while temporal CMT is extensively
employed to analyze coupled resonant modes on coupled optical resonators [189, 194].

Here, temporal CMT is discussed as it is the basic theory of the study in this chapter.

If the two resonant modes p1 and p2 on the two identical resonators are given as
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p(t.2)=Re"™ and p,(t,z)=P,e" (4.9)

where wo is the nature frequency of a single resonator, the temporal coupled mode

equations can be given as

d . )
aplzl'a)opl"'l"(zlpz (4-10)
d . )
ap2=|'a)0p2+|"f12pl (4-11)

where k21 and x12 are the coupling strengths from mode p2 to mode p1 and mode p;: to
mode p2 respectively. Consider a conservative coupling case, the coupling strength is

determined by the field overlap integral of the two modes and can be defined as
K =—0f (6 -2, dV i, j=12 (4.12)

where &1 and ¢ are the permittivities of the photonic material and its surrounding; &,
and €, denote the electric field of the two modes; asterisk * symbol denotes complex

conjugate. In an energy conservation system, where

d
& (ni +In) =0 @13

it can be obtained that

Ky, =K, =K (4.14)
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Thus

d . )
ap1=|'a)0p1+|'l<p2 (4.15)
d ) ]
apzzl'a)opz"""(pl (4.16)

Considering a coupled supermode at frequency wd, i.e. P1 = p1 €xp(i wqt) and P2 =

p2 e€xp(i wqt) , we can obtain the following matrix equation

{i--a)o -i-Ki||:p1i|:i.a)d|:p1i| (4.17)
-k 1wyl p, P,

To have non-trivial solutions of p1 and p2, the following determinant must be zero

i@, —i-oy i-x
=0 (4.18)

ik i@, —i- o,

Then the resulting resonance frequency can be solved and given as

W, =y tK (4.19)

The parities of the coupled modes can also be solved

P00,

P, K

(4.20)

Here we induce the phase differences of either supermode for the mode parity

determination and the phase difference can be given as
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(4.21)

Aop— 0, (g —,) x>0
o= +7, (0, —@,) I k<0

If the phase difference is about zero, the supermode is even-like, while if the phase
difference is about =, the supermode is odd-like. If the two coupled resonators are not

exactly identical, the temporal coupled mode equations become

d . .
aplzl'a)lpl—i_l"(pz (4.22)
d . .
apzzl'a)zpz"""(pl (4.23)

where w1 and w2 are the individual nature resonance frequencies of the two resonators.

In this case, the resulting resonance frequencies become

o, =A%y LA (4.24)
‘ 2 4

where Aw denotes the resonance frequency detuning (Aw = |w1— w2|). If the energy
decay of the resonators is further taken into consideration, the general case of the

coupled equations can be given as

d . 1 .
apl:l.a)lpl_r_lpﬁl"(pz (4.25)
d . 1 .
apzzl'a’zpz_gpz"'"’(pl (4.26)

where 71 and 72 are the respective photon lifetimes in the two resonators. The eigenvalue
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can be solved as

;(:—w1+w2+i-1(£+£)i 1(a)l—a)2+i-(l—i))2+lc2 (4.27)
2 21, T, 4 T, T,

The real part of the eigenvalue (Re(y)) denotes the resulting resonance frequency (wa),
while the imaginary part of the eigenvalue (Img(y)) denotes the resulting decay rate

(1/tg). In this case, the mode parities and phase differences can be given as

11
&:a)d—a)zﬂ'rd 7, (4.28)
p2 K K
tant Y, x>0
X
Ap=:tan*=+7, x<0andy>0 (4.29)
X
tant Y _ 7, x<0andy<0
X
11
where x=20"% gng y=Ta T2
K K

4.3. Device Design

Existing studies of resonance tuning in a dual-coupled PhC nanobeam cavities are
mainly focused on the resonance tuning through coupling gap variation between the
cavities [93, 95, 97]. Here, by laterally shifting the center-to-center offset of coupled
photonic crystal nanobeam cavities while maintaining a constant coupling gap, the

author demonstrates a method to precisely and dynamically control the coupling
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strength of coupled photonic crystal cavities through integrated NEMS actuators with
a precision of a few GHz over a range of several THz without modifying the nature of
their constituent resonators. Furthermore, the coupling strength can be tuned
continuously from negative (strong coupling regime) to zero (weak coupling regime)

and further to positive (strong coupling regime) and vice versa.

Figure 4.4 shows the SEM image of the NEMS tunable coupled PhC nanobeam cavities.
As can be seen, one of the cavity beam is fixed and light is launched into and coupled
out from this cavity through suspended Si nanowire feeding waveguides. The other
cavity is movable and integrated with NEMS comb drive actuators that are supported
by four folded beam suspensions. Thus, the movable cavity can move in the lateral

direction, while the coupling gap keeps constant.
.

Fixed cavity

Light in Light out

Movable
cavity

Folded beami=
suspension

Figure 4.4 SEM image of the device NEMS co
cavities.

trolled dual-coupled PhC nanobeam
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The comb drive actuation force can be estimated as [55]

£tV 2
Jc

F=m

(4.30)

where m is the number of movable fingers; ¢ is the ambient permittivity; t and gc are
the finger thickness and finger gap spacing of the comb drive, respectively and V is the
applied voltage. The total spring constant of the four sets of the folded beam suspension

can be given by [55]

3
k=a2le (4.31)
where b, and | are the flexural beam width and length respectively, and E is the Young’s

Modulus of the beam material.

Both cavity beams are designed to be of 700 nm in width. There are 79 holes etched in
each beam with a constant period of 310 nm, forming a PhC cavity. The diameters of
the holes are quadratically tuned from 190 nm at the center to 40 nm at both ends. More
specifically, the radius of the air-holes rm, (m changes from 1 to 40, denoting the number
of holes from the center to either end of the cavity) is given as: rm=r1>{1-(r1-r4o0)/r1>((m-

1)/39)?), where r1 is 190 nm and rso is 40 nm.
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Figure 4.5 The transmission spectra of dual-coupled PhC nanobeam cavities. Five
modes are observed, namely TE1e, TE20, TE2e, TEs0, TEse, corresponding to the 1%
even-like mode, the 2" odd-like mode, the 2" even-like mode, the 3" odd-like mode
and the 3" even-like mode. (FDTD simulations are used to identify the modes.)

The measured transmission spectrum of a typical dual-coupled PhC nanobeam cavities
when two cavities are perfectly aligned without lateral offset is shown in Fig. 4.5, where
the resonance peaks of the TE-like modes are marked. The results are measured by

wavelength scanning by the main TLS and OSA which are synchronized together.

The interaction of the two cavities causes a splitting of their original uncoupled modes
into corresponding pairs of even-like and odd-like supermodes. (If the two nanobeam
cavities are not exactly identical due to fabrication imperfections, the supermodes are
not perfectly symmetric or anti-symmetric) The splitting is analogous to that of the
electron states in diatomic molecules, where the degenerate atomic levels split into

bonding and anti-bonding orbitals as a result of the strong coupling of two atoms. In
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coupled PhC cavities, the coupling strength of the modes is determined by the mode
overlapping of the two uncoupled cavities, which is sensitive to the relative
displacement between them. In this work, when the movable cavity is displaced laterally,
the coupling strength can be varied drastically from a negative to the positive sense and

vice versa, resulting in the variation of the mode splitting width (see Fig. 4.6).
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Figure 4.6 Illustration of mode splitting width change of the coupled cavities due to a
lateral displacement of the movable cavity.

4.4. Results and Discussion
4.4.1. Analytical and numerical results

The mode coupling between PhC nanobeam cavities (with individual resonance
frequency of w1 and w2) can be described by the coupled mode theory introduced in
Section 4.2. The resultant supermodes resonance frequencies can be predicted by Eqg.

(4.19) or Eq. (4.24), depending on whether the two cavities are identical. The phase
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difference and the supermode symmetry can be determined by Eq. (4.21).

(a) v
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Figure 4.7 (a) At initial condition when the cavity holes are perfectly aligned, the
overlapping electric fields of two single PhC nanobeam cavity modes are in-phase (the
red arrow indicates the cavity center). Note: The mode profile shows the in-plane
electric field component (in the direction perpendicular to the nanobeam) in a horizontal
plane at half the silicon nanobeam height, and the resonance wavelength is around
1600.5 nm. (b) When the movable PhC nanobeam cavity is laterally shifted by one
lattice, the overlapping electric fields of two single cavity modes are out-of-phase (the
red arrow indicates the cavity center).

In the coupled PhC nanobeam cavities system, as shown in Fig. 4.7(a), the mode
distributions of the two uncoupled cavities are originally symmetric about the
perpendicular bisector plane of the line segment that connects the centers of the coupled
cavities. Hence, the electric fields of both uncoupled cavities in the overlapping
integration area have the same sign. It is noted that according to Eq. (4.12), the coupling
strength at the initial condition is negative. When the movable cavity is laterally shifted
by one lattice, the signs of the electric fields of the two uncoupled cavities in the
overlapping integration area are opposite to each other (as shown in Fig. 4.7(b)).
Therefore, the coupling strength becomes positive. It is this unique integrated NEMS
tuning mechanism that allows the coupling strength to vary precisely from negative

strong coupling to zero (weak coupling) and further to positive strong coupling with a
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lateral displacement of about one PhC lattice.

£ 1600} * ha .

= 1 = )\,3_ —.._l___l-.-.

%; 1598‘- __.-"' "'-...- -

S 15964 z

[V 4 4

(@]

5 1588-'W ]

2+
5 J J
K 1586'- .M
1584 . 3 " 3 5 ' . ' . I . 3 " 3 5

-20-15-10-05000510 15 20

Coupling strength (THz)

Figure 4.8 Relationship between the second and third supermode resonance wavelength
and coupling strength x for non-zero detuning case.

@ 1.0F  ANSSANNNNSSSSENENNSREE 66400886 0es0000e00s o
X 08} . A n
5 0.6f Ps- ]
Q E
&g 0.2} ¢ A(|)3+ 7
;_5' 00 o . bbbl . —-—' '—---lll'Illllll'll.Ill:lIlIl . -
0 1.0}  sstssssssissssassnssss yyvyvrvyvevyvevvevyvyy o
g 08 ]
= 08F 4 .
=~ o6l Ag, _

0.4 - -.

0.2F M A(p2+ 7

00F J

20 -15 -10 -05 00 05 10 15 20
Coupling strength (THz)

Figure 4.9 Relationship between the second and third order supermode phase difference
Ag and coupling strength « for non-zero detuning case.

The eigenwavelengths A+ (4+ denotes the mode with a longer wavelength, while A
denotes the mode with a shorter wavelength) of a pair of coupled supermodes are

calculated as the coupling strength changes from a negative to a positive value. For non-
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zero detuning (Aw= |w1-w2| # 0), when x is negative and increases towards zero, A+
decreases and A. increases, resulting in reduced mode splitting width as shown in Fig.

4.8 for the selected second and third order modes.

Their respective phase differences A¢ are calculated and shown in Fig. 4.9. It is
observed that when « is negative, the supermodes corresponding to 4+ and 1. have even-
like and odd-like parities, respectively. When x becomes zero, the mode splitting width
is equal to the initial detuning. As k continues to increase from zero to a positive value,
A+ increases while A- decreases, and the mode splitting width increases. In addition, the
supermode corresponding to A+ now becomes an odd-like mode, whereas that
corresponding to A- becomes an even-like mode, which can be concluded from the mode

phase differences shown in Fig. 4.9.
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Figure 4.10 Relationship between the third order supermode resonance wavelength and
coupling strength « for zero detuning case.

The mode parity inversion is due to oscillation of the evanescent field along the lateral
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tuning direction that leads to the sign inversion of the coupling strength. In the case of
zero detuning (w1 = w2), the variation trends of A+ and A. are similar to that of non-zero
detuning, but the mode splitting vanishes when « is zero, as shown in Fig. 4.10 for the
selected third order supermodes. As x increases from a negative value to a positive
value, the supermode corresponding to A+ (1.) also changes from even-like (odd-like)

mode to odd-like (even-like) mode, as indicated in Fig. 4.11.
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Figure 4.11 Relationship between the third supermode phase difference Ag and
coupling strength x for zero detuning case.

3D FDTD simulations were performed to calculate the supermode wavelength shifts
and mode field distributions of the coupled PhC nanobeam cavities when the movable
cavity is set at different lateral displacements. The FDTD method generates a time-
domain pulse as the excitation source to the feeding waveguide. According to the
Fourier transform theory, a time-domain confined signal spreads over a broad
frequency range in the frequency-domain. The transmitted electromagnetic field in the

time-domain is recorded. Subsequently, a Fourier transform reveals the frequency-
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domain response of the input pulse, which corresponds to the device transmission
spectrum. The peaks within the forbidden band denote the supermodes, whose mode
profiles, orders, and symmetries are then determined at their respective frequencies.

Also note that the governing equation is Maxwell’s equations in the FDTD solution.
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Figure 4.12 FDTD simulated relationship between the second and third order

supermode resonance wavelength and lateral displacement d for non-zero detuning case.
a denotes the cavity lattice period.
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Figure 4.13 FDTD simulated relationship between the third order supermode resonance
wavelengths and lateral displacement d for zero detuning case.
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The zero detuning case is simulated with two identical cavities, while the non-zero
detuning case is simulated with two cavities having slightly different nanobeam widths.
The simulation results are summarized in Fig.4.12 and Fig. 4.13. When the movable
cavity is laterally shifted (see the schematics in Fig. 4.7), the coupling strength increases
from an initial negative value to zero at about half PhC lattice offset and then further
increases to a positive value for one lattice offset. The FDTD simulated wavelength
shifts of the selected supermodes, shown in Fig. 4.12 and Fig. 4.13 respectively for both
non-zero detuning and zero detuning cases, are in good agreement with the results
predicted with the coupled mode theory shown in Fig. 4.8 and Fig. 4.10. The
relationships between the supermode resonance wavelength and coupling strength
corresponding to Fig. 4.12 and Fig. 4.13 are shown in Fig. 4.14 and Fig. 4.15,

respectively.

The coupling strength can be calculated with Eq. (4.19) and Eq. (4.24). More

specifically, for zero detuning case, the coupling strength can be given as

—%(a)d+ a)dﬁ), d<=a
K=< 0, d :%a (4.32)
%(a)d+ a)d,_), d>=a

while for the non-zero detuning case, the coupling strength can be given as
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—% (a)m—a)df)z—Aa)z, d<>a
1
k=140, d:Ea (4.33)
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Figure 4.14 FDTD simulated relationship between the second and third order
supermode resonance wavelength and coupling strength x for non-zero detuning case.
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Figure 4.15 FDTD simulated relationship between the third order supermode resonance
wavelength and coupling strength x for zero detuning case.
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Figure 4.16 further highlights the mode field distributions obtained from FDTD
simulations for various cavity-coupling configurations with different lateral offsets d.
For clarity, only a central part of the field distribution is shown for each supermode

with two red triangles indicating the two cavity centers.
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Figure 4.16 Mode profile variations for both non-zero detuning (Aw # 0) and zero
detuning cases (Aw = 0) with red arrows indicating cavity centers. Note: The lattice
period of the two coupled PhC nanobeam cavities is fixed at 310 nm (a = 310 nm) for
both non-zero and zero detuning cases. The mode profile indicates the in-plane electric
field component (in the direction perpendicular to the nanobeam) in a horizontal plane
at half the silicon nanobeam height.

These mode profiles shown in Fig. 4.16 also support the mode parity predictions
obtained from the coupled mode theory. To illustrate this clearly, one can take the zero
detuning case (w1 = w2 = wo) as an example and consider two uncoupled third order
modes from two identical single cavities that are put close to each other with zero
center-to-center lateral offset (d = 0 nm), as shown schematically in Fig. 4.17(a). The

coupling strength is determined to be negative (x < 0) from Eq. (4.12). Subsequently,
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(wd-wo)/x is positive for the supermode with a longer wavelength (4+), and thus
according to Eq. (4.21), the phase difference Ag is zero and the mode is even-like. On
the contrary, the supermode having a shorter wavelength (1.) has an odd-like parity with

a phase difference Ag equal to 7.
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Figure 4.17 (a) The mode profiles of two uncoupled PhC nanobeam cavities with zero
center-to-center lateral offset; (b) the FDTD simulated supermode profiles of PhC
nanobeam cavity with no center-to-center lateral offset between two nanobeams; (c) the
mode profiles of two uncoupled PhC nanobeam cavities with a lateral offset of one PhC
lattice period a (a = 310 nm); (d) the FDTD simulated supermode profiles of coupled
PhC nanobeam cavities with a lateral center-to-center offset of 310 nm; Notes: the mode
profile indicates the in-plane electric field component (in the direction perpendicular to
the nanobeam) in a horizontal plane at half the silicon nanobeam height, and the
resonance wavelength of each single cavity is around 1600.5 nm.

Taking the original uncoupled mode profiles and their phase differences into
consideration, the resulting supermode field distributions of the coupled cavities can be
predicted conceptually by superposition and are confirmed by the FDTD simulated

third order supermodes shown in Fig. 4.17(b). Similarly, one can consider the
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configuration where two cavities have a lateral center-to-center offset of one PhC lattice
period (d = a = 310 nm). The uncoupled third order mode profiles and their relative
positions are illustrated in Fig. 4.17(c). Clearly, the coupling strength is now positive
(x > 0), and the mode parities are inversed. The supermode with a longer wavelength
(A+), having (wd-wo)/x < O (refer to Eq. (4.21)) and thus A¢ = 7, becomes odd-like,
whereas the supermode having a shorter wavelength (1.) becomes even-like. Again
taken the original uncoupled mode profiles shown in Fig. 4.17(c) and their phase
differences in supermodes into consideration, the resulting field distributions of the
coupled cavities can be deduced and they match well with the FDTD simulated third
order supermodes shown in Fig. 4.17(d). The parity of a supermode can also be
determined by comparing the signs of the electric fields at identical locations in two
coupled cavities (see Fig. 4.16). Taking the second order supermodes for example, at d
= 0 nm, the sign of the electric field at each cavity center is the same for A+ mode and
different for /- mode, indicating their even-like and odd-like parity respectively. At d =
310 nm however, the sign of the electric field at each cavity center becomes different
for 2+ mode and the same for A- mode instead, which clearly indicates a mode parity

inversion.

4.4.2. Experimental results

In experiments, the lateral displacement of the movable nanobeam cavity is precisely

controlled by the integrated NEMS comb drive actuators. Through gradually raising the
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applied DC voltage, the lateral displacement is increased stepwise, 1~16 nm per step.
The relationship between the center-to-center lateral offsets and applied voltages is
presented in Table 4.1. Two samples were tested; sample A represents a non-zero
detuning case, while Sample B represents a zero detuning case. The lattice period

(cavity holes period) a of both Sample A and Sample B is 310 nm.

Table 4.1 The cavity center-to-center lateral offsets of various applied voltages

Sample A (A#0) Sample B (A=0)
\oltage Cavity center-to-  Cavity center-to- \oltage Cavity center-to-  Cavity center-to-
squared center lateral center lateral squared center lateral center lateral
(V?) offset (nm) offset (>a) (V3 offset (nm) offset (>a)

0 -25.48 -0.08219 0 0 0

5.76 -13.50 -0.04355 5.76 9.94 0.03208
12.25* 0* 0* 12.25 21.15 0.06822
17.64 11.21 0.03616 17.64 30.45 0.09824
24.01 24.46 0.07890 24.01 41.45 0.13372
30.25 37.44 0.12077 30.25 52.22 0.16847
36 49.40 0.15935 36.00 62.15 0.20049
42.25 62.40 0.20129 42.25 72.94 0.23530
47.61 73.55 0.23725 44.89 77.50 0.25000
53.29 85.36 0.27536 46.24 79.83 0.25752
59.29 97.84 0.31562 47.61 82.20 0.26515
65.61 110.99 0.35802 49.00 84.60 0.27289
72.25 124.80 0.40258 53.29 92.00 0.29678
77.44 135.59 0.43740 59.29 102.36 0.33020
84.64 150.57 0.48571 65.61 113.27 0.36539
90.25 162.24 0.52335 72.25 124,74 0.40237
96.04 174.28 0.56220 77.44 133.70 0.43128
102.01 186.70 0.60225 79.21 136.75 0.44113
108.16 199.49 0.64352 84.64 146.13 0.47137
114.49 212.66 0.68599 90.25 155.81 0.50262
121 226.20 0.72967 91.2025 157.46 0.50792
125.44 235.43 0.75946 92.16 159.11 0.51325
132.25 249.60 0.80515 94.09 162.44 0.52400
136.89 259.25 0.83629 96.04 165.81 0.53486

144 274.04 0.88399 102.01 176.11 0.56811
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148.84 284.10 0.91647 108.16 186.73 0.60236
156.25 299.52 0.96618 114.49 197.66 0.63761
161.29 310 1 121.00 208.90 0.67387
169 326.04 1.05173 125.44 216.56 0.69860
174.24 336.94 1.08689 132.25 228.32 0.73652
136.89 236.33 0.76236
144.00 248.61 0.80196
148.84 256.96 0.82892
156.25 269.76 0.87018
161.29 278.46 0.89825
169.00 291.77 0.94119
174.24 300.82 0.97037
179.56 310 1
184.96 319.32 1.03007

*Due to fabrication imperfections, the movable cavity of Sample A has an initial lateral
offset (see Figs. 4.18(b) and (c)). The cavity center-to-center lateral offset is zero when
the voltage squared is 12.25 V2.

The transmission spectra of the coupled PhC nanobeam cavities under different cavity
center-to-center lateral offsets are obtained. For non-zero detuning as shown in Fig.
4.18(a) (Sample A), the widths of the two PhC nanobeam cavities are measured under
SEM to be around 594 nm and 600 nm, respectively. The resonance wavelengths of the
second and third order supermodes at different cavity center-to-center lateral offsets are
illustrated in Figs. 4.18(b) and (c), respectively. Clearly, the mode splitting width
decreases with increment in lateral offset until the mode splitting width reaches a
minimum value, which is related to the initial frequency detuning of the two uncoupled
cavities. As the lateral offset continues to increase, the mode splitting width increases
again. Compared with the third order supermodes, the second order supermodes have a
larger mode splitting minimum, which indicates a larger initial frequency detuning. In

this unique NEMS lateral tuning design described here, the mode frequencies (w1, w2)
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of the uncoupled PhC nanobeam cavities can be obtained by Lorentzian fitting the
measured resonance peaks at near-zero coupling strength at a lateral offset of around

half of a PhC lattice where the mode splitting width reaches a minimum.
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Figure 4.18 (a) SEM image showing the central part of a non-zero detuned coupled PhC
nanobeam cavities (Sample A) with measured widths of the nanobeams annotated. (b,
c) Measured resonance wavelengths of the second order and third order supermodes as
functions of the cavity center-to-center lateral offset for Sample A. (d, e) Calculated
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relationship between the second order and third order resonance wavelength and the
coupling strength for Sample A.

With w1, and w2, known, the wavelengths of the coupled cavities supermodes at various
coupling strength are calculated using Eq. (4.33) and plotted in Figs. 4.18(d) and (e).
Comparing the mode splitting widths in Fig. 4.18(d) with those in Fig. 4.18(b), it can
be concluded that the coupling strength « is continuously tuned from -2.3 THz to 1.9
THz for the second order supermodes. Similarly, the experimental coupling strength
tuning range is from -2.2 THz to 1.7 THz for the third order supermodes by comparing

Fig 4.18(e) with Fig. 4.18(c).

Figure 4.19(a) presents a nearly zero detuning case (Sample B), where both of the
nanobeams are measured to be around 658 nm in width. Similar to Sample A, when the
cavity center-to-center lateral offset increases, the mode splitting width decreases to a
minimum and then increases again as predicted (see Figs. 4.19(b) and (d)). In this case,
the minimum mode splitting width, which is equal to the initial mode detuning between
the two uncoupled PhC nanobeam cavities, is only 80 GHz (A4~ 106 pm). Again, with
the mode frequencies (w1, w2) of the uncoupled PhC nanobeam cavities obtained, the
resonance wavelengths of the coupled cavities supermodes are computed as functions
of the coupling strength (using Eq. (4.32)) and plotted in Fig. 4.19(c). Comparing it
with the experimental results in Fig. 4.19(b), it is observed that the coupling strength

is continuously tuned from -1.7 THz to 1.6 THz.
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Figure 4.19 (a) SEM image showing the central part of a nearly zero detuned coupled
PhC nanobeam cavities (Sample B) with measured widths of the nanobeams annotated.
(Note: The movable nanobeam cavity accidentally collapsed to the fixed one after the
experiment, causing an irreversible stiction of the two cavities) (b) Measured
wavelengths of the third order supermodes as functions of the cavity center-to-center
lateral offset for Sample B. (c) Calculated relationship between the third order
resonance wavelength and the coupling strength for Sample B. (d) Corresponding
transmission spectra recorded at different cavity center-to-center lateral offsets (d = 62
nm, 113 nm, 156 nm, 166 nm, 209 nm, and 257 nm, respectively from top to bottom)
of Sample B.
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Figure 4.20 FDTD simulation results of coupling gap tuning of coupled PhC nanobeam
cavities: resonance wavelength variations of a pair of supermodes as functions of the
coupling gap.

For comparison, it should be noted that, by comparison, it is not possible to change the
sign of the coupling strength with the traditional coupling gap tuning approach [92, 95,
195]. For traditional coupling gap tuning of coupled PhC nanobeam cavities, the
cavities’ center-to-center lateral offset is kept at zero, while the gap between the two
cavities varies. The resonance wavelength shifts and mode field distribution variations
of a pair of supermodes of the coupled PhC nanobeam cavities are calculated when the
coupling gap increases using 3D FDTD simulations. As shown in Fig. 4.20, the strong
coupling between the two PhC nanobeam cavities leads to mode splitting and the
splitting width decreases as the gap increases. When the gap is large enough (> 500 nm),
the mode splitting disappears, corresponding to the weak coupling regime. During the
coupling gap tuning process, the even mode always has a longer wavelength while the

odd mode always has a shorter wavelength, which indicates that the sign of the coupling
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strength and mode parity do not inverse (see Fig. 4.21). Furthermore, in order to tune
the coupling strength to zero, the coupling gap has to increase by more than 400 nm,
which requires a much larger displacement compared with the lateral tuning method

described in this thesis (~155 nm).
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Figure 4.21 FDTD simulation results of coupling gap tuning of coupled PhC nanobeam
cavities: supermode profiles at different coupling gaps corresponding to the data in Fig.
4.20.

Besides having a relatively large range from negative to zero and further to positive,
the tuning of the coupling strength in this proposed device is also reversible. To
demonstrate this, the applied voltage on the NEMS actuator is repeatedly tuned upwards
and downwards and the corresponding resonance wavelength shifts are obtained. As
shown in Fig. 4.22, the wavelength of the second order A. supermode for example
exhibits first a red shift when the applied voltage is increasd, and returns to the initial
value when the voltage reverts to zero. The maximum wavelength standard deviation
recorded at each voltage is less than 4.8 pm (i.e. the standard deviation of mode splitting
width Aw is less than 3.8 GHz), which indicates that the coupling strength standard

deviation is less than 1.9 GHz (|| = Aw/2). Therefore, the integrated NEMS actuator is
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able to control the coupling strength of the coupled PhC nanobeam cavities with a

precision of smaller than 2 GHz over a range of several THz.
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Figure 4.22 Mode wavelength shifts with repeated variations of applied voltage on the

NEMS actuator. The error bar at every voltage value indicates the standard deviations
of mode wavelength, obtained by repeating measurements for four times.

Dynamic performance of the proposed coupling strength control of the coupled PhC
nanobeam cavities is determined by its integrated NEMS actuator, whose frequency
response is measured and shown in Fig. 4.23(a). To measure the frequency response of
the integrated NEMS actuator, a network analyzer is employed to scan the frequency
of an AC voltage of fixed amplitude that is applied to the NEMS actuator. The laser
wavelength is fixed at the half maximum position of a selected resonance mode of the
coupled cavities. The transmitted light intensity is detected by the photodetector and its
electric output signal is monitored by the network analyzer. The amplitude results are

normalized by the maximum value.
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Figure 4.23 (a) Measured frequency response of the NEMS actuator. The lowest three
mechanical vibration modes are observed, which are respectively denoted by Mode |
(248 kHz), Mode 1l (275 kHz), and Mode 111 (378 kHz). The simulated mode shapes
using FEM are shown in (b) for Mode I, (c) for Mode Il, and (d) for Mode IllI,
respectively.

Three lowest mechanical vibration modes of the actuator are experimentally recorded
in the frequency range from 200 kHz to 400 kHz. They are identified and match well
with the simulation results obtained from the finite element method (FEM). According
to the simulated mode shapes shown in Figs. 4.23(b), (c), and (d), Mode 1 is the
fundamental vibration mode of the NEMS actuator at 248 kHz and Mode 1l is the
second order mode at 275 kHz. They are out-of-plane twisting modes about the y- and

x-axes, respectively. Mode I11 is the third order vibration mode at 378 kHz and is an in-
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plane translational mode that leads to the lateral displacement of the movable cavity
along the x-axis. These results indicate that the coupling strength of the coupled PhC
naobeam cavities can be dynamically controlled with a fast response time, at the
microsecond level. Further reduction of the response time is possible through NEMS
structural designs, for example, by decreasing the actuator size and increasing the

suspension spring constant.

4.4.3 Discussion

This study investigated the lateral shearing tuning of dual-coupled PhC nanobeam
cavities and experimentally demonstrated the precise control of the coupling strength
between photon molecules (PhC cavities) using integrated NEMS. The coupling
strength can be dynamically adjusted with a precision of a few GHz over a range of
several THz without altering the nature of their constituent cavities. Moreover, both
negative and positive coupling strengths are experimentally realized. The control of
coupling strength in photonic molecules is crucial both in the fundamental study of
cavity quantum electrodynamics and the development of efficient quantum information
devices [196]. This work paves a way to optimize the coupling strength in photonic
molecules in situ, which provides a feasible platform for the study of the strong
interaction in quantum emitter-embedded photonic molecule systems [197]. By
precisely tuning the coupling strength between photonic molecules, one is able to

control the interaction between the quantum emitters that are individually embedded in
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the two nanocavities of the photonic molecule and thus the entanglement generation
[198-200]. In single photon devices that are based on photonic molecules, the single
photon statistics can be improven by tailoring the coupling strength [114]. The
spontaneous symmetry breaking in photonic molecules, which is quite sensitive to the
coupling strength, can also be achieved with the proposed method [115]. Moreover, the
fine tuning of coupling strength may also facilitate the study of Josephson physics in a

photonic molecule [116, 201].
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Chapter 5. Lateral Shearing Optical Gradient Force in

Coupled Photonic Crystal Nanobeam Cavities

This chapter studies a novel lateral shearing optical gradient force in coupled photonic
crystal nanobeam cavities. The study is proposed based on the results introduced in
Chapter 4. Such force is measured in static mode and a special measuring method is
proposed and employed here. The theory of optical force is first briefly discussed and
then the device design is introduced. At the end, experimental results are presented and
discussed. The demonstrated optical force has potential applications in, for example,

nanooptoelectromechanical systems (NOEMS).

5.1. On-chip Optical Gradient Force

The previous chapter discusses the resonance tuning by relative displacing of coupled
PhC nanobeam cavities. One can find that the resonance frequency varies with
mechanical movement of one of the cavities. It is also noted that the on resonance light
potential energy in the coupled resonators system is proportional to the resonance
frequency. In this way, the system energy will vary with respect to mechanical
displacement, and thus optical force can be predicted. Note that generally

du

F=—"
dx

(5.1)

where dU and dx denotes the system potential energy change and mechanical
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displacement in differential form, respectively; and F denotes the resultant force. In an

optical resonant system, the optical gradient force can be written as [202]

1ldw

T dx |, dx |, dx

U (5.2)

where Uqpt denotes the light energy in system; Kk is the wave vector; N is the photon
number;  denotes the pumping frequency; 7 is the Planck constant. It is noted that the
term dw/dx is the optomechanical coupling coefficient gom. Therefore, the equation can

be expressed as

I:op'[ = _Uoptgom /C() (53)

Such optical gradient forces have already been demonstrated on coupled waveguides
and proven to be bipolar [24, 25]. The direction of the force depends on the mode
symmetry and thus for a coupled waveguides system the mode symmetry has to be
manipulated, for example, by controlling the input phase difference with a Mach—
Zehnder interferometer (MZI) [24]. Yet, in a dual-coupled PhC nanobeam cavities
system with inherent even-like and odd-like supermodes, the mode symmetry is easy

to control by selectively pumping on one of the supermodes.

Conventional studies of the optical gradient force generated by coupled PhC nanobeam
cavities mainly focus on the force with its direction perpendicular to the cavity beam

[131, 202]. The resonance tuning based on the variation of the coupling gap in such
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coupled cavities system has been discussed and it is reasonable to predict the optical
gradient force in the direction of the gap variation. However, as can be seen from the
results of the previous chapter, the lateral tuning also results in resonance frequency

shift. Thus, there should be an optical force in the lateral direction as well.

In this chapter, the shearing optical gradient forces in the lateral direction are
investigated. Such forces are achieved in a NEMS-controlled dual-coupled PhC

nanobeam cavities system.

5.2. Device Design and Testing

The device designed and developed for the study described in this chapter is similar to

those in Chapter 4. An SEM image of the device is given in Fig. 5.1(a).

, Feeding
waveguide

8/26/2015 | mag |mode| HV WD |spot|
4:18:18 PM|7000x| SE |15.0kV|6.2mm| 5.0 |

Figure 5.1 (a) Global-view SEM image of the device and (b) local close-up view
showing dual-coupled PhC nanobeam cavities.
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As shown, one of the dual-coupled PhC nanobeam cavities is fixed and connected with
the silicon nanowire feeding waveguides. The other cavity is supported by four folded-
beam suspensions and is movable with the integrated NEMS comb drive along the
lateral direction (x direction as indicated). With a voltage applied across the movable
and fixed fingers, the electrostatic force generated by the NEMS comb drive shifts the
movable cavity to a position where the electrostatic force is balanced by the mechanical
restoring force generated from the folded-beam suspensions. The cavity nanobeam
measures 660 nm in width and the gap between the coupled cavities is about 140 nm,
as shown in Fig. 5.1(b). The PhC lattice period keeps constant at 310 nm and the air-
hole diameters are quadratically tuned from 210 nm at the center to 60 nm at either end
after 39 holes. More specifically, the radius of the air-holes rn, (n changes from 1 to 40,
denoting the number of holes from the center to either end of the cavity) is given by:

rn=r1>{1-(r1-rs0)/r1>{(n-1)/39)?), where r1 is 210 nm and rs is 60 nm.

Fiber

coupler splitter

- ~

FPC

under

Fiber \/
Device
i Testing Minioptical
power meter

polarizer

DC Power

Figure 5.2 Schematic of the testing setup to measure the lateral shearing optical gradient
force.

The testing setup is illustrated in Fig. 5.2. Two tunable laser sources TLS1 and TLS2
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are utilized, with light generated from TLS2 amplified by an erbium doped fiber
amplifier (EDFA) used for pumping the lateral shearing forces. The polarization of the
pumping laser beam is controlled by a fiber polarizer (FP) and two fiber polarization
controllers (FPC) to excite the transverse electric (TE)-like modes in the device. TLS1
provides the probing light for force detection and is synchronized with an optical
spectrum analyzer (OSA) to scan over a specific wavelength range. A very small
probing laser power (about three orders of magnitude smaller than that of the pumping
light) is used such that both its thermo-optical and optomechanical effects can be
ignored. Before launching into the device, the probing and pumping light are combined
using a fiber coupler. The device output signals are monitored by both an OSA and an
optical power meter. A DC power supply is used to drive the integrated NEMS comb
drive to mechanically adjust the movable cavity laterally for calibration purpose as well
as for setting up the initial cavity center-to-center offset for lateral optical force

experiments.

5.3. Results and Discussion

5.3.1. Experimental results

The measured optical spectrum at the initial condition without any cavity center-to-

center lateral offset is plotted as the black curve in Fig. 5.3.

89



Lateral Shearing Optical Gradient Force
in Coupled Nanobeam Photonic Crystal Cavities

g 3001 —— Optical spectrum at initial position g
£ —— Optical spectrum at the lateral 4
q 250 - offset of 100.5 nm
2
7]
2 200- TE, .
=
2 150-
=
=~ TE,. (| TE,,

100 1 ~

TE3 +
50 )
0

1565 1570 1575 1580 1585
Wavelength (nm)

Figure 5.3 Measured optical spectra of the device at initial position with zero cavity
center-to-center offset (black curve) and at the offset of 100.5 nm (red curve), where
resonance modes are marked.

As shown, four resonance peaks are recorded and they are the second order 1+ mode
(TE2,+), third order - (TEs-) mode, third order 2+ mode (TEs +), and fourth order 1. (TEa4,.)
mode (1+ and /- respectively denote the longer and shorter wavelength modes in a split
pair due to mode coupling). They are located at 1565.272 nm, 1573.603 nm 1578.096
nm, and 1584.726 nm with their Q factors of about 22100, 8600, 8900, and 3800,
respectively. 3D FDTD simulation based on the SEM-measured coupled cavities
dimensions is conducted to help the identification of the measured resonance modes.
The simulation results show that the TE2+ mode locates at 1558.84 nm with a Q factor
of 10800, TEs - locates at 1571.54 nm with a Q factor of 15000, TEsz + locates at 1575.08
nm with a Q factor of 15500, TE4 - locates at 1585.22 nm with a Q factor of 14700,

TE4+ locates at 1588.87 nm with a Q factor of 15000. Slight mismatches between the
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experimental and simulation results might be due to the measurement errors and
numerical inaccuracies. The simulated electric field profiles of the TEs. and TEa4+
modes at the initial zero cavity center-to-center offset are plotted in Figs. 5.4(a) and (c),

respectively.
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Figure 5.4 3D FDTD-simulated mode profiles of the (a) TE4- and (c) TE4+ mode at
zero center-to-center offset and mode profiles of the (b) TE4- and (d) TE4+ mode at
100.5 nm offset.
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In experiments, the resonance tuning characteristics are firstly calibrated by laterally
shifting the movable cavity with the integrated NEMS comb drive actuator. The results
are given in Fig. 5.5. Despite a few missing data points due to the failure to detect the
resonance at some displacements, which may be due to some unknown factors in our
experimental system that affect the light coupling efficiencies and cavity losses at those
lateral displacements, the mode splitting generally demonstrates a periodic pattern as a
function of the lateral displacement. One can refer to Chapter 4 to get a better
understanding of the resonance characterization. Considering a coupled system
consisting of two identical resonators, the resonance frequencies of a split pair of modes
are given by woHxk|, where wo is the natural frequency of the individual resonator and «
denotes the coupling strength between them. The lateral displacement of one cavity
with respect to the other changes the mode field overlap integral of the two cavities and
thus varies the coupling strength between them. At initial condition when the two cavity
centers and optical modes are perfectly aligned, the absolute value of the coupling
strength is the largest and consequently, the width of mode splitting is at its maximum.
The coupling strength decreases gradually when the movable cavity is displaced
laterally by the NEMS comb drive. When it shifts for half a PhC lattice period, the
optical mode field overlap integral is at the minimum and so do the coupling strength
and mode splitting width. In experiments, the measured minimum mode splitting of the
third-order modes is only about 100 pm at a lateral shift of a half PhC period (~155 nm).

With continued shifting and increasing of the cavity center-to-center lateral offset, the
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coupling strength and mode splitting width increase again. The mode splitting width
reaches a local maximum when the lateral shift of one cavity is about a PhC lattice

period with respect to the other.

In experiments, the DC voltage applied to the NEMS comb drive was gradually
increased to shift the movable cavity laterally and the resonance wavelength of the
coupled cavities recorded at each applied voltage. It is known that the relation between
the displacement of the NEMS comb drive and voltage applied is x = cxV? where c is a
constant determined by the actuator design (see Eqg. (4.30) and Eq. (4.31)). Here, a
voltage of 13.4 V is required to change the mode splitting width from the initial
maximum to the next local maximum, which indicates that the NEMS comb drive
moves about a PhC lattice period of 310 nm. In this way, the comb drive is precisely
calibrated, i.e. x = 1.726xV? with x being the lateral displacement in nm and V being
the voltage in Wolts. The lateral displacement values for the horizontal axis in Fig. 5.5

are then accurately obtained from the NEMS driving voltages.

From Fig. 5.5, the optomechanical coupling coefficients gom (Qom = dw/dx) can be estimated,
which is defined as the derivative of the cavity resonant frequency with respect to
mechanical deformation (lateral mechanical displacement of the movable cavity in this
study). It is also noted that the optical gradient force can be estimated by Eq. (5.3). Hence,
lateral shearing optical gradient forces are expected to exist in the proposed device. As can also

be seen from Fig. 5.5, the slopes of the curve at the initial condition (x = 0 nm) are close to zero
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indicating the near-zero optomechanical coupling coefficients gom at this position and hence no
lateral shearing forces exist when optically pumped. In experiments to generate the lateral
shearing forces, the movable cavity is adjusted to a center-to-center offset of 100.5 nm, where
the slopes of the wavelength-displacement curves are relatively steep, resulting in relatively
high gom. The experimental spectrum at the 100.5 nm offset is given by the red curve in Fig. 5.3.
Five resonance modes are detected and marked. They are located at 1564.354 nm (TE2+),
1574.449 nm (TEs.), 1576.758 nm (TEz+), 1585.524 nm (TE4.), and 1587.617 (TEa.), with
their Q factors measured to be about 24400, 17400, 8000, 5100 and 4800, respectively. The
TE4- and TE4+ modes are selected as the pumping modes, while the TEz- and TEs+ modes are
selected as the probe modes due to their high Q factors. At this offset configuration, the mode
field profiles of the TE4- and TE4+ modes used for pumping the optical forces are simulated
with 3D FDTD and plotted in Figs. 5.4(b) and (d) respectively, in which the shearing of the

optical mode fields can also be observed.

The total resonance wavelength detuning of the coupled cavities due to mechanical
deformation by optical gradient force and thermo-optical effect by absorption-induced

temperature change can be written as

Ad=dF, /k+d AT (5.4)

om" opt

where k is the total spring constant of the folded beam suspensions in the x direction, dom=0dA/dx
denotes the opto-mechanical wavelength detuning coefficient (dom/A = -Qom/w), to=dA/dT

denotes the thermo-optical wavelength detuning coefficient, and AT is the temperature change.
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To decouple the thermo-optical effect from the optomechanical effect, the author considers the

mode splitting width of a pair of split modes from the same order

AL —AL = (d: —d; )F. Tk+(d: —d)AT (5.5)

pt

Assuming that the thermo-optical effects of the A+ and A- modes are the same [195] (d*1o

=dw), Eq. (5.5) can be rewritten as

A =27)=(d: —d; )F. Ik (5.6)

opt

P =A(4" = A7)k [ (dg, —dy,) (5.7)

Hence, with the coefficients d*om and d’om known experimentally from the resonance
tuning results using the integrated NEMS and spring constant calculated using FEM,
the lateral shearing optical forces can be detected by monitoring the split width variation
of the probe modes when the device is optically driven by the pumping modes. It is also
noted that there may exist other resonance detuning effects, for example, Kerr effect
and effective index perturbation. However, they are usually relatively small as
compared with the opto-mechanical and thermo-optical effects. Furthermore, they can
also be decoupled from the optical force induced opto-mechanical effect by measuring

the split width of a pair of supermodes if their effects on these modes are identical.
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Figure 5.6 TEs., TE3+, TE4-, and TE4+ resonance wavelength tuning results near the
offset of 100.5 nm. The dots are measured data and the lines are their individual linear
fitting.

The resonance wavelength tuning results near the 100.5 nm offset are plotted in Fig. 5.6. The
opto-mechanical wavelength detuning coefficients dom Of these four resonances are obtained by
linearly fitting the results and their slopes are 0.01947 (TEz.), -0.01917 (TEz+), 0.01701 (TE4.),
and -0.01688 (TEa.+), respectively. These data are measured with an extremely low input laser

power to ensure that the thermo-optical and opto-mechanical effects are negligible.

TE4+ and TE4- modes are then pumped respectively with a constant laser power of 135
mW output from the EDFA. Taking the losses in the setup and coupling efficiencies of
the grating couplers into consideration, the launching laser power in the waveguide just
before the cavities is estimated to be less than 1 mW. At the selected cavity center-to-
center offset of 100.5 nm, their measured transmission spectra are obtained and plotted

in the insets in Fig. 5.7 and Fig. 5.8, respectively.
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Figure 5.7 Measured lateral shearing optical gradient force pumped by TEa4+ modes

with different recorded transmission powers. The insets show their respective

transmission spectra (x-axis denotes wavelength in nm and y-axis denotes transmission

in uW) used for pumping.
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Figure 5.8 Measured lateral shearing optical gradient force pumped by TE4 - modes with
different recorded transmission powers. The insets show their respective transmission
spectra (x-axis denotes wavelength in nm and y-axis denotes transmission in pW) used
for pumping.
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Strong nonlinearities are observed, which are attributed to both thermo-optical and
opto-mechanical effects at high pumping powers [203]. Several near-resonance
wavelengths (marked as black dots on the two resonance curves) are selected as the
pumping wavelengths. At the same time, a low power probe laser beam from TLS1
synchronized with the OSA scans a spectral range that covers the TEs. and TE3z+
resonances and the spectrum is recorded over ten times for each pumping condition.
The variations of the mode splitting width are then detected and the lateral shearing
optical forces are estimated with Eq. (5.7) and plotted in Fig. 5.7 and Fig. 5.8,
respectively for TE4+ and TEs,- modes. The shearing force directions are also illustrated
in their respective insets together with the central part of the mode profiles. For TE4 +
pumping, the gom Is positive and the force is negative pulling the two cavity centers
together, whereas the gom is negative and the force is positive pushing the centers apart
for TE4,- pumping. In addition, the force magnitude increases as the light energy inside

the coupled cavities rises (as indicated by increasing transmission) as expected.
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Figure 5.9 The variation of the mode splitting width of the probing TEs- and TEs+
modes when pumped by (a) TEs+ and (b) TEs- modes. The black curves show the
reference resonances without pumping while the color ones show the resonances
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obtained under pumping effect.

Typical mode split width variations are elaborated in Figs. 5.9(a) and (b), where the black curves
represent the initial TEs- and TEs + modes without pumping as references while the color curves
show the same modes when the pump laser beam is turned on. Pumped by TE4+ mode at 1588.4
nm wavelength (laser power transmitted through the device is measured at 126 uW), the
resonance peaks of the probing TEs- and TEs+ modes are shown by the red curve in Fig. 5.9(a).
As can be seen, both resonances redshift about 650 pm, indicating that the thermo-optical effect
dominates when pumped. It is also observed that the mode split width changes to 2.335 nm
from the initial 2.309 nm without the pump beam. This increase of the mode split width is
caused by the negative shearing optical gradient force pulling the centers of the two cavities
laterally towards each other. The force magnitude is estimated to be 0.29 nN from Eg. (5.7).
Similarly, the blue curve in Fig. 5.9(b) shows the TEs. and TEs+ modes when pumped by the
TE4- mode at 1586.04 nm wavelength (transmitted laser power measured at 27.3 uW). The
mode split width decreases by 37 pm from 2.309 nm to 2.272 nm, indicating that a
positive shearing optical gradient force of 0.42 nN is pushing the two cavity centers

apart laterally.

5.3.2. Discussion

In summary, the lateral shearing optical gradient force in a NEMS-controlled dual-coupled PhC
nanobeam cavities system is experimentally demonstrated. The coupled cavities are tuned to a

selected lateral center-to-center offset for force generation. Through measurement of the
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variations in the resonance wavelength split width, the opto-mechanical effect is decoupled
from the thermo-optical effect and thus the optical forces are quantified. The detected shearing
optical forces are at the scale of sub-nano Newtons, which is relatively small compared with
the electrostatic forces generated from the on-chip integrated NEMS comb drives (~ 40 nN at
10 V). However, such optical forces require a much smaller device footprint, are bipolar in
nature and can be significantly enhanced through increase in incident laser power. Such lateral
shearing optical forces may further increase the potential applications of nano optomechanics
and may be useful in future NOEMS systems, such as optically-driven tunable filters, all-optical

switches, and optically-reconfigurable photonic circuits.
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Chapter 6. Tunable Cavity Optomechanics in Dual-coupled

Photonic Crystal Nanobeam Cavities

In this chapter, an optomechanics tuning method is proposed and experimentally
demonstrated in dual-coupled photonic crystal nanobeam cavities. The tuning is based
on the coupling gap variation of the coupled cavities. The theory of cavity
optomechanics is briefed at the beginning. Then the tuning method and device design
are introduced. At the end, the experimental results are elaborated upon and discussed.
The study in this chapter fills the gap of tunable cavity optomechanics among published
literatures and paves a way for potential applications of mechanical motion controlling

and measurement based on cavity optomechanics.

6.1. Cavity Optomechanics and Proposed Tuning Method

As introduced in Chapter 1 and Chapter 2, optical force has the capability to amplify or
suppress mechanical oscillation derived from optomechanical coupling. Additionally,
mechanical resonance frequency can be shifted due to the optical spring effect [132,
204]. As reviewed in Chapter 2, numerous studies related to optomechanics have been
reported, but among them, those on the tuning of optomechanics are scarce. In this
chapter, optomechanics based on dual-coupled PhC nanobeam cavities is demonstrated
and a tuning method, based on coupling gap variation, is proposed and experimentally

investigated to fill the gap in the field of tunable optomechanics.
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The author would like to start with a brief introduction to the theory of cavity
optomechanics, which has been established for years [141, 142, 153]. The coupled
equations to describe the coupling between mechanical degree of freedom and optical

degree of freedom can be written as

d . 1
5 P~ (00=g,)+T/2)p+ —|s?] (6.1)
t Tw
d? d %/ Qo
_X:— —X—QZ X— 6.2
dt? e T apmy, (6:2)

where o (=wi — wo) is the laser frequency detuning; I" is the optical mode decay rate;
1/7w denotes the optical input coupling rate; [si[> denotes the optical input energy; ym is
the bare mechanical damping factor; Qwm is the bare mechanical resonance frequency;

Mest denotes the effective mass of the mechanical resonator.

However, in practice, a thermo-optical effect is always involved. Thus a third equation
should be added to describe the thermo-optical tuning of the optical resonator by

introducing a new parameter AT, denoting the temperature change, i.e.

d . 1
5 P = (60— (o X+ g AT) + '/ 2) p+ T—\sﬁ\ (6.3)
d? d |%| Qo
—X=-p, —Xx-Q%x- =0 6.4
dt? "t T apmy, ©4)
d 2
EAT =—7VaAT +T 5 |P ‘Cth (6.5)

102



Tunable Optomechanics in
Dual-coupled Photonic Crystal Nanobeam Cavities

where gt denotes the thermo-optical detuning coefficient; I'aps IS the optical decay rate
due to material absorption; ct is denotes the thermal heat capacity of the resonator and
v IS the temperature decay rate. Using the perturbation method, the tri-coupled

equations can be solved and the following results can be obtained [153].

2|p |2 92 S [1+W}
Q' 2 zQz n 0 om 0 6.6
(Qy) w Aza)omﬁ 1+s ¢9)
. _(| p0|2 92 Tow, [1+V (6.7)

7/M 7/M A4a)0meff 1+S |
where
2Aw, "6
W =—( h)( 7/th) ( 0) (6.8)
2A, 0w,

—( h)( 7tn ) ( 0) (6.9)
~ (256007/thA50th | p0|2)2 (6.10)

A°Q,,

where Q v and y’m denote the effective mechanical resonance frequency and effective
mechanical damping factor due to the optomechanical coupling respectively; |po|? is the
time-averaged energy in the system; Aww is the static thermal-optical frequency tuning;
dwo (= dew-(gomXo + JoATo)) denotes the time averaged laser frequency detuning; A2

=(Jwo)? + (T/2)%

To be more explicit, typical relationships between the effective mechanical resonance
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frequency and laser wavelength detuning are plotted in Fig. 6.1.
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Figure 6.1 Typical relationships between the effective mechanical resonance frequency
and the laser wavelength detuning: (a) the case when optical force dominates the total
effect, and (b) thermo-optical effect dominates the total effect.

When the optical force dominates the total effect, the relationship will be presented as
the curve in Fig. 6.1(a), whereas if the thermo-optical tuning dominates the total effect,

the relationship might show up as the curve in Fig. 6.1(b).

As can be seen from Eq. (6.6) and Eq. (6.7), the mechanical oscillation parameters,
resonance frequency and damping factor depend on the optical parameters, including
light energy in the system, |po|* and optomechanical coupling coefficient, gom. Thus, the
optomechanics in the system can be tuned by adjusting the light energy and/or the
optomechanical coupling coefficient. The optical energy can be easily changed by
varying the input power generated from the laser source. As for the optomechanical
coupling coefficient, it is also tunable through the electrostatic methods introduced in

Chapter 4 or in reported studies [97].

In this chapter, the coupling gap variation tuning method is employed and demonstrated
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to have the capability to tune the optomechanics. Though it is demonstrated in Chapter
4 that lateral tuning has higher resonance tuning performance compared with coupling
gap vibration and in Chapter 5 that there exists lateral optical force, no study of
optomechanics based on the lateral optical force has been reported. Thus in this chapter,
the author employs the coupling gap variation tuning method and generates the
optomechanics based on the optical force perpendicular to the cavity beam for the sake

of caution.

6.2. Device Design and Testing

Figure 6.2 shows the SEM image of the device, which is designed based on dual-
coupled PhC nanobeam cavities for the proposed tunable optomechanics. Similar to the
devices described earlier, one cavity is fixed and light is launched into and out from this

cavity. The movable cavity is actuated by NEMS actuators to adjust the coupling gap.

Comb Drive
Movable Cavity

5/4/2016 mag |mode| HV WD |spot
11:26:27 AM (2500 x| SE |15.0kV |53 mm| 3.5

Figure 6.2 SEM image of the device to demonstrate tunable optomechanics.
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There would be no actuation in the lateral direction and thus the cavity holes on the two
cavity beams will be aligned throughout the experiments. It is noted that the cavities

have similar dimensions to those used in Chapter 5.

It is noted that generally, the smaller the coupling gap is, the higher the optomechanical
coupling coefficient gom will be [95, 97, 195]. (One can also refer to the simulated
results plotted in Fig. 4.20.) This is because that a smaller coupling gap results in a
larger mode field overlap integral of the two cavities and thus stronger interaction

between them.

I
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Figure 6.3 Shematic of the mechanical shrinkage mechanism.

Folded beam suspensions are also designed with a mechanical shrinkage mechanism
for precise coupling gap control. As shown in Fig. 6.2, there are three components of
beam suspensions, marked as k1, k2 and ks. (k1, k2 and ks also denote the spring constants
of these three beam suspension components.) If the movable portion of the comb drive
and the movable cavity are treated as two rigid mass pieces, the equivalent mechanical
configuration can be represented as in Fig. 6.3, in which the two mass pieces are
denoted by m1 and my, respectively. As can be seen, mz is connected to the fixed anchor

by ki; mz is connected to fixed anchor with ks; and m: and m2 are connected with each
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other through k». In this case, when the actuation force is applied to my, the displacement

ratio between my and mz (di/d2) can be given as

dl _ k2
d, Kk +k (6.11)

In this device, k2 : ks is designed to be 1 : 3, so the shrinkage ratio should be 1 : 4. It is
noted that beams k2 and k3 are designed to have the same beam width, but with different
lengths. In this case, even if over-etching were happened to the beams during DRIE
etching, the spring constant ratio will not be affected, because the width shrinkage due

to over-etch of close-spaced beams should be nearly equivalent.

6.3. Results and Discussion

6.3.1. Experimental results

An even mode of the coupled cavities is detected, as shown in Fig. 6.4. The resonance
peak is fitted with a Lorentz function and is found to have a transmission of over 1.5
uW and Q factor of over 5000. This even mode is selected to be pumped for
optomechanics. It is noted that it is usual to pump an even mode for optomechanics
because compared with odd mode, an even mode has a higher optomechanical coupling

coefficient and thus optical force [97, 131, 135, 136].
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Figure 6.4 Optical spectrum (blue curve) and its Lorentz fitting (red curve) of an even
mode resonance selected to be pumped for optomechanics.

Resonance wavelength (nm)

1577.0-.
1576.8:
1576.6:
1576.4:
1576.2:
1576.0:

1575.8

0O 2 4 6 8 10 12

Applied voltage (V)

Figure 6.5 Resonance tuning results: relationship of resoance wavelength of the
seleceted even mode and the voltage applied to the actuator to reduce the coupling gap.

Firstly, the resonance tuning results by reducing the coupling gap is characterized.

Different driving voltages are applied to the comb drive to reduce the gap and the optical

spectra are measured under different voltage steps. (The applied voltages V can be

converted to coupling gaps with Eqg. (4.30), Eq. (4.31) and measured initial coupling
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gap (140 nm), and the coupling gap can be expressed as g = 140 —0.17V2 in nanometer.)

The results are plotted in Fig. 6.5.

As for the mechanical oscillation, a mode of the fixed cavity is preferred. This is
because an electrostatic force will be generated to displace the movable cavity and thus
the force-induced stress may affect the mechanical resonance of the movable structures,
which will be involved in the optomechanical coupling. However, the fixed cavity is
immune to the electrostatic force that is applied to the movable structures. The
mechanical mode selected for this study is an in-plane vibration mode, the mode shape
of which is FEM simulated and plotted in Fig. 6.6 and the simulated mechanical

resonance frequency is 4.08 MHz.

Figure 6.6 FEM-simulated mode shap of an in-plane mechanical resonance of the fixed
cavity selected to characterize the tunable optomechanics.

Subsequently, the optomechanics results are measured under different applied voltages
(different coupling gaps and thus different optomechanical coupling coefficients). The
testing setup is illustrated in Fig. 6.7. After measuring the optical mode resonance

wavelengths, the OSA is replaced by a photodetector to collect the optical output signal.
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The detector converts the optical signal to electrical signal, which is finally measured
by the signal analyzer. For each applied voltage step, the laser wavelength is scanned
from the blue detuning side to the red detuning side of the corresponding resonance
peak and at each wavelength detuning, and the mechanical vibration spectrum is
acquired by the signal analyzer. The laser input serves as the optical actuation and

optical read-out at the same time.

MM Fiber

mmmm Device under Testing

L s & o & e a o

DC Power

Figure 6.7 Schematic of the testing setup for optomechanics measurement.

Figure 6.8 is an example of the mechanical vibration spectrum obtained under an
applied voltage of 9 V. The black curve denotes effective mechanical resonance with
laser wavelength detuning of -0.716 nm. When the wavelength detuning is changed to
-0.016 nm, the mechanical vibration spectrum becomes the red curve, indicating the
presence of the optical spring effect. The Q factor of the mechanical oscillation is over
7000, indicating a mechanical amplification effect due to optomechanical coupling.

(Note that the mechanical Q factor of a similar device is about 1000 to 2000 [135, 136].)
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—— 9V: laser wavelength detuning -0.716 nm
—— 9V, laser wavelength detuning -0.016 nm
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Figure 6.8 Examples of the mechanical resonance spectrum (amplitude-frequency
relationship) and illustration of the effective mechanical resonance frequency tuning
due to optomechanical coupling.
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Figure 6.9 Measurement results of effective mechanical resonance frequency with
respect to different pumping laser wavelength detuning under different applied voltages.
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The effective mechanical resonance frequency under different applied voltages
(different coupling gaps and thus different optomechanical coupling coefficients) are

plotted and compared in Fig. 6.9.

As can be seen, the effective mechanical resonance frequency is higher in the red
wavelength detuning range, indicating a combined effect of optical gradient force and
thermo-optical tuning. It is also found that there is an upward drift of the entire effective
mechanical frequency tuning range with a narrowing of the coupling gap. There would

be two reasons for this phenomenon.

Firstly, there is a static component of the optical gradient force applied between the
coupled cavities. Such a force is attractive because it is generated by pumping an even
mode. Consequently, the force will induce a tension stress on the cavity beam and
suspensions of the fixed cavity. The smaller the coupling gap is, the higher the
optomechanical coupling coefficient and hence the higher optical force; thus, the
tension stress induced will be greater too. As is known, increased level in tension stress
in a mechanical structure will result in an increase in the mechanical resonance
frequency. Thus, with a higher applied voltage (i.e. smaller coupling gap), the entire
effective mechanical resonance frequency tuning range is higher. This possible reason

agrees with the experimental results and analysis in Ref [195].

Secondly, different coupling gaps result in different optical resonance wavelengths and

thus different total input coupling efficiencies, including those of the coupling between
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the grating coupler and the feeding waveguide. Different coupling gaps may also induce
different mode intensities in the two cavities, especially if the two cavities are slightly
different. In other word, the light energy in the cavities may change with respect to the
coupling gap. With different optical power inside, the temperature change (due to
material absorption) will be different and in turn induce different thermal stress to the

structure, thus varying the mechanical resonance frequency.

As to the effective mechanical resonance frequency tuning range, which can defined as
max(Q’m) — min(Q 'm), the results under different applied voltages are plotted in Fig.

6.10.
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Figure 6.10 Results of mechanical resonance frequency tuning range with respect to
different applied voltages.

The results clearly show the tunability of the optomechanics, although there is no clear

variation trend. As discussed in the previous section, the optical spring effect depends
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on both the optomechanical coupling coefficient and the light energy in the cavities.
The optomechanical coupling coefficient will increase with a reduction in coupling gap.
However, the light energy does not have a definite relationship with the coupling gap,
the reason for which has been discussed earlier. Besides, this is hard to be characterized
in experiments. Thus, due to the combined effect of optomechanical coupling
coefficient and optical energy variations, the optomechanical coupling effect cannot be

accurately predicted and analyzed.

6.3.2. Discussion

This chapter describes a tuning method of cavity optomechanics in dual-coupled PhC
nanobeam cavities by varying the coupling gap and the experimental results obtained.
Currently, cavity optomechanics is being intensively investigated and the interaction of
optical mode and mechanical oscillation through optical force may result in break-
through technologies to control and measure mechanical motion. The proposed tunable
cavity optomechanics strengthen the control capability of optomechanics. This study
paves a way for further investigations for both fundamental physics and potential

applications.
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Chapter 7. Conclusions and Future Work

7.1. Conclusions

The aim of this thesis is to study mechanical tuning and cavity optomechanics of
photonic devices based on coupled photonic crystal nanobeam cavities. Towards this
aim, the author first developed a nano fabrication process to fabricate photonic devices
that are compatible with NEMS tuning and are able to generate optical force and cavity
optomechanics. Most steps were conducted with standard micro and nano fabrication
techniques, including various kinds of lithography, etching and deposition and there are
also commercial equipment for these techniques. However, a key step, HF vapor release,
has to be carried out with a home-made setup and there is no standard process and recipe.
Eventually, the author succeeded in fabricating released structures, even those with long
thin beams like the cavity beams. This study is presented in Chapter 3. Besides
fabrication, the testing setup and equipment for the photonic devices investigated in this

thesis are also introduced in the same chapter.

In Chapter 4, the author studied resonance tuning in dual-coupled PhC nanobeam
cavities by laterally shifting the movable cavities with integrated NEMS comb drive
actuators. This tuning method was demonstrated to possess high tuning efficiency when
compared with conventional coupling gap tuning methods. More importantly, a
coupling strength tuning over a range of several THz with a precision of a few GHz was

realized in experiments. The coupling strength can be tuned continuously from negative
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(strong coupling regime) to zero (weak coupling regime) and further to positive (strong
coupling regime) and vice versa. Besides, the mode symmetry can also be inversed due
to the inversion of the sign of coupling strength, which is not possible for the tuning
through coupling gap variation. These results were predicted and analyzed by analytical
methods based on the coupled mode theory and validated by 3D FDTD simulation. This
study opens the door to the optimization of the coupling strength of the photonic
molecules (PhC cavities) in situ for the study of cavity quantum electrodynamics and

the development of efficient quantum information devices.

Based on the lateral tuning of coupled PhC cavities, lateral shearing optical gradient
force generated by such coupled cavities was predicted. In particular, the lateral tuning
resulted in resonance frequency shift and thus the light energy in the system. In other
words, the system energy varies with respect to the lateral displacement and thus,
optical force in the lateral direction should exist. In experiments, resonance tuning by
laterally tuning the coupled cavities using NEMS comb drive was first characterized.
and the resonance wavelength-lateral offset relationship was accurately calibrated. It
was found that the absolute value of optomechanical coupling coefficient was relatively
high at an lateral offset of about 100 nm. The force at this offset value was measured in
the static mode using a developed measurement method. When optically pumping for
optical force, the thermo-optical effects will be involved and thus the force cannot be
detected by monitoring the resonance wavelength shift on a single resonance mode.

However, the author proposed to detect the force by monitoring the resonance
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wavelength splitting width variation of another pair of supermodes from the same order.
Assuming the thermo-optical effects on the A+ and A- mode resonance from the same
order are equal, by monitoring the resonance splitting width changing, the thermo-
optical effect can be decoupled from the mechanical tuning effect induced by the optical
force. With the spring constant of beam suspension estimated with FEM, the optical
force generated can be calculated. In experiments, optical forces were generated by
pumping on the fourth order even and odd modes respectively and measured by
monitoring the resonance wavelength splitting of the third order supermodes. Attractive
forces as high as 0.29 nN and repulsive forces as high as 0.42 nN were demonstrated in
experiments. According to the author’s knowledge, this is the first study of such lateral
shearing optical gradient force as well as the proposed measurement method. This study
may further widen the potential applications of nano optomechanics and may be useful

in future nanooptoelectromechanical systems.

As discussed in Chapter 1 and Chapter 2, cavity optomechanics is more attractive
compared with the study in Chapter 5, in which optical gradient force was investigated
to reconfigure nano structures in static mode. Though there is numerous studies of
cavity optomechanics based on on-chip photonic devices, tunable cavity optomechanics
is scarcely reported. To fill this gap, in Chapter 6 the author studied the cavity
optomechanics in dual-couple PhC nanobeam cavities and proposed a tuning method
by varying the coupling gap between the cavities. The proposed method was

successfully demonstrated in experiments. The tuning was realized by the
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optomechanical coupling coefficient variation and the system light energy changing
induced by the coupling gap tuning. The impact of this study lies in the strengthening
of the capability of optomechanics in controlling and measurement of mechanical
motions. The demonstrated tunability of the cavity optomechanics has potential in both

further fundamental theory studies and possible applications.

7.2. Future Work

Due to the limited time of the author’s PhD project, there are several studies that the

author believes to be of impact but they have not been completed.

Firstly, the nano fabrication process developed requires two steps of EBL patterning.
Thus, if there is misalignment between the two EBL steps, the optical performance
would be greatly degraded. As shown in Fig. 7.1, the patterns of the tapered rib
waveguide and the feeding waveguide are misaligned. In experiments, the
misalignment can be as large as hundreds of nanometers and even over one micrometer,
which will dramatically reduce the cavity transmissions and Q factors, and even result
in the loss of function of the device. To address this issue, the author proposes to
develop a single-EBL step method. It is suggested that the patterns of the entire device
can be defined by a single EBL step. Then the developed patterns could be selectively
etched by covering the patterns not to be etched with another layer of etching mask,
which can be patterned with photolithography. In this way, the key patterns of the device

should be free of EBL alignment problems.

118



Conclusions and Future Work

012451 9.80 kv ; G Y 0.6us HSQ1%

Figure 7.1 SEM image of the connection between the tapered rib waveguide and the
feeding waveguide with misalignment.

Secondly, to further enhance the resonance tuning and coupling strength tuning
performance, it is suggested that improvement of the optical resonator design be studied.
The resonators should not be limited to be based on silicon or pure dielectric materials.
Plasmonic resonators can be designed and employed for the resonance and coupling
strength tuning. Furthermore, the NEMS actuators also can be improven to have

reduced mass and thus higher operation speed.

Thirdly, as discussed in Chapter 6, the proposed cavity optomechanics tuning method
of varying the coupling gap of coupled cavities, combines the effects of optomechanical
coupling coefficient changing and light energy variation. Thus, to precisely control the
optomechanics, a tuning method involving only one variable factor should be

developed.
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Fourthly, to push the nano photonic devices to practical applications, device packaging
Is a key technique. Yet, to date, there is still no established packaging technique for
nano photonic devices comparable with MEMS device packaging, mainly due to the
difficulties of optical input and output. Thus, for devices requiring external light sources
and detectors, it is important to develop a stable and reliable light coupling method for
photonic device packaging. Another solution is to develop active devices based on I11-
V materials, in which case external light source is not essential, making light input
unnecessary. There are already numerous studies on active photonic devices based on
I11-V materials, however, such devices with wide tuning range are still in the stage of

development.
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