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Newton’s third law of motion states ‘Every action has an equal and opposite reaction’. But does this
law hold true for an interaction between a photon and a macroscopic object? Why does the tail of a
comet always point away from the sun? How does a solar sail propel itself? The answers to these
questions can be found in the field of optomechanics.

The field of optomechanics studies the mutual interaction between light and mechanical motion.
The interaction between light and mechanics is enhanced placing the mechanical element inside an
optical cavity. Cavity optomechanical devices can measure small displacements and forces with high
sensitivity. They are used to measure gravitational waves in LIGO, to cool mechanical systems to their
ground state using light and to create hybrid quantum systems that are useful for quantum technology.

This thesis covers experiments showcasing free-space monolithic integrated cavity optomechanical
devices in llI-V heterostructures. A key advantages of IlI-V heterostructures is the ability to grow
tensile strained layers with precise thickness in a bottom-up grow and conducive for top-down
fabrication. This enables the realization of sub-micrometer spaced mechanical resonators and an
array of mechanical resonators of high mechanical quality in AIGaAs and InGaP heterostructures.
The mechanical resonators can be patterned with a photonic crystal to increase their out-of-plane
reflectance. We demonstrate modifications to the canonical optical spring effect due to the presence
of the frequency-dependent photonic crystal.

The enhancement of the interaction strength between the light field and mechanical resonator re-
mains a major challenge in optomechanics. In a system with the optomechanical coupling on the
level of a single quanta larger than its losses, the interaction between light and mechanics becomes
nonlinear. The nonlinear regime is key to explore novel quantum phenomena. The free-space multi-
element optomechanical systems developed in this thesis are a promising approach towards the
nonlinear regime.
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Abstract

Cavity optomechanics examines the mutual interaction between light and me-
chanical motion for controlling mechanical resonators down to the quantum
regime. A major challenge in the field of cavity optomechanics remains to
access a strong interaction between the light field and mechanics on the level
of single quanta. Optomechanical systems with small mode volumes show
considerable enhancement in the interaction strength. However, in a majority
of these systems, the increase in the interaction strength comes at the cost of
additional optical losses. Therefore, one cannot exploit the novel capabilities
of such systems often.

This thesis is about the development of a monolithic cavity optomechani-
cal platform using I1I-V materials which demonstrates a pathway to combine
a free-space optical cavity with an integrated mechanical system. To this
end, we showcase the design, fabrication and characterization of optomechan-
ical microresonators in AlGaAs/InGaP heterostructures. We demonstrate the
enhancement of the out-of-plane reflectivity by reflectance engineering using
photonic crystals. We utilize the features of III-V heterostructures by realiz-
ing monolithic fully-suspended micromechanical resonator arrays with sub-pm
gaps in GaAs. This would make it possible to enhance the optomechanical
interaction using the concept of multi-element optomechanics. We explore
integrated cavity optomechanical systems formed by two photonic crystals
reflectors and by a photonic crystal reflector with an integrated distributed
Bragg mirror. Furthermore, we propose the use of highly-frequency dependent
photonic crystal reflectors in the optomechanical system for realizing photonic
bound states in a continuum, which decouple the otherwise coupled cavity loss
rates and coupling strength.

The quality factor of the mechanical resonator can be increased by us-
ing tensile-strained InGaP, which is compatible with AlGaAs heterostructures
growth. We determine the material properties of InGaP relevant to mechanical
resonators. We demonstrate quality factors of 107 in trampoline resonators in
InGaP at room temperature. The quality factor is pressure limited and can be
enhanced using strain engineering. Free-space integrated multi-element cavity
optomechanical systems in III-V heterostructures have the potential to enter
the quantum optomechanical regime at room temperature.



Keywords: Optomechanics, I1I-V materials, Cavity Optomechanics, Pho-
tonic crystals, Micromechanical resonators.
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CHAPTER 1

Introduction

Resonance is a fundamental property of matter. In nature, we find reso-
nances in systems ranging from astronomical entities like pulsars all the way
down to sub-atomic particles. The measurement and study of these reso-
nances, which can be described as ‘sensing’, provides vital information about
the system. Likewise, one can design and build a system to have the required
behavior, which can be called ‘actuation’. This is how bridges, skyscrapers,
loudspeakers, etc., are designed and constructed. The technology of sens-
ing and actuation using resonators is not only found in large systems but
also is ingrained in every aspect of modern technology. Decades of advance-
ment in microfabrication methods have led to realization of highly efficient
micro-electro-mechanical systems (MEMS) [1]. MEMS can be used to mea-
sure vibrations, displacement, pressure and forces. MEMS microresonators
found, for instance, in satellites, phones, laptops, smart watches, cars. In re-
search, these resonators are seen as a popular hardware platform for quantum
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experiments in the current era of the ‘second quantum revolution’.

In recent years, quantum control of mechanical resonators has seen tremen-
dous progress [2], [3]. One such example is the cooling of micromechanical
resonators to their quantum ground state of motion [2], [4], [5]. When sensing
and actuation of the mechanical resonator is achieved using an optical cavity
light field, we enter the realm of cavity optomechanics [3]. The field of cavity
optomechanics encompasses systems with an extensive range of masses and
frequencies. These include kilogram-scale mirrors with frequencies in Hz used
in gravitational wave detection at LIGO [6] to attogram-scale nanobeams with
frequencies in the GHz regime [4].

Historically, the mechanical quality factor of a resonator would reduce due
to miniaturization [7]. However, recent advances in the fabrication of me-
chanical resonators in tensile-strained materials have led to the realization
of high-quality micro- and nano-mechanical resonators. Such resonators are
excellent platforms for quantum mechanical experiments as they have very
low mass and high force sensitivity. The dissipation in micromechanical res-
onators is extremely low, therefore one can realize resonators with high me-
chanical Q-factors. Tensile strain enables implementation of methods such as
strain engineering [8]-[15] and soft-clamping [9], [15]-[17] resulting in ‘dissi-
pation dilution’. Amorphous SiN is the most widely used material in realizing
tensile-strained mechanical resonators [8]-[10], [12], [13], [15], [16] showing
mechanical Q-factors up to 10°. Recent works have also shown mechanical
resonators fabricated in crystalline materials such as GaAs [18]-][29], InGaP
[30]-[33], SiC [11] and s-Si [14]. Amorphous materials have larger defect densi-
ties compared to crystalline materials [34]. Hence, we can assume that tensile-
strained crystalline materials with strain engineering techniques would lead to
higher mechanical Q-factors. The current record for mechanical quality factor
in a micromechanical resonator, 1019, was measured in crystalline silicon [14].

Mechanical resonators, when placed inside an optical cavity, interacts with
the light field. This interaction mechanism is based on the principle of radia-
tion pressure forces. Photons entering into the cavity impinge off the mechan-
ical resonator and exert a force on it. This force results in a displacement of
the resonator which leads to a change in the cavity length. The consequence of
the cavity length change is the modification of the cavity field and its influence



on the mechanical resonator [3]. The interaction strength is usually placed
in comparison with the loss rates in the system, the optical and mechanical
losses. The loss rate is usually dominated by the optical loss as the mechanical
loss is several orders of magnitude lower in micromechanical systems [3].

The optomechanical system is said to be in the strong-coupling regime if
the interaction strength is greater than the optical loss rate. In this regime,
we observe hybridization between the optical and mechanical modes [3], [35].
If the interaction strength of a single photon in the cavity is greater than
the optical loss rate, the system is classified to be in the single-photon strong
coupling regime [36]. In the single-photon strong coupling regime non-linear
quantum effects such as photon blockade [37] and direct generation of non-
classical states [38] can be observed [3]. Single-photon strong coupling has so
far been achieved only in systems with atomic gas [39] and Bose-Einstein con-
densates [40]. However, in microresonators the highest coupling achieved was
two orders of magnitude short of being in the single-photon strong coupling
regime [4], [5].

Another interesting regime is the ultra-strong coupling regime where the in-
teraction strength is comparable to the frequency of the mechanical resonator
[41], [42]. In this regime, effects such as mechanical mode splitting [43] and
mechanical squeezing [44] can be observed.

The interaction strength is drastically enhanced in optomechanical systems
with a small mode volume and large optical and mechanical mode overlap.
These systems are usually described as integrated or on-chip cavity optome-
chanical systems. Optomechanical crystals seen in [45], [49], see Fig. 1.1(a)
and whispering gallery mode resonators [46], [50], [51], Fig. 1.1(b) are exam-
ples of integrated optomechanical devices where the cavity mode is mainly
confined within the material that, at the same time serves as the mechanical
resonator leading to an increased interaction. The interaction between the
light field and mechanics is on the order of the wavelength of the light. These
systems can be realized on a chip by microfabrication and benefit from the re-
sulting mechanical stability. However, since the light is predominantly in the
material, optical losses in the form of absorption and scattering are present.
As a result, the ratio of interaction strength and losses has not been improved
so far. Optical microcavities in free-space can be realized by using highly
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(e)

Figure 1.1:

U]

(a) Scanning electron microscope image of an optomechanical crys-
tals along with the confined optical and mechanical modes. Image
taken from Ref. [45] (b) A whispering gallery mode resonator shown
alongside one of its mechanical mode. Image taken from Ref. [46].
(¢) A chip with an array of micromirrors along with the schematic
of a Fabry-Pérot microcavity formed with them. Image taken from
Ref. [47]. (d) A fiber-based Fabry-Pérot microcavity. Image taken
from Ref. [48]. Scanning electron microscope images of (e) a mono-
lithic freely-suspended micromechanical resonators in GaAs patterned
with photonic crystals (Sec. 4.1.1). (f) a suspended micromechanical
resonator in GaAs with photonic crystal above a distributed Bragg re-
flector mirror (Sec. 4.1.3). (g) a trampoline shaped micromechanical
resonator in InGaP (Sec. 4.2.2).



reflective mirrors [47], as seen in Fig. 1.1(c) or fiber-based Fabry-Pérot micro-
cavities [48], [52], like in Fig. 1.1(d). A mechanical resonator, for example,
a nanorod, can be introduced into this system to form a cavity optomechan-
ical system [53]. However, such Fabry-Pérot type microcavities are realized
by combining two or independent devices and may suffer from mechanical
instability and optical losses during alignment.

An alternative method to increase the optomechanical coupling strength
was proposed by Xuereb et al [54]. The optomechanical system consists of
an array of identical, uncoupled mechanical resonators placed in an optical
cavity, as seen in Fig. 1.2(a). Hence, the system is also referred to as multi-
element cavity optomechanical system. The distance between each resonator,
d, is selected such that the resonator array is transmissive. This is needed to
assure the light field can interact with all the mechanical resonators in the
array. The cavity field couples to the collective modes of the resonator array.
Examples of such collective modes are seen in Fig. 1.2(b). Since the light
is mainly concentrated between the mechanical resonators, the interaction
between the collective mode and the optical field is large. The optical losses
are given by the external cavity and remain the same while the interaction
strength is enhanced. The multi-element approach is gaining attention in the
field of cavity optomechanics as a promising avenue to attain single-photon
strong coupling with several works adopting the approach [55]-[58].

In this thesis, we describe the work done over five years developing a mono-
lithic free-space integrated cavity optomechanical system in III-V heterostruc-
tures. The goal was to combine the advantages of monolithic fabrication and
stability found in integrated optomechanical systems [45], [46], [49]-[51] with
reduced optical losses in free-space Fabry-Pérot microcavities. This is achieved
by the bottom-up growth and top-down fabrication ability of ITI-V materials.
This allows monolithic realization of multiple mechanical resonators and mir-
rors in the form of a distributed Bragg reflector (DBR) in the heterostructure.
In this approach, the optical microcavity is predominantly formed in free-
space, hence circumventing the disadvantage of the optical mode being con-
fined within the material as in optomechanical crystals or whispering gallery
mode resonators.
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00 W

(b) Centre-of-mass mode Breathing mode

Figure 1.2: (a) Schematic of a multi-element optomechanical system. The system
contains an array of uncoupled, identical mechanical resonators sepa-
rated by a length d placed in an optical cavity of length L. (b) The
collective modes of the mechanical resonators - The centre-of-mass and
the breathing mode. Images taken from Ref. [54]

1.1 Contribution to the field

In this thesis, we show the viability of the approach to realize integrated
free-space cavity optomechanical systems in AlGaAs heterostructures with
high-reflectance, high-quality single-layer GaAs-based mechanical resonators.
We design and fabricate the resonators and characterize their optical and
mechanical properties. The out-of-plane high reflectance of the mechanical
resonators can be achieved by reflectance engineering using photonic crystals
[59]-[64]. The mechanical quality factor of 10° at room temperature is on-par
with previously realized micromechanical resonators in GaAs [18]-[20], [22]-
[29]. We demonstrate the validity of the method to use III-V heterostructures
as the building block of an integrated free-space cavity optomechanical system.
These results have been published in Paper A [21].

To showcase the advantage of III-V materials over other materials used in
the field, we realize a monolithic micromechanical resonator array in Al1GaAs-
heterostructures seen in Fig. 1.1(e). We demonstrate the fabrication of two
freely-suspended GaAs-based mechanical resonators patterned with photonic
crystals. The mechanical resonators have a vacuum gap of =~ 750 nm between
them. We characterize the free-space microcavity formed between the two
PhC patterned resonators. The mechanical characterization of the two me-
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chanical resonators is performed. The mechanical frequency of the resonator
exhibit modifications when the wavelength of the incident light is detuned
around the microcavity resonance. We compare our system to other imple-
mentations of multi-element optomechanical system [55]-[58]. In Gértner et
al (Ref. [57]), the system is monolithic, however the two mechanical resonators
are separated by the thickness of the substrate which is 200 pm. Additionally,
the two resonators were fabricated in individual fabrication process. This
implementation would result in uncontrollable gap between the resonators
while also limiting the number of mechanical elements in the system to two
resonators. In Nair et al (Ref. [55]), the monolithic system is realized by com-
bining two SiN membranes with a spacer. The gap between the membranes
varies from 8.5 pm to 200 pm. The manual combination of the SIN membranes
can lead to additional optical losses due to relative tilt between the membranes
while the gap between the membranes is limited by assembly and handling of
the spacer. In Piergentili et al (Ref. [56]) and Wei et al (Ref. [58]), the SiN
membranes are glued to piezos to provide control of the position of individual
membranes. The relative tilt between the membranes and stability of the sys-
tem are issues which affect these systems. The implementation discussed in
this thesis circumvents the disadvantages of the above systems. Firstly, mul-
tiple mechanical resonators can be fabricated in the same fabrication process.
Secondly, the gap between resonators can be controlled in the heterostructure
growth. Finally, the issue of relative tilt between resonators is eliminated. To
the best of my knowledge, there are no other works with monolithic resonator
array with sub-pm gaps. These results were published in Paper E [65]and
Paper F [66].

Photonic crystals (PhC) are highly frequency dependent reflectors. These
PhC reflectors have internal guided resonances that couple to external radia-
tions leading to a Fano lineshape [59], [60], [63], [64], [67]-[70]. In a double-
layer system, the presence of two PhC guided resonances along with a micro-
cavity mode leads to interference between these three, resulting in interesting
optical behaviors. We can obtain an optical linewidth narrowing which decou-
ples optical losses from the optomechanical coupling strength. The possibility
of realizing an optical bound state in a continuum in a double-layer system is
then discussed. We argue that the simple system of only two patterned freely
suspended photonic crystal reflectors can potentially be used for quantum op-
tomechanical experiments. These results are published in Paper B [71] and
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Paper G [72].

Furthermore, we investigate the optomechanical effects in a system with one
frequency-dependent reflector. To this end, we fabricate a PhC patterned me-
chanical resonator freely suspended over a distributed Bragg reflector mirror
to form an integrated free-space optomechanical microcavity ,see Fig. 1.1(f).
We show that the mechanical frequency shift due to the optical spring effect is
drastically different compared to the canonical system where the mirrors are
frequency-independent. We model the optomechanical system with Langevin
equations including a frequency dependent reflector and attempt to under-
stand the measured behavior. Although we cannot fully capture the mea-
sured shift, we show that we are able to capture the trend of the frequency
shift. The optomechanical microcavity exhibits an optomechanical coupling
strength comparable to the mechanical frequency (go/wy, ~ 0.3) which places
the system in the ultra-strong coupling regime. The manuscript of this work
is in preparation. A manuscript draft is appended as Paper D.

The GaAs-based devices cannot be used to realize mechanical resonators
with @ > 10° as they are grown with minimal tensile stress. We change to
another material system that can be grown on AlGaAs heterostructure with
high tensile stress - InGaP [30]. We begin by experimentally determining the
material properties relevant to mechanical resonators using one-dimensional
string resonators [31], [32]. We observe a time dependent Q@ degradation in
InGaP due to a currently undetermined reason. We fabricate trampoline-
shaped micromechanical resonators, see Fig. 1.1(g) which show a Q@ > 107,
the highest reported to date in an InGaP-based micromechanical resonator.
We propose that, if the time-dependent @) degradation issue is solved, InGaP-
based mechanical resonators can be used to realize integrated free-space multi-
element optomechanical systems. Such a system has the potential to achieve
the elusive single-photon strong coupling regime in optomechanics. The results
of this work are published in Paper C [33].



1.2 Thesis structure

1.2 Thesis structure

In Chapter 2, we introduce the key theoretical concepts that are relevant to the
experiments performed in this thesis. We discuss mechanical resonators and
their dissipation mechanisms, tensile-strained resonators, optical resonators
and optomechanical effects in frequency-independent and -dependent optome-
chanical systems.

In Chapter 3, we discuss the methods used in designing, fabricating and
measuring the optomechanical devices. We look at the simulation methods
used to design/determine the optical and mechanical properties of the devices.
The microfabrication process used in realizing the optomechanical devices is
discussed extensively. The optical measurement setups used to characterize
the optical, mechanical and optomechanical properties of the devices are pre-
sented.

In Chapter 4, we provide an overview of the results in GaAs- and InGaP-
based optomechanical resonators. We sequentially discuss the results of opti-
cal, mechanical and optomechanical measurements undertaken on single layer
PhC, PhC-PhC and PhC-DBR GaAs-based systems. Following which, the
material properties of InGaP relevant to mechanical resonators are presented.
Finally, the results of trampoline-shaped micromechanical resonator and their
dissipation limits are discussed.

In Chapter 5, the summary of the results presented in the thesis is given
and we give an outlook for the future of the project.

Chapter 6 contains an appendix with a description of the parameter estima-
tion method used in the PhC-DBR system. Additionally, the frequency pull
factor and single-photon optomechanical coupling rates of optomechanical mi-
crocavities in literature are shown for comparison to the system discussed in
this thesis. Finally, the measured and simulated mechanical frequencies of
InGaP trampoline resonators for different orientation is shown.

Finally, Chapter 7 consists of a brief summary of Papers A to G. The full
papers are appended after the summary.






CHAPTER 2

Theory

This chapter introduces the theoretical concepts required to understand the
experimental results presented in this thesis. An optomechanical system is
presented in Fig. 2.1. Tt consists of a Fabry-Pérot cavity (optical resonator)
interacting with an oscillating mirror (mechanical resonator). The radiation
pressure of the intracavity light field displaces the mirror which changes the
cavity length and the resonance frequency of the cavity and, thus the intensity
of the optical cavity field.

We begin by describing the fundamental properties of micro- and nano-
mechanical resonators such as mechanical eigenmodes, effect of stress and
strain on the resonator’s eigenfrequencies and dissipation. We introduce the
concept of dissipation dilution that is used to enhance the mechanical qual-
ity factor in tensile stressed materials. Next, an optical resonator and its
fundamental properties - optical losses, finesse, etc., are discussed. We then

11



Chapter 2 Theory
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Figure 2.1: Schematic of an optomechanical cavity where the oscillating mirror
modulates the cavity length. The standard form of an optical cavity
formed with a fixed and a moveable mirror. The input laser frequency
wi, the cavity frequency wcav, the mechanical frequency wy,, the me-
chanical dissipation I';,,, the optical loss x, the optomechanical coupling
go and the displacement of the mechanical resonator x.

describe the optomechanical Hamiltonian, and the Langevin equations used
to describe the optomechanical dynamics which lead to the optical spring ef-
fect, optomechanical damping, etc. The theory of Fano resonances and bound
state in a continuum that occur in photonic crystal reflectors is described.
Furthermore, the modification to the Langevin equations due to the presence
of a frequency-dependent PhC reflector is introduced. The description of the
theory is kept short and the reader is recommended for an in-depth discussion
to review the cited references.

2.1 Mechanical resonators

Mechanical resonators contain oscillating vibrational modes. The spatial dis-
placement of the geometry during the vibrations is given by the displacement
field (7). The amplitude of the oscillation z(t) can be found by writing the
displacement field as @(7,t) where @(7,t) = @(7) - (t). The mechanical res-
onator can have several modes each with its unique displacement field @, (7, t)
where n is the mode number. The dynamics of these modes for sufficiently
small amplitudes can be approximated by the equation of motion of a har-

12



2.1 Mechanical resonators

monic oscillator [3]:

in(t) 4+ Tpin(t) + wla, (t) = 1:;)((2 ’ (2.1)

where w,, and I';, are the angular frequency and damping associated with the
n-th mechanical mode, m,, of is the effective mass of the mechanical mode and
Fex(t) is the sum of all the external forces acting on the mechanical resonator.

One of the mechanical resonators used in this thesis are string resonators.
The mechanical response of string resonators can be fully described analyt-
ically by its material properties [73]. The eigenfrequency of highly tensile
stressed string resonators used in this thesis (Sec. 4.2.1) is given by [31], [33],
73]

Wy, = 271'% %, (2.2)
where n is the mode number, o is the tensile stress in resonator, L is the
length of the string resonator and p is the density of the material. In Fig. 2.2
we look at the finite element simulation (described in Sec. 3.1.1) of the fun-
damental mechanical modes in the different geometries used in this thesis.
The mechanical quality factor of a single mechanical mode of the resonator
() which is parameter to judge the coherence time of a mechanical mode is
given by Q = wy, /Ty, It is evident that high-Q mechanical resonators are
achieved by increasing the mechanical frequency w or reducing the dissipation
in the system I'. High-@Q mechanical resonators are desirable as they have
high coherence time and a lower thermal force noise, Spr = 4kpT My ol -
The dissipation mechanisms in mechanical resonators and methods to mitigate
them are discussed in Sec. 2.1.1.

Consider a single mechanical mode, Eq. 2.1 can be written in Fourier
space using the Fourier transform, ie., z(w) = [7_ z(t)e™dt, as z(w) =
Xm(w)F(w) where x, is the mechanical susceptibility. The susceptibility de-
scribes the response of the resonator to applied forces and is given by [3]

13
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Figure 2.2: Finite element simulation showing the fundamental mode of the res-
onator geometries used in this thesis. (a) Free-free geometry patterned
with PhC (b) Fully clamped membrane resonators patterned with PhC
(¢) Trampoline resonators patterned with PhC.

Xm (W) = % <w3n — w;_ ime> : (2.3)

The mean square value of x(t), i.e., (z%(t)) is obtained by integrating over the
noise power spectral density Sy (w) to obtain (2?(w)) = [ Sza(w)dw where
Syz(w) is given by [74]

Fth(W) 1
Soa(w) = m o (W2, —w?)?2 +I2w?

(2.4)

For a high-Q mechanical system, in the frequencies where w ~ w,,, Eq. 2.4
can be approximated to a Lorentzian response given by [3], [74]:

Lo ksThn 1
Spz(w) = 3 5
2t Mot (Wi — w)? + (Tin/2)
The Lorentzian response of a thermally driven mechanical resonator is used
to experimentally extract w,, and I',,. The mechanical quality factor @) is
calculated by performing a ringdown measurement [75].

(2.5)
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2.1 Mechanical resonators

2.1.1 Mechanical dissipation

Mechanical resonators lose mechanical energy through several dissipation mech-
anisms. The mechanical quality factor @ is defined as the ratio of the energy
stored, W and the energy lost in the resonator, AW during one oscillation
[73]:

w
Q= QWW. (2.6)
The dissipation mechanisms in the resonator can be divided into intrinsic and
extrinsic dissipation. The total dissipation of a resonator is the sum of all
the different dissipation mechanisms and @ is limited by the largest source of

dissipation and is given by [76]

— —1 -1
Q ! = Qintrinsic + Qextrinsic' (27)

Intrinsic dissipation originates from the oscillation of the mechanical res-
onator. The oscillation leads to a dynamic strain which couples to the internal
degrees of freedom of the material. Due to the aforementioned coupling, the
strain and the resulting stress will acquire an out-of-phase component. The
delay is the relaxation time of the internal degrees of freedom to the new equi-
librium [76], [77]. Intrinsic losses can occur due to material surface defects,
volume defects, thermal expansion of the material leading to thermoelastic
damping (TED) among others[76], [78]. The extrinsic dissipation originates
from the interaction of the resonator with its environment. It includes damp-
ing due to gas molecules around the resonator and the energy loss into the
support of the resonator via acoustic phonons. The total quality factor then
can be written as

—1 —1 -1 —1 —1 -1 -1
Q = QSurfacc + QVolumc + C'2TED + CQGas + CQClamping + QMisc’ (28)

where QI\_,[}SC constitutes the remaining damping mechanisms. In the follow-
ing, we will describe dissipation mechanisms relevant in micro- and nano-
mechanical resonators that we employ in this thesis.
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Thermoelastic damping

During the oscillation of a mechanical resonator, the bending creates a temper-
ature gradient which depends on the thermal expansion coefficient, o within
the material. The region that is compressed and expanded experiences a tem-
perature increase (decrease) and decrease (increase) respectively for a positive
(negative) value of .. This temperature gradient leads to an irreversible flow of
phonons from the hot to the cold region of the material. This flow of phonons
leads to energy being lost, which is referred to as thermoelastic damping. The
quality factor limited by TED, Qrpp, is given by [76]

OézTE WmTTED
pCp 14 (wmTTED)?’

-1
QTED = (2.9)
where T is the temperature, E is the Young’s modulus, p is the density, C,
is the specific heat at constant pressure, w,, is the mechanical frequency and
TrED 18 the thermal relaxation time. 7rgp is given by

h?pC,
TTED = g °, (2.10)
2K

where h is the thickness of the resonator and « is the thermal conductivity.
The dissipation via TED can be minimized by operating at a temperature
where a@ — 0.

Gas Damping

Gas damping is the most prominent loss in micromechanical resonators oper-
ated in ambient conditions. The gas molecules in the environment that collide
with the resonator acquire momentum that leads to mechanical energy being
lost. Gas damping can be differentiated into two regimes, fluidic and ballistic.
In the fluidic regime which is present at high pressures, the gas is modeled
as a viscous medium. In this case, the dimensions of the resonator are larger
than the mean free path of the gas molecules. At high pressures, gas damping
is the limiting dissipation mechanism. At lower pressures, the gas damping
transitions into the ballistic regime. As the pressure decreases, the number of
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gas molecules in the environment reduces. Then, the mean free path of the
gas molecules will become larger than the dimensions of the resonator. The
gas damping limited quality factor in the ballistic regime Qé;s is given by [76]

4 2M,
phwy, V TRT ™
where My, is the molar mass of the gas, R is the universal molar gas constant

and P is the pressure. The gas damping can be mitigated by operating in low
pressures, typically smaller than 10~8 mbar.

QGas = (2.11)

Clamping loss

The oscillations of the resonator result in elongation and bending of the me-
chanical resonator geometry. These deformations result in shear forces at the
clamping points leading to elastic strain and stress. This elastic energy con-
sequently produces acoustic waves that propagate to the substrate through
the clamping point. This acoustic wave propagation leads to energy dissi-
pation from the mechanical resonator to its support, hence it is also called
radiation loss. The efficiency of the wave propagation depends on the acous-
tic impedance matching between the resonator and the support [73]. Hence,
clamping loss is highly dependent on the geometry of the resonator. A two-
dimensional square membrane is the limiting case for the geometry-dependent
clamping loss as the resonator is connected to the support at its perimeter.
For a square membrane, connected to a semi-infinite substrate, the clamping
loss limited quality factor, Qciamp is given by [73]

3
EN\? 5. n2m? L
QClamp:1~5 - &&3,*7 (212)
o pr(n2+m2)2 h

where E; is the Young’s modulus of the substrate, o is the stress in the
resonator, ps (p,) is the density of the substrate (resonator), n and m are the
mode number, L and h is the length and thickness of the resonator. Clamping
losses can be reduced by careful engineering of the clamping points. Clamping
losses are estimated in this thesis numerically using a perfectly matched layer
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in finite element simulations, see Sec. 3.1.1 [11], [79].

Intrinsic quality factor

The extrinsic damping can be reduced by operating at ultrahigh vacuum and
modifying the clamping points. In the case where the extrinsic damping mech-
anisms are not the limiting damping mechanisms, then the mechanical factor
Q is purely dependent on intrinsic dissipation, and is given by Qint, [73]

T Welongation + Wbending
)
AVVelongation + AVVbending

Qint = 2 (2.13)
where Welongation (Wbending) and AI/Velongation (AWbending) are the pOtential
energy stored and lost in the elongation (bending) of the resonator during one
oscillation.

2.1.2 Tensile stress in mechanical resonators

The intrinsic quality factor of micromechanical resonators is typically below
10* [10], [11], [14], [15], [78], [80]. Recent advancements in fabricating tensile-
strained micromechanical resonators have shown mechanical quality factors
of @ ~ 10'°[14]. This is possible due to the presence of tensile stress in
the material. Tensile stress enhances the mechanical quality factor due to
additional tensile potential energy which increases the total energy of the
system (Eq. 2.13) whilst the energy lost remains the same. The tensile-stress
enhanced @ can be expressed as [73] :

Wtensile + Welongation + Wbending

Q=2m ;
AVVelongation + AVVbending

(2.14)
where Wiensile is the stored elastic energy due to the tensile stress.

The growth of heterostructures in crystalline materials can result in tensile
stress within the material [31], [33], [81]. Crystalline materials can be grown
with high-quality, low-defect thin films using epitaxial growth techniques such
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Figure 2.3: Tensile stress in epitaxially grown thin films. The substrate (blue) and
thin film (purple) have different native lattice constants denoted by as
and agim, respectively. The film grown on top of the substrate adapts
its lattice constant to that of the substrate leading to strain in the thin
film.

as molecular beam epitaxy and metalorganic chemical vapour deposition. The
epitaxial growth techniques allow a precise control over film thickness and
enable growth of heterostructures [81]. A thin film of a crystalline material
when grown epitaxially on a substrate, follows the crystal orientation and
lattice constant of the substrate, as seen in Fig. 2.3 [31], [81]. If the native
lattice constant of the material is different to the substrate it leads to an
in-plane strain in the thin film, e given by [31]

= T2 Tm (2.15)

Afilm

where as and ag), are the lattice constants of the substrate and film respec-
tively. The grown film remains crystalline after growth only if the two lattice
constants are close, else the film will have severe defects. A certain thickness
of the film, referred to as the critical thickness, grows without defects following
the crystal structure of the substrate [21], [31]. After the critical thickness,
the thin film starts to relax towards its native lattice constant. The relaxation
also leads to crystallographic defects [21], [31].

The tensile stress, o that originates as a result of the strain is given by
0 = Fe, where F is Young’s modulus of the thin film material. For an
isotropic material, Young’s modulus and the stress are isotropic. However for
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an anistropic material like III-V materials, Young’s modulus ans stress also
depends on the crystal direction. The elasticity in a material can be defined
by the stress tensor o;; and strain tensor ey;. They are related to each other
by a fourth order stiffness tensor Cjjx; as [82] :

0ij = Cijki€ki- (2.16)

For materials like GaAs and InGaP which have a zinc-blende crystal structure
with a cubic symmetry, the stiffness matrix can be reduced and Eq. 2.16 can
be written as [82] :

Ozx ci1 c2 c2 0 0 0 €z
Oyy Ci2 C11 Ci12 0 0 0 Eyy
Ozz C12 Ci2 Ci11 0 0 0 €2z

= 2.17
Oy= 0 0 0 cua O 0 €yz | ( )
Os 0 0 0 0 cua O €rs
Oy 0 0 0 0 0 Cq4 €xy

where z,y, z denote the crystal directions and c11, ¢12 and cy4 are elastic con-
stants of the material.

The reduced stiffness matrix in Eq. 2.17 can be expressed using the material
constants namely Poisson’s ratio v;; = —¢;;/€;;, Young’s modulus E; = 0;;/€;;
and shear modulus G;; = 0,;/€;; as [83]:

1—vy.Vzy Vya+VyzVzy Vaa+VyzVzy 0 0
E,E.A E,E.A E,E.A
Vacy‘zl/mzl’zy 1_Vyrnl’:cz sz"'”y:c”wy O 0
E,E.A E E, A E,E. A
VozFVayVyz Vyz'f"/zzyym 1—vayvya 0 0
C = BB, A E.E,A E.E,A ,  (2.18)
0 0 0 Gy 0 0
0 0 0 0 Gz 0
0 0 0 0 0 Gup
_ 1_szVyz_Vszzy_Vz:cVzw_2’/zyVszzz
where A = E.E, E. .

The inverse of the stiffness matrix gives the compliance matrix S and relates
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(a)
Figure 2.4: Anisotropic Young’s modulus and Poisson ration. Estimated values for

(a) Young’s modulus E() (in GPa) and (b) Poisson’s ratio v(6) for
Ini—»Ga,P for x = 0.5685. Image taken from [33].

the strain and stress via the relation €;; = Sijri0%1, where

e —% —& O 00
Vay 1 Vzy

- o5 —E 00 0
v, Vyz 1

—tee = L0 00

S—=| "B "B 2.19

0 0 0 A 0 o (2.19)
0 0 0 0 &= 0
0 0 0 0 &

Young’s modulus of the material along the x crystal direction is given by
E, = 1/s11. The Young’s modulus along different crystal directions can be
obtained by rotating the matrix in the crystal plane [31], [33], [84]. Similarly,
one also obtains the crystal direction dependent Poisson’s ratio. In Fig. 2.4 |
we see the crystal direction dependent Young’s modulus E(#) and Poisson’s
ratio v(6) for InGaP in the (001) plane [31], [33].

Similar to the material properties, i.e., Young’s modulus and Poisson’s ra-
tio, the stress in the material is also crystal direction dependent. For ma-
terials where the concentration between elements can be varied, for e.g.,
In;_,Ga,Pand Al;_,Ga,As, the stress is also dependent on the Ga content
x. Therefore the anisotropic stress in the device layer is given by [31], [33]:

a(0,2) = E(0,z) e(x). (2.20)
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2.1.3 Dissipation dilution

In materials with tensile stress, the intrinsic dissipation can be diluted by
the process called ‘dissipation dilution’. The addition of tensile stress to the
resonator increases the energy stored in the mechanical resonator as seen in
Eq. 2.14. The effect can be seen as an enhancement of Q¢ by a factor called
‘dilution factor’;, D. The enhanced quality factor, Qp is given by [10], [73],
[78]:

Qb =D Qu, (2.21)

and D is given by [73]

Wtensile
Welongation + Wbending

D=1+ (2.22)

For micromechanical resonators where h < L where h and L are the thickness
and length of the resonator respectively, the Welongation << Whending. There-
fore, we can approximate the dilution factor to a purely geometric term. For
a uniform string resonator, D is given by [10], [73], [85]

1
Dp=o—
2\ + (mn)2 A2

where n is the mode number and ) is a stress parameter:

h [ E
A=\ e (2.24)

Using Eq. 2.23, one can calculate the intrinsic quality factor of the material
which we will use in Sec. 4.2.1.

(2.23)

2.2 Optical Resonators

Optical resonators are cavities formed by two or more mirrors. When light
enters the cavity, it resonates between the mirrors via reflection and forms
a standing wave inside the cavity as seen in Fig. 2.5. These standing waves
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R R,

1

Figure 2.5: Schematic of showing an optical cavity formed between two mirrors
with reflectance R1 and Ra. The cavity length is L. The first two
modes, n = 1 (purple) and n = 2 (blue), are shown.

are the optical cavity modes. A Fabry-Pérot (FP) cavity consisting of two
weakly transmissive mirrors is the most commonly known optical cavity. The
resonances of a FP cavity are given by [86], [87]:
e

Weay = nf, (2.25)
where n is the integer mode number of cavity resonance, c is the speed of light
and L is the length of the cavity. As evident from Eq. 2.25, the resonance of
the FP cavity are equally spaced in frequency. The difference between two
resonances is the free spectral range of the cavity [86], [87]:

e
WEFSR — f (226)

The transmission profile of an optical cavity is Lorentzian as seen in Fig. 2.6
[87]. The linewidth of the Lorentzian, s is determined by the sum of all
the optical losses in the cavity. Another important quantity that is used to
characterize an optical cavity is its finesse .%. The finesse can be described as
the number of round trips that a photon takes in the cavity before exiting it.
The finesse can be calculated by [86], [87]:

g _ WESR _ TC eVARETON (2.27)

K kL 1—|rirs |

where r; and r are the reflection coefficients of the two mirrors.
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Figure 2.6: The Lorentzian shape of the transmission of the optical cavity formed
by two mirrors. The optical losses are denoted by the linewidth of the
Lorentzian calculated at full-width half maximum, .

Assuming an input light field incident on one of the mirrors, the trans-
mission of the cavity can be calculated as the ratio of the output and input
intensities. The final expression following the derivation from Refs. [86], [87]
is given as

T Tow _ (1-R1)(1—-Ry) (2.28)
Im — (1—VRiRy)? +4VR Rysin®(¢)’ '
where Ry =| r1 |? and Ry =| ro |? are the reflectance of the two individual

mirrors and ¢ is the phase that the light field acquires while traveling in the
cavity and is given by

¢=kL="C". (2.29)

As seen in Fig. 2.7 (a), the transmission of the cavity reaches unity at
resonance if the two mirrors have the same reflectance. Also, the linewidth
of the cavity becomes narrower as the reflectance increases. In other words,
a high finesse cavity can be formed with high reflectance mirrors. In Fig. 2.7
(b), we can observe that the transmission reduces as the reflectance mismatch
between the two mirrors increases.
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Figure 2.7: (a) Transmission for an optical cavity where the reflectance of the mir-
rors varies from Ry = Ry = 0.8,0.9,0.99 (lighter to darker). (b)
Transmission for an optical cavity where the reflectance of one of
the mirrors is kept constant, R1 = 0.7 and the reflectance R2 varies
R; =0.7,0.8,0.9 (lighter to darker).

2.3 Cavity Optomechanics

In the previous sections we have described mechanical and optical resonators
as independent entities. In the following section, we discuss a cavity op-
tomechanical system where an optical resonator (Sec. 2.2) is coupled to a
mechanical resonator (Sec. 2.1).

2.3.1 Optomechanical Hamiltonian

We begin with the discussion on cavity optomechanics by describing the op-
tomechanical Hamiltonian, following the review on cavity optomechanics by
Aspelmeyer et al., Ref. [3]. For uncoupled mechanical and optical harmonic
oscillators, the Hamiltionian is:

Hy = hweavdla + HwmbTh, (2.30)

where at (bt) and a (b) are the photon (phonon) creation and annihiliation
operators respectively, wcay and w,, are the optical and mechanical angular
frequencies, respectively.
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‘When one of the mirrors oscillates, the mechanical and optical modes couple
since weay depends on the mirror position x seen in Fig. 2.1. Assuming small
displacements around the equilibrium position of the mirror at a cavity length
L, we can perform a Taylor expansion on wc,y to obtain :

Wean (%) ~ Weay + xag;““ +O®@)? + ... (2.31)

Neglecting the higher order terms, we consider the linear term as the fre-
quency shift per displacement G = —0wcay/02z. Inserting Eq. 2.31 into
Eq. 2.30, we get the optomechanical Hamiltonian as

H = h(weay — G#)aTa 4 hwmb'h (2.32a)
= hweaviila + hwnb'b — hGEata (2.32b)
= Hy — hGzala. (2.32¢)

The first two terms in Eq. 2.32a(b) are recognized to part of the bare Hamil-
tonian. The last term is the interaction Hamiltionian

A

H,. = —hGza'a, (2.33a)
—hgoaa(b + b1, (2.33D)

where we introduce the mechanical displacement operator & = xzpf(l; + BT)
and the single-photon optomechanical coupling strength gy = G pr [3]. Tupt
denotes the zero-point-fluctuation of the mechanical resonator i.e., the oscil-
lations of the mirror in its ground state. It is given by:

h
ot = 4] ——, 2.34
Fapt 2meffwm ( )

where meg is the effective mass of the mechanical resonator, gy is the measure
of the interaction between a single photon and a single phonon. In other words,
go is the cavity frequency shift that occurs due to one photon interacting with
the moving mirror. The radiation pressure force that the mirror experiences
due to the interaction with the photons in the cavity is
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= hGa'a. (2.35)

The single-photon optomechanical interaction strength can be enhanced by
having a large number of photons in the cavity. This can be achieved by high
finesse optical cavities. In the situation described above, we have a strong
intra-cavity field which can be described as a @ = o + da. « is the mean field
and da are the fluctuations around this mean value. Then, the interaction
Hamiltonian can be linearized [3] and one obtains,

HIN = —hg(da+ da")(b+ b1, (2.36)

int —

where ¢ = goax = go/Mcav, and Ncay i the number of photons circulating in
the optical cavity.

The optomechanical theory discussed thus far is also referred to as dispersive
optomechanics wherein the optical cavity frequency weay () changes with the
position x of the movable mirror. There exists also dissipative optomechanics
where the optical cavity loss rate x(x) changes with the position of the mirror
x, which is discussed in Refs. [67], [88], [89].

2.3.2 Quantum Langevin equations

The oscillation of the mechanical resonator modulates the cavity frequency
and the corresponding optical field. Consequently, the radiation pressure force
acting on the mechanical resonator changes, which modifies the resonator po-
sition. This cycle continues as long as the optical cavity is populated with
photons. The finite cavity decay rate introduces a delay between mechanical
motion and the radiation pressure force. This feedback loop is called the ‘dy-
namical optomechanical backaction’. To model the dynamics of the optome-
chanical system and the corresponding effects, we use the Langevin equations
of the system. Langevin equations are useful to determine the evolution of
quantum operators under the influence of stochastic forces. The equations of
motion for the cavity field amplitude @ and the mechanical amplitude b seen
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Figure 2.8: Schematic of a canonical optomechanical system. The optical mode a
and the mechanical mode b are coupled by the single-photon optome-
chanical coupling strength go. The optical and mechanical modes are
coupled to the noise operators fm and b, with the rates o and ',
respectively. The cavity is driven with the field ain coupling to the
cavity with the rate kext. The optical and mechanical modes dissipate
to the environment with a rate of K = ko + kext and I'y,, respectively.

in Fig. 2.8 are given by [3], [74], [90]:

= — (k—iA)a +igoadd + v/ 2kextin + V20 fin, (2.37a)
A Tr A «
b= = (5" +iwm)b+igoala+ VTmb, (2.37b)

where AY = w; — weay, the optical and mechanical modes are coupled to the
noise operators fin and by, with the rates ro and ', respectively. The cavity
is driven with the field a;, coupling to the cavity with the rate kext. Eq. 2.37
are nonlinear and can be linearized similar to Eq. 2.36 resulting in the set of
linearized equations of motion [3]:

6 = (iAg — K)0a +ig(b + b)) + V2kexOain + V2k0 fin, (2.384)
b= — (%m + iwm )b + ig(6a + 6aT) + /T by, (2.38D)

2 2
A, =AY — g‘;'—“' which is the detuning taking the radiation pressure effects
into account.
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Optical spring effect and optomechanical damping

The effect of the optomechanical coupling on the mechanical resonator can be
calculated by solving the linearized equations of motions in Eq. 2.38. Firstly,
we consider the classical averaged form of Eq. 2.37 given by [3]:

a = (1A, — g)a +i1Gx + /Kex, (2.39a)

Megd = — mlp @ — mwpe + G| « |2, (2.39b)

where a(t) = (a(t)), x(t) = (&(t)), * = 2R [(b)] with the assumption
that I'),, < wy, which is true in almost all mechanical systems.

Solving Eq. 2.39 for the effective mechanical susceptibility xm ef(w) in fre-
quency space (similar to Eq. 2.3):

1

Xt (W) = o om(@) — o — (T A Tom@y. 240

We see that the effective mechanical susceptibility (Eq. 2.40) is similar to
the unperturbed mechanical susceptibility (Eq. 2.3) except for two terms, i.e.,
dwm (w) and Tope(w). dwm(w) is the mechanical frequency modification of
the resonator by the optical spring effect and T'op(w) is the optomechani-
cally induced damping. These modifications to the mechanical frequency and
damping are given by [3]:

_ 2Wm A, +w A, —w o
Owm(w) =g°— ((Aa+w)2+(;)2 + (Aa_w)2+(;)2), (2.41a)
Topt(w) =g°— ((Aa T TGE T B oPT (3)2) . (2.41b)
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Figure 2.9: Optical spring effect and optomechanical damping. (a) The mechanical
frequency shift due to the optical spring effect, The frequency reduces
(increases) for red-detuning (blue-detuning). (b) The change in the
damping rate of the mechanical resonator due to detuning leading to
optomechanical damping. The parameters used in the calculations
were: wm = 27 - 100kHz, g = 27 - 10kHz and x = 10w

Optical spring effect At w = wy,, we find the light field induced mechanical
frequency shift dwpy, (wi,):

Ag+w Ay —w
Swm = g L + N > . 2.42

I ((Aa+wm)2+<g>2 (Ag —wm)? +(5)2 ( )
In Eq. 2.42 and shown in Fig. 2.9(a), we observe that for a red-detuning
(A < 0), the frequency reduces corresponding to a spring softening, and for
a blue-detuning (A > 0) the frequency increases corresponding to the spring
hardening.

Optomechanical damping In the same approximation as above, i.e., w =
W, the optomechanical damping is given by:

Fopt =g ((Aa+wm)2(g)2 - (Aawm)2+(;)2> . (243)

The overall mechanical damping of the system is given by I' = I'y;, 4 I'gpt.
Since I'opy can be either positive or negative based on the detuning of the
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2.8 Cavity Optomechanics

laser frequency with respect to the cavity resonance, we can either increase or
decrease the overall damping seen in Fig. 2.9(b). This means, on one hand,
when I'gpe > 0, the system can be cooled. On the other hand, if I'ppe < 0 and
I' > 0, the system can be heated. It has to be noted that if I' < 0, the system
becomes unstable. Optomechanical cooling is discussed in detail in Ref. [3].

2.3.3 Photothermal optomechanics

We see in Sec. 4.1.3, that the conventional dispersive optomechanical theory
discussed above does not explain the mechanical frequency shift observed.
Therefore we explore optomechanics that occur due to the absorption of the
photon called photothermal optomechanics. However, the mechanical res-
onators are realized in semiconductor materials in this thesis. The incident
light is in the bandgap of the material. Therefore, the photon should not
get absorbed. Nonetheless, we discuss the frequency shift expected due to
photothermal optomechanics.

In photothermal optomechanics, photons that are absorbed by the mechan-
ical resonator lead to thermo-elastic effects which displace the resonator [91],
[92]. The absorbed power by the mechanical resonator is given by (described
in detail in Ref. [91]):

Aowl ) TA/’Tg (244)

Pas(z) =14+ 4x incs
ws(®) ( TN I T A ) iy Az e
where A is the absorption coefficient, T is the transmittance, 79 = % and Py
is the incident power. The effective mechanical frequency of the mechancical
resonator under photothermal effects is given by [91]

14+w2713 ¢ dr K

m'th

1 2RdPus(x) 1
Weff = W2, (1 -5 2id abb(x)) , (2.45)

where 7y, is the thermal relaxation time, R is the reflectance, and K is the
spring constant of the reflector.
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2.4 Optical cavities with frequency-dependent
reflectors

2.4.1 Photonic Crystals

The mechanical resonators used in this thesis are realized from thin-film di-
electrics. These thin-films usually do not possess high reflectivity above 99%
which is required to form an efficient optomechanical system. Additionally,
it aids for an efficient transduction of the mechanics to the optical light field.
A 100 nm-thick layer of GaAs has a reflectance of &~ 70%. To enhance the
reflectance we utilize photonic crystals (PhC). PhCs are periodic structures
that lead to a refractive index contrast. The periodic changes in the refractive
index form a photonic bandgap in the material akin to the energy bandgap
formed in semiconductors due to the lattice structure of the material [59], [63],
[93].

Guided modes and guided resonances exist in a PhC structure [59]. The
guided modes lie below the light line and are similar to dark modes. These
guided modes do not couple to external radiation. The guided resonances are
above the light line and are leaky. Therefore, the guided resonances can couple
to external radiation. Light incident on the PhC can interact with the PhC
in two ways shown in Fig. 2.10. First (i), there can be a direct transmission
through the PhC slab. Second (ii), the incident light can couple into the
guided resonance. A destructive interference can occur between these two
light paths leading to all the incident light being reflected back. This response
can be modeled as a Fano resonance leading to an asymmetric lineshape for
the resonance [59], [60].

Considering a single guided resonance in a PhC slab, the transmission and
reflection amplitude of the PhC can be expressed as [59]:

v

tr(w) =ta(w) +f7i(win) . (2.46a)
=rqg(w S - v .
re(w) =rq(w) + f_l.(w_wFHw, (2.46b)
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2.4 Optical cavities with frequency-dependent reflectors

(U] (ii)

Figure 2.10: Schematic showing the two optical paths the light incident on the
PhC can take. Direct transmission through the PhC and coupling
into the guided resonance.

where t4 and ry are the direct transmission and reflection coefficients respec-
tively, wq is the angular frequency of the guided resonance and +y its linewidth,
f is the complex amplitude of the guided resonance where f = —(tq + s 74)
and s indicates the even (s = 1) or odd (s = —1) symmetry of the guided
resonance with respect to the mirror plane in the center of the PhC parallel
to the face. The reflection and transmission coefficients in Eq. 2.46 can be
rewritten as

br(w) = —28ygra(w) — iAptg(w)

= 2.4
“ “ilp + 274 ’ (2472)
_ —2sygtg(w) — iApra(w)
rp(w) = Sy p— . (2.47b)

where Ap = w — wy. The reflectance of a PhC exhibiting an asymmetric
profile is shown in Fig. 2.11. We see that the reflectance of the PhC can be
engineered to give high reflectance at certain wavelengths.

2.4.2 Transfer matrix modeling

The optical properties of the cavity can be modeled using analytical methods.
The models help us to characterize the optical properties of the system and
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Figure 2.11: The reflectance of a PhC with » = 418 nm, ¢ = 1081 nm and d =
75 nm in vacuum showing the Fano lineshape. The vertical line shows
the resonance wavlength of the guided resonance Ao = 27¢/waq.

also individual elements. It also allows us to simulate the expected optical
behavior of an optical system. Here, we discuss transfer matrix modeling.

a, —) _>az
b, 4—— <«

Figure 2.12: Schematic of an optical system with the transfer matrix M that de-
scribes its optical properties.

The transfer matrix method is a commonly used to analyze the propagation,
transmission and reflection of the electromagnetic field in a material stack [86],
[87]. As seen in Fig. 2.12, considering an optical system where electromagnetic
field on one side is related to the other side with a characteristic transfer matrix

M given by [86], [87]
<Z§) =M (Zi) . (2.48)

The reflection coefficient of the system is given by r = %fi and trans-
mission coefficient is given by ¢t = ﬁ For a combination of multiple

optical elements, the total transfer matrix of the system My is given by
Moy = My MsMs...Mpy. The transfer matrix of each element is given by My
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2.4 Optical cavities with frequency-dependent reflectors

where n =1,2,3.., V.
The mirrors in the system can be modeled as thin one-dimensional scatter-

ers. For a thin-scatterer, the transfer matrix is given by [93]

t|r t2—r2

M=1 F - } . (2.49)

Alternatively, the transmission and reflection coefficient of a one-dimensional
scatterer can also be described by its polarizability ¢ given by [93]

T
(=1, (2.50)

where both r and ¢ are complex numbers. We also express r and ¢ in terms
of ¢ as follows:

i
= 2.51
r= o (251)
t= L (2.52)
C1—iC '
By using Eq. 2.51 and Eq. 2.52, we obtain the relation
t=1+4r (2.53)

The following conditions must also be satisfied such that r and ¢ fulfill
energy conservation [93]

I + [t =1,
rt* 4 r¥t = 0. (2.54)
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Hence, one can rewrite 7, t and ¢ as

r = isin ¢e'®, (2.55)
t = cos ¢e'?, (2.56)
¢ =tan¢. (2.57)

The PhCs fabricated in this work have dimensions less than 100 nm. Since
the incident wavelength is larger than the thickness of the PhC, the one-
dimensional scatterer modeling is also valid for the case of a PhC [60], [68],
[69]. The polarizability of the frequency dependent reflector is given by

1 —QS’ydtd — iAFTd

Cr(w) = (2.58)

—1 —287vYqTq — iApty

Revisiting Eq. 2.49, the transfer matrix of a scatterer in terms of its polar-
izability is given by [93]

C[1—ic  —i¢
we=[" 74 (259

Similarly, the transfer matrix describing propagation in a material with
thickness d and refractive index n is given by [69], [86], [87]:

eiknd 0
Mprop = { 0 eiknd:| ) (2-60)

where k = 27/) is the wavevector.

The transfer matrix of a PhC-DBR system is then obtained as Mpyhc.pBr =
Mpnc - Mprop - Mppr. The transmission coefficient of the PhC-DBR system
is given by
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Figure 2.13: Schematic of the optomechanical system with a frequency-dependent
reflector.

1 1
M(1,1) (1 —iCp(w))(1 = iCn)e™® + (nlr(w)e™™®’
(2.61)
where (r ((,) is the polarizability of the frequency-dependent (-independent)
reflector and ® is the phase acquired by the light field during propagation in
the microcavity.

tpho—pBR(W) =

The measured reflectance of the microcavity can be fit to Eq. 2.61 with ¢
and ® as the free-parameters for the properties of the mirror and propagation
respectively.

2.5 Optomechanics in frequency-dependent
reflectors

2.5.1 Quantum Langevin equations

The optomechanical Hamiltonian discussed in Sec. 2.3.1 was described by
assuming the reflectance of the mirrors was frequency-independent. How-
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ever, since the reflectance of a PhC is highly frequency dependent, as seen in
Fig. 2.11, one must revisit the cavity optomechanical theory to account for the
presence of an frequency-dependent reflector. For this discussion, we consider
a system which consists of a microcavity formed by a frequency-dependent
PhC reflector (Fano mirror) and a mirror with constant reflectance in the
frequency range of interest. The following Hamiltonian description follows
the work of Cernotik et al (Refs. [69]) which was adapted to our system in
colloboration with Juliette Monsel and is part of Paper D.

The total Hamiltonian H of the system seen in Fig. 2.13 is given by the
sum of the standard optomechanical Hamiltonian (Eq. 2.32a), ﬁOM, and an
additional term Hy which is the internal mode of the Fano mirror (considered
to be even) and its coupling to the cavity mode [69]:

ﬁ:ﬁOM—FﬁF, (2623)
Howm = hwmb'd + BA%Ta — hgoata(b + b1, (2.62Db)
Hp = hAgdtd + n(2*a'd + rad), (2.62¢)

where d' (d) is the photon creation (annihilation) operator of the Fano mirror.
We denote AY = W,y — w; as the bare detuning between the cavity and the
laser and Ay = wy — w; as the detuning between the Fano-mirror mode of
frequency wy and the laser. The coupling strength between the Fano-mirror
and cavity modes is denoted A. Note that % denotes the complex conjugate.

The mechanical resonator is coupled to a phonon bath with damping rate
T'),. The cavity is coupled to two photon baths through the top (PhC) and
bottom mirrors with optical loss rates x; and ko, respectively. The Fano-
mirror mode is coupled to the top bath only, with loss rate 4. The evolution
of this system can be described with a set of Langevin equations [69], [90]:

& = wmp, (2.63a)
p=—wmd — Tomp+ gov2aTa + /T, (2.63b)
o= —(k+iA%a 4+ igoV2aqG — Gad + V2Rabin 2 + V21 (Qlas + Gin1),
(2.63¢)
d= — (Y +iAa)d — Gat + /27a(ras + Gin1), (2.63d)

38



2.5 Optomechanics in frequency-dependent reflectors

where we have defined the mechanical quadratures § = (13 + BT) /V/2 and p =

(IA) — I;T) /zx/i and denoted xk = K1 + ko the total loss rate of the cavity. The
laser driving the cavity is modeled as a classical drive of complex amplitude
auas and treated as part of the upper input field [94]. The input laser power
P is given by Plas = hwy | aias = ﬁwl%. The thermal noise of the
mechanics is given by the operator f , while the vacuum noise of the light field
coming in from the top/bottom optical bath is associated with the operator
Gin,1/2- We have also defined G, = i\* + (/K174 and Gg = i\ + /K174, the
detailed derivation can be found in Ref. [69].

The Langevin equations in Eq. 2.63 can be linearized similarly to Eq. 2.36.
Here we consider the mean and some fluctuations around the mean for all
operators, i.e, d = a+ 04, § =q+ 944, p =p+ ép and d=46+4dd, with p = 0.
The semiclassical steady state is then, given by

oo V261 = Ga/27a/ (va +iAq)

= ass 2.64
K +i0q — GaGa/(Va + 1A4q) “ (2.64a)
1=v22Jal?, (2.64D)
5= —Gaa + \/.Q’Ydalas, (2.64c)
Ya + 1Aq

where we have defined the effective detuning A, = A% — gg1/27 and chosen
the phase of aj,s so that o = |« is real and positive. The linearized Langevin
equations (first order in the fluctuations) are as follows,

56 = wn 0P, (2.65a)
§p = — wmdd — Tnép + gvV/2(5a" + 6a) + /T é, (2.65b)
86 = — (K +10q)0a +igV20q — Godd + \/2R1Gin1 + V2280,  (2.65¢)
5d = — (a+ iDa)5d — Gad + /Tratiin 1. (2.654)

The Langevin equations Eq. 2.65 can be rewritten in the frequency domain
using Fourier transforms and be solved to obtain the mechanical susceptibility
ngt (similar to Eq. 2.3). We then obtain the expression for the mechanical
frequency shift due to the optical spring effect as
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1o g
Swmlw] = 5 Rxepew] ], (2.66)
_ 2 ao(vg + ag) — WC;A\/M% + agk1va — |M*aq W —w)
[kaa + |AI2 — aaao)® + [aak + aova — axy/Fiva)
(2.67)

where ag = Ay —w, ag = Ay —w and ay = A+ \*.

2.5.2 Transmission using coupled-mode theory

The optomechanical modeling of the optical system described in Sec. 2.5.1
does not use polarizabilities. Hence, we need to describe the optical system
using quantum optics parameters. We cannot directly experimentally access
parameters such as the loss rates, the cavity frequency, the Fano resonance
etc.. Therefore, we use coupled-mode theory to model the transmission and re-
late it to the transmission obtained by the transfer matrix method in Eq. 2.61.

The optical response of the frequency dependent optomechanical system is
modeled by assuming a weak coupling regime, i.e., gy < x where the optome-
chanical coupling rate gg can be considered as a pertubation. In other words,
the optomechanical effect has no discernible effect on the optical properties of
the system. Hence, the terms with optomechanical coupling gy in Eq. 2.65(c)
and (d) can be set to zero. The output fields are given by Gout,1[w] =
din.1[w] — v/27a0d[w] — /2R1 06 [w] and deus 2[w] = Gin2[w] — 2Rada[w]. We can
obtain the transmission coefficient of the system for the input field @, 1 [w] to
the output field Gout,2[w] (when assuming i, 2[w] = 0) as [69]:

tw) = <€lA°ut2[[aj]> _ V2#2 (Gav/27a — \/%Xd[w]_l).

Xalw| " xalw] =t = GuGa
Using Eq. 2.68 and Eq. 2.61, we can extract the parameters of the optical
system requried to model its optomechanial properties.

(2.68)

Qin,2[w]=0
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2.6 Bound states in a continuum
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Figure 2.14: Illustration of a BIC. In an open system, the frequency spectrum con-
sists of a continuum (blue) and discrete levels of bound states (green).
The spatial confinement due to structure or potential is shown as the
black dashed line. States inside the continuous spectrum either do
not couple to the system (blue) or couple to the system becoming
leaky resonances (orange). Bound states in the continuum (red) are
special states that lie inside the continuum but remain localized with
no radiation. Image taken from [95].

Frequency, w

An electromagnetic wave can be confined within a system fully or partially.
If the frequency of the wave is outside the continuum, then the mode is com-
pletely confined as it does not have a channel for the wave to radiate and is
called a ‘bound state’. Alternatively, if the wave is within the continuum, it is
partially confined and is called a ‘resonance’ and can radiate away. A ‘bound
state in a continuum’ (BIC) as the name states is a complete confinement of
the mode without any losses within the continuum as seen in Fig. 2.14 [95].

In this thesis, we discuss an optical BIC which occurs due to destructive
interference of different waves or modes in a system. The symmetry of the
system plays a crucial role in determining the existence of a BIC [71]. Since
the optical BIC has no loss channels, from the discussion on optical cavities
in Sec. 2.2, it can be seen as an optical mode with kK = 0 and Q = co. In
the context of cavity optomechanics, the introduction of a mechanical element
inside an optical BIC would immediately place it in the single-photon strong
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coupling regime as gy > k. The advantage of a BIC, i.e., it has no loss
channels, is also a disadvantage as there is no possibility to access this mode.
Therefore, the concept of ‘quasi-BIC’ is introduced [96], [97]. A quasi-BIC is
a high-@Q optical mode with loss channels that allow light to be coupled into

the optical cavity.
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CHAPTER 3

Methods

In this chapter, we describe the methods involved in designing, fabricating
and measuring the devices used in this thesis. The optomechanical resonators
should be designed to exhibit the desired mechanical and optical properties.
We use different simulation methods to design the geometry, whereby finite
element method simulations are primarily used to design the mechanical prop-
erties and rigourous coupled-wave analysis is used to design the optical prop-
erties. The fabrication of the micromechanical devices are performed in a
cleanroom environment in several process steps. We discuss the fabrication
process steps that are used to fabricate GaAs- and InGaP-based devices. We
discuss the various techniques used to analyze the device quality during the
course of fabrication. The fabricated devices are then characterized to deter-
mine the mechanical, optical and optomechanical properties of the devices.
We discuss the different optical setups that are used to perform these mea-
surements.
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3.1 Simulation

3.1.1 Simulation of mechanical properties

The mechanical properties of a system that describe, for example how the ma-
terial deforms and oscillates, are space- and time-dependent. These properties
can be described by partial differential equations (PDEs). For simple geome-
tries such as strings and membranes, these PDEs can be reduced to analytical
models that faithfully capture the mechanical properties of the system [73].
But these analytical models are not available for more complex geometries
like trampolines and membranes with photonic crystals that are used in this
thesis. Hence, we utilize finite element method (FEM) as an alternative. An
FEM simulation approximates the PDEs to numerical equations that can be
solved numerically. FEM operates by dividing the geometry into smaller ele-
ments and solving the numerical equations for this element while also taking
into account the solutions of its neighboring elements and in this manner the
total solution for the system is calculated. The criteria for the subdivision of
the geometry is determined by the density of meshing - the smaller the mesh,
the more accurate the solution but the larger is the computational cost. In
this thesis, we use COMSOL as the software platform to perform FEM simu-
lations [98]. COMSOL is an appealing FEM software as it has the ability to
combine multiple physical processes in the same simulation. Using COMSOL,
we can estimate the static deformation [99], the stress-strain redistribution [8],
[12], the mechanical eigenfrequencies of a released mechanical resonator [21].
We also use COMSOL to estimate the dilution factor [13]-[15], the clamping
loss limited-quality factor Qclamp of a resonator using perfectly matched layers
[11], [78] and the thermo-elastic damping (TED) in the system to estimate
QTED-

The simulations are constructed by building the geometry of the mechan-
ical resonator in COMSOL and defining its material properties such as the
elasticity matrix, Young’s modulus, etc. The COMSOL simulation to com-
pute the mechanical properties is performed in the ‘Solid Mechanics’ physics
module. The structural properties of the resonator such as the initial mate-
rial tensile stress and the faces of the mechanical resonator that are fixed are
well-defined. The appropriate mesh size is selected based on the smallest size
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Figure 3.1: FEM simulations of mechanical properties of mechanical resonator. (a)
The stress distribution shown as the first principal stress of a released
device showing stress concentration in the tether region. (b) The first
two mechanical modes of a trampoline resonator with photonic crystal
reflector. Images taken from [33]

in the geometry and the computational resource available. The study steps
that compute the solution are done in two steps. In the first step, COMSOL
calculates the static solution which encompasses the strain-stress distribution
in the geometry after the release of the device as seen in Fig. 3.1(a). The stress
redistribution results in a static deformation of the device. In the second step,
the deformed geometry of the first step is used as the input to calculate the
eigenfreqencies and the corresponding mode-shapes of the deformed geometry
seen in Fig. 3.1(b) .

FEM simulations can also be used to calculate the dilution factor which
quantifies the amount by which the mechanical dissipation is diluted. The
dilution factor, D is dependent on the bending, elongation and tensile stress
energies associated with the mode shape of the resonator [10], [73], [100]. The
intrinsic quality factor of a resonator, Qi that is experimentally measured can
be enhanced by the dilution factor, leading to high-Q mechanical resonators
realized in highly tensile stressed materials.

Mechanical energy from the resonator can be lost to the environment via the
support. This loss, referred to as clamping loss, can be simulated in COMSOL
by using a perfectly matched layer (PML). Any material that is defined as a
PML in FEM allows the acoustic waves to propagate but dampens them to
avoid the waves being reflected back into the system essentially mimicking the
realistic situation of energy loss at the interface between the chip and the envi-
ronment seen in Fig. 3.2(a). The accuracy of the estimation of clamping losses
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Figure 3.2: FEM simulations of mechanical properties of mechanical resonator. (a)
A quarter of the geometry of a trampoline-shaped mechanical resonator
patterned with PhC showing the propagation of acoustic waves of the
fundamental mode of the trampoline into the PML layer (b) The heat
distribution in the fundamental mode in a string resonator leading to
TED.

depends on the length of the PML layer that is constructed in COMSOL. As a
rule of thumb, the length of the PML defined should be able to encapsulate at
least one full wavelength. As a result for kHz and MHz resonators, the PML
required extents to a few mm and therefore requires considerable computing
power to be simulated.

The simulations performed to estimate the TED losses required an addi-
tional physics module, i.e., ‘Heat transfer in solids’ and the linking of this
module to the ‘Solid Mechanics’ module via ‘Multiphysics’ which takes into
account thermal expansion of the material and its effect on its mechanical
properties as seen in Fig. 3.2(b). The same study steps are performed as dis-
cussed above and the quality factor of the system limited by TED is obtained.

3.1.2 Simulation of optical properties

The engineering of the reflectance of the PhC was performed using a Rigorous
Coupled-Wave Analysis (RCWA) based simulation software named Stanford
Stratified Structure Solver (S4). RCWA is a method that is useful to model
periodic structures with a refractive index contrast. The RCWA formulation
begins with Maxwell’s equations in the frequency domain [86]. The system
under study can be inhomogeneous in the lateral directions but has to be
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Figure 3.3: Schematic of a trampoline geometry patterned with photonic crystal.
The inset shows the unit cell used for RCWA simulation. The light is
incident on a material stack consisting of the device layer with photonic
crystal, a vacuum gap and a substrate. A closer look at the unit cell
where the photonic crystal is defined by its radius r and lattice constant
a. di is the thickness of the photonic crystal layer, do is the thickness
of the vacuum and ds is a semi-infinite substrate. The light is incident
as a plane wave with a polar angle § and azimuthal angle ¢.

homogeneous in the longitudinal directions. Therefore, the Maxwell’s equa-
tions are transformed into Fourier space only in the lateral directions giving
us a semi-analytical form of Maxwell’s equations in Fourier space [101], [102].
The total system for which the reflectance has to be calculated can be subdi-
vided into multiple layers. Each layer, as in the initial assumption - can be
in-homogeneous in the lateral directions but must be homogeneous in the lon-
gitudinal direction. The modified Maxwell’s equations are numerically solved
to obtain the field in each layer. The propagation of the field is calculated by
matching the boundary condition at each interface. In this way, the propa-
gation of the incident light through the entire stack is calculated giving the
reflectance and transmittance.

The simulation is performed on a unit cell assuming it is periodic and infinite
in the lateral directions. The unit cell seen in Fig. 3.3 was constructed by
providing the properties - radius, lattice constant, the material stack in the
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Figure 3.4: Weighting factor of a plane wave incident at polar angle 6 for different
waists of the Gaussian beam.

correct order and their respective refractive indices, the substrate is modeled
as a semi-infinite medium. The reflectance was calculated for a plane-wave
that is incident on the unit cell at the input polar (f) and azimuthal (¢) angle.

The parameters of the PhC for high reflectivity are obtained by performing
a simulation with varying radius and lattice constant of only the device layer.
Even though the simulation is performed for a plane wave, in reality a Gaus-
sian beam is incident on the PhC. The Gaussian beam can be decomposed
into a weighted superposition of plane waves that is incident on the PhC. The
weighting of plane waves is given by the denominator in Eq. 3.1. Fig. 3.4
shows the weighting of plane waves incident on the PhC at different 6 for a
particular waist. The optical response for plane waves incident at different
incident angles 6 and ¢ is calculated and weighted accordingly. The Gaussian
beam response for a particular wavelength is given by Eq. 3.1 [21], [64]:

J dode [E(6) 2 sin(8) sin?(6) o (V) + cos? (6) ry (V)[?)
A) =

B [ dode |E(6)|?sin(6) B

where s and 7, are the reflection co-efficient of the plane waves corresponding
to polarization perpendicular and parallel to the plane of incidence respec-

tively.
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3.2 Fabrication

3.2.1 GaAs-based mechanical resonators

AlGaAs
GaAs
Device A Device B Device C

Figure 3.5: Schematic of the AlGaAs heterostructures used in fabricating the dif-
ferent GaAs-based mechanical resonators in this thesis.

The GaAs devices in this thesis were fabricated in AlGaAs heterostructures
grown on GaAs substrates using molecular beam epitaxy. A bottom-up grow
and top-down fabrication approach was adopted in fabricating the devices.
The growth was done on a 2-inch wafer and subsequent fabrication was car-
ried out on 5mm x 5mm or 10mm x 10 mm chips that were diced using a
diamond scriber. The first generation of our GaAs devices henceforth referred
to as ‘Device A’ was a single-layer device which consisted of a 4 pm thick
AlGaAs sacrificial layer followed by a 100 nm-thick GaAs device layer as seen
in Fig. 3.5. The second generation of the GaAs devices referred to as ‘De-
vice B’ consisted of two pairs of consecutive layers of 100 nm-thick GaAs
device layers followed by a 750 nm-thick AlGaAs sacrificial layer. The third
generation referred to as ‘Device C’ consisted of a distributed Bragg reflec-
tor (DBR) which comprised of 30 pairs of alternating layers of 105.9 nm-thick
Alg.92Gag.gsAs and 130 nm-thick GaAs grown on the wafer seen in Fig. 3.5.
The DBR was followed by a set of 100 nm-thick GaAs device layer followed
by a 750 nm-thick AlGaAs sacrificial layer.

The fabrication process seen in Fig. 3.6 begins with the sample preparation
- cleaning the sample and resist coating followed by a lithography step. In
lithography, we transfer the required pattern, i.e., mechanical resonator with
photonic crystal patterning onto the resist. The lithography technique used
depends upon the smallest feature size in the pattern. The available lithogra-
phy techniques were contact lithography using masks, non-contact lithography
using photolithography and electron beam lithography (EBL). In this work,
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we use photolihtography via direct laser writing and EBL for writing our pat-
terns into the resist as these techniques are ideal for quick prototyping for
devices with varying geometric parameters. For mechanical resonators with
features larger than 1 pm, which were devices without any photonic crystals,
the laser writer was used. For all other devices, EBL was used. The pattern is
transferred on to the device layer using anisotropic etching usually done using
plasma also known as ‘Dry etching’ The device was released by removing the
sacrificial layer which in most cases is performed by using wet chemicals in a
process called ‘wet etching’. An important step in our fabrication was critical
point drying (CPD). The fragile nature of the mechanical devices meant that
after the wet etching the devices could not be directly removed out of the
liquid without them collapsing as they cannot withstand the capillary force.
Hence, we use CPD as a method to dry our devices whilst preventing the
collapse of the devices.

‘& _®

'fi? _
P - ,//'
Sample preparation Resist coating Lithography
| — ‘J’ -— >
/// i
HF wet etch, .
KOH cleaning, CPD Resist removal RIE-ICP Etching Development

Figure 3.6: Schematics of the main process steps involved in fabrication of GaAs-
based mechanical devices.

Sample preparation Cleaning of the chip after every step is of utmost im-
portance so as to remove any residues from the previous steps that may con-
taminate and lead to device failure in the following steps of the fabrication
process flow. Generally, sonication is used to clean the wafers but this cannot
be used for brittle, crystalline materials as they are subject to getting cracked
easily. Hence, the cleaning process in this thesis is always preformed by a
thorough agitation of the chip in Acetone, Isopropanol and deionised water
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for 60s each. In the cleaning process during sample preparation, we also use
lint-free chemical wipes to remove any stubborn dust particles that are hard
to remove by agitation. The sample is observed in an optical microscope after
every cleaning to check for the presence of any particles on the surface.

(a) (b)

Figure 3.7: Optical microscope images of resist patterns with (a) A mechanical
resonator without any PhC written using direct laser writing and (b)
A mechanical resonator with PhC written using electron beam lithog-
raphy

Resist coating and Lithography The sample, once cleaned, has to be coated
with a resist into which the pattern is written using lithography techniques.
This is done by ‘spin coating’ where the sample is placed in a centrifuge and
the resist is poured on its surface using a pipette. For laser writing, a positive
photoresist, AZ1512 was used. A 1.2 pm-thick resist layer was obtained when
the photoresist is spun at 3000 RPM for 60s following which the sample is
baked on a hotplate at 100°C for 50s. The laser writing is performed using
DWL 2000 from Heidelberg Instruments. The exposure was done using a
405nm laser. After the lithography, the resist that was exposed is removed
using a developer in a process called ‘development’. The sample is agitated
in the developer - MFCD-26 for 60s followed by a dip in deionised water for
1min. A developed device written using DWL is seen in Fig. 3.7(a).

In the devices where EBL was used seen in Fig. 3.7(b), we use chemically
amplified electron beam resist, UV-60 0.75 which is also a positive resist. The
resist is spun at 3000 RPM for 60s which gives a resist layer with a thickness
of 750 nm. Before exposure, the sample is pre-exposure baked on a hot-plate
at 130°C for 60s. Since our smallest dimensions in the design - the PhC
features - are in the range of a few 100nm, EBL is performed using a Raith
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- .

Figure 3.8: Scanning electron microscope images of devices where the pattern has
been transferred to the device layer using dry etching. (a) The top
view of a PhC pattern (b) An angled-view of a PhC pattern.

EBPG 5200 100kV system. This system can write features of down to 10 nm.
The chip was post-exposure baked at 130 °C for 60s to chemically activate the
polymers in the resist followed by the development using MFCD-26 for 75s
followed by a dip in deionised water for 60s. Additionally for both the laser
writing and the EBL process, a low power O2-plasma cleaning also known as
‘descum’, is performed after the development to remove any resist residues in
the developed regions.

Dry etching The dry-etching is a critical part of the fabrication process flow
as here we transfer the pattern from the resist onto the device layer. Since we
have high-aspect ratio in the resonators, we utilize chlorine-based anisotropic
reactive ion etching - inductively coupled plasma (RIE-ICP) method to etch
our GaAs-based devices. The etching is carried out by mixture of SiCly and
Ar gases are introduced into the pressure-controlled chamber while the sample
is placed on the bottom of the chamber on an electrode [103]. A radio fre-
quency (RF) voltage is applied to the electrode. The RF field ionizies the gas
molecules and accelerates the ions towards the bottom plate. An additional
inductive coil can also be used which increases the density of the plasma.
The Ar and Cl ions physically and chemically etch the material respectively
while the resist acts as a mask and protects the required GaAs regions thus,
transferring the pattern to the device layer as seen in Fig. 3.8.

The Cl-based chemical etching is isotropic. To make sure that the etched
PhC patterns have vertical sidewalls we need to prevent lateral etching. This
is achieved by the Si in SiCly which deposits on the sidewall and prevents lat-
eral etching [21], [103]-[107]. This becomes crucial when etching through the
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GaAs

AlGaAs

GaAs
AlGaAs

(d)

Figure 3.9: Dry etching through the layers of Device B. (a) Schematic showing
the vertical sidewalls required while etching through the second GaAs
layer. (b) Cross-sectional SEM image of a device showing sidewall
tapering. (c) SEM image of an extreme case where the top layer of the
PhC is partially etched away due to lateral etching. (d) Cross-sectional
SEM image of a device with optimized etching recipe showing vertical
sidewalls through the second GaAs device layer.
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second layer while still maintaining the same PhC radius as seen in Fig. 3.9(a).
The effect of lateral etching does not show any significant effect when etching
Device A as the etch depth required for pattern transfer is only a couple of
100 nm. When the required etch depth is larger or equal to the diameter of
the opening, i.e., the PhC pattern which is about 1pm for device B we ob-
serve tapering along the sidewalls seen in Fig. 3.9(b). In extreme cases, the
top layer is completely etched away as seen in Fig. 3.9(c). By optimising the
etching parameters such as gas flow rates, plate and ICP power and, chamber
pressure we can optimize the etch to obtain vertical sidewalls while etching
through the second device layer as seen in Fig. 3.9(d).

The dry-etching exposes the underlying AlGaAs layer to the atmosphere
which would lead to oxidation of AlGaAs. To prevent this, we transfer the
device into deionised water immediately after the sample is removed from the
etching tool. Next, we remove the resist from the chip by using a remover -
REM1165 heated to 85°C. The chip is submerged into the hot remover for
10 minutes. This is done with the chip facing downwards so as to allow any
residuals from the resist to fall naturally into the beaker. We then dip the
chip into isopropanol to remove any traces of the remover followed by cleaning
of the device using acetone, isopropanol and deionised water. The cleaning is
followed by an additional O2-plasma cleaning at 100 W for 2min to remove
any resist residues that are still on the sample surface.

Wet etching and critical point drying The devices are suspended by re-
moving the sacrificial layer by wet etching. For the GaAs devices, 15% HF
is used as the etchant which etches AlGaAs isotropically at an etch rate of
Ipmmin~! [21], [108], [109] but etches GaAs at a rate of 0.1 nmmin~! [110].
Therefore in Device A and B, the GaAs substrate acts as a natural etch-stop
layer. In the DBR samples, the first layer of the DBR fulfils this role. The
HF etch results in the formation of AlF5 and Al(OH); which are the solid
etch by-products as seen in Fig. 3.10(a). Therefore, we have to perform an
additional sample cleaning step to remove these etch remnants. The AlFj
is crystalline and is soluble in deionised water whereas a dip in 4.5M KOH
removes the Al(OH)3 remnants [21], [109]. It was also observed that for lower
HF concentrations in Device B, the HF etching would not completely remove
the sacrificial layer as seen in Fig. 3.10(b). This can be a result of the small
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gap between the GaAs layers which hinders the etchant from efficiently etch-
ing the AlGaAs and flushing out the etch by-products. This was solved by
increasing the concentration of HF and by the introduction of a stirrer during
the wet etch which enabled a homogeneous flow of the etchant. The HF etch
also makes the surface of the device hydrophobic as the thin oxide layer on
the GaAs surface is also removed during the wet etch. Therefore after KOH
cleaning, the sample is dipped in isopropanol which stays on the surface of
the chip due to its higher surface tension.

(b)

Figure 3.10: (a) SEM image of a device after HF etch without the KOH cleaning
showing the Al(OH)s particles. (b) SEM image of a device showing
incomplete removal of the sacrificial layer at a lower HF concentration
level and absence of a stirrer during the wet etch.

Single-layer devices with sub-pm gap were also fabricated by using the De-
vice B heterostructure. This was done by stripping the top two layers of GaAs
and AlGaAs using dry and wet etching. The dry etching was performed with-
out any resist.

(b)

Figure 3.11: (a) SEM image of a collapsed device due to the failure of CPD.
(b) SEM image of a released device where the top GaAs layer was
over-etched during the dry etching step (similar to device seen in
Fig. 3.9(c)) where the remnants of the top-layer are seen as diamond
shaped particles.
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The critical aspect to be monitored during the wet etching is that the sam-
ple is always submerged in the liquid at all times to avoid the collapse of
devices due to capillary forces as seen in Fig. 3.11(a). Due to the fragile na-
ture of the released devices, the sample can be dried only using critical point
drying. In a critical point dryer, the sample is placed in the process cham-
ber in an isopropanol bath and the alcohol is exchanged with liquid carbon
dioxide (LCOz) in a gradual manner at a high pressure. Once the chamber
has only LCO3, the chamber is heated while maintaining a high pressure to a
temperature such that the LCOy becomes a supercritical fluid. The chamber
is vented in a controlled manner to complete the fabrication process. The
SEM images of fabricated devices is seen in Fig. 3.12.

(a) (b)

Figure 3.12: SEM images of (a) Suspended single-layer PhC - Device A (b) sus-
pended double-layer PhC - Device B and (c) suspended PhC over a
DBR - Device C.

3.2.2 InGaP-based mechanical resonators

The InGaP devices were fabricated from heterostructures grown using metal-
organic chemical vapor deposition (MOCVD) on a GaAs substrate. The
growth consisted of an 400 nm-thick GaAs buffer layer followed by an 75 nm-
thick InGaP device layer. The fabrication process is largely similar to the
GaAs-based devices with notable differences in the resist coating and wet
etching step. The fabrication process shown in Fig. 3.13 begins with the sam-
ple preparation which involved cleaning and resist coating followed by a EBL
which transfers the required pattern, i.e., the mechanical resonator with pho-
tonic crystals onto the resist. The pattern is transferred onto the device layer
by using Cl-based dry etching. The device was released by removing the sacri-
ficial GaAs layer with a mixture of citric acid and hydrogen peroxide followed
by CPD.
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Figure 3.13: Schematics of the main process steps involved in fabrication of InGaP-
based mechanical devices.

The optomechanical devices fabricated in the InGaP were long, thin string
resonators and trampoline resonators, which had long, thin tethers connecting
the central PhC pad to the support. These large aspect ratio features in the
geometry when exposed and developed, showed a wavy behaviour as seen in
Fig. 3.14(a). This behavior originates due to poor adhesion of the resist to
the chip in these large aspect ratio regions. This problem is overcome with
the use of the adhesion promoter TI-Prime. TI-Prime was spin-coated at
4000 RPM for 20s and baked on a hotplate for 120°C for 2min. Following
the adhesion promoter, the EBL resist UV-60 is spin-coated as described for
GaAs-devices. The result of the pattern on a chip after development with an
adhesion promoter is seen Fig. 3.14(b).

(a) (b)

Figure 3.14: Optical microscope images of InGaP strings after exposure and de-
velopment (a) without adhesion promoter and (b) with adhesion pro-
moter TI-Prime.

The wet-etch based release of InGaP devices is different compared to the
GaAs devices as the sacrificial layer is now changed to GaAs. Therefore,
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HF would not be a viable option to release the devices. Hence, we use a
mixture of citric acid and hyrdogen peroxide in a volume ratio of 5:1 to etch
the GaAs. The wet etching of GaAs using the aforementioned mixture is
anisotropic with etch rates ranging from 0.2 pmmin~! to 3pmmin~! based
on the crystal direction [111]. However, before the devices are released, the
adhesion promoter, TI-Prime must be removed. This is done by a dip in a 15%
HF which does not etch the device layer. Following the TI-Prime removal,
the sacrificial layer is removed. The sample is gently flushed with deionised
water after every etching step to remove any remnants of the etchant. The
process is completed with CPD to dry the sample and prevent collapse. The
SEM images of fabricated devices is seen in Fig. 3.15.

300é

Figure 3.15: SEM images of (a) InGaP strings of varying lengths along crystal
direction [110] (b) InGaP trampoline with tether width of 1pm
and tether length of 750 um along [110], central pad area of 100 X
100 pm?. Enlarged views of the resonator in (b) showing (c) the PhC
pattern on the central area with PhC, (d) the tether connection to
the central pad, and (e) the tether clamping to the substrate. Images
from [33].

(c)

3.2.3 Sample analysis

The analysis of the devices before, between and after fabrication steps is cru-
cial to verify whether the desired result has been achieved. Analysis can range
from simple imaging under a optical microscope to measuring the thickness
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and strain in the material using X-ray diffraction. In the following section,
we discuss few of the key factors that were measured/analyzed and the tools
used to perform them.

Surface examination

Surface examination using optical microscopy or scanning electron microscopy
(SEM) is the standard method to inspect the status of the sample after a
fabrication step or the entire process. The optical microscope uses light to
image the surface. The differential interference constrast (DIC) microscope,
is a kind of optical microscope that allows for easy identification of surface
roughness Fig. 3.16(a). SEM is a microscope that uses electrons scattered from
a surface that is scanned with a focused electron beam. The sample is placed in
a vacuum chamber with a translational and tilt stage that allows the imaging
of several devices in different orientations. SEM images of the PhC patterns
are taken to estimate the actual PhC radius r and lattice constant a to aid the
estimation of the optical properties. The SEM can also be used to perform
energy-dispersive X-ray (EDX) analysis where the chemical composition of
the material that is being imaged can be estimated. This is a useful tool
to identify the origin of any unexpected particles that appear on the sample
after a process as seen in Fig. 3.16(c). When an electron from the inner shell
of an atom is removed by the incoming electron energy and an electron in
an outer shell takes its place, the result is the emission of a particular x-ray
energy. Each element has a characteristic x-ray which is collected by the EDX
detector. The energy of the detected X-rays is used to decipher the elements
present in the field-of-view.

Layer thickness estimation

The thickness of the device layer plays a crucial role in device design and
characterization. In this thesis, a combination of four different techniques
were used in thickness estimation. SEM imaging can be used to obtain a rough
estimate of the thickness. A cross-section of the wafer is cleaved and imaged as
seen in Fig. 3.17(a). A more accurate measurement technique that provides
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(a) (b)

Figure 3.16: (a) A DIC microscope image of a device layer showing surface rough-
ness. (b) The SEM image of a released device showing buckling (c)
The SEM image with unexpected particles after wet-etch and CPD
identified as potassium salts using EDX.

accuracy in the sub-nm range is transmission electron microscopy (TEM).
TEM is a microscopy technique where electrons are transmitted through a
material to form an image. The sample to be imaged is prepared in the form
of a lamella - a thin slice, using focused ion beam milling. The image is formed
as the electrons passing through the material interact with the electrons in
the material. In this thesis, TEM imaging is performed on a cross-section of
the heterostructure growth to estimate the actual thickness of the device and
sacrificial layers. Additionally, the quality of growth can be estimated looking
at the roughness of the grown layers. An example of a false colored TEM
image is shown in Fig. 3.17(b).

Ellipsometry is a technique that is used to investigate the dielectric prop-
erties of a material. If the refractive index of the material under test is well-
known, this method can also be used to estimate the thickness. X-ray diffrac-
tion (XRD) analysis is a measurement technique that is used to determine
the crystallographic structure of a material. This method can also be used
to measure the thickness of the material along with other properties such as
material concentration, strain in the layers, etc.

Surface roughness

Surface roughness determines the quality of the mechanical resonators that we
can fabricate as it contributes to surface losses. Also, the optical properties
of the PhC is drastically affected by surface roughness. Hence, it is important
to quantify the surface roughness of the layer. The DIC microscopy discussed
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Figure 3.17: (a) A cross-sectional SEM image showing the device layers and first
alternating DBR layers. (b) False-colored TEM image of Device A.
The top layer (green) is palladium that is deposited during ion beam
milling, followed by the GaAs layer (yellow) and the AlGaAs layer
(gray) on top of the GaAs substrate (yellow) (c) A closer look at
the TEM image of the device layer in (b). TEM images taken from
Ref. [21].

earlier can provide a qualitative measure of the roughness. However, atomic
force microscopy (AFM) must be used for quantitative measurement of surface
roughness. AFM is a technique in which a cantilever with a sharp tip is
scanned over the surface of a sample. The sharp tip interacts with the surface
via Van der Waals forces. We use the non-contact mode where the cantilever
with the sharp tip hovers a few nm above the sample surface and can be
used to image the surface topology. The AFM signal yields surface properties
such as roughness, waviness etc. AFM measurement can be used to measure
buckling (Fig. 3.16(b)) or static deformation in released devices. Fig. 3.18(a)
shows an AFM scan of a suspended PhC membrane. Fig. 3.18(b) shows the
profile of the region marked with a blue line in Fig. 3.18(a) that is normalized
to the unreleased region. The released region shows buckling in the range of
20 nm.
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Figure 3.18: (a) AFM image showing a topographical scan of a released and sus-
pended PhC membrane. (b) Normalized surface profile of the mem-

brane along the direction marked blue in (a)
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Figure 3.19: Experimental setup for characterization of mechanical properties of
the mechanical resonators. The solid lines and dashed lines in-
dicate the fiber beam path and the free-space beam path respec-
tively. BS: fiber-based beam splitter, PM: fiber-based phase modula-
tor, PD: photodetector, RT: Room temperature, HV: High Vacuum,
PID: Proportional-Integral-Derivative controller, LPF: Low-pass fil-

ter, HPF: High-pass filter.
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3.3 Setup and Measurement

3.3.1 Characterization of mechanical properties

The characterization of the mechanical properties of the fabricated devices is
performed using an optical homodyne detection setup using a tunable telecom-
wavelength laser seen in Fig. 3.19. The mechanical modes of suspended de-
vices relate to a time-dependent displacement Axz. When a signal beam with
a steady state amplitude ag(t) interacts with the resonator its mechanical
displacement modulates the phase quadrature of the signal. The modulations
can be written as amplitude 0 X, (¢) and phase §Y;(¢) fluctuations around the
steady state. This information is encoded into the phase of its reflected field
¢ = kAx, where k is the wave vector of the incident light. The phase of
the light reflected off the mechanical resonator is measured using an inter-
ferometer where a reference beam referred to as the local oscillator (LO) is
generated from the same laser source, hence the name ‘homodyne detection’.
The reflected signal can be written as [74], [112]:

as(t) = ay + 6X,(t) + 1Y, (1) (3.2)

where ag, 6 X;(t),dY5(t) € R. This signal is mixed with a strong LO on a
50/50 beam splitter and detected by two photodetectors. The LO signal can
be written as

aro(t) =[aro +6Xro(t) +idYro (t)]ei“o (3.3)

The field on the two photodetectors PD1 and PD2 can be written as:

appl = \/gOZLO(t) + \/gas(t)v (3.4)
S \/}Lo@) - ﬁ%@ (3.5)

Assuming that the intensity in the LO is much larger than the signal and
following the derivation available in Ref. [112], we obtain the difference in
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photo-current between the two photodiodes as:

i(t) = ip1 —ip2 = 2ar00s(cos ) +2ar0[0X(t)(cos ) +8Ys(t)(sinp)] (3.6)

The homodyne signal has a DC term that is proportional to the steady-state
amplitudes and AC terms that depend on the relative phase between signal
and LO. This means by changing ¢, we can either measure only the amplitude
or phase quadrature or a combination of both. Since we are interested in the
phase quadrature to measure the mechanical modes, we use a PID controller
to generate an error signal using the low frequency component of the signal
to lock the signal on the maximum slope, i.e., ¢ = /2. In this way, we use
a homodyne detection scheme to measure the mechanical properties such as
eigenfrequencies and quality factor.

3.3.2 Characterization of optical properties

The setup for measuring the optical reflectance of the PhC slabs is shown in
Fig. 3.20. A laser beam passes through a polarizer defining the polarization
of the incident light. A half-wave plate is used to adjust the ratio of the light
reflected and transmitted at a polarizing beam splitter (PBS). The reflected
light is sent to a photodetector and called the reference arm. A quarter-wave
plate rotates the light transmitted from the PBS to circular polarization. We
use a lens to focus the light onto the PhC slab. The light reflected off the
sample collects a m-phase shift upon reflection and, after passing through the
quarter-wave plate, is vertically polarized and, thus, reflected by the PBS into
the detection arm. The InGaAs charge-coupled device camera is used to image
the transverse optical modes of the reflected beam. This type of reflectance
measurement scheme assumes that the reflectance of the sample is the same
for s- and p-polarized light. As the PhC pattern on the mechanical resonators
used in this work have Cy symmetry, the above condition is valid.

The reflectance of the PhC slab, Rpyc, is then given by:
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Figure 3.20: Experimental setup for the characterization of the optical reflectance
of devices. The solid lines and dashed lines indicate the fiber beam
path and the free-space beam path respectively. HWP: half-wave
plate, QWP: quarter-wave plate, PBS: polarizing beam splitter, FM:
flip mirror, PD: photodetector. L1: triplet collimator , L2 and L3:
focusing lens.
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Figure 3.21: Reflectance spectra of a mirror of known reflectance and a PhC fab-
ricated in an 75 nm-thick InGaP suspended above a GaAs substrate
with a 14.8 pm gap.

ISample IMirror -1
— PD1 PD1
RPhC - ISample ’ (IMirror) ’ Rmirror (37)

PD2 PD2

where IphP'® (I3ir) is the reflected signal intensity of the device under
test (a mirror of known reflectivity) measured by photodetector 1 (PD1) and
I}S,aDrgple (IpBger) is the reference signal intensity measured simultaneously by
photodetector 2 (PD2). This means that we normalize the signal in PD1 by
the one in PD2 to account for laser intensity fluctuations. In order to account
for any undesired wavelength dependence of the utilized optical components,
we independently measure the reflectivity of a mirror of known reflectance,

Mirror / rMirror

Rmirror, in our setup, i.e., IppT°"/Ipps " and normalize by this measurement,
as seen in Fig. 3.21.

3.3.3 Characterization of optomechanical properties

The optomechanical properties are characterized by combining the measure-
ment setups used to characterize the mechanical and optical properties. The
A/2, PBS, A/4 and photodectectors are introduced in the free-space path after
the collimator in the mechanical setup marked with a dashed box in Fig. 3.22.
An important requirement when measuring optomechanical effects is to have
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Figure 3.22: Experimental setup used for characterizing the optomechanical prop-
erties of the devices. Solid lines represent the fiber beam path and
dashed lines the free-space beam path, BS: beam splitter, PM: fiber-
based phase modulator, PDgegpet): photo diode in the reference
(detection) arm, RT: room temperature, HV: high vacuum, PID
: Proportional-Integral-Derivative controller, LPF : Low-pass filter,
HPF : High-pass filter
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the same power incident on the sample when tuning the wavelength. The
photosensitivity of the photodiode (Hamamatsu InGaAs PIN photodiode -
(G12180-005A) is almost constant in the wavelength regime of interest. In the
optomechanical setup, the reference photo diode PDges whose voltage readout
is used to maintain a constant power reaching the sample when tuning the
laser wavelength.
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Results

In the following chapter, we present and discuss the optomechanical proper-
ties of highly-reflective optomechanical resonators in III-V heterostructures.
We begin by demonstrating the feasibility of the ITI-V material system for
realizing integrated free-space cavity optomechanics. To this end, we show
a proof-of-concept by fabricating single-layer GaAs PhC resonators and ex-
amining their optical and mechanical properties. To show the capabilities of
AlGaAs-based heterostructures, we then explore two device architectures in-
teresting in the context of cavity optomechanics - two suspended GaAs-based
PhC mirrors and a suspended PhC mirror on a distributed Bragg reflector
(DBR). Both systems have the two mirrors separated by a sub-pm gap be-
tween them, thus forming an optical microcavity. We investigate the optical
properties of the systems. The frequency-dependent reflectance of the PhC
opens the possibility to engineer interesting optical cavity properties such as
‘bound state in a continuum’ (BIC). We discuss the optomechanical effects
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such as optomechanically induced frequency shift observed due to the micro-
cavity interacting with the suspended PhC mirror. The absence of significant
tensile stress in GaAs, however, limits the GaAs-based mechanical quality
factor of the mechanical resonators to be maximally around 10°. Hence, we
consider InGaP - a III-V material which can be grown with stress up to 1 GPa
while being compatible with AlGaAs-based heterostructures. We extract the
material properties of InGaP using one-dimensional string resonators. Follow-
ing this, we fabricate trampoline resonators including a PhC. The trampolines
exhibit mechanical quality factors > 107, the highest reported to date in an
InGaP-based micromechanical resonator.

4.1 GaAs-based optomechanical systems

Multi-element optomechanics has been theoretically shown to be able to in-
crease the optomechanical coupling [54], [113]. This increase in optomechan-
ical coupling would allow to access new and interesting non-linear regimes
in optomechanics. The uniformity of the mechanical resonators and the gap
between them, along with their individual reflectivity, plays a crucial role in
determining the coupling enhancement. III-V materials with the advantage
of bottom-up heterostructure growth and top-down fabrication are the ideal
candidate for realizing such a multi-element system. III-V materials also offer
the possibility of integrating one of the cavity ‘mirrors’ in the form of a DBR.

4.1.1 Single-layer GaAs system

The objective of the single-layer GaAs devices - Device A is to establish a
proof-of-concept that ITI-V materials specifically GaAs can be used to fabri-
cate high-quality, high-reflectance mechanical resonators. The mechanical res-
onators realized in GaAs have shown mechanical quality factors of up to 10° at
room temperature [18]-[20], [22]-[29]. These resonators can be used as build-
ing blocks to realize a mechanical resonator array in a multi-element optome-
chanical device. Device A consisted of a 100 nm-thick GaAs device suspended
above the substrate. The sacrificial layer was a 4 pm-thick Aly g5Gag.35As. In
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Figure 4.1: (a) SEM image of a single-layer GaAs device without PhC after fab-
rication (b) SEM image of a single-layer GaAs device with PhC after
fabrication along with a closer look at the PhC on the device layer.

Device A, we utilize the ‘free-free’-type geometry where a rectangular slab is
connected to the support with four tethers [24], [25]. The advantage of the
free-free geometry is evident when the tethers are connected at the flexural
node of the ‘free-free’ mode. In this case, the mechanical mode is well-isolated
from the surroundings and the energy loss via phonons is drastically mini-
mized [24], [25]. The rectangular slab is patterned with a PhC to increase the
out-of-plane reflectivity [63]. This is important as the intrinsic reflectance of
a 100 nm-thick GaAs layer is only 67%. We fabricated Device A without -
Fig. 4.1(a) and with PhC Fig. 4.1(b) using the process discussed in Sec. 3.2.1.
The mechanical and optical response of the single-layer GaAs PhC resonators
is presented below.

Reflectance engineering

The first step in engineering the optical properties of the system is to design
an appropriate PhC pattern by determining the parameters of the PhC [§],
[59], [63], [114], [115]. We choose a Cy symmetry for the PhC to make its
out-of-plane reflectance polarization insensitive. The PhC parameters, i.e.,
radius r, and lattice constant a, are chosen by simulating a reflectance map
for a particular wavelength using S4 [116]. We consider a 100 nm-thick GaAs
slab for an incident wavelength of A = 1550 nm with a plane wave incident
at polar angle ¢ = 0 and azimuthal angle § = 0, as seen in Fig. 4.2(a). The
reflectance map of the unit cell for varying r and a is shown in Fig. 4.2(b).
In the EBL exposure step, the placement of the holes at the required position
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Figure 4.2: (a) Schematic of a unit cell of a PhC with thickness h, radius r and
lattice constant a. A plane wave with wavelength A is incident at
a polar angle 6 and azimuthal angle ¢. (b) Reflectance map for an
incident wavelength A = 1550 nm plane wave at normal incidence on
a h = 100nm GaAs PhC slab for varying r and a. The star indicates
the parameters for R > 99.99%, i.e., r = 418 nm and a = 1081 nm.

on the PhC slab, i.e., the lattice constant, is more precise than the radius of
an individual hole. We want to choose a PhC pattern whose reflectance has
a high tolerance to fabrication related imperfections. Therefore, we look for
a region of the reflectance map which has a high constant reflectivity when
slightly varying r but for a fixed a. The parameters chosen, i.e., 7 = 418 nm
and a = 1081 nm, are marked by a star in Fig. 4.2.

The reflectance of the fabricated PhC slabs in Device A are measured using
the setup described in Sec. 3.3.2 and their reflectance is plotted in Fig. 4.3(a).
We observe the maximum of the reflectance around 1510 nm instead of the
expected 1550 nm based on the PhC design. The TEM cross-sectional imag-
ing seen in Fig. 4.3(b) shows that the GaAs device layer has large surface
height variation due to the sample being grown without growth interruption
[21], [117]. This is undesirable as the height variation also results in surface
roughness resulting in optical losses. The average thickness was calculated to
be 87.5nm. By taking into account this average thickness, we can reproduce
the high reflectivity of the PhC at 1510nm. The samples grown for future
devices discussed in this thesis were grown with growth interruption, which
reduced the height variation and surface roughness considerably.

The feature that stands out in the reflectance measurement is the dip at
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Reflectance

Figure 4.3:

Figure 4.4:
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(a) Reflectance spectrum of a suspended GaAs PhC membrane of thick-
ness h = 87.5nm and air-gap | = 4.3um. The simulated spectrum
(orange) for a plane wave incident on the PhC slab. (b) False-colored
TEM image of the heterostructure used to fabricate Device A. The
top layer (green) is palladium deposited during sample preparation,
followed by the GaAs (yellow) and the AlGaAs (gray) layers.
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Reflectance spectra of a suspended GaAs PhC membrane of thickness
h = 87.5nm and air-gap ! = 4.3pm. The data (black) is compared to
simulated spectra for a plane wave incident on the PhC slab (orange) or
on the slab on top of a GaAs substrate (purple) and a Gaussian beam
pf of waist 4.2 pm incident of the PhC (blue) . The gray region marks
the measurement range. The insets show transverse mode patterns
measured in reflection. Image taken from [21].
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1581 nm. To understand the origin of this dip, we first simulate the reflectance
of the stack containing the PhC, the GaAs substrate and the vacuum gap
between the two. In Fig. 4.4, we plot the reflectance of this stack, in purple,
for a plane wave incidence. We see that the dip is not captured by this
simulation. Next, we also take into account that the light beam incident on
the stack is not a plane wave but a Gaussian beam. The construction of the
optical response of the stack to a Gaussian beam is performed by a weighted
sum of plane waves as discussed in Sec. 3.1.2. We see that when considering
the Gaussian beam, in blue, we get a good agreement with the measured
reflectance.

As discussed in Sec. 2.4.1, the light beam incident on the PhC slab can
couple to the guided resonance of the PhC. This will modify the reflectance
of the PhC [59]. In addition to the guided resonance that helps in reflectance
engineering, there exists ‘parasitic guided resonances’ in a PhC. These guided
resonances couple to light incident at oblique angles and modify the reflectance
further. In Fig. 4.5(a), we look at the reflectance map of the wave vector 8 and
frequency w where 3 = 2% sin(f). We observe that the dispersion relation of
the parasitic guided resonance at 1581 nm at 8 = 0 decreases with increasing
B. This means that the guided resonance appears at larger wavelength for
plane waves incident on the PhC for increasing polar angles. Hence, the plane
waves incident at oblique angles couple into this parasitic guided resonance
and reduces the overall reflectance of the system.

In Fig. 4.5(b), we examine the effect of varying the waist of the incident
Gaussian beam on the reflectance. We see that the dip becomes narrower for
larger waists. This is because for larger waists the weighting of plane waves at
oblique angles reduces as seen in Fig. 3.4. Therefore, less of the external beam
couples into the parasitic guided resonance [21]. This is seen as a narrowing
of the parasitic guided resonance in the reflectance spectra. Note also that
the overall reflectance of the device reduces for increasing waist. This is due
to clipping losses that arise from the finite size of the PhC slab.
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(a) Reflectance map of a PhC membrane for an incident plane wave of
wave vector 3 = 2 sin(6) and frequency w. The green dots show the
dispersion of the guided resonance for an s-polarized wave. The inset
shows the weighting factor for plane waves corresponding to a Gaussian
beam of waist 4.2 pm. The blue lines mark the same angles of incidence
in the inset and main panel. (b) The measured reflectance of Device
A around the dip with varying waist size of the incident beam. The
corresponding dashed horizontal lines indicate the expected clipping
loss due to the finite size of the PhC. Image taken from Ref. [21].
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Figure 4.6: (a) Noise power spectrum (NPS) of a 50 um x 50 pm PhC slab of free-
free geometry with its mechanical modes labeled 1-6. (b) Mechanical-
mode tomography of the same device along with FEM-simulated mode
shapes and their frequencies. Scale bar: 10pm (¢) FEM simulation
results for the device in (a) for varying tensile stress (lines are guides
to the eye). The dotted horizontal lines show the measured frequencies
from (a). Image taken from [21].
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Figure 4.7: (a) FEM simulation of Von Mises stress of a released device. (b) An
SEM image of a released device with PhC. (c) Measured height profile
of the device in (b) along the line marked. Image taken from [21].

High-quality mechanical resonators

The mechanical properties of the devices were measured using the setup dis-
cussed in Sec. 3.3.1. The noise power spectrum (NPS) of a suspended 50 pm
x 50um PhC slab is seen in Fig. 4.6(a). Mode tomography is performed on
each mode to obtain the experimental mode-shape. We can see that the mea-
sured mode-shape and eigenfrequencies are in good agreement with the FEM
simulations provided that we consider a tensile stress of 10 MPa in the device
layer. We attribute the tensile stress to the lattice mismatch between the Al-
GaAs sacrificial- and GaAs device-layer. The tensile stress that is expected in
the GaAs device layer due to a relaxed Alyg5Gag.35As layer is 77.5 MPa. As
discussed in Paper A, the 4 pnm AlGaAs layer can be in a state between being
fully relaxed and fully strained depending on the model used to calculate the
critical thickness [21]. Therefore, we expect a tensile stress between 0 and
77.5MPa in the GaAs device layer. The FEM simulations of the eigenfre-
quencies of the free-free geometry for varying initial tensile stress is seen in
Fig. 4.6(c). We observe that the simulated and measured eigenfrequencies are
in very good agreement at a tensile stress of 10 MPa.

The stress in the device is redistributed in the released device. This stress
redistribution can be calculated with FEM simulations as seen in Fig. 4.7. We
see that after release the stress concentrates in the tethers while the device
layer will relax. This relaxation leads to buckling seen in Fig. 4.7(c). The
buckling of the device is undesired as it leads to additional mechanical energy
dissipation and therefore reduces the mechanical quality factor of the resonator
[100] and also leads to optical losses due to scattering.
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Figure 4.8: Mechanical quality factors of different modes for unpatterned and pat-
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terned GaAs devices measured at room temperature in high vacuum.
15% (2°9) wafer refers to the heterostructure grown without (with)
growth interruption. The highest Q - f product is 9.8 - 10'° Hz (star).
Image taken from [21]
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(a) (b)

Figure 4.9: SEM images of double-layer devices fabricated from the heterostructure
of Device B.

In Fig. 4.8, we present the measured mechanical quality factor for different
samples of Device A. We obtain a maximum quality factor of 3 -10°. This is
a reasonable value of mechanical quality factor due to the low tensile stress
in our devices and comparable to other works in GaAs [18]-[20], [22]-[29].
We see that PhC patterning on the mechanical resonator does not affect the
quality factor. The mechanical quality can be limited by surface losses due
to the surface roughness, mechanical dissipation due to buckling in the PhC
slab. In Fig. 4.8, we also see that the mechanical devices fabricated in the
wafer grown with growth interruption (2°¢ wafer) showed better Q-factors
compared to wafer without growth interruption (1%° wafer). Thus we can
observe the increase in @-factor due to a reduction in surface roughness. In
Fig. 4.8, we measure the Q-factor of different mechanical modes and we see
that the @Q-factor does not show any considerable variation. Hence, we can
conclude that the free-free mode does not offer any observable advantage in
improving the mechanical quality factor.

In Device A we see that we can realize out-of-plane reflectance > 99% =4
2% in GaAs-based mechanical resonators using PhCs. The parasitic guided
resonance that reduces the reflectance can be avoided by using larger waists or
different PhC pattern parameters. The size of the PhC must be large enough
to not be limited by clipping losses. The mechanical quality factor of the
single layer devices is ~ 10°.
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4.1.2 Double-layer GaAs system

In the previous section we showed that III-V materials can be utilized to
realize single-layer devices as part of an optomechanical system. Now, we
look to demonstrate the other advantage of III-V materials - the ability to
fabricate a monolithic resonator array. The resonator array was fabricated in
an AlGaAs heterostructure with two pairs of 103 nm-thick GaAs device layer
and a 730 nm-thick Aly ¢2Gag.33As sacrificial layer grown on a GaAs substrate.
As discussed in Sec. 4.1.1, the free-free device does not offer an advantage in
increasing the mechanical quality factor but rather causes buckling. So, we
use a fully clamped membrane as the preferred geometry for samples in Device
B. We fabricate both square and circular shaped membranes with PhC as seen
in Fig. 4.9. Openings were made in the support of the membrane to efficiently
flush the etch by-products during the wet-etch fabrication process.

PhC-PhC Microcavity
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Figure 4.10: (a) Reflectance spectrum of a double-layer device with r = 435nm
and a = 1081 nm for a GaAs device layer thickness of h = 103 nm and
gap between devices [ = 730nm. The data (black) is compared to the
simulated spectra for a plane wave (purple) and a Gaussian beam of
waist 4.2 um (blue) incident on the double-layer stack [65], [66].

The measured and simulated reflectance spectra of Device B is shown in
Fig. 4.10. The measured reflectance spectrum exhibits two clear reflectance
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dips at 1580nm and another at 1618 nm. We can observe that the dip at
1580 nm is present in the simulation for a plane wave incident on the device.
This would point to the dip not being a parasitic guided resonance. The two
PhCs form a cavity to which the incident light couples. The cavity line-width
is large with a cavity finesse (Eq. 2.27) of about 8, hence we form a ‘bad
cavity’. The second dip at 1618 nm is captured in the simulations when taking
into the account the Gaussian beam that is incident on the device. This dip
is attributed to a parasitic guided resonance in the top PhC as discussed in
Sec. 4.1.1.

BIC in PhC-PhC microcavity

The frequency dependent reflectance of PhC gives rise to some interesting phe-
nomena when two PhCs form an optical cavity as in our case. The interference
between the guided resonances of the PhC and the cavity resonance give rise
to modification in the optical response of the system via cavity linewidth
modulation. In Fig. 4.11(a), we see the simulated transmission spectrum of
unpatterned slabs while varying the distance between them. We can observe
that the Fabry-Pérot cavity resonances denoted by dashed lines are formed
when the length fulfills the resonance condition v = ¢/2q. The cavity eigen-
modes seen as blue crosses (circles) signifying their even (odd) symmetry in
the out-of-plane direction. In Fig. 4.11(b), we observe the simulated trans-
mission map of two identical PhCs with PhC parameters r = 236 nm and
a = 930nm. At the first glance, the transmission spectrum is different due
to the patterning. We see that close to the designed resonance of the PhC
denoted by the green dashed line the cavity linewdith narrows.

A closer look at the transmission map around the region where the linewidth
narrows is shown in Fig. 4.12(a). It shows that for a certain gap the linewidth
becomes zero. This is also seen in the quality factor of the cavity eigenmodes
as it reaches infinity at this gap see in Fig. 4.12(b). This cavity mode can
also be called a ‘bound state in a continuum’ (BIC). Engineering a BIC in a
system with two PhCs would essentially uncouple the optical loss rates from
the cavity length. This would mean a system whose optomechanical coupling
go is greater than the optical loss rate x can be realized with only two patterned
PhC slabs without the need of an external optical cavity. Such a system with
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Figure 4.11: (a) Transmission map for two unpatterned slabs of thickness h =
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100 nm with a effective refractive index calculated by r and a of (b)
[71]. (b) Transmission map of two PhC slabs for varying frequency
and separation between the two PhCs at Ao = ¢/ fo = 1550nm. The
PhC parameters are r = 236 nm and a = 930nm for a GaAs device
layers thickness of A = 100 nm. The cavity eigenmodes are overlaid in
blue as crosses (circles) signifying their even (odd) symmetry in the
out-of-plane direction. The horizontal green line signifies the reso-
nance of the PhC. The cyan lines signify the Fabry-Pérot resonances.
The vertical lines signify the three regions of interactions : near field
[g S Xo/(2ness) =~ 270nm)], intermediate field [Ao/(2ners) S ¢ S
Ao/ (2nerys)], and far field (¢ 2 Ao/(2nefs) = 1000nm). negs is the
effective refractive given by nesr = (1 — n)n + n where n = 7a?/r?
and n is the refractive index. Images taken from Ref. [71].
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Figure 4.12: (a) A detailed look at the transmission map of two PhC for varying
frequency and separation between the two PhCs at Ao = c¢/fo =
1550 nm. The PhC parameters are r = 418 nm and ¢ = 1081 nm for a
GaAs device layer thickness of h = 100 nm. The vertical line signifies
the gap at which the linewidth becomes zero. (b) The quality factor
of the cavity around the BIC seen in (a). The red dashed line takes no
absorption into account. The blue line takes into account absorption
of GaAs at A = 1550 nm. Images taken from Ref. [71].

the PhCs having a mechanical frequency of €2,,, /27 = 150kHz and a realistic
mechanical quality factor of @ = 10® in a suitable material system (such as
SiN, crystalline Si, InGaP) can reach single-photon quantum cooperativity
greater than unity [71]. However, in reality, a BIC cannot be realized as the
system will always be limited by material losses. Another aspect that needs to
be taken into account is that it would be impossible to couple light into a BIC.
Therefore, ‘quasi’-BICs need to be engineered to take advantage of BICs in an
optomechanical system. Quasi-BICs are high-@ leaky modes that can couple
to the environment and hence can be accessed [96], [97]. The experimental
realization of a BIC in the ITI-V material system discussed in this thesis would
require the removal of the substrate and is left for future work.
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Figure 4.13: a) Noise power spectrum of the double layer device with T and B rep-
resenting the top and bottom membrane respectively. (b) Measured
mode tomography along the simulated mode profile of the fundamen-
tal and first higher order mode of the top and bottom membrane [65],

[66].
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Mechanical properties of a resonator array

In Fig. 4.13(a), we see the NPS of Device B. The mechanical modes of both
the top and bottom mechanical resonator are present in the spectrum. This is
identified by performing mode tomography on each of the modes. We see that
we obtain identical mode shapes for two modes meaning the two resonators
in the array are fully released. Since, we etch both the devices in the same
step we would expect the resonators to be identical. This would mean the
eigenfrequencies of the two resonators would be the same. In our devices,
we observe that the frequencies for the same modes of the two resonators
differ as seen in Fig. 4.13(b). This can be a result of the minor deviations
in the radii of the PhC between the two devices during the dry-etch and
release during fabrication. Another factor that can explain the difference in
frequencies is the tensile stress in the layers. Ideally, the device layers should
have no tensile stress as the sacrificial AlGaAs layer thickness of 730 nm should
not allow AlGaAs to relax. But as we discussed in Sec. 4.1.1 and Ref. [21], the
modeling of the critical thickness has huge uncertainty based on the model
that is chosen [21]. Hence there can be a difference in the tensile stress of
the two GaAs layers. A difference in the tensile stress of 2.5 MPa can result
in an eigenfrequency difference of approximately 30 kHz according to FEM
simulations. The mechanical Q-factor of the two membranes was measured to
be < 5-10%. This value is lower than the quality factor observed in Device A.
This is expected as the membrane has a significantly larger connection to the
support compared to the free-free geometry but, does not show buckling. This
would mean the energy loss via clamping losses would be higher in membranes
leading to a reduced @ [73].

Optomechanics in the PhC-PhC system

In Device B, we have two suspended PhCs that form an optical microcavity.
In other words, we have two mechanical resonators and an optical cavity that
interacts with them. This should result in observable optomechanical effects
such as mechanical frequency shift via the optical spring effect.

In Fig. 4.14(a), we see the NPS of the device for varying wavelength of
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Figure 4.14: Noise power spectrum of a Device B measured at varying wavelength
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(top left). The red (black) horizontal dotted lines show the noise
power spectrum measured at 1550 nm (1581nm), see bottom of panel.
The reflectance spectrum of the device is shown in the top right panel.
(b) A closer look the NPS of the fundamental mode of the top and
bottom membrane seen in (a). The span is 1kHz with the central
frequency as mentioned. The reflectance of the device is shown in the
right panel.
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the incident light. For wavelengths between 1520 nm and 1560 nm we observe
some mechanical peaks. But, as the wavelength is increased we see additional
peaks appear in the NPS. Looking at the reflectance of the device shown
in the right inset of Fig. 4.14(a), we can observe that between 1520 nm and
1560 nm the reflectance of the device is high. This would result in the light
being reflected off the top membrane. As a result, we only see the mechanical
modes of the top membrane between 1520 nm and 1560 nm. As the wavelength
is increased further, light couples into the microcavity formed between the
two PhCs. This results in the light interacting with the bottom membrane
also. Therefore, the mechanical modes of the bottom membrane are seen in
the NPS. This is another method - an alternative to mode tomography, to
identify the individual modes of the top and bottom membranes.

In Fig. 4.14(b), we take a closer look at the fundamental mode of the top
and bottom membrane. We can observe that when the wavelength is detuned
with respect to the microcavity resonance, the mechanical frequencies of the
top and bottom membrane show some deviation. Additionally, the amplitude
of the mechanical mode also changes. The system has two PhC mirrors whose
individual reflectance is highly frequency-dependent. The minor deviations
between the radii of the two PhCs cannot be dependably measured leading
to deviations in the modeled optical properties. Additionally, the PhC mir-
rors have a sub-pm gap between them, which also opens the possibility of
evanescent coupling between the two guided PhC resonances. This coupling
would modify the cavity mode and consequently the optomechanical interac-
tion. This makes it more complicated to model the optomechanical effects
observed in the system.

In Device B we show that monolithic resonator arrays can be fabricated in
ITI-V materials. The resonators in the array are mechanically uncoupled from
each other and can be independently addressed. A microcavity is formed be-
tween the PhCs, which is a stand-alone cavity optomechanical system. On the
one hand, the interference that takes place between the guided resonances of
the PhCs and the microcavity offers the possibility to tune the cavity linewidth
via BICs. On the other hand, this makes the system difficult to model to un-
derstand the optomechanical effects. Hence, we move to a simpler device
geometry, where a microcavity is formed by a frequency dependent reflector -
PhC and a frequency independent reflector - DBR in Device C.
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Laser

Figure 4.15: (a) Schematic of Device C showing the microcavity formed between
the PhC and the DBR. (b) SEM image of a single-layer PhC sus-
pended on top of a DBR. A closer view of the PhC is also shown.

4.1.3 Single-layer GaAs and DBR system

In the previous section, we showed that monolithic mechanical resonators can
be realized in the III-V material system. However, an integrated optome-
chanical system would also need at least one of the mirrors to be part of
the monolithic structure. Hence, we use a AlGaAs heterostructure as seen in
Fig. 4.15(a) that consisted of a distributed Bragg reflector (DBR) upon which
the sacrificial AlGaAs layer and a GaAs device layer were grown. The DBR
comprised of 30 pairs of alternating layers of 105.9 nm-thick Aly g2Gag ogAs
and 130 nm-thick GaAs. The DBR was followed by a 750 nm-thick Aly ¢7Gag.33As
sacrificial layer and a 100 nm-thick GaAs device layer. The devices were fab-
ricated with the process described in Sec. 3.2.1, similar to Device A and B.

As in Device B, a fully clamped membrane with a patterned PhC was the
preferred geometry used to realize the mechanical element. The openings
that were present to efficiently flush the etch-by products out in Device B
were omitted in this design. This was initially done to avoid over-etching
into the DBR during the dry-etch step. The etch rate is directly proportional
to the area that is exposed to the plasma. If the AlGaAs in the DBR is
exposed during the wet-etch step, the high Al-content AlGaAs in the DBR
would be etched in an uncontrollable manner. This would damage the DBR
and may also lead to device failure. We observed that there were no issues
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in fabricating the devices. A clean release without any etch remnants even
without the openings was achieved. A SEM of a single-layer PhC on a DBR
is seen in Fig. 4.15(b).

Microcavity engineering

In Device B, we observed that a microcavity is formed between the two PhC
membranes. In Device C, we fabricate a PhC with varying radii to investigate
its effect on the behavior of the microcavity and the reflectance in general.
To this end, we fabricated devices with PhC radii varying from r = 420 nm
to r = 350nm with the lattice constant ¢ = 1081 nm on the same chip. In
Fig. 4.16 we see the reflectance of one such microcavity formed between a PhC
with r» = 367nm and a = 1081 nm. We observe three distinct features in the
spectrum. First, the reflectance minimum at 1508 nm. The dip is asymmetric
which points to it being a Fano resonance. The Fano lineshape is a feature
of the frequency-dependent reflectance of the PhC [59], [67]-[70]. We look
at the electric field in the device at this wavelength to see that the field is
distributed between the PhC and the DBR and is highly concentrated close
to the PhC. Hence, the dip at 1508 nm is attributed to be the microcavity
resonance. Second, we observe a dip at 1573nm. This is a parasitic guided
resonance similar to the one observed in Device A and Device B discussed in
Sec. 4.1.1 and Sec. 4.1.2, respectively. The light that is incident at the PhC
oblique angles due to the finite waist of the Gaussian beam couples into the
parasitic guided resonance leading to the drop in reflectance [21], [64]. Finally,
we look at the local minima at 1560 nm and 1600 nm. These are the first two
transmission minima of the DBR. This was verified by stripping the top layers
and measuring the reflectance of only the DBR seen in Fig. 4.16 (orange dots).
The difference in amplitude is due to the presence of the PhC that increases
the overall reflectance in the region where the DBR minima occur.

We see that the simulated spectrum is in good agreement with the measured
reflectance for the aforementioned features. However, we do see some discrep-
ancies. The deviation in the dip depth of the microcavity resonance and of
the DBR minima between experiment and simulation is not captured. These
differences can be attributed to the assumptions made during the simulations
and certain simplifications made during the modeling of the device. First,
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Figure 4.16: Reflectance spectra of a PhC-DBR microcavity with a PhC lattice

90

constant of 1081 nm and PhC radius of rpnc = 367nm. The black
dots show the measured reflectance and the blue solid line shows
the simulated spectrum. The three main features observed in the
reflectance spectrum - the microcavity resonance, the parasitic res-
onance and the DBR minima are marked. The reflectance of only
the DBR after stripping the top layers is shown in orange. The inset
shows the FEM simulation of the electric field distribution in the mi-
crocavity mode.
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Figure 4.17: (a) Measured reflectance map of the PhC-DBR, microcavity for vary-
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Figure 4.18: The electric field distribution, |E|, in the microcavity and DBR at
the points marked in Fig. 4.17(b).

the RCWA simulation assumes an infinite in-plane PhC whereas in reality we
have a finite-size PhC structure. Second, the simulation cannot account for
fabrication imperfections that lead to a variation of the PhC radii over the
patterned area. Finally, any deviation from the ideal vertical hole profile leads
to an increase in the loss of the PhC guided resonance due to coupling between
TE and TM modes inside the PhC slab [105], [118], resulting in a change of
the PhC reflectance. The three reasons listed above will all change the re-
flectance of the PhC and therefore affect the reflectivity mismatch between
the PhC and DBR resulting in a change in the dip depth of the microcavity
resonance.

As shown in Fig. 4.16(a), the majority of the electric field is concentrated
in the PhC. Hence, any variation in the PhC should result in a change in the
microcavity behavior. In Fig. 4.17(a), we look at the reflectance map of the
microcavity for 14 different PhC radii varying from r = 350 nm to r = 420 nm.
A precise control on the microcavity resonance can be obtained by tuning the
PhC radius. The simulated reflectance is in good agreement with the mea-
sured reflectance for varying radii as seen in Fig. 4.17(b). We see that as
the radius is reduced below r = 340 nm, which is outside the radii window of
fabricated devices, the simulation shows another parasitic guided resonance.
By reducing the radii further, we observe an avoided crossing between the
first DBR minimum and the microcavity resonance. The avoided crossing oc-
curs due to the coupling between the microcavity mode and the transmission
mode of the DBR which leads to the formation of new eigenmodes. We inves-
tigate these by simulating the electric field distribution of these new modes in
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Figure 4.19: (a) NPS of a PhC membrane (SEM image in top right inset) of diam-
eter 100 pm. The insets show the mode shape of the first four modes
recorded via mode tomography. (b) Measured mechanical frequencies
of the fundamental mode of suspended PhC membranes with varying
PhC radii. The triangle (circle) represents the PhC mirror with a
diameter of 70pm (100 pm). The red filled circle marks the device
whose NPS is shown in (a). The black triangles (circles) show the
frequencies of the fundamental mode of similar devices simulated in
FEM. Lines are a guide to the eye.

Fig. 4.18. We see that for the microcavity mode and the DBR mode (marked
(i) and (ii) in Fig. 4.17(b) respectively), the field is mainly concentrated in the
microcavity region and DBR, respectively. At the avoided crossing (marked
(iii) and (iv) in Fig. 4.17(b)), we observe that the microcavity and DBR modes
couple and the energy is distributed between the two modes.

Mechanical properties of the PhC membrane

In Fig. 4.19(a), we see the NPS of a suspended PhC membrane with a diameter
of 100 pm. We can identify the different mechanical modes of the PhC mem-
brane by performing mode tomography. The mode shapes are seen as insets
close to the corresponding mechanical peak in Fig. 4.19(a). As just discussed,
we see a discernible effect of the variation of the PhC radii on the optical
response of the PhC-DBR microcavity. Now, we investigate the response that
the PhC radii variation has on the mechanical response. In Fig. 4.19(b), we
plot the fundamental frequency of the PhC membranes of diameter 70 pm and
100 pm with varying PhC radii. We see that the PhC radii change has mini-
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Figure 4.20: Optical spring effect in PhC-DBR optomechanical cavity. The NPS
of the fundamental mode of the suspended PhC membrane exhibits a
frequency shift for laser detunings close to the microcavity resonance.
The optical reflectance of the microcavity is seen in the right panel.
The horizontal and vertical lines signify the the optical cavity reso-
nance and the unperturbed mechanical frequency, respectively.

mal impact on the mechanical frequency of the membrane. This response of
the mechanical frequency to PhC radii change is expected. The mechanical
frequency is directly proportional to the ratio of the stiffness and mass of the
PhC membrane. Both entities increase with a decrease in PhC radius, and
therefore the ratio does not change much. This leads to only a slight change
in mechanical frequency as reflected in the measurement. This hypothesis is
confirmed by performing FEM simulations of the PhC membranes (dashed
line in Fig. 4.19(b)), whose results show good agreement with the measured
mechanical frequencies when assuming an initial tensile stress of 45 MPa in
the GaAs device layer. We observe a mechanical quality factor of < 3 - 104,
which is similar to Device B, and thus, expected.

Integrated cavity optomechanics

In order to observe the optomechanical effects in the PhC-DBR microcavity
system, we measure the mechanical response of the resonator while the inci-
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Figure 4.21: Reflectance of the PhC-DBR micrcavity. The measured reflectance
of the microcavity is fitted with the reflectance obtained from the
transfer matrix method (purple) and the couple-mode thoery (blue).

dent laser beam is detuned with respect to the cavity. In Fig. 4.20, we see the
NPS of the fundamental mode of the PhC patterned mechanical resonator.
The mechanical frequency shift is asymmetric with respect to the microcavity
resonance. We observe that the amplitude of the mechanics reduces around
1495 nm which would point towards a process that leads cooling of the me-
chanical resonator. Red-detuning of the laser beam (i.e. A > 1503 nm) leads
to the reduction of the frequency of the mechanical resonator. Additionally,
an increase of the area under the NPS of the mechanical mode is observed
when the cavity is red-detuned. Interestingly, the maximum frequency shift is
not observed at the cavity resonance. A slight frequency increase is observed
when the laser beam is blue-detuned (A < 1503 nm).

We model the measured optomechanical response of the PhC-DBR system
to optomechanics in frequency-dependent reflectors discussed in Sec. 2.5.1.
The modeling requires the ‘quantum optics’ parameters used in the Langevin
equations seen in Eq. 2.62. The measured reflectance spectrum is used to
determine these parameters. However, some of these parameters cannot be
experimentally determined, therefore we use the transfer matrix method as a
bridge between the measured response and the coupled-mode theory presented
in Sec. 2.5.2 [69]. In Fig. 4.21, we see the measured optical response of the mi-
crocavity and the optical response modeled using the transfer matrix method
(purple) and coupled-mode theory (blue). First, we fit the measured optical
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response to the reflectance from the transfer matrix model with polarizability
of the two mirrors (Cpnc and ¢, in Fig. 2.13) and the phase acquired during
propagation as free parameters. Second, we fit the transfer matrix response
to the reflectance from coupled-mode theory seen in Eq. 2.68. Here, we use w,
and k1 as fit parameters. The method of parameter estimation is described
in detail in Sec. 6.1 [69].

In Fig. 4.22(a), we observe the power-dependent frequency shift in the PhC-
DBR optomechanical system. The amplitude of the frequency shift increases
with increasing power. A minor change in the frequency response when the
laser is blue-detuned is observed. There is no observable non-linear effects
in the frequency shift at higher incident power. In Fig. 4.22(b), we compare
the measured mechanical frequency shift to the frequency shift obtained by
the different models discussed in this thesis i.e., canonical optomechanics,
photothermal optomechanics and optomechanics with frequency-dependent
reflectors.

The symmetric frequency shift expected from a canonical optomechanical
system (Sec. 2.41) is not observed in the measurement. For instance, the posi-
tive frequency shift when the laser beam is blue-detuned is not observed. The
negative shift in the red-detuned wavelengths is almost two orders lesser than
the measured shift. The frequency shift expected from the photothermal op-
tomechanics would have the maximum shift at cavity resonance as the photon
number is maximum. Similar to the canonical optomechanics, the amplitude
of the frequency shift from photothermal effects is two order smaller than the
measured shift. The possibility of photothermal optomechanics being preve-
lant in this system is minimal as the operating wavlength (A = 0.8 €V) lies
in the bandgap of GaAs (1.4 e€V). Using the model for optomechanics with
a frequency dependent reflector (Sec. 2.5.1), we obtain a frequency shift that
follows the trend of the measured data in two ways. One, the red-detuned
incident beam leads to a negative frequency shift and the maximum of the
frequency shift is red-detuned with respect to the microcavity resonance.

The models discussed in this thesis do not fully capture the measured me-
chanical frequency shift in the PhC-DBR system. This would point to addi-
tional physics that come into play in this system that are currently not taken
into account in the modeling of the system. We can speculate on a few of
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Figure 4.22: (a) Mechanical resonance frequency shift observed while detuning the
incident laser with respect to the microcavity resonance for differ-
ent optical powers. The solid lines are a guide to the eye. The re-
flectance spectrum of the corresponding microcavity is also shown.
(b) Comparison of the measured frequency shift with the frequency
shift expected from canonical optomechanics (purple), photothermal
optomechanics (blue) and frequency-dependent reflector optomechan-
ics (brown). The reflectance spectrum of the corresponding microcav-
ity is also shown.
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(a)

Figure 4.23: InGaP mechanical resonators. (a) SEM image of InGaP string res-
onators of varying length. (b) SEM image of trampoline resonators
with varying tether length and orientation.

the effects that are probable in this system. The sub-nm gap between the
PhC and DBR can lead to evanescent coupling between the guided resonance
and the field that penetrates the DBR. The highly frequency-dependent PhC
could also lead to additional dissipative optomechanical effects as observed and
discussed in Refs. [67], [70], [89]. Further investigation and modeling would
be needed to completely understand the optomechanically induced frequency
shift measured in the PhC-DBR optomechanical microcavity.

4.2 InGaP-based optomechanical systems

In the GaAs-based devices discussed in Sec. 4.1, the maximum mechanical
quality factor achieved was 3-10° in Device A. This Q-factor is low compared
to SiN- [8], [9], [16], [17], [119]-[122], Si- [14] and SiC-[11], [123] based devices
which have mechanical quality factors ranging from 10% to 10'°. The low Q-
factor in our devices is due to the low tensile stress in GaAs. However, the
SiN-, Si- and SiC-based devices do not have the advantages of II1I-V mate-
rials when it comes to realizing monolithic integrated cavity optomechanical
devices. Hence, we choose to alter the material in our optomechanical devices
from GaAs to InGaP - a member of the III-V material family that can be
grown on AlGaAs-based heterostructures with tensile stress of up to 1 GPa.

We fabricate one-dimensional string resonators to determine the material
properties of InGaP. The material properties of the resonators determine its
mechanical properties such as eigenmodes and quality factors. The mechani-
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cal properties of string resonators are analytically modeled [73]. Hence, they
can be used for the purpose of determining the material properties. Follow-
ing the string resonators, we fabricate two-dimensional trampoline resonators.
The trampoline geometry is a simple geometry that utilizes strain engineering
that is conducive to out-of-plane coupling to light. The thin, long tethers of
the trampoline isolate the central pad from the environment. This is possible
because the stress concentrates in the tethers after the release leading to dissi-
pation dilution [8], [10], [11], [14]-[16]. The central pad can be patterned with
a PhC to engineer the reflectivity of the resonator. The string and trampoline
resonators are fabricated using the process described in Sec. 3.2.2. In Fig. 4.23
we show released InGaP-based string and trampoline resonators.

4.2.1 InGaP string resonators

Micromechanical resonators fabricated in InGaP on AlGaAs heterostructures
have been demonstrated recently in membrane-type [30] and string-type ge-
ometries [31], [32]. Membrane-type micromechanical resonators have show-
cased quality factors of up to 10° at room temperature [30]. Further, it was
experimentally confirmed that stress is anisotropic in InGaP [31], which opens
up novel pathways for utilizing strain engineering in crystalline nano- and mi-
cromechanical resonators. The mechanical properties such as Young’s modu-
lus F, intrinsic strain e, intrinsic quality factor Qin; of InGaP are important
parameters that determine the quality of the mechanical resonators that can
be fabricated in the material system. Hence, we use one-dimensional string
resonators to evaluate the aforementioned material properties of InGaP. We
fabricate string resonators of varying lengths oriented along different crystal
directions and use Eq. 2.2 to fit the measured mechanical frequencies by using
releases stress o as the fit parameter.

In Fig. 4.24(a), we look at the fundamental mode of the different strings
with lengths varying from 20 um to 155 um. We use Eq. 2.2 to fit the mea-
sured frequencies and estimate the stress to be o(0°) =(467.7 £ 7.1) MPa,
0(45°) =(313.3£5.4) MPa and ¢(90°) = (374.9 £16.4) MPa along three crys-
tal directions.

Based on crystal symmetry, we would expect the stress along perpendicular
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Figure 4.24: Tensile stress of InGaP string resonators. (a) Eigenfrequencies of the
fundamental mode of 73 nm-thick InGaP string resonators of different
lengths for a width of 200 nm along the three crystal directions [110]
(0°), [100] (45°), and [110] (90°). The lines are a fit to the expected
frequencies according to Eq. 2.2. (b) The extracted tensile stress
along different crystal directions is shown as points. The dashed line
shows the tensile stress o(z,0) predicted from in-plane strain e(z)
and Young’s modulus E(z,0), see Eq. 2.20. The solid line shows the
tensile stress that takes into account an additional angle-dependent
contribution to Young’s modulus. Image taken from [33].

directions to be the same as seen by the dashed line. However, we observe
that the stress along 0° and 90° is not the same. This behavior has also
been observed in other InGaP works [31]. The deviation can be modeled
assuming an additional modulation of the Young’s modulus that follows a
cos(260) function. The deviation, i.e., A E(z, ) is given by

AE(z,0) =0(0)/e(x) — E(x,0)
= a + B cos(20). (4.1)

The resulting Young’s modulus will be E(z,0) + A E(x,0) [31], [33] with
the values of @« = —5.9 GPa and g = 11.3 GPa. We see that by taking into
account the modified Young’s modulus we get a good agreement with the
estimated relaxed stress via measurements. The reason for this deviation may
be a defect density arising from dislocations being greater along one crystal
direction [31].

The initial stress in the device layer is redistributed in the fabricated device
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after release. The geometry of the mechanical resonator determines the stress
concentration in certain regions. As a rule of thumb, the smaller the region,
the higher the stress concentration. Also, sharp corners in the geometry are
regions of high stress concentration. If the stress in a region exceeds the
yield stress - the stress at which the material fractures, then the device will
break. Therefore, when designing micro-mechanical resonators in high stress
materials, it is critical to keep in mind that the yield stress should not be
exceeded in any region.

1 0 01 r 0.07

L- i "' I '

Figure 4.25: Yield strength of InGaP.(a) SEM image of the tapered clamp region
of a string resonator. (b) FEM simulation of the first principal stress,
o1, of the tapered region (¢) SEM image of tapered string resonators
oriented along 0°. Resonators of r < 0.06 (dashed line) fracture.
Image taken from [33].

(ed9)'o

(b)

To estimate the yield strength of InGaP, we utilize tapered string resonators.
The approach is adopted from Ref. [12] albeit for SiN. In Fig. 4.25(a), we see
the SEM image of one such tapered string resonators. The width of the string
resonator Wsering is kept constant whereas the width of the clamping region
Welamp i reduced. As discussed above, as the region of the released resonator
gets smaller, the stress in that region increases. While reducing the width of
the clamping region, we observe that after a certain weiamp the strings fracture
at the tapering region seen in Fig. 4.25(c). Since InGaP is anisotropic, the
yield stress is also anisotropic. Therefore, we fabricate the tapered string
resonators along three crystal directions and find the wcjamp after which the
strings fracture. On the same device, we fabricate a string resonator with no
tapering whose stress is calculated using Eq. 2.2. Then, the yield stress can
be calculated analytically, which gives [10], [33]
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Figure 4.26: (a) FEM simulations of the first principle stress in the released ta-
pered string resonators with three different supports. (b) The first
principle stress along the string for different supports seen in (a)

Oyield = UT:l/Tyield; (42)

where 7 = Welamp/Wstring considering the weiamp of the first tapered resonator
that breaks. This method resulted in the yield stress values of (5.54+0.8) GPa,
(3.3+£0.5) GPa, and (3.7 £ 0.5) GPa along 0°, 45°, and 90°, respectively [33].
Alternatively, FEM simulations to obtain the stress distribution of the first
device which fractures can also be performed. The stress that is concentrated
in the tapering region is seen in Fig. 4.25(b). We find that for the InGaP sam-
ple used in this thesis, the yield stress values from FEM were oyie1a(0°,90°) ~
4.14 GPa, 0yic1a(45°) = 3.2 GPa.

There is a difference between the oyiclq obtained via the FEM simulation
and the analytical modeling. The analytical model does not take into account
the geometry surrounding the tapered string resonator. FEM simulations of
resonators with the same tapered string but connected in different ways show
a difference in the released stress as seen in Fig. 4.26. For the three different
supports shown in Fig. 4.26, the first principal stress in the middle of the
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Figure 4.27: Determination of Qi from InGaP string resonators. (a) Measured
Q factors (squares) for the fundamental mode of string resonators
with varying length oriented along 0° and 90°. The dashed (solid)
lines are fits to extract Qint at day 1 (day 60). The dots (crosses)
show QEFM obtained from FEM, when using Qin from day 1 (day
60) as input. (b) We observe that Qint degrades over time, shown for
two samples (squares and circles). The solid (dotted) line indicates
when the sample was stored in vacuum (ambient condition). (c) The
relative change of the resonance frequency of the string resonators,
ie., Af = (faayx — faay1)/faay 1, is shown over the same time period.
Taken from [33].

device is 305 MPa (Sharp), 300 MPa (Curved) and 250 MPa (Island). This
can be a reason for the discrepancy in the yield strength obtained by FEM
and the measurement-based analytical model.

Since we fabricated string resonators of varying length to estimate the ten-
sile stress in the device (Fig. 4.24), the same devices can be used to estimate
Qint- We measure the QQ-factor of the modes of the mechanical resonator with
varying length. The measured @ is fitted to Eq. 2.21 and Eq. 2.23 with Qint
being the free-parameter. As the other material properties of InGaP we have
encountered so far, Qi is also anisotropic. We obtain a Qjn of 7550 4+ 140
and 8150 + 320 along 0° and 90°, respectively seen in Fig. 4.27(a). The Qint
calculated for InGaP is comparable to Q;, for other materials such as SiN
[10], [80], Si [14] and SiC [11].

The dilution factor DFEM can be calculated using FEM simulations [10],
[100]. The bending and elastic energies of a particular mechanical mode can
be calculated in COMSOL [100]. The dissipation dilution limited mechanical
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quality factor QFFM = DFEM . Q. is shown in Fig. 4.27. The calculated
FEM is slightly larger than the measured @ factor, which is also observed in

other works [11], [13], [15].

Interestingly, we observed that the measured mechanical quality factor was
deteriorating with time as shown in Fig. 4.27(b)[33]. One of the reasons for
the @Q-factor reduction can be time-dependent stress relaxation. The stress
relaxation would reduce D and the corresponding Q. This stress relaxation
should also be observed as a change in the mechanical frequency according to
Eq. 2.2. But, the mechanical frequency did not show any significant change
during the same duration, as seen in Fig. 4.27(c). Therefore, we can rule out
any major stress relaxation that occurs in the InGaP layer. So, the reason
for the Q-factor reduction can be speculated to be some change to the surface
morphology such as moisture-induced degradation [124] or a growth related
process [125] which increases surface losses. Further investigation needs to be
carried out to establish the reason behind this time-dependent reduction of
the quality factor. AFM measurements at regular intervals of released devices
stored in vacuum and ambient environment can shed light upon any surface
degradation that may occur. Similarly, XRD measurements can provide in-
formation about any material changes such as crystal defects that occur after
the release and increase over time.

Using string resonators, we determined the relevant material properties of
InGaP. Knowing these properties is crucial to design two-dimensional mechan-
ical resonators, i.e., trampoline resonators to effectively couple to out-of-plane
light. A tensile stress of ~ 500 MPa can be found in InGaP device layers. This
is significantly higher than the stress observed in GaAs-based devices and sim-
ilar to SiN- and Si-based devices. However, a realistic method to overcome the
undesired time-dependent degradation of the @i, of InGaP must be found.
This would enable the realization of high-() mechanical resonators in tensile-
strained InGaP that make use of methods such as strain engineering [10], [12],
[14], phononic shield [16] and hierarchical support[15].
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(b)

Figure 4.28: Optical microscope images of trampolines. (a) A trampoline design
with PhC not going to the edge of the trampoline leading to a fracture
of the device. A closer look at the fracture region is shown. (b) A
trampoline design where the PhC pattern is written close to the edge
and the trampoline survives and is released cleanly.

4.2.2 InGaP trampoline resonators

The simplest trampoline geometry consists of a square-shaped central pad held
by four tethers connecting each of its corners to the support, see Fig. 4.28(b).
The stress in the material is mainly concentrated in the tethers after release.
This would stiffen the tethers thereby increasing the mechanical frequency
while dissipation is not affected. Advanced architectures such as membranes
or trampolines with phononic shielding [16], hierarchical structures[15], topol-
ogy optimization [17] can also be implemented in InGaP. In principle, being
a crystalline material, InGaP should be less affected by mechanical dissipa-
tion compared to amorphous SiN due to well-defined crystal structure and
long-range order. Therefore, the strain engineering techniques can be used in
InGaP and ideally would result in similar or higher mechanical quality factors
compared to SiN-based micromechanical devices.

Photonic crystals in InGaP

We use PhCs to engineer the reflectance of InGaP similar to GaAs devices.
The central pad of the trampoline is patterned with a PhC. The region between
the photonic crystal holes is very narrow. Similar to tapered string resonators
there is the possibility that the stress concentration in this narrow region is
high after release, then the device might break. This is especially true of
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the PhCs close to the edge of the trampoline where the stress is high due
to the tether. Additionally, as the sacrificial layer below is removed during
wet etch, the stress in the device layer continuously redistributes itself. In the
unpatterned region between the PhC holes and the tethers, there can be stress
concentration in the region still attached to the GaAs layer below. This leads
to the device breaking as seen in Fig. 4.28(a). It was realized that having
PhC holes close to the tethers (Fig. 4.28(b)) helps prevent the devices from
fracturing. Alternatively, adiabatically reducing the PhC radii at the edges of
the pad increases the chances of the trampoline not getting fractured during
release as shown in Ref. [126].

Fig. 4.29 shows the reflectance spectrum of an InGaP PhC on top of a GaAs
substrate. The gap between the PhC and the substrate was 14.8 pm deter-
mined by a profilometer. The gap is large because the wet-etch process used
to release the devices etches anisotropically and the etch-along [001] is about
3pmmin~!. The wet etch is performed for 5min to fully release the device.
Since there is no etch stop layer, the etching continues until the sample is re-
moved from the solution. We observe a dip around 1550 nm. We interpret it as
being a Fabry-Pérot resonance that occurs due to the cavity formed between
the substrate and the PhC trampoline. The linewidth is very broad due to the
cavity formed between the PhC trampoline and the low-reflectance substrate.
We observe that we get high-reflectance at 1520 nm. The reflectance map to
obtain the PhC parameters for InGaP (similar to Fig. 4.2) was calculated with
the value of refractive index estimated from interpolation between GaP and
InP [127], [128]. Future works would involve optimizing the PhC parameters
with using more accurate values of the refractive index in the wavelength re-
gion of interest [33]. One can also add an etch stop layer to gain control over
the cavity length. The future implementations of the device would ideally
include a DBR below the InGaP layer similar to Device C to showcase an
integrated cavity optomechanical device in InGaP.

High-Q InGaP trampoline resonators

In Sec. 4.2.1, we found that the stress is different along different crystal di-
rections. To utilize this anisotropy, we fabricate trampoline resonators with
varying tether lengths and orientation along different crystal directions. We
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Reflectance spectrum of an InGaP mechanical resonator whose central
pad is patterned with a PhC. The PhC parameters are r = 605 nm,
a = 1309 nm. The thickness of the InGaP layer is 73 nm and the vac-
uum gap between the PhC and the GaAs substrate is about 14.8 pm.
The incident light has a Gaussian beam waist of 7.5 um. The solid
line shows the simulated spectrum. Image taken from [33].

Figure 4.30:

(a) Optical image of trampoline whose tethers are oriented along 0°
and 90° showing buckling in the region (b) Optical image of trampo-
line whose tethers are oriented along 45° and 135°
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Figure 4.31: NPS of an InGaP trampoline resonator. The length of the tether is
750 pm and its width is 1pum and are oriented along 45° and 135°.
The central pad is 100 x 100 pm? and patterned with a PhC. The
insets show FEM simulated mode shapes of the mechanical modes
of the trampoline. (b) FEM simulations showing the first principal
stress in the released device at the tether connection to the pad and
the support. Image taken from [33].

fabricate trampolines with tether length 200, 500 and 750 pm with the tethers
oriented along 0° and 90° or 45° and 135° (see Sec. 6.3). The tensile stress
being higher along the tether directions is preferred as it would increase dissi-
pation dilution. However, due to the difference in the stress along 0° and 90°
in InGaP (Fig. 4.24), we see local buckling/deformation in the central pad
where it is connected to the tether as seen in Fig. 4.30(a). This would lead
to additional mechanical dissipation for devices whose tethers were oriented
along 0° and 90°.

In Fig. 4.31, we look at the NPS of a trampoline resonator whose tethers
are oriented along 45° and 135°. The tether length is 750 pm and width
is 1pm. We simulate the eigenfrequencies of the trampoline geometry in
FEM and identify the different modes. We identify the fundamental mode
of trampoline resonator to be at 38.5kHz. The FEM simulation of the first
principal stress in the device is shown in Fig. 4.31(b). We observe that the
stress to be concentrated in the tethers and the central pad is relaxed. The
stress concentration in the tethers is an indication of dissipation dilution in
these devices.

Fig. 4.32(a) shows the highest mechanical @ factor of 1.8 - 107 that was
measured for the fundamental mode at 38.5 kHz of the InGaP trampoline with
750 pm tether length along 45° and 135° (device shown in Fig. 4.31(a)). The
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Figure 4.32: Ringdown measurement of the fundamental mode of trampoline
whose NPS is shown in Fig. 4.31. We obtain a Q of 1.8 - 107 from a
fit (solid line) to the decay. (d) The @ vs. pressure dependence for
the fundamental mode of trampolines of different lengths with tethers
oriented along different crystal directions. The solid lines show the
quality factor limited by gas damping for trampolines of tether length
250 pm, 500 pm, and 750 pm. Image taken from [33].

Q-factor was measured at room temperature and a pressure of 8 - 10~ 5mbar
which was the lowest attainable pressure with the measurement setup avail-
able.

The time-dependent mechanical quality factor degradation seen in string
resonators is also observed in trampoline resonators. Yet, to determine the
limiting mechanical damping mechanism in the trampoline, we consider differ-
ent damping mechanisms that come into play. First, we look at gas damping.
We measure pressure dependent Q-factor of the various trampolines seen in
Fig. 4.32(b). We observe a linear increase in the measured ¢ when the pres-
sure decreases. This follows the expected behavior from a system limited by
gas damping. Second, we look at clamping loss with the aid of PML in FEM
simulations [11]. We obtain a value of = Qclamp > 10® and hence, we can
conclude that devices are not currently limited by clamping losses [33], [79].

In InGaP-based trampoline resonators, we have shown that we are able
to engineer the optical properties of the resonator using PhC and efficiently
couple to out-of-plane light [33]. The addition of an integrated DBR in the
heterostructure would provide the opportunity for microcavity engineering
similar to GaAs-based PhC-DBR microcavities as discussed in Sec. 4.1.3. The
trampoline exhibits mechanical quality factors of > 107 and are currently the
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highest reported in the InGaP material system [33]. We show that the Q-
factor is currently limited by the measurement setup and can be improved by
measuring at lower pressures. This can be further improved by techniques of
strain engineering [8], [14], phononic shielding [16] and hierarchical structures
[15]. The current Q- f product of the trampoline is 7-10'!. The enhancement
of the @ - f product by one order of magnitude would place the InGaP tram-
poline devices in the regime of quantum optomechanics at room temperature
[8]. The mitigation of the time-dependent quality factor degradation would
make InGaP an excellent material to realize monolithic integrated cavity op-
tomechanical devices.
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Conclusions and outlook

The main objective of this thesis was to showcase the platform of integrated
free-space cavity optomechanical devices in III-V heterostructures. The III-
V material system allows bottom-up growth and top-down fabrication. This
feature lends itself to make this material system a promising avenue to realize
integrated multi-element optomechanical systems.

We have successfully demonstrated fabrication of high-reflectance GaAs-
based mechanical resonators patterned with a photonic crystal. The microme-
chanical resonators show a mechanical quality factor of 10° at room temper-
ature [21], which is on-par with other GaAs mechanical resonators [18]—[20],
[22]-[29]. We have showcased the ability to perform reflectance engineering
whereby the out-of-plane reflectance is enhanced using photonic crystals.

We argue that GaAs-based micromechanical resonators can be the building
blocks of monolithic multi-element integrated cavity optomechanical systems.
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To this end, we have realized a GaAs-based mechanical resonator array con-
sisting of two resonators separated by a sub-um gap between them. We have
characterized the mechanical properties of both fully released mechanical res-
onators with photonic crystals. We have discussed the optical microcavity
that is formed between the two suspended photonic crystal resonators. Since
the system is a stand-alone cavity optomechanical device, we have observed an
optical spring effect originating from the optomechanical interaction. These
effects are not prominent as the optical cavity has a low finesse. The micro-
cavity formed by two patterned structures like photonic crystals can form an
optical bound state in a continuum. Bound states in a continuum are high-
quality optical cavities with no optical losses. Such a system would allow to
decouple the otherwise coupled optical loss and coupling strength in an op-
tomechanical system. We have discussed the possibility of realizing such an
optical bound state in a continuum using two photonic crystals [71].

Furthermore, we have investigated the properties of a mechanical resonator
patterned with photonic crystal suspended over a distributed Bragg reflector
mirror to form an integrated optomechanical microcavity. We have demon-
strated a precise control over the microcavity position by tuning the photonic
crystal radii. We have showcased the presence of highly-frequency dependent
photonic crystal in the optomechanical system results in novel optomechan-
ical effects [67], [69], [70]. In particular, we have discussed the mechanical
frequency shift due to the optical spring effect which cannot be modeled using
canonical optomechanical system dynamics or photothermal optomechanics.
However, we have captured the trend of the frequency shift when modeling the
system with optomechanics with a frequency dependent reflector. We hypoth-
esize the presence of additional effects such as evanescent coupling, dissipative
optomechanics in this system which need further investigation.

The microcavity approach allows us to reach an optomechanical frequency
pull factor G/27 of about 44 GHz/nm comparable to values realized in inte-
grated systems [49], [51], [129]-[133] and fiber-based microcavities [42], [134],
[135] (see Sec. 6.2) placing our microcavity in the ultrastrong coupling regime
[42], [136] with a ratio of single photon coupling strength to mechanical fre-
quency of about 0.3. Unfortunately, the large optical loss in the system masks
any notable effects such a mechanical squeezing that may be observable in
this regime [44].
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The GaAs-based mechanical resonators discussed in this thesis show a max-
imum quality factor of 10°. The mechanical quality factor has to be increased
drastically for these devices to be used in quantum optomechanics experi-
ments. We bridge the gap in quality factor by identifying another material
system compatible with the AlGaAs heterostructure, namely InGaP.

InGaP can be grown with tensile stress up to 1 GPa on AlGaAs heterostruc-
tures. This allows the implementation of stress engineering to realize high-Q
mechanical resonators. We have experimentally determined the material prop-
erties of InGaP relevant to mechanical resonators namely the tensile stress,
the yield stress and intrinsic (Q of InGaP using string resonators. We have
observed an undesirable time-dependent degradation of the intrinsic @ of In-
GaP. Further investigations are needed to determine the cause behind this
degradation.

We have demonstrated trampoline-shaped micromechanical resonators with
photonic crystals in InGaP. We obtain a @Q-factor of > 107, the highest re-
ported to date in InGaP-based micromechanical resonators [33]. We have
ascertained that the devices are currently limited by the minimum pressure,
i.e, 8- 10~®mbar achievable in the vacuum setup. Hence, the Q-factor is
expected to increase further at lower pressure.

Once the crucial factor of time-dependent ) degradation has been over-
come, future work can be undertaken to improvethe Q-factor further. This
can be achieved by using strain engineering [8], [15], [120], phononic shield-
ing [16] and other techniques [17] already used in SiN-based resonators to
obtain ultra-high @@ mechanical resonators. Following this, the multi-element
mechanical resonator systems comprising of suspended photonic crystals and
distributed Bragg reflectors would need to be realized in InGaP heterostruc-
tures. This would showcase the potential of this material system in enhancing
the coupling strength via multi-element optomechanics [54], [113]. The real-
ization of an integrated free-space cavity optomechanical device would also
require assembling the device chip with a chip-based micromirror to form the
external optical cavity as was demonstrated in Ref. [47].

A robust method to find the parameters for a bound state in a continuum or
photonic crystal parameters leading to linewidth reduction in III-V materials
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would need to be developed. Additionally, a fabrication process to reliably
remove the substrate without damaging the device layers would be critical to
realize these systems. This would enable to decouple the coupling strength
from the optical loss rate in the two photonic crystal optomechanical micro-
cavity. This would allow us to realize a system where gy is greater than the
optical loss rate x without the need of an external optical cavity. Addition-
ally, linewidth reduction would put the system in the quantum cooperativity
regime, i.e. gg > /K[, or more optimistically, in the single-photon strong
coupling regime. In these regimes, the interaction between the light field and
mechanics is non-linear and one could observe quantum effects such as photon
blockade [37] which allows for non-destructive single photon detection or the
direct generation of non-classical states on mechanical resonators [38].

The field of optomechanics has seen considerable progress in the past decade.
The advancements made in fabrication of ultrahigh () mechanical resonators
and the ongoing rise of quantum technology show that there is notable interest
in the field of optomechanics. The current boundaries of cavity optomechanics
can be pushed further, hopefully leading to significant discoveries in studying
the quantum behavior of mechanical resonators.
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Appendix

6.1 Parameter estimation for the PhC-DBR
microcavity

The estimation of the parameters in the quantum optics model of the cav-
ity optomechanical system in Sec. 2.5.1 is performed by matching the mea-
sured reflectance of the microcavity to the transfer matrix model (TMM)
(Sec. 2.4.2). Following this, the reflectance from the transfer matrix model
is used to fit to the reflectance given by the coupled-mode (COM) model
Sec. 2.5.2. The estimation is performed in the following steps :
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Stage 1: Parameters of individual elements

Photonic crystal

DBR

116

The actual radius rppc and lattice constant appc of the PhC are mea-
sured using SEM.

The reflectance of the PhC-DBR system is measured.

Using the measured rppc and appc, we perform a RCWA simulation
of the PhC with a Gaussian beam incident on it while sweeping the
thickness of the PhC dppc.

The dpnc at which the parasitic guided resonance matches the measure-
ment is considered the actual dpnc.

The RCWA simulation of the PhC in vacuum is performed with the
estimated rpnc, apnc and dpyc.

The simulated reflectance is fitted to the Eq. 2.58 to estimate wy, 74 and
¢pnc and the polarizaibility of the PhC, (ppc.

The thickness of the alternative layers of GaAs and AlGaAs is measured
in a TEM/SEM.

The reflectance of the PhC-DBR system is measured

The TMM of DBR is done to estimate the reflectance of the system
using the refractive index from literature.

The reflectance from TMM is fitted to the measured thickness to obtain
a better estimate of the thickness of the GaAs and AlGaAs layers.

The updated values of the thickness are used in a updated TMM model.

The polarizability of the DBR, (ppr is estimated choosing a wavelength



6.1 Parameter estimation for the PhC-DBR microcavity

in the reflectance band of the DBR and is assumed to constant in the
wavelength region of interest.

Cavity length
o The reflectance of the PhC-DBR, system is measured.

e The RCWA simulation of the PhC-DBR, system is performed with PhC
and DBR parameters estimated above while varying the vacuum gap
between the PhC and DBR.

e The cavity length L4 at which the measured microcavity resonance wave-
length matches the simulated resonance is taken as the cavity length.

Stage 2: Comparison of measured microcavity reflectance and TMM

The polarizabilities of the PhC and DBR, (pyc and (ppr, respectively along
with L, from stage 1 are the input to the transmission of the PhC-DBR
system seen in Eq. 2.61. This data is fitted to the measured reflectance of the
microcavity with ¢pnc, ®pr and the phase accumulated during propagation,
®,.. being the free parameters as seen in 4.21.

Stage 3: Comparison of TMM and COM

The parameters used in the transmission using COM (Eq. 2.68) are k1,52, w,
wq, gammag and A. We estimate them as follows :

e wy and 4 are the same one calculated in Stage 1.

o Ky = 22‘3 ; which is the standard loss rate for a Fabry-Pérot cavity for

a highly reflective frequency-independent mirror [69]

e The frequency for which transmission is zero in the TMM model ({pnc =
00) I8 w = wg — Y4/2{p. Assuming the same for the COM model, i.e.

t(w) = 0, we obtain A = 2,/v4r1/Co.
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e We assume w, = a-wy and k1 = b-7y4 and the transmission obtained from
the TMM is fitted with Eq. 2.68, with a and b being the free parameters.

The estimated values for the microcavity seen in 4.21 is shown in Tab. 6.1.

Parameters Initial value Stage 1 Stage 2 | Stage 3
TPhC 351 +1.9nm 351 nm
aphLC 1081 £+ 2.3 nm 1081 nm
dphc 95 + 67 6 nm 74 nm
L, 745 + 4.5nm 750 nm
dGaas 102.4 £ 1.9nm 105.9 nm
dA1GaAs 137.6 = 2.5nm 130 nm
Ad 1473.052 nm
wa /2T 203.5
~v,2m (THz) 3.442
Pphc 2.36 rad 2.12 rad
$DBR 45.5 rad | 45.31 rad
(I)acc -0.2 rad
ko/2m (THz) 0.95
k1/2m (THz) 21.1
wa/27 (THz) 247.1

Table 6.1: Parameter estimation for the PhC-DBR system using the Transfer ma-
trix and coupled-mode models.

6.2 Comparison of optomechanical microcavities

Tab. 6.2 shows the comparison between the integrated free-space microcav-
ity discussed in Sec. 4.1.3 and other integrated and fiber-based free-space
optomechanical microcavities in literature. The integrated free-space micro-
cavity exhibits a better frequency pull factor compared to the fiber-based free
space systems and, is comparable to integrated systems such as optomechan-
ical crystals and whispering gallery mode resonators.
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Work

|

g0
2

|

Frequency pull factor

Integrated optomechanical microcavities

Burek et al [49]
Schneider et al [131]
Guo et al [132]
Ghorbel et al [133]
Balram et al [129]
Mitchell et al [130]
Ding et al [51]

136 kHz
400 kHz
237kHz
380 kHz
1.1 MHz
30kHz
30kHz

27 - 43.87 GHz/nm
27 - 218 GHz/nm
27 - 21.6 GHz/nm
27 - 240 GHz/nm
27 - 338 GHz/nm

27 - 50 GHz/nm

27 - 41 GHz/nm to 27 - 132 GHz/nm

Free-space optomechanical microcavities

Rohse et al [134]

Rochau et al [135]

Fogliano et al [42]
This work (Paper D)

69.7 kHz
5.8 kHz
1.2 MHz
130kHz

27 - 16.4 GHz/nm
27 -1 GHz/nm

27 - 0.3 GHz/nm to 27 - 3 GHz/nm

27 - 43.7 GHz/nm

Table 6.2: Comparison of the single-photon optomechanical coupling rate go and
the frequency pull factor G = dweav/dx for the integrated, fiber-based
and free-space integrated optomechanical microcavities.

6.3 Mechanical frequencies of InGaP trampolines

Tab. 6.3 shows measured fundamental mode eigenfrequencies for trampolines
with various tether lengths. We find that trampolines with shorter tether
lengths exhibit higher resonance frequencies. We observe that trampolines
whose tethers are oriented along 0°/90° have larger frequencies than the ones
oriented along 45°/135° as the stress along 0° and 90° is higher than 45° and
135° (see Fig. 4.23). We obtain a good agreement to the eigenfrequencies

calculated with FEM.
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Tether Frequency (kHz)
Length (um) | Orientation | Measured | Simulated

0°/90° 90.9 106.9

250 45°/135° 80 90.5
500 0°/90° 54.2 62.3

45° /135° 137 52.4

750 00/90 _ 40.1 47.8

45° /135 38.5 40.1

Table 6.3: Measured and FEM-simulated eigenfrequencies of the fundamental
mode of trampolines with varied tether length and orientation.
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Summary of included papers

This chapter provides a summary of the included papers.

7.1 Paper A

Sushanth Kini Manjeshwar, Karim Elkhouly, Jamie M. Fitzgerald,
Martin Ekman, Yanchao Zhang, Fan Zhang, Shu Min Wang, Philippe
Tassin, and Witlef Wieczorek

Suspended photonic crystal membranes in AlGaAs heterostructures for
integrated multi-element optomechanics

Appl. Phys. Lett.,

vol. 116, no. 26, pp. 264001, June. 2020

©DOI: 10.1063/5.0012667 .
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We show the viability of ITI-V semiconductors namely AlGaAs heterostruc-
tures as a possible platform for integrated multi-element optomechanical sys-
tem. We fabricate suspended photonic crystal (PhC) slabs and perform their
optical and mechanical characterization. We measure the eigenfrequencies of
the suspended PhC slabs using homodyne interferometry. The mechanical
Q-factor was measured to be up to 3 x 10° The tensile stress present in the
material was calculated by performing finite element (FEM) simulations of
the mechanical eigenfrequencies for varying tensile stress and matching them
to the measured values. We measure the optical reflectance of the suspended
PhC slabs and show high reflectance at the desired wavelength. We per-
form rigorous coupled wave approximation (RCWA) simulations using the S4
software package to completely understand the measured optical reflectance.
This work shows that single-layer and sub-um-spaced double-layer mechanical
resonators can be directly fabricated in a monolithic manner and these res-
onators have good mechanical and optical properties. Such a platform opens
a route for realizing integrated multi-element cavity optomechanical devices
and optomechanical microcavities on chip.

7.2 Paper B

Jamie M. Fitzgerald, Sushanth Kini Manjeshwar, Witlef Wieczorek,
Philippe Tassin

Cavity Optomechanics with Photonic Bound States in the Continuum
Phys. Rev. Research,

vol. 3, no. 1, pp. 013131, Feb. 2021.

©DOI: 10.1103/PhysRevResearch.3.013131 .

We discuss a system comprising of two patterned structures with internal
modes for example, two PhC slabs where when the parameters namely PhC
radius r, lattice constant a and distance between slabs ¢ meet certain con-
ditions, the cavity linewidth becomes zero which points to an existence of
a photonic bound state in a continuum (BIC). We show that for a realistic
system at the BIC, the losses will be only given by material absorption. We
show that for reasonable parameters achievable with our system, we can reach
quantum cooperativity greater than unity. Quantum cooperativity is defined
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7.8 Paper C

as the regime where single-photon coupling rate exceeds the geometric mean
of the cavity and mechanical decay rates. This regime is sufficient to im-
plement certain quantum protocols such as photon anti-bunching, quantum
transduction, etc. This system could also possibly reach the elusive single
photon strong-coupling regime without the need of an external cavity.

7.3 Paper C

Sushanth Kini Manjeshwar, Anastasiia Ciers, Fia Hellman, Jiirgen
Blédsing, André Strittmater, Witlef Wieczorek

Micromechanical high-Q trampoline resonators from strained crystalline
InGaP for integrated free-space optomechanics

Published in ArXiv,

Nov. 2022.

©DOLI: 10.48550/arXiv.2211.12469 .

We show a high quality factor mechanical resonator in high-stress InGaP
using strain engineering. InGaP can be grown with high stress comparable
to widely used high stress SiN. InGaP being crystalline in nature analogous
to GaAs could provide better mechanical and optical properties compared
to amorphous SiN. We use string resonators to experimentally evaluate the
material properties, such as Young’s modulus, yield stress and tensile stress
of InGaP relevant to mechanical resonators. We realize trampoline-shaped
mechanical resonators patterned with photonic crystals. The photonic crys-
tals enable reflectance engineering to increase the out-of-plane reflectance of
the resonator. We show a mechanical quality factor above 107, the highest
reported to date in an InGaP-based micromechanical resonator.

7.4 Paper D

Sushanth Kini Manjeshwarf, Anastasiia Cierst, Juliette Monself,
Cindy Peralle, Shu Min Wang, Philippe Tassin, Witlef Wieczorek
Cavity optomechanics with a chip-based microcavity using a suspended
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frequency-dependent photonic crystal mirror
Manuscript in preparation (2023)
1 Contributed equally .

We show a monolithic sub-pm length optomechanical microcavity formed
by a single PhC slab and a distributed Bragg reflector (DBR). We perform
optical characterization wherein we demonstrate a precise control over the
microcavity resonance wavelength by variation of the photonic crystal hole
radius, notably keeping the distance between PhC slab and DBR mirror con-
stant. We perform mechanical characterization of the suspended PhC slab
similar to the works stated above. We use the transfer matrix method to suc-
cessfully capture the reflectance profile of the system and subsequently extract
the parameters for the quantum optics description of the optical microcavity.
Finally, we show that the presence of a frequency dependent reflector leads to
interesting optomechanical effects different to the canonical optomechanical
system with a frequency independent mirror

7.5 Paper E

Sushanth Kini Manjeshwar, Anastasiia Glushkova, Jamie M. Fitzger-
ald, Shu Min Wang, Philippe Tassin, Witlef Wieczorek

Double layer photonic crystal membranes in AlGaAs heterostructures
for integrated cavity optomechanics

Proceedings of CLEO 2021,

Jun. 2021.

©DOI: 10.1364/CLEO__QELS.2021.FTh2P.5 .

‘We build on the results shown in Paper A wherein we showcase a monolithic
system of two PhC slabs separated by sub-um gap followed by the substrate
at distance of 750 nm. The fabrication is carried out to maintain uniformity
between the two PhC slabs. We characterize the optical reflectance of the
system where we observe a microcavity formed between the two suspended
PhC slabs. We measure the mechanical eigenfrequencies of both the PhC slabs
individually. As in Paper A, COMSOL and S4 simulations are performed to
support the measured mechanical and optical properties.

124



7.6 Paper F

7.6 Paper F

Anastasiia Glushkova, Sushanth Kini Manjeshwar, Jamie M. Fitzger-
ald, Shu Min Wang, Philippe Tassin, Witlef Wieczorek

Integrated free-space optomechanics with AlGaAs heterostructures
Proceedings of CLEO FEurope 2021,

Jun. 2021.
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This work presents the same results as seen in Paper E and presented by
Anastasiia Ciers at CLEO Europe 2021.
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This work presented at a conference was a precursor to Paper B.
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