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Abstract

This thesis describes an experimental and theoretical study of a novel class of air-core mi-

crocavities on chips, monolithically fabricated by the controlled formation of delamination

buckles within a-Si/SiO2-based multilayer thin �lm stacks. First, arrays of dome-shaped

microcavities were fabricated via buckling over circularly patterned low-adhesion �lms. The

stress-driven self-assembly process produces cavities with highly predictable geometries

matching with elastic buckling theory. Optical experiments revealed re
ectance-limited

�nesse of > 103, implying low roughness and minimal defects. These devices wereaimed

at operating in a fundamental mode regime; thus, mode volumes as low as� 1:3 � 3 and

potential for single-atom cooperativity of � 50 were achieved, making this type of cavities

an interesting candidate for quantum-optics applications.

Next, the viability of providing open-access to the core of the buckled-dome micro-

cavities was explored by fabricating dome-shaped microcavities intersecting with hollow

waveguide channels. Optical studies showed that connection to channels had minimal ad-

verse e�ects on the morphological symmetry of the aforementioned devices, especially at

the center where the optical modes reside. This monolithic approach, accordingly, holds

promise to enable the introduction of liquid or gaseous analytes into the core of this class

of microcavities. The possibility for open-access to the cavity volume, along with good op-

tical properties, makes these cavities good candidates for applications in sensing and cavity

quantum electrodynamics (CQED).

The buckled upper mirror in the dome-shaped microcavities is inherently a 
exible plate,

which thus allows interesting options for tuning the resonance wavelength. Hence, compre-

hensive studies were carried out to analytically and experimentally examine the temperature

dependence of the resonance wavelength of the buckled microcavities. Aiming to explore
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their potential for optomechanical studies, the e�ective spring constant and mechanical

mode frequencies of the buckled domes were also experimentally and theoretically studied.

Related to their thermal tunability, absorption by the mirror layer s of light circulating

inside the core of dome-shaped cavities at or near resonance gives rise to nonlinear e�ects.

For optical input powers in the µW range, we observed bistability in the output transmission

spectra of the above-mentioned resonators. This behavior, which weshowed to arise mainly

due to photothermal e�ects, was studied analytically using �rst-ord er approximations, and

the predictions were shown to be in good agreement with experimental results.

Finally, the buckling process was employed to fabricate a novel class of three-dimensional

(3D) microcavities, in which the lateral con�nement is provided by Bragg mirrors while ax-

ial (in-plane) con�nement is provided by mode cuto� sections in th e hollow waveguides.

The cuto� sections were implemented as back-to-back dual tapers, which can be realized

easily using the buckling-based fabrication processes. Optical experiments on numerous

dual-tapers con�rmed high re
ection in wavelength ranges subject to cuto�, and high

transmission at shorter wavelengths. Thus, the dual tapers can be used as a novel type

of waveguide-based short-pass �lter. Additionally, 3D microcavities were fabricated by cas-

cading two dual-taper waveguides. Optical experiments revealedQ > 104 along with mode

volume � 100� 3 , which promises a cooperativity ofC > 1, making them of great interest in

quantum information studies. Furthermore, this approach to forming axially varying hollow

waveguides on chips is expected to provide new strategies for controlling the dispersion and

con�nement of light within opto
uidic and CQED systems.
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\And unto everyone who is conscious of God, He [always] grants a way out [of
unhappiness], and provides for him in a manner beyond all expectation; and for

everyone who places his trust in God, He [alone] is enough."
{ Holy Quran-65:2,3
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Chapter 1

Introduction 1

1.1 Overview

In its simplest form, the Fabry-Perot cavity (FPC) con�nes light b etween two planar and

parallel mirrors. Its historical importance to optics and photonics (and in fact physics) is

di�cult to overstate. Owing to its higher resolving power and ligh t throughput compared

to di�raction grating instruments [ 1], the FPC played a central role in early studies of the

�ne structure of spectral lines [2]. In the modern era, the FPC (in one form or another) has

provided the predominant means for optical feedback and spectral discrimination in lasers.

Moreover, the FPC is often employed as an archetype for the description and understand-

ing of other optical resonators (e.g., ring and photonic crystal resonators), which exhibit

analogous properties.

An important �gure-of-merit (FOM) for the FPC is the �nesse ( F ), which essentially

quanti�es the average number of times that a resonant photon bounces back-and-forth ( i.e.,

the average number of round trips) between the mirrors, prior to being absorbed, scattered,

or transmitted out of the cavity. While ultimately limited by the m irror re
ectance, the

�nesse is typically determined in practice by non-idealities such as non-parallelism between

the mirrors and the non-plane-wave nature (i.e., divergence) of the incident light [3]. Histor-

ically, macroscopic planar-mirror FPCs have been limited toF on the order of 100. While

quality factor ( Q) and thus resolving power can be increased by increasing the mirrorspac-

ing (i.e., sinceQ � mF , where m is the mode order), this is at the expense of a reduction

in free-spectral-range (FSR) and an increase in mode volume (VM ), the latter of which is a

1A version of this chapter was published in Sensors, vol. 17, no. 8, p. 1748, 2017.
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critical FOM for many of the applications discussed below [4]. In the past few decades, the

development of microelectromechanical systems (MEMS) processes has enabled the scalable

fabrication of FPCs on chips. Nevertheless, planar-mirror MEMS-basedFPCs are prone to

essentially the same �nesse-limiting factors as their macroscopic counterparts [5].

Many of the shortcomings of the planar FPC can be mitigated by the use of intention-

ally curved (often spherical) mirrors, �rst studied and developed for gas lasers [2]. With

appropriate choice of mirror spacing and curvature, the spherical-mirror FPC (one or both

mirrors can be curved) can support stable 3-dimensionally con�ned �elds, mathematically

described by the Hermite-Gaussian or Laguerre-Gaussian families of modes [6]. As early

as 2000, researchers had reported [7] macroscopic spherical-mirror FPCs withF > 105, by

using ultra-smooth substrates and ultra-low-loss dielectric `supermirrors'. However, those

cavities were characterized by relatively large mode volumes [4], due to practical tradeo�s

between the mirror curvature, aperture, and spacing. Driven by applications in �ber com-

munications, MEMS-based spherical-mirror FPCs were developed inthe late 1990s [8], and

commercial devices reportedly achievedF > 103 [9,10].

As described below, many emerging applications in sensing and quantum information

require cavities that simultaneously provide highQ and low VM . Compared to other types of

micro-cavities, the `air-gap' FPC provides additional compelling advantages: it is inherently

tunable through adjustment of the mirror spacing (i.e., cavity length) and it can provide

open-access (for analytes or atomic emitters,etc.) to the high-�eld regions of the cavity

mode, which resides primarily in the space between the mirrors.These factors have driven

a signi�cant e�ort towards the realization of micro-scale, curved-mir ror FPCs, using tech-

niques such as focused-ion-beam (FIB) milling [11] or laser ablation [12] to form the curved

surfaces. A popular approach, which has the signi�cant advantage of providing a built-in

means for light-coupling, is to fabricate one or both mirrors on the end-face of a single-

mode optical �ber [12,13]. Others have employed wafer-bonding approaches combined with

precision alignment stages [14]. However, the realization of truly monolithic, curved mirror

FPCs with high F and low VM remains at a relatively nascent stage of development [15,16].

In this Chapter, a primary goal is to summarize important applications in sensing and

information science that can bene�t from open-access FPCs, and in particular to review the
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role that Q and VM play in determining device performance. We also review recent e�orts

towards the integration of high F , low VM FPCs on (or at least with) chips containing

other functional elements such as electrical and magnetic wiring. Since these e�orts are at

a relatively early stage of development (and also in the interest of providing appropriate

context), both planar-mirror and non-monolithic approaches (e.g., wafer bonding and �ber-

on-chip strategies) are included in the discussion.

1.2 FPCs for sensing applications

1.2.1 Refractometric sensors - background

Optical refractive index (RI) detection is a commonly employed scheme for opto
uidic sens-

ing, owing to its potential for label-free, high-precision, and real-time detection. Thanks to

their multi-pass nature, optical resonators can be used to enhance light-matter interactions,

thereby improving sensitivity. A wide variety of optical resonator s have been studied for

RI detection including surface plasmon resonators (SPR) [17, 18], ring resonators [19, 20],

�ber-grating-based cavities [21], and photonic crystal cavities [22,23]. In all of these cases,

resonant wavelengths are highly sensitive to changes in refractive index within some portion

of the mode �eld. The change in refractive index can be induced by changes in temperature,

pressure,etc., or by the presence of some target analyte. For most microcavity sensors, light

is con�ned primarily within a high index medium, for example by total -internal re
ection,

and only the evanescent portion of the mode �eld (outside the high index medium) inter-

acts with the target analyte. Resonant cavity sensors of this type, for example whispering-

gallery-mode-based sensors [24], can exhibit extremely high Q (which correlates with high

sensitivity, up to a point, as discussed below). However, thesecavities are not suitable for

applications where tracking the entire volume of a sample is needed.

There are many sensing problems that can bene�t from a stronger interaction between

the cavity mode �eld and the analyte, including sensing of large particles such as cells [25]

and sensing within weakly absorbing analyte media. One approach to `bulk sensing' is to

use hollow-core waveguides (including hollow �bers), which can simultaneously con�ne light

and a gas- or liquid-phase medium within the same volume [26]. However, these waveguides

typically need to be reasonably long (� 2 cm) in order to attain a desirable signal-to-noise
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ratio (SNR) for the detected index change. Alternatively, `open-access' FPC sensors provide

a platform for whole-body interactions between samples and a resonant optical �eld. As

in any microcavity, the multi-pass nature of the light propagation can allow for high-SNR

detection of minute changes in physical parameters, even for small device dimensions (i.e.,

mirror spacing of a few microns). Most of the FPC RI sensors reported todate have

employed �ber-based cavities, wherein the mirrors were deposited or bonded on the end

facets of �bers [27]. However, �ber-based FPCs must be aligned with great precision, and

misalignment errors combined with the lack of control over the divergence angle of the

output beams can lead to lowQ-factor [25,28{ 30]. In addition, �ber-based FPCs cannot be

easily integrated onto micro
uidic chips; several post-fabrication steps are typically required

to make them fully compatible for lab-on-a-chip applications. Nevertheless, only a few

examples of fully monolithic integrated FPCs for opto
uidic RI sensing exist, as brie
y

reviewed below.

The sensing mechanism in FPC sensors is based on the relationship between the optical

path length and the resonant wavelengths of the cavity. Indeed, any change in the optical

path length, arising from changes in the refractive index of cavity medium and/or changes

in the cavity length ( i.e., mirror spacing), will give rise to a shift in cavity transmission

peak. Ignoring �eld penetration into the mirrors, this can be expressed [31]:

� � 0

� 0
�

� n
n

+
� L
L

: (1.1)

Here, � 0 is a resonant (i.e., peak transmission) wavelength of the cavity. While exceptions

exist, most FPC sensors employ an approximately �xed mirror spacing,so that changes in

peak wavelength can be directly correlated to changes in the refractive index of the cavity

medium. This is the scenario commonly known as refractometric (refractive-index, RI)

sensing. A common FOM for refractometric sensors is the detection limit (DL), de�ned as

the minimum detectable refractive index change (i.e., DL = � nmin ). It can be expressed

as DL = R=S [24] where R and S are the resolution and sensitivity, respectively. The

sensitivity is de�ned as S = � � 0=� n, and is simply a measure of the resonant wavelength

shift per unit refractive index change. To �rst-order, we can writ e S = � � 0=ne� [24], where

� is the optical con�nement factor within the analyte volume ( i.e., the fraction of the optical
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mode interacting with the analyte) and ne� is an e�ective index for the resonant optical

mode. For most sensors that employ evanescent-mode-�eld interactions (with SPR sensors

being an exception [24]), sensitivity is relatively low because � is low. For the FPC sensor,

� can approach 1 as implied by Eq. 1.1 (which neglects �eld penetration inside the mirrors),

so that S can be signi�cantly improved. Resolution is de�ned as the minimum spectral shift

that can be accurately detected (i.e., R = � � min ), and is ultimately limited by noise in the

detecting apparatus.

Sensitivity (as de�ned above) has been commonly employed as a comparison metric

for refractometric sensors. However, as discussed by Huet al. [32], this quantity fails to

account for the role of microcavity parameters such asQ and F in determining the limit of

detection. Aside from cavity parameters, DL also depends on the particular characteristics

(e.g., wavelength resolution, noise characteristics, and noise bandwidth) of the detection in-

strumentation used for readout. In general, both intensity noise (e.g., due to photodetector

noise) and wavelength noise (e.g., due to wavelength repeatability of the interrogation in-

struments) will impact the overall system performance. Hu suggested an alternative FOM,

called the time-normalized sensitivity (analogous to the parameter `detectivity', used to

characterize photodetectors) [32]:

S� =

r
� f
N

1
� n� ; (1.2)

where � n� is the refractive index change that produces a signal-to-noise ratio ofunity, and

� f=N is called the equivalent noise bandwidth of the detection system. For example, in a

wavelength interrogation scheme using a tunable laser source or scanning spectrometer (see

below), � f is the single-measurement noise bandwidth andN is the number of discrete

wavelength values at which measurements are made. Thus,S� is a FOM that encapsulates

characteristics of both the device (i.e., the optical resonator) and the peripheral optical and

electronic components (i.e., laser, detector,etc.).

Readout of microcavity sensors is typically achieved using intensity interrogation, where

the change in transmission of a �xed-wavelength laser source is monitored, or wavelength

interrogation, where the peak wavelength is continuously monitored byscanning a tunable

laser or spectrally selective detector across the microcavity resonance. For a given scheme,
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it is possible to de�ne a device-speci�c �gure-of-merit (FOM D ), which is determined solely

by the characteristics of the microcavity (and not by the particular instrumentation used

for interrogation). As an example, in a wavelength interrogation scheme (which is most

common) operating in an intensity-noise-limited regime [32]:

S� / FOM D =
Q� � 0

ng
; (1.3)

where Q is the cavity quality factor, � 0 is the peak (resonant) free-space wavelength, and

ng is the group refractive index of the cavity mode. Thus, the practical limit of detection

for a microcavity sensor scales inversely with bothQ and �, at least up to a point. For

Q exceeding some maximum value (typically 105-106 [32, 33]), wavelength noise (in part

arising from thermally induced variations in the resonant wavelengthof the microcavity [24,

34]) becomes the limiting parameter. In other words, practical limitat ions of interrogation

instruments (e.g., the wavelength repeatability of tunable lasers, temperature variations

in the microcavity, etc.) set an upper limit on the desirable microcavity Q, with further

increases providing no signi�cant improvement in the detection limit [ 24, 32, 33, 35]. Thus,

while other microcavities can achieve higherQ values, the spherical-mirror FPC can easily

provide the values required to maximizeS� , in addition to providing near-unity �. It should

be also noted that, while Eq. 1.3 does not capture the impact of mode volume directly,

a reduction in VM is typically favorable for sensing applications, since it implies asmaller

probed analyte volume (i.e., detection of a smaller number of molecules, as discussed further

below). Given its potential for moderate-to-high Q , high �, and low VM , the spherical-

mirror FPC is an intriguing candidate for applications in sensing. E�ort s towards this goal

have recently been described in the literature, and are brie
y summarized in the following

paragraphs.

1.2.2 Chip-based FPCs for refractometric sensing

Early work on volume refractometric FPC sensors employed relativelylow �nesse, planar-

mirror FPCs, typically embedded within or on the end-facets of optical �bers. For example,

Song et al. [25] used gold-coated �ber end-facet mirrors, hybrid-integrated onto a PDMS

micro
uidics platform, for the detection of single living cells. A similar refractometer was

demonstrated by Domachuket al. [21], but with �ber Bragg grating mirrors augmented by
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graded-index �ber sections to provide light collimation between the �ber end facets. Chin et

al. [36] also reported a similar device, and demonstrated optical trapping of alive cell within

the cavity region. The same group later added liquid microlenses [37] for collimation of the

light within the cavity. A related approach, but with integrated, ve rtical Bragg mirrors

fabricated by deep reactive ion etching (DRIE) of silicon was described by St-Gelais et

al. [38]. They reported a sensitivity of 907 nm/RIU (RI units) and DL � 1:7 � 10� 5 RIU [38].

The Q-factor of their FPC ( � 400) was limited by surface roughness and non-parallelism of

the mirror sidewalls.

Other researchers have embedded vertical planar-mirror FPCs directly into micro
uidic

chips by using wafer-bonding processes. For example, Shaoet al. [39] formed a dielectric-

mirror FPC in a glass-based micro
uidics platform, and applied it to th e refractometric

sensing of lymphocytes. A similar wafer-bonding strategy has been explored by a research

group in China [40{ 42]. In their early work, wet etching on silicon-on-insulator (SOI) wafers

was used to fabricate on-chip opto
uidic channels, where the oxide layer functions as the

etch-stop layer leading to smooth microchannel surfaces for mirrordeposition. FPCs with

mirror re
ectance 75 % and Q � 861 were reported, enabling sensitivity of 1100 nm/RIU and

DL � 1:1 � 10� 5 [40]. Aiming to improve SNR and resolution, optical di�erential detecti on

(ODD) method was later explored by the same group. The method is basedon the spectral

measurement of two cavities, one of which is �lled with DI water as the reference. The

refractive index change is monitored by tracking the power level at awavelength tuned to

the steepest point of the transmission spectrum associated with the water �lled cavity. DL of

5:5 � 10� 8 RIU was experimentally demonstrated [41]. In later work, surface roughness was

further reduced by utilizing glass substrates, with the additional bene�t that the operating

wavelength of the refractometer could be extended to visible and ultraviolet regions. DL

down to 2 � 10� 9 RIU was reported for the all-glass biosensor fabricated by face-to-face

bonding of HF-etched Ta2O5/SiO 2 Bragg coated glass substrates, with noise reduced by

concurrent use of ODD and phase lock-in detection (PLD) [42].

Only recently researchers have begun to explore the use of curved-mirror FPCs for

refractometric sensing [45]. In addition to enabling much higher Q than their planar-mirror

counterparts, a primary motivation for this approach is that it can signi�c antly reduce the
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(a)
(b)

Figure 1.1: (a) Schematic representation of an open-access microcavitywith a 
at and a
concave mirror. A nanoparticle in solution, trapped inside the optical mode is shown (taken
from [43]). (b) Conceptual diagram of a laser-machined �ber with multilayer m irror on its
end along with a 
at mirror serving as a sample holder; black dots represent nanoparticles
located on the 
at mirror. (taken from [ 44]).

volume of the analyte needed to achieve a given sensitivity, since it employs low-VM modes.

For example, Trichet et al. [31] employed simultaneous tracking of resonance wavelengths

in arrays of wafer-bonded, half-symmetric cavities, and achieved DL � 3:5 � 10� 4 RIU

correlated with the presence of� 105 glucose molecules in a 54 fL detection volume. The

same group subsequently reported [43] the trapping and sensing of single nanoparticles,

using spherical-mirror FPCs with Q � 18000 andVM � 1:7 � 3 at 560 nm wavelength (see

Fig. 1.1(a)). In related work, Mader et al. [44] formed a high-�nesse cavity using a spherical

mirror on a �ber end-facet, which could be scanned to image and characterize nanoparticles

attached to the opposite (planar) mirror of the cavity (see Fig. 1.1(b)). Finally, Kelkar et

al. [46] used a low-VM spherical mirror cavity to sense single nanoparticles. While at an early

stage of development, spherical-mirror FPC sensors hold great promise for the detection of

small particles, possibly even down to the single molecule level [31, 45]. The key FOMs of

several reported FPCs used for refractometric sensing are summarized in Table 1.1.

1.2.3 Open-access FPC lasers

Monolithic integration of laser cavities within lab-on-a-chip (LOC) sy stems is a long-standing

goal in the micro
uidics research community. For example, monitoring of laser emission

from such a cavity is a promising sensing modality in its own right [47]. The vast majority

of lasers employ the FPC as an optical feedback element. The FPC, or any optical cavity,
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Table 1.1: Summary of chip-based FPCs used for refractometric sensing
Ref. Mirror type Mirror material Wavelength (nm) Q F S (nm/RIU) DL (RIU) VM ( � 3)
[25] Planar Au 1550 330 5.2 - 1:4 � 10� 3� -
[21] Planar FBG 1550 - - 6.825 2:7 � 10� 3� -
[36] Planar FBG 1258 - - 32� 0.001 -
[37] Planar Au 1275 600� 18.79 960 0.01 -
[38] Planar Si/Air 1550 400 9� 907 1:7 � 10� 5 -
[39] Planar Au 890 900� 30 - - -
[40] Planar Ta2O5/SiO 2 1550 861 - 1100 1:1 � 10� 5 -
[41] Planar Ta2O5/SiO 2 1550 600� 14� - 5:5 � 10� 8 -
[42] Planar Ta2O5/SiO 2 1550 875 3 650� 2 � 10� 9 -
[31] Curved TiO 2/SiO 2 640 - 1000 - 3:5 � 10� 4 -
[45] Curved TiO 2/SiO 2 640 105 4000 - 3:5 � 10� 4 3.8
[43] Curved TiO 2/SiO 2 640 18000 4500� - - 1.7
[44] Curved Ta2O5/SiO 2 780 1:57� 106 57000 - - 100�

[46] Curved TiO 2/SiO 2 745/785 300 70 - - 0.8
� Estimated from related data in the paper.

plays a dual role in the laser. First, it enables the build-up of a high photon density within

the optical gain medium, so that the stimulated emission rate can greatlyexceed the spon-

taneous emission rate. Second, it acts as a frequency-selective element, determining one

or more frequencies (within the gain bandwidth of the laser medium) atwhich lasing will

occur. An early report of a FPC-based micro
uidic laser was the work by Helbo et al. [48],

which employed a relatively low-�nesse cavity formed by wafer bonding of planar gold mir-

rors surrounding a micro
uidic channel. Pulsed lasing was achieved, but with relatively

high pump power requirements.

Generally speaking, there is an ongoing drive towards the developmentof small-scale

lasers, typically enabled by photonic crystal or plasmonic resonator structures [49]. The

goal is to produce lasers that can be embedded within LOC systems or even within biolog-

ical systems. While such lasers typically generate relatively lowoutput power, of greater

importance is the fact that they might operate with relatively high e�c iency and consume

relatively low pump power [49]. A key FOM for the miniaturization of lasers is the minimum

required threshold gain, which can be approximated [49,50]:

GTH �
2�n
Q� �

; (1.4)

where � is the energy con�nement factor ( i.e., the overlap factor) of the laser mode with

the active gain medium and n is the refractive index of the cavity medium. As per the

discussion above, the spherical mirror FPC can simultaneously provide moderate-to-highQ

and � � 1. Moreover, the possibility for low VM implies low pump energy requirements [49]
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(a) (b)

Figure 1.2: (a) Schematic representation of an open-access microcavitywith a 
at and a
concave mirror �lled with a rhodamine 101 solution (adapted from [51]). (b) Simultaneous
laser emission from four spherical mirror FPCs (adapted from [52]).

and other bene�ts mentioned below.

The spherical-mirror, open-access FPC is emerging as a promising new platform for

small-scale lasers, and is inherently well-suited for the implementation of micro
uidic laser

systems. An early example was the work by Patelet al. [53], who used a colloidal CdSe-

based gain medium in a hybrid-assembled FPC chip. The same researchgroup subsequently

reported continuous-wave (CW) operation for similar laser cavities,using organic dye gain

media. Typically, micro
uidic pumping is required to achieve CW operation from dye-

based lasers, since dye media are subject to rapid photobleaching e�ects. Conversely, Coles

et al. [51] were able to achieve CW operation without pumping, owing to the di�usion of

organic molecules into and out of the smallVM gain region of their spherical-mirror FPC

(see Fig. 1.2(a)). In parallel with these e�orts, a group in China [ 52, 54] has recently

reported low-threshold dye lasers based on high-�nesse (F � 103) spherical-mirror FPCs

fabricated using a wafer-bonding approach (see Fig.1.2(b)). The �eld of spherical-mirror,

open-access microcavity lasers is in its infancy, and promises to yield many exciting results

in the coming years.
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1.3 FPCs for cavity quantum electrodynamics applications

1.3.1 CQED - overview

Technologies that directly exploit quantum wave-functions are widely expected to lead to

signi�cant advances in computing [55], secure communications [56], sensing [57], and metrol-

ogy [58]. Nevertheless, the current state of the art is best summed up as a \grand scienti�c

challenge" [59]. Quantum technologies are predicated on:

(i) the ability to isolate quantum particles ( e.g., atoms) from the external environment

- i.e., to preserve quantum coherence on time-scales that are technologically useful,

and;

(ii) the ability to address, control, and store quantum states, and to build scalable systems

with large numbers of quantum particles (`qubits').

Optical cavities are �rmly established as one of the most important tools for quantum

information technologies [4,60]. An optical cavity can greatly enhance the inherently weak

interactions between light and matter, and e�ectively isolate an atom-photon system from

the external environment [60, 61]. The study of atom-photon interactions in cavities is

the domain of cavity quantum electrodynamics (CQED). CQED is expected to be a key

enabler of a future `quantum internet' [62], predicated on devices that mediate quantum

entanglement between photons and atomic emitters [62, 63]. In such a network, quantum

states (i.e., qubits) are stored and processed at quantum nodes and optical connections

enable nodes to distribute quantum entanglement across the network. It has been suggested

that these networks might utilize arrays of tunable, open-access optical cavities on a single

chip, into which atoms can be injected and trapped (for example, using magnetic or optical

trapping methods) [60,63].

A canonical Fabry-Perot-based CQED system is depicted in Fig.1.3. Aside from being

the archetypal CQED system, the curved-mirror FPC o�ers the same unique advantages

mentioned in Section1.1 (i.e., tuning and open access to the cavity �eld for placement of

atomic emitters). It is worth noting that photonic crystal cavities w ith air defect modes

can also provide open access to the cavity mode �eld [64{ 66]. Excellent and comprehensive
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Figure 1.3: Schematic representation of a CQED system encompassing a single atom inside
an FPC.

reviews of CQED are available [12,60]. After a brief summary of a few key principles, our

main goal below is to provide a survey of recent experimental work aimed at the construction

of chip-integrated FPC arrays for CQED.

Interactions between atoms and photons within a cavity are governed bythree rate

parameters (see Fig. 1.3): the non-resonant decay rate of the atomic dipole (
 )( i.e., the

rate of atomic decay by emission into all modes other than the resonant cavity mode of

interest), the photon decay rate of the cavity (� ), and the atom-cavity coupling rate (g0).

In keeping with most of the CQED literature [ 60,62], we de�ne � and 
 as the half-width-at-

half-maximum (HWHM) of the corresponding resonance line-shape plottedversus angular

frequency. Thus, as discussed in more detail in Chapter2, it follows that the cavity decay

rate can be expressed [60]:

� =
� !
2

=
1

2� P
=

�c
2LF

; (1.5)

where � ! is the spectral width of the resonant mode and� P is the photon lifetime of

the cavity mode. As depicted in Fig. 1.3, the decay rate can be divided into two parts,

� = � 0 + � L where � 0 is the rate of photon emission into a desired output channel (typically

by transmission through one mirror) and � L is the rate of photon loss (by transmission

through the opposite mirror and by scattering and absorption in both mirror s).

The non-resonant decay rate
 encapsulates all processes, other than emission of a

photon into the resonant cavity mode, by which the excited atom can relax towards its

ground state. In the two-level-atom approximation, and neglecting the possibility of non-

radiative relaxation ( e.g., due to collisions), 
 is determined by the rate of spontaneous
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emission into non-resonant modes [60]:


 = (1 � �
 =4� ):(� 21=2): (1.6)

Here, �
 is the e�ective solid angle spanned by the resonant cavity mo de, � 21 = 1=�21

is the free-space spontaneous emission rate (i.e., the Einstein A21 coe�cient), and � 21 is

the free-space spontaneous emission lifetime for the atomic transition. For conventional

macroscopic FPCs, �
 is typically small, so that 
 is nearly identical to half of the free-

space decay rate of the atom. Wavelength-scale FPCs, however, can inhibit emission into

non-resonant modes, as discussed further below.

The third parameter, the atom-cavity coupling rate, is essentially governed by the

electric-dipole interaction between the atom and the cavity vacuum �eld ( i.e., the zero-

point 
uctuation of the electromagnetic �eld [ 67]). For a single two-level atom placed at the

location of the maximum electric �eld of the cavity mode in an otherwi se empty cavity, and

with the cavity resonance tuned to match the atomic transition, g0 can be expressed [60,67]:

g0 =

s
� 2!

2� 0~VM
; (1.7)

where � is the electric dipole moment for the transition (assumed here to bealigned with

the electric �eld polarization vector of the cavity mode [62]) and VM � (�= 4)w2
0L is the

volume of the fundamental mode (see Chapter2). Many fundamental studies of quantum

coherence and entanglement are predicated on achieving so-called `strong-coupling' con-

ditions, in which the atom-cavity coupling rate exceeds both the cavity and atomic decay

rates, i.e., g0 � (� ,
 ), where (� ,
 ) represents the larger of� and 
 . In this regime, the atom

and the cavity can exchange energy through repeated photon emission and absorption in a

reversible fashion. For a single atom and a cavity initially in its vacuum state (no photons

in the resonant mode), this energy exchange oscillates at the single-photon Rabi frequency


 R = 2g0 [60]. In the frequency domain, this exchange manifests as a splitting ofthe cavity

resonance, which becomes a double-peaked cavity transmission (vacuum-Rabi splitting [ 67])

with peaks centered at ! � g0. Aside from fundamental physics studies, strong-coupling

CQED might enable a range of basic building blocks that rely on the observation of resolved

coupled-system resonances (such as devices for coherent control and read-out of quantum
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states [60]). Equation 1.7 indicates that for a given atomic transition, reduction of mode

volume is the critical requirement for increasingg0 and thus for achieving strong-coupling

conditions. To date, the practical implementation of strong-coupled atom-cavity systems,

especially in a scalable format, remains a signi�cant challenge.

Fortunately, many important applications of CQED reside in the `weak-coupling' regime,

with g0 � (� ,
 ). In this regime, an important dimensionless factor, known as the single-

atom cooperativity, is de�ned as follows [60]:

C =
g2

0

2�

: (1.8)

The inverse of the cooperativity, N0 = 1=C, is termed the critical atom number [4] and can

be interpreted as the number of atoms required to signi�cantly modify the cavity �eld [ 62].

For the case that C � 1, the interaction between the atom and the electromagnetic �eld is

not signi�cantly modi�ed by the cavity. In contrast, weak-coupling conditions that satisfy �

� g0 � 
 and C � 1 are of great interest, and characterize the so-called \Purcell" regime.

In this regime, photon emission is irreversible but nevertheless greatly altered relative to the

free-space situation, due to modi�cation of the photonic density of modes available to the

emitting atom. The Purcell e�ect can be used to tailor and control spontaneous emission

from an atom, such as by causing preferential emission into a desired resonant mode of the

cavity [4]. It is the key parameter of interest for a range of novel light sources,including

threshold-less lasers and single-photon sources.

In the Purcell regime, the cavity alters the density of photonic modes in a frequency-

dependent fashion. Thus, depending on whether the atomic transition is resonant with a

cavity mode or not, the rate of radiative emission is enhanced or suppressed, respectively,

relative to the free-space rate. This modi�cation was historically treated by Purcell using

a semi-classical approach, with the essential results subsequently con�rmed by rigorous

quantum mechanical treatments [67]. For example, assuming an atom located at a �eld

maximum (in an otherwise empty cavity, such that refractive index n = 1) and with its

electric dipole aligned to the cavity mode �eld, and also assuming the atomic transition is

exactly matched to a cavity resonance and with
 < � [46,68], then the enhancement of the
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radiative decay rate is given by the so-called Purcell factor:

FP �

 C

(� 21=2)
=

3
4� 2

Q
(VM =� 3)

; (1.9)

where 
 C is the rate of emission into the cavity mode at resonance. A high Purcell factor

is of great interest for the realization of e�cient quantum light sources (e.g., low threshold

lasers and single-photon sources), and requires a combination of highQ and low VM . In

light of this, it is not surprising that the Purcell factor can be dire ctly related to the

single-atom cooperativity from above. For example, using the free-space value for
 (i.e.,


 = � 21=2 = � 2! 3=6�� 0~c3 [67]), and assuming a perfectly resonant and aligned atom as

above, it follows that FP = 2 :C [60]. A related FOM is the spontaneous emission coupling

factor [60]:

� =
� � 0

�

�
:

FP

FP + 1
; (1.10)

which quanti�es the fraction of emitted photons that are coupled into t he desired output

mode. � is a key e�ciency metric for low-threshold lasers (see Section1.2) and especially

for single-photon-sources [60], and can approach unity for low-loss, high-C cavities. For a

range of CQED applications, Eqs. 1.9 and 1.10 show that key requirements for the cavity

are a smallVM (thus large g0) and a small excess photon loss (i.e., � 0 � � L ). Furthermore,

for full control of atomic emission, � � 
 is required. In the case of solid-state emitters,

which have relatively large 
 , this implies that small VM is particularly critical ( i.e., since

increased� implies reducedQ) [46,68].

1.3.2 Chip-based FPCs for CQED

Early work on CQED employed macroscopic cavities, constructed from ultra-low loss di-

electric mirrors deposited on super-polished spherical substrates. Finesse as high as� 106

was achieved [7], but the relatively large mirror `radius of curvature' (RoC) and apert ure

typically implies higher-than-desirable mode waist and volume for these cavities. More-

over, this approach is not particularly scalable, due to the high cost andcomplexity of

cavity fabrication and alignment. These limitations subsequently spurred e�orts towards

the miniaturization of FPC cavities, typically through the use of mic ro-machining tech-

niques to form atomically smooth, small-RoC curved surfaces. In many cases, the FPC is
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constructed with one or both mirrors bonded [69] or deposited [12] directly on the end facet

of a single-mode optical �ber, which facilitates direct optical coupling between the cavity

mode and the �ber mode. Nearly all cavities reported to date were constructed by align-

ing two separately deposited mirrors (i.e., on two separate �bers or substrates), and thus

employ non-monolithic processes. This can hinder scalability, andalso creates challenges

with respect to cavity noise and stability [14]. In the following, we brie
y summarize micro-

machining approaches that have been used to fabricate hybrid-integrated cavities, with

some emphasis on recent e�orts aimed at the eventual monolithic integration of mirrors

and cavities with other functional devices.

(a) (b) (c)

(d) (e) (f)

Figure 1.4: Microscope images of (a) a dimple with diameter of 200µm formed by a bubble-
trapping method [70], (b) a laser machined �ber end facet [12], (c) array of concave features
made by FIB milling [ 11], (d) two silicon micro-mirrors fabricated by dry etching [ 71], (e)
array of cantilever based micro-mirrors [72], (f) and a microscope image of a waveguide
connected buckled-dome microcavity. The dome diameter is 100µm.

A wide variety of micro-machining approaches have been employed to form small RoC

mirrors. For example, early work by Prakash et al. [73] used electrochemical growth on a

template of latex microspheres to form gold-based hemispherical mirrors. Cui et al. [70]

employed a bubble-trapping method to form hemispherical surfaces on a glass substrate,
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onto which a dielectric mirror was deposited (Fig. 1.4(a)). Steinmetz et al. [69] detached

dielectric mirrors previously deposited on a spherical surface (ball lens or microlens) and

glued them to the end of an optical �ber. Recently, however, the mostpopular techniques

have involved standard micro-machining techniques such as CO2 laser ablation (Fig. 1.4(b))

[12,74], focused ion beam (FIB) milling (Fig. 1.4(c)) [11], and dry etching (Fig. 1.4(d)) [71].

The etching approach was pioneered by Trupkeet al. [75], and has the advantage of

enabling the parallel fabrication of multiple concave surfaces. A two-cavity `array' of this

type was used for atom detection and photon generation [76]. Biedermann et al. [71] etched

ultrasmooth surfaces in silicon to construct cavities with �nesse as high as 64000 (Fig.

1.4(d)). FIB-based mirrors were originally reported by Dolan et al. [11]. While inherently a

serial process, FIB milling can be used to fabricate large arrays of concave surfaces on a chip,

with RoC as small as 5µm or less and tailored morphology [31]. FIB-fabricated mirrors

have enabled cavity �nesse as high as 40000 [77]. Laser-ablation techniques are generally

able to produce the smoothest concave features, owing to the melting and re
ow of the

machined glass surface. Mulleret al. [13] achieved a �nesse> 105 , and similar results

have been reported by others [12, 77]. Laser-ablated surfaces tend to be somewhat non-

spherical, however, which can lead to mode-coupling loss [78] and polarization-dependence

[79]. Moreover, control over the morphology, especially the relationshipbetween feature

depth and RoC, requires additional processing steps [80].

As mentioned, nearly all FPC micro-cavities developed for CQED to date have involved

hybrid integration strategies. Nevertheless, some notable e�orts towards monolithic integra-

tion (of at least one mirror) have been made. Purdyet al. [81] integrated a high-re
ectance

mirror with on-chip wiring for magnetic trapping of cold atoms and for temp erature stabi-

lization. They completed the cavity by hybrid alignment of a macroscopic curved mirror,

and achieved a �nesse� 2 � 105. In another widely cited work [74], Colombe et al. inte-

grated a �ber-based spherical microcavity onto a similar `atom' chip containing magnetic

trapping circuitry. Another notable work is that by Derntl et al. [72], in which curved

mirrors (fabricated via dry etching) were integrated onto an array of individually tunable

cantilevers on a silicon MEMS chip (see Fig.1.4(e)). Cavities were formed by mating the

cantilever array with 
at mirrors formed on the end facets of an array of single mode �bers.
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These examples illustrate that many options exist for hybrid integration of low VM , high

Q open-access cavities with other chip-based componentry. However,there are few options

that promise fully monolithic integration of tunable high-�nesse, open access microcavities

on chips. Our group has reported a thin-�lm buckling approach [15,16,82,83] with poten-

tial to address this latter point. We've shown that circular delamin ation buckles can be

controllably formed within a multilayer thin �lm stack, and that the se features can behave

as half-symmetric Fabry-Perot cavities. The buckling self-assembly produces cavities with

a high degree of geometrical perfection, characterized by cylindrically symmetric Laguerre-

Gaussian modes and re
ectance-limited �nesse. Recently, Pottset al. reported arrays of

these microcavities [16] with SiO2/Ta 2O5 Bragg mirrors, and exhibiting F � 3500 and

mode volume� 35� 3. These cavities were designed for operation near 780 nm wavelength,

and could be thermally tuned to the D2 transition of Rb. While the buckled cavities are in-

herently closed features, open access was demonstrated by FIB milling holes into the upper

mirror. Even more recently, we reported Si/SiO2-based cavities operating in fundamental

mode regime with VM � 1:3� 3 at 1550 nm wavelength andQ � 1800 [84]. These parame-

ters correspond to a Purcell factorFP � 100, making these cavities of interest for CQED

applications. Finally, that work also reported fabrication of channel-connected cavities by

the same monolithic process (see Fig.1.4(f)). Those cavities retain good optical properties

while gaining an `open-access' characteristic.

In summary, tremendous progress has been made towards the integration ofhigh Q, low

VM FPCs at the chip scale. However, most of the reported work involves hybrid assembly

of the FPCs, using precision alignment stages. The monolithic integration of complete

FPC-based CQED systems (i.e., full cavities along with magnetic control functions, etc.)

onto single chips remains a challenge, and an intriguing avenue for future research. The key

FOMs of several reported on-chip FPCs for CQED applications are summarized in Table

1.2.
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Table 1.2: Summary of chip-based, curve-mirror FPCs proposed for CQED.
Ref. Fabrication method Mirror material Wavelength (nm) Q F VM ( � 3) C
[69] Deposition on microlens TiO2/SiO 2 780 - 1000 1260 2.1
[73] Self-assembled templating Au 747� 300 15 2.1 -
[70] Bubble trapping TiO 2/SiO 2 750 - 200 74� -
[74] Laser ablation Ta2O5/SiO 2 780 - 37000 - 145
[71] Dry etching Ta2O5/SiO 2 780 - 64000 - 200
[39] Wet etching Au 780 106 6000 - 39
[11] FIB milling ZrO 2/SiO 2 637 104 460 8.5 10�

[13] Laser ablation Ta2O5/SiO 2 920 3:3 � 106 1:5 � 105 51 -
[80] Laser ablation Ta2O5/SiO 2 637 105 2:5 � 104 - -
[81] Dry etching Ta2O5/SiO 2 780 1:4 � 107� 2 � 105 - 50
[16] Buckling delamination Ta2O5/SiO 2 780 - 3500 35 32
[84] Buckling delamination Si/SiO 2 1550 1800 1800 1.3 50

� Estimated from related data in the paper.

1.4 Conclusions

We have reviewed the current state-of-the-art for chip-based, curved-mirror, Fabry-Perot

cavities with applications in refractometric sensing, microlasers, and cavity QED. We have

furthermore discussed the role of cavity �nesse (orQ-factor) and mode volume in the per-

formance of FPCs for the aforementioned applications, emphasizing the importance of high

�nesse and small mode volume. A highQ, small mode-volume FPC is predicated on 3D

con�nement of light using intentionally curved mirrors, which can m itigate �nesse-limiting

defects associated with conventional planar-mirror FPCs.

Various micro-machining techniques, such as FIB milling, CO2 laser ablation, or isotropic

etching, have been utilized to fabricate high-curvature surfacesat the micro-scale, either on

the end facet of an optical �ber or on a wafer. These methods have recently been employed

in the construction of curved-mirror FPCs for each of the application areas mentioned above;

an overview of key experimental work was provided. In the vast majority of cases, the FPCs

were implemented by means of hybrid assembly and positioning techniques, which creates

challenges with respect to cost, stability, and scalability. Thereis a need for monolithically

integrated, curved-mirror, open-access FPCs on chips, which willlikely require that con-

cepts from the micro-optical-electromechanical systems (MOEMS) literature [8] be adapted

for requirements in sensing and CQED. This is a relatively unexplored approach and should

be an interesting avenue for future exploration.
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1.5 Summary of thesis

This thesis is an extensive study on a novel class of integrated microcavities having potential

for applications in sensing and CQED. Two di�erent types of microcavities were fabricated

using a buckling self-assembly technique developed previously in Dr. DeCorby's group.

The dome-shaped cavities described in Chapters3-5 are a particular class of Fabry-Perot

interferometers with curved Bragg mirrors. Contributions from thi s thesis related to these

cavities can be viewed as a continuation on previous research works conducted in our group.

However, the dual-taper waveguides described in Chapter6 are based on a new idea, aimed

at the possibility of attaining in-plane coupled, inherently open-access microcavities on a

chip.

Chapter 2 outlines required background information about Bragg mirrors, omnidirec-

tional re
ectance, Fabry-Perot cavities, optical modes in spherical-mirror cavities, hollow

waveguides, and the theory of elastic buckling delamination. Detailsabout fabrication of

devices presented in Chapter3 and 6 are also described.

Chapter 3 presents small-mode-volume dome-shaped microcavities fabricated as part

of this PhD work. Comprehensive studies on mode volume were carriedout theoretically,

numerically and experimentally. Additionally, channels connectedto cavities are shown to

provide open access to the core.

Chapter 4 investigates the thermomechanical characterization of buckled-dome micro-

cavities fabricated by other group members in 2011. The study covers morphology, thermal

tuning, mechanical and dynamic properties such as vibrational resonant frequencies of the

buckled plate and e�ective spring constant of the buckled-dome microcavities.

Chapter 5 describes the nonlinearity of devices presented in the preceding Chapter. It

is shown that photothermal e�ects lead to bistability in dome microcavities. This behavior

was modeled to �rst order, and theoretical results were shown to bein good agreement with

experimental results.

Chapter 6 proposes an alternative approach to fabricating in-plane coupled cavities in

a fully monolithic fashion. In-plane re
ection in this category of resonators is provided

by cascading two dual-taper hollow waveguides operating in cuto� mode. The cuto�-based
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mirrors o�er high re
ection, while not blocking the access to the cavity core. Comprehensive

numerical and experimental studies on dual-taper waveguides are presented. Preliminary

results on cavity structures fabricated based on dual-taper mirrorsare also presented.
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Chapter 2

Background theory and description
of fabrication processes

This chapter provides background information pertaining to Bragg mirrors, omnidirectional

re
ectance, planar and curved mirror FPCs, and optical modes in spherical-mirror res-

onators. These are prerequisite materials to grasp the topics discussed in the Chapters3, 4,

and 5. The principle of operation of hollow waveguides is subsequently explained, as a basic

introduction to Chapter 6. Next, a brief overview of key results from the theory of elastic

buckling of thin �lms is provided, as context for related material in subsequent chapters.

The Chapter ends with a brief description of the experimental processes used to fabricate

buckled-dome FPCs and dual-taper waveguides, whose experimental data are presented in

the remainder of the thesis.

2.1 Distributed Bragg re
ectors

Mirrors are ubiquitously used in optical systems and are the building blocks of various

components such as optical resonators and waveguides. There exist two main classes of

mirrors in optics: (i) metallic, and (ii) dielectric mirrors. Notwi thstanding that the former

o�er reasonably high re
ectance (e.g., RAu � 0:993 at 1550 nm [85]) and are useful in

many applications, they are not particularly suitable for applications such as CQED and

sensing where low-loss, high-�nesse optical resonators are needed.In contrast, multilayer

dielectric coatings, known as distributed Bragg re
ectors (DBRs), can provide substantially

higher re
ectance up to � 0:999 999 (six 9's) [86, 87], making them indispensable elements

in low-loss hollow waveguides and high-�nesse cavities.
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Figure 2.1: (a) Schematic representation of a one-dimensional photonic crystal with alter-
nating layers of high and low refractive indices, with a perioda along the z axis (adapted
from [88]). (b) A multilayer as in (a), indicating the re
ection of light at eac h surface
(adapted from [89]).

A DBR, which is also well-known as a one-dimensional photonic crystal(PhC), consists

of a stack of dielectric layers with alternating refractive index. The periodic boundary

conditions result in a forbidden wavelength range known as a photonic band gap (PBG),

over which light propagation is prohibited (see Fig. 2.1) [88]. A particular example of a DBR

is a multilayer with dielectric layers of quarter-wave thicknesses,i.e., d = � B=4n, where � B

is wavelength in vacuum, andn is the refractive index of the layer. Such a multilayer is

known as a quarter-wave-stack (QWS).

Consider a QWS multilayer as shown in Fig. 2.1(b) with a high index layer next to an

air incident medium, and where the incident light is partially re
 ected at each boundary.

The �rst re
ected component undergoes a � shift due to `external re
ection', while the

second one experiences a� phase shift due to a round-trip propagation in the �rst layer.

The third component of light experiences a round-trip in two QWS layers in addition to an

`external re
ection' leading to a total 3 � phase shift. As such, all re
ected components are

subject to an e�ective phase shift of � at the incident boundary. Hence, all components at

the interface of the �rst layer and air interfere constructively, which enables high re
ectance

at the Bragg wavelength determined by:

� B = 4nL dL = 4nHdH ; (2.1)

where nH and nL are the refractive indices of higher and lower index layers, respectively.
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The peak re
ectance of anN -period QWS with lossless layers is given by [89]:

RBragg =
�

1 � (ns=n0)(nL =nH)2N

1 + ( ns=n0)(nL =nH)2N

� 2

; (2.2)

wherenL is assumed to be the starting layer,nH is the ending layer next to the exit medium,

and n0 and ns are the refractive index of the incident and exit media, respectively. As can

be seen,RBragg scales withN , which means a re
ectance approaching unity is possible by

increasing the number of layers. In practice, mirrors exhibit R < 1, as a consequence of

residual absorption and scattering in the layers. In addition, another subtlety in Eq. 2.2

is the impact of the index contrast, say (nH � nL ). In fact, the higher the index contrast

in a QWS, the smaller the number of periods required for maximum possible re
ectance

RBragg � 1. For instance, a 4-period a-Si/SiO2 mirror [ 82] exhibits virtually the same

re
ectance (R � 0:999) as a 10-period Ta2O5/SiO 2 multilayer [ 16].

As mentioned, a QWS mirror exhibits high re
ectance over a range of wavelengths in the

vicinity of � B , known as the stop-band. GivenR � 1, from appropriate choice of material

and N , the spectral width of stop-band can be expressed [89]:

� � B = � B :
�

4
�

�
: sin� 1

�
nH � nL

nH + nL

�
: (2.3)

Their potential to simultaneously provide ultra-high re
ection and low absorption have

made QWS mirrors very important in optics and optoelectronics.

2.2 Omnidirectional re
ectance

Metallic mirrors provide high re
ection over a broad wavelength range for virtually all

angles of incidence and all polarization states. This feature is known as `omnidirectional

re
ectance'. Quite the contrary, Bragg mirrors are typically designed to re
ect light over a

narrow range of wavelengths, and from a single angle (e.g., normal incidence) or a certain

range of angles of incidence. Indeed, omnidirectional re
ectance is nota general property

of dielectric mirrors.

It was thought, in the past, that high re
ection from a dielectric mirr or at all angles

and for all polarizations would require a complete three-dimensional photonic bandgap.

Nonetheless, in 1998, Winnet al. showed that even a one-dimensional photonic crystal
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Figure 2.2: (a) Projected band structure for a QWS multilayer with nL = 1 :4 and nH = 3 :6.
The right side indicates TE modes, while the left side TM modes.The straight solid (red)
line is the light line ! = cky . The dashed line represents the Brewster's angle. The
yellow region indicates the �rst omnidirectional region (adapted from [88]). (b) The size
of omnidirectional gap as a function of refractive index contrasts of the QWS. The shaded
area represents the ratio of the omnidirectional bandwidth over themidband wavelength.
In this plot dielectric constant is used instead of refractive index (adapted from [88]).

(i.e., a dielectric multilayer stack) can exhibit omnidirectional re
 ection [90], provided that

(i) the index contrast between the two constituent materials is adequately large, and (ii)

the refractive index of the lower index layer is su�ciently large r than that of the incident

medium (n0) [88,90,91]. Figure 2.2(a) illustrates the band diagram of a QWS with nL = 1 :4

and nH = 3 :6, for both TE- (right side) and TM-polarized light (left side). The in cident

medium light line ( i.e., ! = cky) is plotted in red, above which extended modes exist in

the incident medium (air in this example). Hence, we only considerthe modes above the

light line; otherwise propagation in the air is evanescent. Colored regions are areas where

electromagnetic modes are supported, while in white areas there are no electromagnetic

modes. The �rst omnidirectional region is shaded in yellow with points U and L representing

the upper and lower frequency limits, respectively. The width of this region is proportional

to the index contrast of layers, i.e., (nH � nL ). In the p-polarized section, there exists a

point at which the lowest two bands cross. This point corresponds to the Brewster's angle

� B = tan � 1(nH=nL ) at which the re
ection of TM-mode light vanishes. The second criterion

for omnidirectional re
ectance, mentioned above, is to preclude the existence of this crossing
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above the light line. Thus, by appropriate selection ofnL , the Brewster's angle becomes

inaccessible by plane waves in the incident medium, enabling an omnidirectional band for

both polarizations. Figure 2.2 demonstrates the ratio of omnidirectional bandwidth over

the center wavelength (i.e., � B ) versus the refractive index contrasts for a QWS starting

with a high index layer. The horizontal axis representsnL =n0, while the vertical axis depicts

nH=nL (the labels have the same meaning despite di�erent convention for representation).

The shaded zone in the �gure is the area at which a non-zero omnidirectional band exists.

An example of a multilayer based on Si/SiO2 in air is also indicated in the shaded area. Even

though achieving omnidirectional re
ection by means of dielectric multilayers is plausible

in theory, practical realization of a truly broadband omnidirectional mir ror is di�cult,

especially in the visible range.

2.3 Fabry-Perot cavities (FPCs)

All optical cavities (optical resonators) `trap' light at one or more resonant frequencies, in

the form of standing waves con�ned by re
ective boundaries [4]. The FPC is the archetypal,

and arguably also the most important type of optical resonator. As described below, FP

resonators can be categorized into two groups: planar-mirror and curved-mirror FPCs.

2.3.1 Planar-mirror FPCs

In its most basic form (see Fig. 2.3(a)), a FPC consists of two plane mirrors M1 and M2,

with re
ectance R1 and R2, respectively, separated by a medium with refractive index of

n and length L . For an `empty' cavity ( i.e., with a non-solid cavity medium), the cavity

length can be adjusted (i.e., tuned) by moving one or both mirrors. The resonant condition

for the FPC is essentially as follows: the round-trip phase shift forlight bouncing back and

forth between the mirrors must be a multiple of 2� , in order that the in�nite set of partial

re
ections interferes constructively. For the planar-mirror FPC (Fig. 2.3(a)), if we assume

that the mirrors have in�nite extent in the directions parallel to the medium boundaries,

then the problem can be analyzed using plane waves. For the applications discussed here,

we shall restrict our attention to normally incident light. Further more, the discussion that

follows assumes a symmetric cavity (R1 = R2 = R) and `hard-mirror' boundary conditions.
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In other words, the phase change on re
ection, which results in an e�ective increase in the

cavity length for real mirrors [ 92], is initially neglected.

If light in the form of a plane wave is normally incident onto the planar-mirror cavity, it

undergoes multiple partial re
ections, leading to numerous transmitted and re
ected �eld

components. Light traveling a single round trip is subject to a propagation phase shift given

by:

2� =
4�
� 0

nL; (2.4)

where � 0 is wavelength of light in vacuum and � is single-pass phase shift. The overall

(net) transmission can be obtained by a summation over the in�nite set of transmitted

sub-components, and is expressed:

I t

I i
=

1
1 + K F sin2(� )

; (2.5)

where I i and I t are, respectively, the total incident and transmitted intensity, R is the

re
ectance of the mirrors, and K F is the `coe�cient of �nesse' and is de�ned as:

K F �
4R

(1 � R)2 ; (2.6)

From Eq. 2.5, one can readily �nd that unity transmission is predicted whenever � = 2m� ,

wherem is an integer representing thelongitudinal mode order. Incorporating this condition

into Eq. 2.4 results in the condition for a resonance frequency:

� m = m
c

2nL
; (2.7)

Accordingly, the allowed modal resonance wavelengths can be written as:

� m =
2nL
m

: (2.8)

Another important factor of a FPC is `Free Spectral Range' (FSR), which is de�ned as

the frequency di�erence between two consecutive resonance frequencies of mode orderm

and m + 1 (see Fig. 2.3(b)) and can be simply found from Eq. 2.7 [93]:

� f =
c

2nL
: (2.9)

FSR indeed represents the frequency range over which a FPC can betuned. Neglecting

material dispersion and mirror penetration e�ects, FSR is a constant factor over the entire
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Figure 2.3: (a) Schematic of a Fabry-Perot resonator consisting of parallel mirrors M 1 and
M 2 with re
ectances of R1 and R2, respectively, surrounding a cavity medium of refractive
index n and thickness L . Light introduced from one side undergoes multiple re
ections,
leading to partial transmission from the other side. (b) Typical transmission of a planar
FPC depicting frequency spacing (i.e., the FSR) of adjacent longitudinal modes and the
full-width at half-maximum (� � ) of an individual modal peak. (c) Schematic representation
of a curved-mirror FPC with length L , where mirrors with radii of curvature � 1 and � 2 are
placed at z1 and z2, respectively. (d) Typical transmission spectrum of a curved-mirror
FPC as a function of mode numbersl , q, and m, where � 1; � 2 � L is assumed.

frequency range; however, in terms of wavelength, FSR is inversely proportional to the

mode order:

� f =
� m

(m + 1)
: (2.10)

There exist two FOMs to quantify the frequency selectivity of an optical resonator; quality

factor (Q) and �nesse (F ). The Q-factor is often used for electrical resonance circuits and

microwave resonators, and is universally de�ned as:

Q � 2�
�

stored energy
energy loss per cycle

�
: (2.11)

For su�ciently high values, Q is conveniently expressed in terms of the resonance frequency

and the full-width-at-half-maximum or FWHM (� � ) of the resonator line-shape:

Q =
� m

� �
: (2.12)
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Figure 2.4: (a) Di�erent types of defect in mirrors of a FPC. (b) The e� ect of non-
parallelism of mirrors on the e�ective �nesse of a FPC (adapted from [94]).

The re
ection �nesse (FR) is de�ned as:

FR �
2�



; (2.13)

where 2� is fringe spacing and
 is the FWHM of the fringes in terms of � . Assuming

re
ectance of R . 1, the re
ection �nesse can be worked out from Eq. 2.5 and is given by:

FR = �
p

R=(1 � R): (2.14)

It can be also shown that:

FR =
� f

� �
: (2.15)

Combining Eqs. 2.15 and 2.12, one can readily verify that Q = mFR . The physical

interpretation of �nesse is that it represents the average number ofround-trips made by a

resonant photon before it leaves the cavity.

It should be noted that the e�ective �nesse usually di�ers from the re
ection �nesse

given in Eq. 2.14 due to defects in the mirrors. The so-called defect �nesse can be sub-

categorized into three groups (see Fig. 2.4): (i) parallelism defects (Fp), (ii) spherical

deviations (Fs), and (iii) surface irregularities ( F rms ) which are given by [3]:

Fp =
�

p
3� p

; (2.16)

Fs =
�

2� s
; (2.17)
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Figure 2.5: A plot showing how e�ective �nesse is limited to defect �nesse, base on Eq.2.20
(adapted from [94]).

F rms =
�

4:7� rms
; (2.18)

where � p and � s are the parallel and spherical deviation from a planar reference, and� rms is

the root-mean-square deviation of a Gaussian distribution of the surface roughness. Hence,

the total defect �nesse is expressed:

FD =
�

1
F 2

p
+

1
F 2

s
+

1
F 2

rms

� � 1=2

: (2.19)

As such, the overall e�ective �nesse can be estimated as:

Fe� =
�

1
F 2

D
+

1
F 2

R

� � 1=2

: (2.20)

Equation 2.20 suggests that the e�ective �nesse asymptotically saturates to a pointdeter-

mined by defect �nesse (see Fig.2.5). For simplicity throughout this report, we drop the

subscript from Fe� , and thus F stands for the e�ective �nesse in the remainder of the thesis.

2.4 Curved-mirror Fabry-Perot cavities

As discussed, in planar-mirror FPCs, non-parallelism and uncontrolled curvature of the

mirrors leads to degradation ofQ and F . These parameters can be further reduced by beam
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walk-o� arising from the non-plane-wave nature of a real beam [95]. To avoid excessive

walk-o� losses, the 
at mirrors need to have transverse dimensions that are signi�cantly

larger than the input beam. FPCs constructed from curved mirrors can mitigate many

of the aforementioned problems. In these cavities, light rays `retrace themselves' as they

travel back and forth between the mirrors, which means the mirrors e�ectively refocus the

circulating light (see Fig. 2.3(c)) .

2.4.1 Gaussian beam modes

The modes of a curved-mirror resonator are the beam-like solutions of the paraxial Helmholtz

equation with the boundary condition imposed by the mirrors [93]. Applying the paraxial

approximation, the Helmholtz equation is reduced to [96]:

@2 
@x2

+
@2 
@y2

� 2k
@ 
@z

= 0 ; (2.21)

where  (x; y; z) is a complex scalar wave amplitude for the transverse wave pro�le. The

term @2 =@z2 is not present in Eq. 2.21 due to the paraxial approximation, in which it is

assumed that rays diverge with small angle (i.e., � � 1 rad) through the optical system.

A Gaussian beam is a beam with circular symmetry around the propagation axisand

with energy con�ned near the axis. The wave front of the beam is a group of paraxial rays

with small divergence angle (see Fig.2.6). The intensity of a Gaussian beam is given by:

I = I 0

�
w0

wz

�
exp

�
� 2(x2 + y2)

w(z)

�
; (2.22)

where w0 is the beam waist radius, andw(z) is the beam spot size given by:

w(z) = w0

"

1 +
�

z
z0

� 2
#1=2

; (2.23)

where z0 = �nw 2
0=� 0 is known as `Rayleigh range', which is the distance from waist to the

point where the beam area has doubled. The radius of curvature (RoC) of a Gaussian beam

wavefront is given by:

� (z) = z +
z2

0

z
: (2.24)
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Figure 2.6: A schematic showing a Gaussian beam widthw(z) along the propagation axis
z. w0 is the minimum spot size, � is the beam divergence angle, andz0 is the distance
between minimum spot to a point where beam area is doubled.

It should be noted that circulation of a Gaussian beam inside a spherical-mirror res-

onator only occurs if the wavefronts of the beam match the mirrors' RoC. This way, the

beam satis�es Helmholtz equation and the boundary conditions at the mirrors.

Solution of Eq. 2.21 for a cavity with rectangular symmetry leads to higher order

modes adjacent to each longitudinal mode calculated from Eq.2.7. These modes are called

Hermite-Gaussian modes whose transverse �eld distribution is given by [6]:

E l;q(x; y; z) = E0
w0

w(z)
H l

� p
2

x
w(z)

�
Hq

� p
2

y
w(z)

�

� exp
�
�

x2 + y2

w2(z)
� ik

x2 + y2

2� (z)
� ikz + i (l + q + 1) � (z)

�
;

(2.25)

where H l and Hq are the Hermite polynomials of ordersl and q, respectively, and � (z) is

the `on-axis longitudinal phase delay' known as the `Gouy phase' of the beam and is given

by [93]:

� (z) = tan � 1(z=z0) = tan � 1
�

� 0z
�w 2

0n

�
: (2.26)

The intensity pro�le of some low order Hermite-Gaussian modes are shown in Fig. 2.7(a).

An alternative solution to the paraxial wave equation can be found in cylindrical coor-

dinates. These family of solutions are known as `Laguerre-Gaussian' modes and are given

by [6]:

Ep;q(r; �; z ) = E0
w0

w(z)

 p
2r

! (z)

! jqj

L jqj
p

�
2r 2

! 2(z)

�

� exp
�
�

r 2

! 2(z)
� ik

r 2

2� (z)
� ikz + iq� + i (2p + jqj + 1) � (z)

�
;

(2.27)
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Figure 2.7: Intensity pro�les of the �rst twelve (a) Hermite-Gaussian and (b) Laguerre-
Gaussian modes (adapted from [97]).

where L q
p are the Laguerre polynomial of order (p; q), p and q are radial and azimuthal

mode orders and� is the azimuthal angle in a cylindrical coordinate system (r; �; z ). The

intensity pro�le of some low order Laguerre-Gaussian modes are shown inFig. 2.7(b).

2.4.2 Mode stability

In an unstable condition, the beam size in the cavity grows with repeated re
ections and

ultimately gets larger than the size of the cavity mirrors, so that power is not con�ned for

a signi�cant period of time. The general stability criterion for spherical-mirror resonators

is calculated utilizing ray transfer matrix analysis and is given by [93]:

0 � g1g2 � 1 (2.28)

where g1 = 1 � L=� 1 and g2 = 1 � L=� 2.

Amongst several types of cavities with curved mirrors, hemispherical (known as half-

symmetric) cavities, constructed using one 
at and one curved mirror, have attracted sig-

ni�cant interest for MEMS-based Fabry-Perot cavities and practical applications. In order

to �nd the stability criterion for this type of cavity, assume � 1 = � and � 2 = 1 ; then, Eq.

2.28 is simpli�ed to:

� � L: (2.29)

33



The half-symmetric resonator is of primary importance to this research, as discussed below.

Equation 2.29 is satis�ed for all of the buckled-dome microcavities studied in this thesis,

and stable cavity modes have been veri�ed.

2.4.3 Mode volume

Mode volume (VM ) is another factor which is of signi�cant importance in FPCs and is

de�ned as [98]

VM =

RRR

V
� jE (x; y; z)j2dx dy dz

E 2
0

; (2.30)

where E0 is the peak value of the electric �eld in the cavity. The mode volume for a

standing-wave associated with the TEM00 mode is approximately given by [12]:

VM �
�
4

w2
0L; (2.31)

where w0 can be estimated as [12]:

w0 =

r
�
�

�
L

� 1� 2

� 1 + � 2

� 1=4

; (2.32)

For the case of plano-concave or half-symmetric cavities where� 2 is in�nite and thus j� 1j �

j� 2j (as in the case of Refs. [15,16,52,82,99]), the beam waist lies at the planar mirror and

is given by the expression:

w0 =

r
�
�

(L:� 1)1=4 ; (2.33)

It is worth noting that Q and VM essentially quantify the degree of temporal and spatial

con�nement, respectively, of the �eld by the cavity [ 67].

2.4.4 Resonance frequencies

For stable modes, the wavefront curvature at the positions of the mirrors matches the radii

of curvature of the mirrors. Applying the phase condition to the Hermit e-Gaussian beam

yields the resonance frequencies as follows [93]:

� l;q;m = m� f + ( l + q + 1)
� �
�

� f ; (2.34)

where � � = � (z2) � � (z1), and z1 and z2 are positions of mirrors M1 and M2 , respectively.

Equation 2.34 indicates that the longitudinal modal spacing is independent of the mirror
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curvatures, and is the same as that for the planar mirror Fabry-Perot. The second term

in Eq. 2.34 represents a shift in all resonance frequencies, and is dependent on mirror

curvatures.

It is useful to know the frequency spacing between transverse modes. To this end, we

restrict ourselves to short cavities in which L � j � 1j; j� 2j. The frequency spacing for this

speci�c case is given by [6]:

� � �
c

2�nz 0
�( l + q): (2.35)

Figure 2.3(d) illustrates this spacing for two adjacent transverse modes.

2.5 Hollow core waveguides

A waveguide is basically a FPC which is open along the propagation direction (see Fig.

2.8). For a waveguide to support a mode, the following self-consistency condition must be

satis�ed [100]:

rT rB exp(� j 2kyd) = 1 ; (2.36)

where ky is the transverse propagation constant, andrT and rB are the �eld re
ection

amplitude of the top and the bottom mirrors, respectively (see Fig. 2.8), and are given by:

rT = jrT j exp (j � T ); (2.37)

rB = jrB j exp (j � B ); (2.38)

in which � T and � B are phase shift on re
ection from top and bottom mirrors. Assum-

ing perfectly re
ecting mirrors, and hard boundary conditions ( i.e., no penetration into

mirrors), Eq. 2.36 is simpli�ed to:

2kym d � � T � � B = 2m�: (2.39)

where m is an integer representing the mode order. This can be simpli�ed further by the

assumption of metallic mirrors where � T = � B = � :

kym d = m�: (2.40)
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Figure 2.8: Conceptual schematic of slab model of a hollow core waveguide with Bragg
mirror cladding and height d. � m indicates the bouncing angle for modem. The �nite
number of multilayer results in re
ection less than unity and in t urn leakage of propagating
light. The gray arrows at the outer side of mirrors indicate leakage.

Therefore the `propagation constant' along thez axis can be easily worked out through its

trigonometric relation with other wavevectors and is given by [101]:

� m = k0 sin � m =
�

2�
�

�
sin � m : (2.41)

where k0 is free-space propagation constant.

It is worthwhile noting that the above-derived propagation constant is solely applicable

to lossless waveguides with hard boundary condition. Theoretically,perfect re
ection oc-

curs by (i) total internal re
ection (TIR) { not pertinent to hollow waveguides, (ii) perfectly

conducting mirrors, and (iii) lossless photonic crystals with in�n ite number of periods. Un-

fortunately, non of the aforementioned circumstances exist in reality, and the assumption

of perfectly re
ecting mirrors is only a theoretical abstraction. Th erefore, while light is

propagating along a hollow core waveguide, its power decays due to absorption loss and/or

radiation through imperfect mirrors. Since, on-chip hollow core Bragg waveguides, fabri-

cated by buckling self-assembly technique, presented in thisthesis (see Chapter6), are also

considered as leaky/lossy waveguides, it would be advantageous to succinctly go through

some theoretical treatments on leaky/lossy waveguides.

Figure 2.8 illustrates a planar leaky waveguide with �nite-period Bragg mirror s, where

the leakage due to non-unity re
ectance of mirrors is shown by gray arrows at the outer

side of the mirrors. In such a waveguide, bothky and kz are complex, and in turn a self-

consistency condition must be satis�ed for both phase and amplitude of the �eld using Eq.
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(a)

(b)

(c)

(d)

Figure 2.9: (a) Buckle delamination along patterned strips of low adhesion, representing
telephone cord and Euler morphologies . (b) Propagation of delamination along a tapered
strip of low adhesion, showing telephone cord morphology at wider sections, and Euler
shape in narrow parts . (c) and (d) schematics of various buckling phenomena that occur
along strips clamped aty = � b. Adapted from [103].

2.36. This leads to a `complex' modal propagation constant:

kz =
q

k2
0 � k2

y = � C = � m � j
� m

2
; (2.42)

where � m is the `modal intensity attenuation coe�cient' which is associated with non-unity

re
ecting mirrors. In a slab structure, the attenuation factor can be estimated using a

Ray-optics model [102]:

� m �
� ln (RT RB )
2de� tan � m

; (2.43)

where RT and RB are re
ectance of the top and the bottom mirrors, respectively, andde�

is the e�ective thickness of the waveguide, accounting for the penetration depth into both

mirrors.

2.6 Buckling delamination of thin �lms

Since this research work is devoted solely to devices fabricated bya buckling self-assembly

process, knowledge about the theory of buckling delamination could provide useful context.

Buckling delamination is a phenomenon in which a deposited thin �lm delaminates from its

substrate due to its biaxial compressive stress. Buckling delamination is traditionally viewed

as a failure mechanism in compressed �lms [103]. However, by intentionally patterning

regions of low adhesion between the �lm and substrate, interesting optical and MEMS-like

devices can be fabricated [16,82,83,104].
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Figure 2.10: Microscope image of (a) array of cascaded dual-taper cavities with length 100
µm, (b) a dual-taper cavity with length 50 µm, and (c) array of buckled-dome microcavities
with diameter 50 µm. (d) SEM image of a cleaved buckled waveguide facet.

The morphology of a buckled feature depends on several factors, such as �lm thickness

and stress, and the pattern of the low-adhesion areas. In strip patterns, once delamination

is nucleated, it propagates along the strip if the width of the strip (2b) is greater than a crit-

ical width (2 b0) which is described further below. This delamination primarily propagates

through the �lm in two di�erent shapes; (i) straight-sided buckle s (known as `Euler' buck-

les) and (ii) `telephone cord' buckles, the latter of which is more prevalent (see Figs.2.9).

Nonetheless, by controlling the aforementioned parameters, design of low-adhesion areas

gives rise to the formation of hollow waveguides on chips (see Fig.2.10(a) and 2.10(b)) [83].

In contrast, placing circular low-adhesion patterns under the �lm which is subject to de-

lamination can result in dome-shaped cavity formation (see Fig.2.10(c)) [15,16,82].

2.6.1 Thin strips

To model the behavior of buckling of a �lm under equi-biaxial compressive stress and to

�nd the corresponding critical stress (� c), and buckling amplitude (�), it is assumed that

the �lm is fully clamped along its edge (see Fig. 2.9(c) and 2.9(d)). This assumption is

valid only if the Young's modulus of the substrate is greater than one �fth of that of the

buckled plate [103].

Buckling delamination can occur along a narrow strip provided the stress of the �lm is
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greater than the critical stress which is given by [103]:

� c =
� 2

12
E

1 � � 2

�
h
b

� 2

; (2.44)

where E is the Young's modulus, � is the Poisson's ratio of the �lm, and h is the �lm

thickness. As such, the normal displacement of the buckled featureis given by [103]:

� =
�h
2

�
1 + cos

� �y
b

��
; (2.45)

where � is a dimensionless factor determined by the ratio of the initial pre-buckled �lm

stress (� ) to the critical stress and is expressed [103]:

� �
�

� max

h

�
=

s
4
3

�
�
� c

� 1
�

: (2.46)

In this report, the peak height of the buckled waveguides and microcavities are shown as� ;

thus, Eq. 2.46 can be re-written as follows:

� = � max = h

s
4
3

�
�
� c

� 1
�

: (2.47)

It is straightforward to �nd the minimum half-width a0 associated with the onset of

buckling for a given �lm stress of � . Substituting � c = � into Eq. 2.44 gives:

a0 =
�h

2
p

3

s
E

(1 � � 2)�
: (2.48)

As a result
�
� c

=
�

b
b0

� 2

: (2.49)

This implies that the ratio of �=� c is proportional to the ratio of the strip width over the

minimum width.

In the context of straight-sided buckling delamination, it is useful to estimate the energy

release rate while delamination is propagating along a thin strip. Consider an in�nitely long

low-adhesion thin strip which is subject to equi-biaxial compressive stress, and clamped

along its edges. Now, assume that the delamination has been nucleated at oneend of the

strip and propagated long enough (with Euler mode) such that the length ofthe buckled

section is several times the strip width, satisfying the steady-state condition for energy

release per unit area. In this case the average energy release rate�G is estimated by [103]

�G = U0 � �U; (2.50)
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where U0 is the energy release per unit area in the unbuckled regions and is given by [103]

U0 =
(1 � � )� 2h

E
; (2.51)

while �U is the average energy per unit area in the buckled regions and is given by [103]

�U = U0

�
1 +

�
1 + �

2

� �
1 �

� c

�

� 2
�

: (2.52)

Thus, Eq. 2.50 can be written as

�G = G0

�
1 �

� c

�

� 2
; (2.53)

where G0 is the stored energy per area which is subject to release once a �lm buckles, and

can be expressed

G0 =
1 + �

2
U0 =

(1 � � 2)� 2h
2E

: (2.54)

It is worth noting that, Eq. 2.53 for the Euler mode is valid for �=� c < 6:5 or b=b0 <

2:5 [103]. Beyond that, delamination buckle transfers to varicose or more commonly to

telephone cord modes (see Fig.2.9).

Another important parameter for thin �lm buckling is the `toughness' ( � t ) of the in-

terface between the compressively stressed plate and the low-adhesion layer, indicating the

`practical work of adhesion'. Propagation along a straight-sided strip continues if �G > � t .

The interface toughness is given by [105]:

� t � WA + Uf + Us + Ufric ; (2.55)

where Uf and Us are the energy release due to plastic deformation of the �lm and the

substrate, respectively,Ufric is the energy release due to friction, andWA is called `the true

work of adhesion' which is the amount of energy required to separate two bonded surfaces

and is given by [105]:

WA = 
 f + 
 s � 
 fs; (2.56)

where 
 f and 
 s are the surface energy of the �lm and the substrate, respectively, and 
 fs is

the energy of the interface of the �lm and the substrate.
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2.6.2 Circular patterns

For the case of a circular plate with clamped boundary conditions, the critical stress is given

by [106]

� c = 1 :2235
E

1 � � 2

�
h
a

� 2

; (2.57)

wherea is the radius of circular buckle. The pro�le of a circular buckled �l m is well approx-

imated as a shallow spherical shell. Nonetheless, the practical shapeis mainly determined

by elastic buckling mechanics which can be impacted by other factorssuch as plastic defor-

mation and relaxation of compressive stress over time. Assuming purely elastic deformation

and perfectly clamped boundary conditions, the buckling pro�le for a circular delamination

buckle is given by [106]:

�( r ) � � [0:2871 + 0:7129J0(�r )]; (2.58)

where � is the vertical de
ection, r is the radial coordinate (normalized to a), � is the peak

height of the buckle, J0 is the Bessel function of �rst kind and order zero, and� = 3 :8317

is the �rst zero of the Bessel function of the �rst kind and order one.

The energy release rate is given by [106]

G
G0

= c2

�
1 �

� � c

�

� 2
�
; (2.59)

wherec2 = 1 + 0 :902(1� � ) and G0 is the stored energy per unit area in the unbuckled �lm

which is subject to release under plane strain conditions, given by[106]

G0 = (1 � � )h� 2=E: (2.60)

It should be noted that, circular buckling also occurs if the energyrelease rate exceeds

the interface toughness,i.e., G > � t .

2.7 Fabrication

This section describes the general procedures used to fabricate devices by buckling self-

assembly, including straight and axially varying waveguides and dome-shaped microcavities.

The fabrication process is divided primarily into three phases: (i) deposition of Bragg

mirrors, (ii) patterning and deposition of low-adhesion layers (LALs), and (iii) inducing loss
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of adhesion in LALs. The fabrication steps are depicted in Fig.2.11 and described below.

Note that speci�c data such as �lm stresses and refractive indices aresubject to change

from time to time due to the change in targets, variations in the conditions of a multi-user

sputtering chamber, and many other uncontrolled factors. Therefore,information given in

these respects are associated with the devices presented in Chapters 3 and 6, which were

made around the same time with minimal variations between �lm characteristics.

Substrate

Substrate

Substrate

Substrate

Deposition of bottom mirror Deposition of LAL

Deposition of top mirrorHeating to induce buckling

Figure 2.11: Schematic diagram of fabrication steps pertaining to controlled formation of
delamination buckles.

To begin with, a 5-period a-Si/SiO2 multilayer (starting with SiO 2) was deposited onto

a piranha cleaned silicon wafer via reactive magnetron sputtering. Forthe case of buck-

led domes, a double-side-polished silicon wafer was chosen to facilitate optical detection in

transmission scans. In all depositions, the process chamber was pumped down over night

to a base pressure of< 10� 6 Torr, substrate temperatures were set to 150� C, and Ar 
ow

rate was �xed at 50 SCCM. Identical targets of 99.999 % pure n-type Si were used for both

a-Si and SiO2 depositions. Other deposition parameters are summarized in Table2.1. For

the case of buckled-dome microcavities, slightly lower power wasused for SiO2 depositions,

aiming to attain lower-loss layers. Variable-angle spectroscopic ellipsometry (VASE) veri-

�ed that these parameters resulted in �lms with refractive index of � 3:7 and � 1:46, and

extinction coe�cient of < 8 � 10� 4 and < 1 � 10� 5 for a-Si and SiO2, respectively, at 1550

nm wavelength. Bragg mirror layers were designed to be quarter-wave layers centered at

1550 nm. Figure2.12 shows the re
ectance characteristics of a 5-period sputter-deposited
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Table 2.2: Parameters related to `Alcatel AMS110' used for FC �lms deposition.
Pressure
(mTorr)

C4F8


ow rate
(SCCM)

Chuck tem-
perature
( � C)

Chuck
bias
(W)

Chuck
position
(mm)

Coil
power
(W)

5 60 10 0 120 600

5.5-period a-Si/SiO2 Bragg mirror (starting with a-Si) was deposited. The total thickness

of the upper mirror were estimated to be � 2µm. Later on, the stress of the deposited

mirror was measured by `Flexus Wafer Stress Measurement System',indicating an e�ective

compressive stress of� � 240 MPa.

In the last step, the wafer was diced/cleaved into smaller pieces (typically a quarter

wafer), and mounted on top of a hotplate set at� 100� C. Then, the temperature was ramped

up rapidly to � 400� C. This leads to loss of adhesion in 
uorocarbon layers, inducing the

formation of buckled features. Examples of some buckled structures are depicted in Fig.

2.10. Heights of the features is proportional to the widths of LAL. More details about the

shape of structures will be provided in subsequent chapters.
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Chapter 3

Small-mode-volume,
channel-connected Fabry-Perot
microcavities on a chip 1

A monolithic thin-�lm buckling process was used to fabricate arrays of high-�nesse curved-

mirror Fabry-Perot cavities on a silicon chip, with areal density � 104 per square centimeter.

The microcavities exhibit high yield, good uniformity, and nearly re
ectance-limited �nesse

� 2 � 103. The cavity shape matches the predictions of elastic buckling theory, with max-

imum curvature at the center where the fundamental mode resides.We describe cavities

with mode volume < 1:5� 3 for the fundamental spatial resonance. We also describe cav-

ities connected to air-core channels. Preliminary light-couplingresults suggest that these

structures have potential to enable the side-coupling of gases, liquids, and pump, probe or

trapping beams.

3.1 Introduction

Cavity quantum electrodynamics (CQED) - the study of atomic emitt ers interacting with

optical resonators - is amongst the most promising approaches for quantum information

technologies [61]. Many important building blocks ( e.g., single-photon sources and logic

gates) can be implemented using CQED systems operating in either the strong-coupling

regime, with coherent exchange of quanta between a light emitter and acavity �eld, or

in the weak-coupling regime, but with a high Purcell factor so that photon emission is

deterministic and controllable [4]. For both the strong-coupling and high Purcell-factor

regimes, the key ingredients are a highQ factor, to minimize spurious photon loss, and a low
1This chapter has been submitted for publication.
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mode volume (VM ), to maximize the atom-photon coupling rate [60]. Low VM is particularly

important for the Purcell enhancement of solid-state emitters, where the relatively broad

emission linewidth typically limits the e�ective Q factor [46, 68]. Also important are an

ability to locate emitters within the cavity mode �eld and a conve nient method to tune the

cavity into resonance with the atomic transition of interest.

These requirements have motivated diverse research on the fabrication of `open access',

micro-scale, curved-mirror Fabry-Perot cavities (FPCs) [13,14,70{ 72,110,111]. For the most

part, this work has employed micro-machining processes such as CO2 laser ablation [13,14],

isotropic plasma etching [71,72], or focused ion beam (FIB) milling [111] to form atomically

smooth curved surfaces with e�ective radii of curvature (RoC) in the � 10-1000µm range.

Aside from being relatively expensive and time-consuming (especially for the serial FIB

and CO2-laser approaches), these techniques have other drawbacks. For example, laser-

ablated mirrors have morphology (in particular, the relationship between feature depth

and RoC) that is determined primarily by the Gaussian intensity pro� le of the laser beam

[12], although recent work [80] has employed pre- or post-processing steps to mitigate this.

Furthermore, the ablated surfaces are often elliptical, which can result in polarization mode

splitting [ 110], and aspherical, which can lead to loss from coupling between transverse

modes [78].

For all of these approaches, perhaps the most signi�cant drawback is that they require

serial processing steps and a non-monolithic cavity construction.It is challenging to deposit

high-re
ectance coatings onto small-RoC curved surfaces, since the thin �lms can be subject

to thickness variations [70] and cracking [111]. Moreover, to construct the cavity, two mirrors

(e.g., on separate substrates or �ber end-facets) must be subsequently aligned and held

with extreme precision, which can create challenges with respectto cavity stabilization and

noise [14, 72]. Also, implementing a mirror spacing on the order of 1µm or less, required

for operation in a low VM regime, while retaining open access (for atoms,etc.) to the

cavity, is non-trivial to say the least. In short, tradeo�s between mirror curvature, mirror

diameter (which impacts di�raction losses), and minimum cavity spacing are inherent to

hybrid assembly approaches [46,68,80].

We have previously described half-symmetric cavities fabricated by guiding the forma-
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tion of delamination buckles within a thin-�lm mirror stack [ 15,16,82]. This is a uniquely

monolithic approach, involving only thin �lm deposition and patterning on a single wafer,

and it results in arrays of self-aligned FPCs that support stable modes, and for which

re
ectance-limited �nesse has been demonstrated [82]. However, the process presents chal-

lenges with respect to providing `open-access' to the mode �eldvolume, since the buckled

dome cavities are inherently closed features.

Here, we report for the �rst time buckled dome cavities operating in the fundamental

(longitudinal) mode regime, with thermally tunable cavity resonances exhibiting Q > 103

and mode volume as small as� 1:3 � 3 at 1550 nm wavelength. High-density arrays of these

cavities show good uniformity, especially given the experimental nature of the process. We

also describe cavities intersected by hollow waveguide channels; these cavities retain excel-

lent optical properties while enabling side-access to the cavityvolume for the introduction

of gases, liquids or pump/probe beams.

3.2 Fabrication and cavity morphology

The fabrication process has been described elsewhere [82,83]; only a few essential details are

summarized here. The process started with the sputtering deposition of a 5-period SiO2/Si-

based quarter-wave-stack (QWS) mirror, nominally centered at 1550 nm wavelength, onto

a double-side-polished silicon wafer. Next, a 
uorocarbon low-adhesion layer with thick-

ness� 25 nm was deposited and patterned using a lifto� technique. These features de�ne

the regions of subsequent delamination and buckle formation within themultilayer stack;

straight-sided strips become hollow waveguides [83] and circular features become Fabry-

Perot `dome' microcavities [15, 16, 82]. After patterning of the 
uorocarbon layer, a 5.5

period QWS mirror was deposited with a tailored amount (� 250 MPa here) of compressive

stress [83]. Finally, hollow cavities were formed by heating the sample to drive buckling

delamination between the lower and upper QWS mirrors, over the regions de�ned by the

patterned 
uorocarbon layer.

The primary goals of the present study were two-fold: �rst, we aimed to fabricate dome

cavities operating in a fundamental (longitudinal and transverse) optical mode regime, and

second, we aimed to further optimize the fabrication of channel-connected domes [16]. Fig-
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ure 3.1 shows images of representative features that were fabricated in parallel on a single

wafer. A portion of an array of dome microcavities, each having nominal base diameter

of 50 µm (i.e., the diameter of the circular 
uorocarbon feature), is shown in Fig. 3.1(a).

For domes of this size, the buckling process produced a peak height(i.e., peak mirror spac-

ing) on the order of 750 nm, or roughly half the design center wavelength of the QWS

mirrors, making them well-suited for studies of fundamental resonant modes. From optical

pro�lometer (ZYGO 2) scans of � 100 cavities, the average peak height was estimated as

� 710 nm, with standard deviation � 60 nm. A similar 50-µm-base-diameter dome, but sym-

metrically intersected by 4 waveguide channels, is shown in Fig.3.1(b). For these domes,

the modi�ed boundary conditions resulted in a larger peak height on theorder of � 1µm.

Since this height produces resonances which lay outside the range ofour tunable laser, op-

tical studies were conducted on larger (100µm base diameter) channel-connected domes, as

discussed below. The larger domes were also connected to wider (andthus taller) channels,

enabling the side-coupling of light into the cavities.

As discussed elsewhere [82], the buckled domes form half-symmetric FPCs with optical

properties that are well predicted by paraxial Gaussian beam optics. The half-symmetric

cavity design is commonly employed for hybrid-assembled FPC microcavities [12{ 14, 46,

68, 70{ 72, 78, 80, 110, 111], because it simpli�es transverse alignment, allows emitters such

as quantum dots to be embedded within the 
at mirror, and can also result in improved

coupling e�ciency to �ber modes [ 112]. The shape of the curved mirror is, of course, highly

dependent on the fabrication process, ranging from hemispherical [70,110] to Gaussian [12].

For Gaussian-like surface pro�les, the absence of sharp corners at the edges is bene�cial

for subsequent deposition of thin �lm mirrors [111]. However, deviations from a spherical

shape can result in undesirable mode coupling e�ects [78].

As shown in Fig. 3.1(c), and consistent with our previous results for larger domes [15], we

found that the pro�le is well approximated by the predictions of elast ic buckling theory. For

2ZYGO is a noncontact pro�lometer based on white-light interfero metry. White light from a lamp is
divided into two beams, one of which is re
ected o� an internal h igh-quality mirror while the other is
re
ected o� the sample. The re
ected light beams are subsequent ly re-combined and detected by a solid-
state camera. The surface of the sample is determined by the fringesresulted from the interference of the
two beams. The device is able to measure depths up to 150µm with 0 :1 nm resolution and 0:4 nm RMS
repeatability. Lateral measurements are performed based on the pixel size from the �eld of view of the used
objective lens.
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minimum RoC at its peak, given by:

� 0 � RoC(0) =
2

0:7129:�
:
�

a
�

� 2

(3.1)

For example, for the cavity pro�le in Fig. 3.1(c), with peak height � = 780 nm and (e�ective)

base radiusa = 28 µm, � 0 � 190µm is predicted, in very good agreement with the numerical

circle �t to the top region of the buckle.

As mentioned, minimizing mode volume is crucially important for most CQED applica-

tions. Nearly all of the half-symmetric microcavities from the literature (e.g., [12{ 16,46,68,

71,72,78,80,82,111]) can be well-described using paraxial Gaussian beam approximations.

Moreover, most of them satisfy the conditionL � � , where L is the e�ective cavity length

(i.e., the sum of mirror spacing and mirror penetration depths) and� is the e�ective RoC of

the curved mirror. Under these conditions, which are well satis�edfor the cavities studied

here, the minimum beam waist radius for the fundamental mode lies at the 
at mirror and

is given by w0 � (�=� )1=2(L:� )1=4 [12]. Furthermore, the fundamental mode volume follows

as:

VM � (�= 4)w2
0L � (�= 4)L 3=2� 1=2: (3.2)

Small VM is often pursued through the minimization of � [46, 70, 80]. However, as

mentioned above, the use of very small RoC mirrors presents fabrication challenges. Fur-

thermore, in practice there is a need to ensure a reasonably large aperture for the curved

mirror, in order to minimize di�raction losses. For example, a hemispherical cavity [70]

with L � � represents a marginally stable limiting case, which requires highNA optics

for e�cient coupling. Moreover, since typically � � �= 2, these cavities generally operate

at a higher mode order. Indeed, for any cavity that employs a micron-scale RoC mirror,

it is challenging to operate in a fundamental longitudinal mode order while retaining an

acceptable mirror aperture [46].

Interestingly, Eq. 3.2 shows that VM is actually more sensitive to L than it is to � .

Thus, it is preferable for the FPC to operate in the fundamental longitudinal mode order

and with minimal mirror penetration [ 68] (i.e., with L � �= 2), even if this requires the

use of a slightly larger value for � . Larger � also favors mode stability and enables lower

di�raction losses. For the buckled cavities, it might be possible to reduce� further while
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(see below).

Figure 3.2(c) shows the cross-sectional intensity pro�le for the fundamental mode, ex-

tracted from the camera image and �t to a Gaussian curve with waist w0 � 2:5 µm. From

the paraxial approximations above, and assuming� � � 0, the predicted fundamental mode

radius is w0 � 2:6 µm. For this calculation, the e�ective cavity length was estimated as

L � 0:95 µm, including a phase penetration depth of� 85 nm into each mirror [113]. Note

that it is actually the so-called energy penetration depth [92] that is relevant here, but it

becomes equivalent to the phase penetration depth for mirrors with near-unity re
ectance.

Also note that the commonly used expression cited in our previous work [7] signi�cantly

overestimates the penetration depth for the Si-terminated mirrors (see [113] for further in-

sight). Using the mentioned values for� and L , Eq. 3.2 predicts that VM � 1:3� 3 at 1600

nm wavelength.

For further veri�cation of the results, the experimental cavity p ro�le from the ZYGO

pro�lometer was imported into COMSOL. Figure 3.2(d) shows the simulated mode �eld

intensity for the fundamental spatial resonance. From this simulation, w0 � 2:55 µm and

VM � 1:25� 3 were extracted, in good agreement with the paraxial approximations and

the experimental results. Slight discrepancies can be attributed to the approximate nature

of the Gaussian beam formulae for such small cavities [110], and also to the approximate

nature of the formula used to estimate mirror penetration depth [113]. It is worth noting

that the high index-contrast of the Si/SiO 2 system is a key reason for the smallerVM here

compared to FPCs constructed from smaller RoC, lower-contrast mirrors [111].

As with our earlier work [82], it was straightforward to isolate individual LG modes

by adjusting the laser wavelength. Figure 3.3(a) shows a typical transmission scan over

the entire wavelength range for the tunable laser. The observed LG spatial mode pro�les

associated with the �rst four transverse modes are included, revealing some deviation from

cylindrical symmetry. Nevertheless, from transmission scans of many similar cavities, very

little polarization-mode splitting was observed. In the paraxial approximation, and assum-

ing a spherical mirror, the wavelength spacing between adjacent transverse modes is given

by � � T � � 3=(2� 2w2
0), or � � T � 25 nm for the parameters above based on� � � 0. The

experimental value is closer to� 22 nm, which can be attributed to the fact that the higher-
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(a)

(b)
(c)

Figure 3.3: (a) Transmission scan for a 50µm-base-diameter cavity, showing a fundamental
resonance at� 1607 nm. The insets show camera images captured at the adjacent trans-
verse resonance wavelengths. (b) Fundamental resonance line-shapefor a similar cavity is
plotted at various temperatures as indicated by the legend. (c) The fundamental resonance
wavelength versus temperature for the cavity from part b.

order modes occupy a larger portion of the cavity and are thus subject to a higher e�ective

RoC (see Fig. 3.1(d)).

To verify the thermal tuning characteristics of the cavities [15,16], we mounted chips on

a thermo-electric cooler. The fundamental line-shape for a particular cavity is plotted at

various temperatures in Fig. 3.3(b), and the center resonant wavelength is plotted versus

temperature in Fig. 3.3(c), revealing a linear relationship with slope � 0:5 nm K� 1. In

future work, it might be interesting to explore the integration of he ating electrodes, to

enable tuning of individual microcavities. While the scatter in buckle heights described

above (� 50 nm) implies a need for large-range temperature tuning, it is expected that a

more tightly controlled fabrication process would enable arrays of domeswith much less

variation in height.

Also labeled on Fig. 3.3(b) is the linewidth of the fundamental resonance (� 0:9 nm),

corresponding to Q � 1700 for the case shown. From measurements on many cavities of

the same size, an averageQ � 1800 was estimated for the fundamental resonance, which
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(a) (b)

(c)

(d)

Figure 3.4: (a) Microscope image of a channel-connected dome. The dome has nominal base
diameter of 100µm and the channels are 40µm wide. (b) Transmission scan for a cavity
similar to that shown in part a. (c) Mode-�eld intensity image for the �rst-order transverse
mode at � 1617 nm. The perimeter of the buckled pattern is indicated by the white dashed
lines. Interference fringes surrounding the mode are due to a white light source used to
illuminate the chip for imaging purposes. (d) Image showing the side-coupling of white
light into the dome cavity from a cleaved facet at the left side of theimage.

also corresponds to the average �nesse. This is similar to the re
ectance-limited �nesse we

reported previously [82] for cavities constructed from similar mirrors.

3.4 Channel-connected cavities - optical properties

As discussed above, one of the compelling attributes of FPCs is theirpotential to provide

open access to the high �eld regions of the cavity mode. This can enablèside-coupling'

of atomic emitters and laser beams (for control and trapping,etc.) [63]. We previously

explored FIB milling of holes through the buckled upper mirror [16] as a means to provide

open access to the inherently closed buckled dome microcavities. An alternative approach

is to pattern the 
uorocarbon `release' layer so as to create straight-sided buckle features

intersecting with circular dome microcavities (see Fig. 3.1(b)). The straight-sided buckle

can potentially act as a micro
uidic channel, and as a low-loss waveguidewithin wavelength

ranges determined by the buckle height and the properties of the thin �lm mirrors [ 83].

Access to these channels is easily obtained by appropriate dicing of the wafer to create open

waveguide facets.

A representative microscope image of a channel-connected dome is shown in Fig. 3.4(a).

55



The central cavity has a base diameter of 100µm and the four intersecting channels have

width of 40 µm. This geometry led to an average peak buckled dome height of� 3:2µm,

suitable for observing 4th-order longitudinal modes in the wavelength range of interest.

From optical pro�lometer scans of many similar domes (see for example Fig.3.1(b)), it was

observed that the central portion of the channel-connected dome retains good cylindrical

symmetry and a nearly spherical shape. Optical transmission measurements also support

this conclusion. For example, Fig. 3.4(b) shows a wide-range scan of a cavity similar to

that depicted in Fig. 3.4(a). While the fundamental resonance lies outside the range of

the tunable laser, eight higher-order transverse resonances are displayed. The resonance at

� 1617 nm is the �rst-order (LG01) mode, as veri�ed by the camera image in Fig. 3.4(c),

and exhibits Q � 4 � 103. The transverse modes are equally spaced with �� T � 12 nm,

indicating an e�ective RoC on the order of 250 µm. The regular spacing of the transverse

modes supports the observation that the central portion of the channel-connected dome

is approximately spherical, although some polarization mode splitting is evident in the

higher-order line-shapes below� 1580 nm.

For the wafers studied here, the choice of thin �lm stress was dictated primarily by

the desire to optimize the domes described in Section3.3. As a result, the straight-sided

delamination buckles, with widths in the 20-40µm range, exhibited peak heights of� 500 nm

or less. Note that the Si/SiO2-based mirrors provide a wide stop-band, with potential to

guide TE-polarized light over the � 1100-1700 nm wavelength range [83]. Unfortunately,

air-guiding of light in this range requires core heights signi�cantly greater than 500 nm.

To facilitate a preliminary demonstration of the side-coupling of light, we diced chips so

that the distance between the facet and the dome cavity was on the orderof only � 0:5 mm.

For such short channel lengths, it was possible to couple shorter-wavelength light into the

dome via the air channel. For example, Fig. 3.4(d) shows light from a supercontinuum

source (NKT superK compact) transmitted through a short section of channel and into a

dome. Most of the light captured by the camera is subject to considerable loss in the channel,

since it lies outside the stop-band of the cladding mirrors, and also because the amorphous

silicon cladding layers are strongly absorbing below� 900 nm. Nevertheless, light guidance

along the channel and into the dome is evident, suggesting that the side-coupling of control
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and trapping beams should be feasible (i.e., with further re�nement of the buckling process

to provide a more favorable combination of cavity and channel heights). It is also worth

noting that thin �lm mirrors provide considerable 
exibility for c ustomizing the spectral

response of hollow waveguides [114]. For materials with extended transparency bands [16],

it might be possible to design mirrors that enable cavity modes at certain wavelengths

while simultaneously enabling waveguide propagation at shorter wavelengths. There is also

potential to exploit recently demonstrated in-plane waveguide re
ectors [104], for example

to create standing-wave-based trapping beams [115].

3.5 Discussion and conclusions

For many emerging CQED applications, a key �gure of merit is the single-atom cooperativ-

ity, C = g2=2�
 , where g is the atom-cavity coupling rate (i.e., g = 
 R=2, where 
 R is the

single-photon Rabi frequency),� is the cavity decay rate, and 
 is the non-resonant decay

rate of the atomic dipole transition [4,60,61]. In keeping with the conventions in Ref. [60],

� and 
 are de�ned as the half-widths of their corresponding spectral line-shapes. In most

cases, the cavity modes of interest occupy only a small fraction of solid angular space, so

that 
 � � 21=2, where � 21 = 1=�21 and � 21 is the free-space spontaneous emission lifetime

of the atomic transition. Assume a two-level atom placed at the location of maximum �eld,

with its dipole axis aligned to the cavity �eld, and with its transit ion in resonance with a

cavity mode. Under these conditions,C = FP=2 [60], where FP is the well-known Purcell

factor:

FP �

 C

� 21=2
=

3
4� 2

�
Q

VM =� 3

�
; (3.3)

and 
 C is the rate of photon emission into the cavity mode. Furthermore, the fraction of

photons emitted into the cavity mode is given by � = FP=(FP + 1), and can approach unity

for high FP . It is important to note that Eq. 3.3 assumes that the emitter linewidth is

signi�cantly smaller than the cavity linewidth [ 46,68]; otherwise Q must be replaced by an

e�ective value that incorporates both the emitter and cavity lifeti mes.

For the cavities discussed in Section3.3, with VM � 1:3� 3 and Q � 1800, it follows

that FP � 100. This high Purcell factor is in large part attributable to the small mod e

volume achieved. The cavity linewidth is on the order of 1 nm, so thatthe enhancement
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is not restricted to extremely narrow-band emitters. As discussed, the small mode volume

is partly attributable to the small mirror penetration depth for the h igh-index-contrast

Si/SiO2-based mirrors employed. These mirrors are well-suited to Purcell enhancement

of 1550-nm-range emitters such as Er-doped SiO2 or PbS quantum dots. It might also

be interesting to explore the use of these mirrors at shorter wavelengths, for the Purcell

enhancement of broad-band solid-state emitters [46,68]. In those applications, lower cavity

Q (due to higher material loss) can be tolerated, but lowVM is critical. It is worthwhile

noting that, the assumption of 
 to be half of the free space spontaneous emission is probably

an over-estimation. Given the omni-directional re
ectance of the mirrors encapsulating the

emitter, 
 is expected to be smaller than �21=2 which would lead to Purcell enhancement

greater than estimated above. However, a more accurate estimation for
 requires rigorous

analytical and numerical treatments [116], which is left for future work.

Finally, we note that the buckling self-assembly process o�ers signi�cant scope for fur-

ther optimization of the channel-connected cavities. Proper designof the mirrors and the

delamination patterns should enable highQ cavities to be interconnected by low-loss chan-

nel waveguides. Furthermore, the hollow channels have potential to act as conduits for


uids or even possibly gas-phase media, opening the possibility of CQED studies in future

work.
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Chapter 4

Thermomechanical
characterization of on-chip buckled
dome Fabry-Perot microcavities 1

We report on the thermomechanical and thermal tuning properties of curved-mirror Fabry-

Perot resonators, fabricated by the guided assembly of circular delamination buckles within

a multilayer a-Si/SiO 2 stack. Analytical models for temperature dependence, e�ective

spring constants, and mechanical mode frequencies are described and shown to be in

good agreement with experimental results. The cavities exhibitmode volumes as small

as � 10� 3, re
ectance-limited �nesse � 3 � 103, and mechanical resonance frequencies in the

MHz range. Monolithic cavity arrays of this type might be of interest for applications in

sensing, cavity quantum electrodynamics, and optomechanics.

4.1 Introduction

On-chip, high-�nesse Fabry-Perot (FP) cavity arrays are of interest for lab-on-a-chip [31]

and optomechanical [117] sensing systems. Compelling applications can also be found in

the �eld of cavity quantum electrodynamics (CQED), where a major topic is the strong

coupling between atoms and photons in an optical resonant cavity [4]. Optical cavities

could potentially be the nodes within a \quantum Internet" [ 62,63], with information carried

by single photons whose quantum state is manipulated at the nodes by interactions with

atoms [118,119].

Although there are alternatives [4], the FP cavity is the prototypical structure for CQED

[62,63,118,119]. To facilitate strong coupling ( i.e., coherent interactions) between light and

1This chapter was published in JOSA B, vol. 32, no. 6, pp. 1214-1220, 2015.
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matter, the cavity should satisfy several key requirements [11{ 13, 63, 72]: (1) it should

provide access to an air (or vacuum) core, so that atoms can be placed and trapped in

the region of high photon density, (2) it should have high �nesse (F ) and quality factor

(Q), so that the decay rate of the cavity mode is small, (3) it should have a small optical

mode waist and volume, so that the atom-photon energy exchange rate is high,and (4)

it should be tunable so that the cavity can be brought into resonance with the atomic

emitter. In addition, cavities should be su�ciently robust to su rvive and operate at low

temperatures and in a vacuum, and (where applicable) should exhibithigh mechanical

resonance frequencies [72]. It is anticipated that a quantum network will require arrays of

tunable microcavities on a single chip [63,72,120].

Macroscopic curved mirror cavities with F > 105, but relatively large mode volume,

were reported more than 10 years ago [7]. Micro-machining techniques such as CO2 laser

ablation [12], focused-ion-beam (FIB) milling [11], and dry etching [71] have been studied

in an e�ort to reduce size and enhance scalability. Often, one or both mirrors are formed

on the end of an optical �ber [12], which provides a convenient means for light coupling.

F � 105 and mode volumes as small as� 40µm3 have been achieved [13]. However, serial

manufacturing approaches inhibit scalability, and fully monolithic i ntegration strategies

remain elusive [14,121]. E�orts toward the construction of high-�nesse Fabry-Perot cavity

arrays on a chip [11,121], particularly with individually tunable cavities [ 72], are at an early

stage.

In a recent paper [82], we described curved-mirror, FP microcavities fabricated using

a MEMS-like, thin �lm buckling technique. With this approach, t he roughness of the

mirror surfaces is determined mainly by deposition processes, rather than by a micro-

machining process. Moreover, owing to their stress-driven self-assembly, the cavities exhibit

an uncommon degree of morphological and optical predictability, including re
ectance-

limited �nesse and textbook manifestations of Laguerre-Gaussian and Hermite-Gaussian

modes. The technique enables straightforward fabrication of on-chip arrays, and the cavity

size can be varied (within limits) through lithographic feature contr ol. As shown below, a

fundamental mode volume as small as� 10� 3 has been realized. Since the buckled mirror

is essentially a 
exible plate, the cavities can be mechanically tuned and have the potential
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(a) 
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2a 

2wo

Silicon Substrate 

K eff

Figure 4.1: (a) Microscope image showing two adjacent domes, one with 150µm diameter
and the other with 200µm diameter. (b) Schematic illustration of a buckled dome micro-
cavity in a cross section. The waist diameter of the fundamental optical mode (2w0) is
typically much less than the diameter of the dome base (2a). The upper buckled mirror is
a 
exible plate with quasi-clamped boundaries, and its movement issubject to an e�ective
spring constant K e� .

for use in the study of optomechanics [117].

Understanding the thermal and mechanical properties [122] of the buckled microcavi-

ties is a prerequisite for the applications mentioned above. In thefollowing, we describe

the thermal dependence of the cavity resonance, which can be attributed primarily to the

coupling between in-plane stress and out-of-plane de
ection of the buckled mirror. We

also describe the vibrational characteristics of the buckled mirrors, including mechanical

resonance frequencies and e�ective spring constants. Approximateanalytical theories are

shown to be in good agreement with experimental observations.

4.2 Morphology of the buckled cavities

The buckled microcavities are essentially half-symmetric Fabry-Perot resonators (see Fig.

4.1), and their fabrication and optical properties were described previously [82]. Within a

certain range of base diameters (2a), the pro�le of the buckled mirror is well approximated

as a spherical dome segment (i.e., a shallow spherical shell). However, the exact shape is
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Figure 4.2: (a) Experimental cross-sectional pro�le (blue solid line) for a typical 100µm
diameter cavity is compared to predictions based on a spherical dome assumption (green
dashed lines) and a clamped circular buckle assumption (red dotted line). For the dome
model, curves are shown for two di�erent radii of curvature, as explained in the main text.
(b) As in part (a), except for a typical 200 µm diameter cavity. (c) A plot of the peak
buckle height versus base radius is shown. The red curve is the prediction of the elastic
buckling model, assuming pre-buckling compressive stress of 180MPa and the e�ective
medium parameters shown in Table4.1. The blue symbols are average values measured for
cavities of varying base radius.

determined primarily by elastic buckling mechanics, in
uenced by secondary factors such as

plastic deformation and relaxation of compressive stress over time. Assuming purely elastic

deformation and perfectly clamped boundary conditions, the fundamental (axisymmetric)

buckling pro�le for a circular delamination buckle can be expressed[106] as

�( r ) � � [0:2871 + 0:7129J0(�r )]; (4.1)

where � is the vertical de
ection, r is the radial coordinate (normalized to a), � is the peak

height of the buckle (see Section4.3 below), J0 is the Bessel function of �rst kind and order

zero, and� = 3 :8317.

Figures 4.2(a) and 4.2(b) show the experimental cross-sectional pro�les of typical 100

and 200µm diameter cavities, compared to the shapes predicted for a dome and aclamped,

elastic buckle. The experimental pro�les were obtained using an optical pro�lometer (ZYGO

NewView 5000). The dome and buckle models were normalized to the experimentally deter-
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mined peak height in each case. For the dome model, curves are shown fortwo curvatures:

RT is the curvature estimated from a �t near the top of the buckled mirror [82], while RD

is the curvature for a dome that spans the same base diameter as the actual buckle. As

illustrated by the data shown, the pro�le of smaller cavities is closer to the predictions of

the elastic buckling theory while the pro�le of larger cavities is more dome-like. Generally

speaking, the experimental pro�les are intermediate with respectto the dome and buckle

models.

Deviation from elastic behavior is not unusual for thin �lm delamination buckles [123];

plastic deformation near the boundaries can occur, and the assumption of clamped bound-

aries is often too simplistic. Nevertheless, using the measuredpre-buckling compressive

stress for the multilayer mirrors (� � 180 MPa) in the elastic buckling model (see Eq.4.3

below), good agreement between predicted and measured peak buckleheights was veri�ed

(see Fig. 4.2(c)).

Given the complex shape of the cavities, an exact treatment of their mechanical prop-

erties would require numerical simulations. Here, we aim instead toestimate the main

parameters of interest (mechanical resonance frequencies, springconstants, etc.) by em-

ploying analytical approximations. This provides signi�cant insigh t, without obscuring the

essential physics. We invoke results from the literature on both shallow spherical shells (the

terms \shell" and \dome" are used interchangeably in the following) and buckled circular

plates. Encouragingly, predictions from both models are in good mutual agreement and

show good agreement with experimental observations.

In keeping with an approximate approach, we treat the buckled mirror asa single plate

characterized by e�ective medium parameters (see Table4.1). The mirror is a four-period

quarter-wave stack (QWS) with a half-wave amorphous Si (a-Si) capping layer, deposited

by magnetron sputtering [82]. It has a total thickness of h � 1:6µm and is � 37 % a-Si

and � 63 % SiO2 by volume. As is well known, thin �lms show signi�cant variation in th eir

thermal and elastic properties depending on deposition details. This is particularly the case

for Young's modulus and the coe�cient of thermal expansion (CTE), both of which play

central roles in the analyses below. For these quantities, we based the e�ective medium

parameters on values reported in the literature for similar a-Si (e.g., E � 80 GPa [123],
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� � 4:5 � 10� 6 K � 1 [124]) and SiO2 (e.g., E � 60 GPa, � � 3:1 � 10� 6 K � 1 [125]) thin

�lms. The other parameters in Table 4.1 were estimated from widely reported [126, 127]

values for SiO2 and amorphous or polycrystalline Si thin �lms.

4.3 Optical and thermal tuning properties

In a previous study [82], the optical properties of cavities with base diameters in the 200-

400µm range were reported. For the applications discussed above, cavities with even smaller

dimensions (and mode volumes) are desirable. Consider the 100µm diameter domes, which

have peak height� � 2:4µm and radius of curvature RT � 270µm. In the paraxial approx-

imation, the beam waist (radius) for the fundamental mode of the half-symmetric cavity

can be approximated as [12]:

w0 �

r
�
�

(L:R )1=4; (4.2)

whereL is the e�ective cavity length, R is the radius of curvature for the curved mirror, and

L � R was assumed. Here,L = � + 2dP , where dP is the phase penetration depth into the

dielectric mirrors [92]. For operation near the stop-band center wavelength (� � 1:55µm

here), L � � +( �= 2)f 1=(nH � nL )g [7], wherenH and nL are the refractive indices of the high

and low index layers2. Using nH = 3 :6 and nL = 1 :5 givesdP � 200 nm and L � 2:8µm.

Because of their high index contrast, the phase penetration depth is relatively small for

these mirrors. Using R = RT (since the mode is con�ned to the central portion of the

curved mirror), Eq. 4.2 then producesw0 � 3:7µm.

To experimentally assess the mode size, a tunable laser (Santec TSL-320) was coupled

to the cavity using a tapered lensed �ber (Oz Optics) with a nominal focal spot diameter

of � 10µm. The laser was tuned to the frequency of a fundamental resonance to isolate and

image the TEM00 mode of the cavity [82]. Figure 4.3(a) shows the mode �eld image captured

using an infrared camera, and Fig.4.3(b) shows a transverse intensity pro�le extracted from

such an image. From the 1=e2 intensity points, an experimental mode waist ofw0 � 4:5µm

was estimated. This is in good agreement with the prediction above, especially given the

limited pixel resolution of the camera images. For the standing-wave �eld associated with

2 It was discussed in Chapter 3 that given the high-contrast mul tilayer, ( �= 2)f 1=(nH � nL )g overestimates
the penetration depth for an a-Si/SiO 2 Bragg mirror.
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Figure 4.3: (a) Image of the fundamental mode for a 100µm diameter cavity is shown. The
white dotted line indicates the dome boundary. (b) A plot of the transverse intensity pro�le
for the fundamental mode from part (a) is shown. The 1=e2 mode waist radius is� 4:5µm.

the TEM 00 mode, the e�ective mode volume can be approximated asVM � (�= 4)w0
2L [12].

For the 100µm diameter cavity VM � 10� 3; similar wavelength-scaled values have been

reported for visible-band cavities [4,11{ 14].

The optical linewidth was studied using the tunable laser and a calibrated photodetector.

It is worth noting that laser power was set low (� 100µW) for all measurements described

here, to avoid signi�cant heating of the mirrors by laser absorption. At higher powers, we

observed clear signatures of photo-thermal bistability and hysteresis [128]. Figure 4.4(a)

shows a typical fundamental resonance line for a 100µm diameter cavity, with an input laser

power of � 3µW. The experimental linewidth ( � 0:16 nm) corresponds toQ � 9600 and

�nesse F � Q=m � 3200, wherem = 3 is the longitudinal mode order for the cavity. This

is in excellent agreement with the re
ectance-limited �nesse we reported for larger cavities

with the same mirrors [82].

A unique feature of buckled structures is that in-plane stress isdirectly coupled with

out-of-plane de
ection [127, 129, 130]. We have previously developed and experimentally

veri�ed a model for the thermal tuning of straight-sided (Euler) d elamination buckles [130],

where out-of-plane de
ection is driven by the di�erence in CTE between the buckled feature

and the substrate. For a clampedcircular plate, the critical buckling stress is given by [106]

� c = 1 :2235[E=(1 � � 2)](h=a)2, whereE is Young's modulus,� is Poisson's ratio, andh and

a are the thickness and radius of the plate. When compressive stress exceeds� c (within

limits), the plate buckles with an axisymmetric pro�le (see Eq. 4.1) and peak height:

� = h
�
1:96

�
�
� c

�
� 1

� 1=2

; (4.3)

65



1564 1565 1566 1567
0

0.2

0.4

0.6

0.8

1

Wavelength (nm)

O
ut

pu
t p

ow
er

 (
a.

u.
)

~0.16 nm

24 26 28
1565

1566

1567

1568

1569

1570

Temperature (oC)

W
a

ve
le

ng
th

 (
nm

)(a) (b)

Figure 4.4: (a) Experimental linewidth plots are shown for the fundamental resonance of a
100µm dome at 23:8 � C (circles) and 25� C (diamonds). (b) The plot shows the variation in
the fundamental resonance wavelength with temperature, revealinga red-shift � �= �� �
1 nm=K. Blue symbols are experimental data points and red line is a linear �t to the data.

where � is the biaxial compressive stress and� = 0 :2 was assumed. For a pre-existing

circular buckle, an analogous treatment to that found in [130] leads to an estimate of the

change in peak height with temperature:

� �
��

� 0:80(1 + � )
a2

�
� �; (4.4)

where � � is the di�erence in CTE between the buckled plate (i.e., the mirror) and the

silicon substrate (� Si � 2:5 � 10� 6) and � is the initial peak height. For example, using

� � � 1:1 � 10� 6, Eq. 4.4 predicts � �= �� � 1:1 nm=K for a = 50 µm and � = 2 :4µm.

Moreover, using � �= �� � (�=� )(� �= ��), it follows that � �= �� � 0:7 nm=K is predicted

for the 100µm diameter domes.

To corroborate this theory, samples were mounted on a thermo-electriccooler and

scanned at various temperatures using either the optical pro�lometerto determine height

changes or the tunable laser to determine changes in the spectrum. While the two types

of measurements were in good general agreement, the spectral scans were more consistent

and repeatable. As shown in Fig. 4.4(b) for a typical 100µm diameter cavity, a red-shift

of the resonant wavelength (� �= �� � 1 nm=K) was observed, in good agreement with the

theoretical prediction. Uncertainty in the CTE of the buckled mirr or is probably the main

source of residual discrepancy. Similar levels of agreement were found for the other cavity

sizes.
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Table 4.1: E�ective medium parameters assumed for the buckled mirrors
Thickness Density Young's modulus Poisson's ratio Thermal expansion c oe�cient

Symbol h (µm) � d (kgm� 3) E (GPa) � � (K � 1)
Value 1.6 2240 70 0.2 3:6 � 10� 6

The temperature dependence provides a convenient tuning mechanism, and integrated

heater electrodes might even be feasible. However, this dependence could also be detrimental

in some cases. For example, some CQED applications require resonance wavelength stability

on the order of 1 pm [72], implying the need for a rather challenging temperature stability

of � 0:001 K for the present cavities. This could be mitigated by matching the CTE of the

mirror and substrate [126] and using an alternative (e.g., electrostatic) tuning mechanism.

4.4 Mechanical and dynamic properties

To exploit the buckled microcavities as sensors or optomechanical elements, a basic under-

standing of their mechanical and dynamical properties is required. This can be accomplished

by employing a \thermomechanical calibration" technique [122], where the random motion

of a structure is extracted from the noise of a nominally steady-state signal. Here, the

steady-state signal is the cavity transmittance at �xed laser detuning [14], and measure-

ments of the noise on this signal yield the mechanical resonance frequencies! n for the upper

(deformable) mirror. Within the limits of a classic harmonic oscillat or model applied to each

mode, these frequencies are related to the e�ective spring constant and mass of the mirror

as ! n = ( K e� ;n =me� ;n )1=2. Furthermore, the mean-square amplitude of the 
uctuations in

mirror position (for a given mode) can be estimated by invoking the equipartition-of-energy

theorem [122,128]:


a2

n (t)
�

=
kB �

me� ;n ! 2
n

=
kB �
K e� ;n

; (4.5)

where kB is the Boltzmann constant and � is temperature. In the following, we de scribe

analytical approximations for the resonance frequencies and e�ectivespring constants of

the buckled mirror. These are corroborated by experimental results.

4.4.1 Vibrational resonance frequencies

As mentioned, the buckled mirror is analogous to a shallow spherical shell [129], so that

analytical treatments from the theories of shells and plates are useful. The natural vibra-
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tional frequencies of a thin, 
at, and clamped circular plate are well known [131], and can

be expressed as! P;n = 
 P;n (1=a2)(D=(� dh))1=2, where D = Eh3=(12(1 � � 2)) is the 
ex-

ural rigidity of the plate and tabulated values of 
 P;n are available (e.g., 
 P;1 = 10:216,


 P;2 = 21:261, and 
 P;3 = 34:877 [131]). Soedel [132] showed that the natural frequencies

for a shallow shell (i.e., a dome) can be estimated from those of the equivalent plate with

the same projected boundary dimensions:

! S;n =
q

! 2
P;n + E=(� dR2

S); (4.6)

whereRS is the shell radius of curvature. Consider for example the 200µm diameter domes,

and let RS � RT = 0 :57 mm, justi�ed by the excellent �t to the dome model in that case

(see Fig. 4.2(b)). Using the e�ective medium parameters from Table 4.1, these equations

predict f P;1 = 430 kHz and f S;1 = 1 :6 MHz. We found that Eq. 4.6 provides accurate

predictions of the lowest-order mechanical resonance frequency (especially for the larger

cavities, as evidenced below), but is less accurate for the higher-order modes. This might

be because the fundamental (axisymmetric) vibrational mode is most closely aligned with

the central, spherical portion of the buckle. Furthermore, the shell formula neglects residual

stress in the buckled plate [120].

An alternative approach is derived from the literature on the vibration of buckled struc-

tures [127, 133]. For a symmetrically buckled structure, the resonance frequency of the

lowest-order (i.e., symmetric) vibrational mode can be estimated as [134]

! B;1 = ! P;1:
p

2:
p

(�=� c) � 1; (4.7)

where � is the pre-buckling biaxial stress, � c is the critical buckling stress (see Eq. 4.3),

and ! P;1 is the fundamental resonance frequency for the stress-free and 
at plate from

above. Encouragingly, Eq. 4.7 produces good agreement with the numerical results for a

buckled circular plate reported by Williams et al. [133]. For the 200µm diameter buckle

� c � 22:8 MPa and using � � 180 MPa as above, Eq.4.7 predicts f B;1 = 1 :6 MHz, in good

agreement with both the shell-based prediction and the experimental observations below.

As discussed above, experimental resonance frequencies can be obtained by observing

the random thermomechanical motion of the buckled domes. We used a \tuned-to-slope"
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Figure 4.5: (a) Mechanical spectrum arising from thermal noise, captured from a typical
100µm diameter microcavity. S2

XX (red solid line) is the displacement spectral density
of the measured time-domain signal [122]. The blue dashed line is a Lorentzian �t. (b) A
plot of the fundamental mechanical resonance frequency versus radiusof the cavity base
is shown. The blue symbols are experimental data points; at least three of each size were
measured, but data points overlap in some cases.

technique, similar to that used in other studies [14, 135]. The frequency of a tunable laser

was slightly detuned from an optical resonance, nominally at the point of maximum slope of

the transmission. Random thermal motion of the buckled mirror changes the cavity length,

shifts the optical resonance frequency, and hence changes the transmission through the

structure. The time-dependent transmittance of the dome was captured and digitized using

a high-speed analog to digital converter. This data was subsequently Fourier transformed

and averaged to increase the signal-to-noise ratio.

Figure 4.5(a) shows a typical data set extracted from a 100µm diameter dome in air and

at room temperature. The set of peaks was �t to a series of Lorentz oscillator displacement

spectral densities, using thermomechanical calibration techniques described elsewhere [122].

For example, the �t of the fundamental resonance line is shown in the plot. Note that the

mechanical Q (e.g., Q � 75 for the lowest-order mode in the case shown) is undoubt-

edly a�ected by squeeze-�lm damping and viscous damping because of collisions with air

molecules [128]. It would be interesting to perform similar measurements in a vacuum, and

possibly at a low temperature, but this is left for future work.

As shown in Fig. 4.5(b), the positions of the lowest-order vibrational modes were gener-

ally in excellent agreement with the theoretical predictions. For the shell model (Eq. 4.6),

we usedRS = RT as the best estimate of the actual plate curvature.RT � 0.27, 0.43, 0.57,

and 0.75 mm were experimentally estimated for the 100, 150, 200, and 250µm diameter
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cavities, respectively. Except for the smallest cavities, this resulted in very good agreement

between Eq. 4.6 and experimental data. On the other hand, the buckle model (Eq. 4.7)

produced reasonable agreement with experimental observations for all cavities studied.

It is worth reiterating that these measurements were performed under ambient pressure,

which introduces signi�cant viscous damping of the mechanical motion. Moreover, relatively

small-amplitude thermomechanical motion is predicted by Eq. 4.5 (given the relatively high

e�ective spring constant of the present mirrors, discussed below). A numerical treatment

of the buckled domes (not shown) con�rmed that the low-order mechanical modes have

similar wave functions to those of the equivalent 
at plate [131], implying that the optical

and mechanical modes are characterized by a high degree of spatial overlapin these cavities.

Thus, high optomechanical coupling coe�cients are anticipated.

4.4.2 E�ective sti�ness (spring constants)

As per Eq. 4.5, thermomechanical calibration requires, in addition to the resonancefre-

quencies, knowledge of the e�ective masses or spring constants [122]. The e�ective spring

constant is also needed when assessing bistability and related e�ects [128]. It is important

to note that K e� ;n (as well as the e�ective mass of a given mode) will vary depending on how

it is de�ned [ 122]. Moreover, de
ection (and thus spring constant) will generally depend

on the distributed nature of the load. Here, we will use the de�nition K e� = F=� � , where

� � is the de
ection of the buckle at its midpoint and F is the applied force. Note that we

have dropped the subscript \n" because the approximate theories presented below are not

tailored or restricted to a speci�c vibrational mode.

Some forces of interest, such as the radiation pressure associated with the fundamental

optical mode, are essentially concentrated (point) loads, while others, such as the photo-

thermal force associated with changes in buckle temperature, are moreclosely approximated

as distributed loads. Intuitively, we can expect a larger de
ection (i.e., lower e�ective spring

constant) if the force is concentrated near the center of the buckle.In the following, we

discuss various approximations for the e�ective spring constantK e� , and label them as

K I ;J. Here the subscript I refers to the use of a shell (I = S) or buckle (I = B) model,

and the subscript J refers to the assumption of a concentrated point (J = P) or uniformly
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distributed (J = U) load.

We �rst consider the concentrated load, and model the buckled mirroras a shallow shell.

In this case, and for small de
ections, an e�ective spring constant canbe derived from the

work by Lukasiewicz [136]:

K S;P �
�Eh 2

p
12(1� � 2):RS:

�
(1=w2) + (1 =w)ker0w

� ; (4.8)

where w = w1=l, w1 is the radius of the circularly symmetric, concentrated load appliedto

the center of the shell, andl is a characteristic length for the shell:

l =
p

RSh= 4
p

12(1� � 2): (4.9)

Furthermore, \ker 0" is the �rst derivative of the Kelvin-real function [ 137]. Note that Eq.

4.8 does not contain the base radiusa; this is because, for a load concentrated near the apex

and for small de
ections, the central de
ection of the shell is approximately independent of

the boundary conditions. Consider for example a 200µm diameter cavity, and the case where

w1 = w0 � 5µm (i.e., the approximate size of the fundamental optical cavity mode [82]).

This would describe the situation in which the mirror is de
ected by radiation pressure

forces. UsingRS � RT = 0 :57 mm (since the bending occurs primarily near the central

part of the buckle in this case) and the other parameters from above, then l � 16:4µm, w �

0.3, and K S;P � 800 N m� 1.

Given the approximate nature of the shell analogy, it is useful to corroborate this result

using the buckling literature. For a circular buckle, and in the limit of small de
ections by

a point load, an e�ective spring constant can be approximated from the numerical results

of Jensen [138] (see Fig. 8 of that article):

K B;P �
32�:E:h 3

a2:3(1 � � 2)
; (4.10)

which producesK B;P � 1000 N m� 1 for the 200µm cavity, in reasonable agreement with

K S;P .

Of greater interest here is the response to a distributed force (i.e., F = P �a 2, where

P is a uniform pressure) such as the thermal Langevin force that drives thermomechanical

motion. As mentioned, a higher e�ective spring constant is anticipated in this case, and
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Table 4.2: Estimated spring constants and e�ective masses
Base diameter ( � m) m B (ng) RD (mm) K S;U (N/m) m e� ;1=m B

100 28 0.52 4:7 � 103 0.56
150 63 0.64 5:0 � 103 0.47
200 113 0.82 4:8 � 103 0.42
250 176 1.02 4:7 � 103 0.40

this is supported by results from the literature on delamination buckles. In the limit of

small de
ections, the de
ection for a point-loaded circular buckle is four times that for a

uniformly loaded buckle [106]. It follows that K B;U � 4K B;P � 4000 N m� 1 should be a

reasonable approximation for the 200µm cavity.

As above, we seek to corroborate this result by considering the literature on shallow

spherical shells. From the work by Jones [139], an e�ective spring constant for a uniformly

loaded shell can be derived:

K S;U � 64�:D
�
1 + (1 + � )

�
a4

8R2
Sh2

�� �
a2: (4.11)

It is somewhat problematic to de�ne the radius of curvature for the real structures, as

discussed in Section4.2. However, it is reasonable to useRS � RD in Eq. 4.11because of the

strong dependence on the dome radiusa. For the 200µm dome cavity with RD = 0 :82 mm,

we �nd K S;U � 4800 N m� 1, which is in good agreement with the buckle estimate. As

shown in Table 4.2, Eq. 4.11 predicts that K S;U is fairly insensitive to the cavity size for

the structures studied. These cavities are quite rigid in comparison to many MEMS-based

cavities [72], and thus should su�er less from thermally induced degradation of theoptical

�nesse [128].

These estimates are expected to be correct to �rst-order only, especially since the shell

and buckle models do not exactly describe the real structures. Nevertheless, the experi-

mental data on the fundamental resonance frequencies suggests that theapproximations

are reasonable, as follows. Combining! 1 and K S;U produces an estimate for the e�ective

mass of the fundamental vibrational mode:me� ;1 � K S;U=! 2
1. For example, using the data

from Fig. 4.5 and Table 4.2 producesme� ;1 � 48 ng for the 200µm cavity. The buckled

mirror has a total mass mB � 113 ng in that case, and the ratiome� ;1=mB � 0:42 is quite

reasonable for the fundamental vibrational mode of a circular plate [122]. As shown in Table

4.2, similarly reasonable results were obtained for the other cavity sizes. A more precise
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numerical analysis, and a more detailed experimental study of cavitysti�ness, is left for

future work.

4.5 Discussion and conclusion

The buckled dome microcavities can be fabricated in large arrays, andmight provide an

interesting platform for sensing, CQED, and optomechanical coupling studies [4, 31, 117].

The mode volume and �nesse demonstrated above are well within the ranges required

to achieve strong coupling in CQED experiments [12, 72]. Moreover, the �nesse of the

cavities might be increased by reducing the absorption loss in the mirrors, for example,

by using hydrogenated amorphous silicon for the high index layers. It should be noted

that most CQED studies to date use Rb atoms and operate in the 700-800 nm wavelength

range. In principle, it should be possible to fabricate compatible buckled microcavities

using alternative mirrors based on SiO2/TiO 2 or SiO2/Ta 2O5. The development of such a

process, including control over adhesion and stress in these material systems, would be an

interesting avenue for future study.

For many of the applications mentioned, it is necessary to incorporate \open access" to

the hollow cavity of the nominally enclosed buckle. It might be possible to incorporate this

functionality directly into the buckling process by creating an on-chip network of intersecting

hollow channels and microcavities [82]. However, a simpler alternative might be to machine

\micropores" or \nanopores" directly through the upper mirror using a te chnique such as

focused-ion-beam milling [140]. We hope to explore these options in future work.

73



Chapter 5

Bistability in buckled dome
microcavities 1

We describe optical bistability in monolithically integrated, curv ed-mirror Fabry-Perot mi-

crocavities. The cavities were fabricated by controlled formationof circular delamination

buckles within sputtered Si/SiO2 multilayers. The dominant source of the bistability is heat-

ing due to residual absorption in the mirror layers, which leads to out-of-plane de
ection of

the buckled mirror. Hysteresis occurs for sub-milliwatt input powers.

5.1 Introduction

Owing to their interesting physics and potential to enable all-optical signal processing sys-

tems, bistable and multistable devices have been widely studied [141, 142]. In optics, the

archetypal system is a Fabry-Perot resonator in which the cavity medium has nonlinear

properties (e.g., saturable absorption or nonlinear refractive index [143]). However, bista-

bility can also arise in cases where the cavity medium is air or vacuumand where the

pertinent light-matter interaction occurs at one or both mirrors. Bis tability associated with

radiation pressure [144] and photothermal forces [145] in \empty" cavities is an important

topic for MEMS-based tunable �lters [ 128] and optomechanical sensing [146].

Photothermally derived bistability in air-core Fabry-Perot caviti es with metal mirrors

was reported by Pirani et al. [147]. Later, An et al. [148] showed that photothermal bista-

bility could be used to assess the absorption loss of high-�nesse, air-core cavities bounded

by low-loss dielectric \super-mirrors." Photothermal forces haveplayed an important role

1This chapter was published in Optics letters, vol. 40, no. 22, pp. 5375-5378, 2015.
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Figure 5.2: Illustration of (a) the power labeling system used and (b) the main thermal
mechanisms considered in the analytical model.

5.2 Theoretical analysis

Consider the cavity depicted in Fig. 5.2(a), where some portion (Pin ) of an incident laser

beams power (P0) is coupled into a (fundamental transverse) cavity mode of interest, de�n-

ing a coupling e�ciency CE = Pin =P0. Furthermore, some portion (PT ) of the coupled power

is transmitted through the cavity, and we de�ne the cavity transmi ttance as TC = PT =Pin .

Assuming nominally identical mirrors with re
ectance R, transmittance T, and absorptance

A, the cavity transmittance is given by the modi�ed Airy function [ 89]:

TC =
 2

1 + K F sin2 �
�

 2

1 + K F � 2 ; (5.1)

where  = T=(T + A) is the potential transmittance of each mirror (viewed from inside the

cavity) [ 89], K F = 4R=(1 � R)2 is the coe�cient of �nesse, � is the single-pass phase shift,

and � = � � f nearest multiple of 2� g [142]. Moreover, the approximation on the right-hand

side of Eq. 5.1 holds for small � (i.e., near resonance), and for those conditions we can

assert that

� = � 0 + � � =
(! � ! cav)

c
L +

!
c

� L: (5.2)

Here, ! is the angular frequency of the source,c is the speed of light, ! cav and L are the

resonance frequency and e�ective length of the unperturbed cavity, and � L is a change in

cavity length caused by photothermal e�ects.

In order to predict bistability, a model for the photothermally dri ven changes in cavity

length is needed. As depicted in Fig.5.2(b), we assume that the dominant thermal e�ect is

the heating of the buckled mirror through residual absorption of the light circulating within

the cavity mode. Note that the resonant mode is a standing wave, whosebidirectional
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components (see Fig.5.2(a)) have power Pcav = ( Pin TC)=T [148]. Due to the high �nesse

of the cavities, Pcav can be several hundred times larger thanPin . Since the buckled mirror

is thermally isolated from its surroundings, absorbed light can cause signi�cant changes in

its temperature [126]. For simplicity, however, we neglect temperature variations in the

substrate-attached mirror.

The heating of the buckled mirror by the circulating light is undoub tedly nonuniform,

with a \hot spot" [ 137] near the center (assuming laser light is primarily coupled into

the fundamental cavity mode, see Fig.5.1). However, the temperature increase induced by

circulating light is relatively small ( < 1 K) for the experimental conditions described. Thus,

similar to the approach used in Ref. [126], we made the approximation that absorbed laser

light induces a uniform temperature increase over the entire volume of the buckled mirror.

It can furthermore be shown [126] that heat transfer from a buckled MEMS plate is typically

dominated by conduction, with convection and radiation making negligible contributions.

Given these assumptions, the problem is characterized by a constantthermal conductance

G, a constant heat capacity C = c� � dV, and a thermal time constant � = C=G [126].

Here, c� , � d, and V are the speci�c heat capacity, density, and volume of the buckled plate,

respectively.

As shown in Fig. 5.2(b), we consider two dominant contributions to G. Thermal

conductance through the buckled circular plate (and into the substrate via the clamped

boundaries) has a characteristic time constant� P � (c� � d=� )(a=2:4)2 [129], where � and a

are the thermal conductivity and radius of the plate, respectively. Using � P = C=GP gives an

estimate for the thermal conductance through the plate boundaries,GP � � (2:4)2h� , where

h is the thickness of the plate. We also consider conduction through theair gap between

the buckled mirror and the substrate, which can be estimated asGA � � air AB=� ave, where

AB is the area of the buckle and � ave is an average air gap over this area. The total thermal

conductance is then estimated asG � GP + GA . The temperature increase for the buckled

plate can be approximated as �� � PcavA=G, where � is the temperature. This change in

temperature causes a change in cavity length, which can be expressed as [15]

� L
��

� 0:8 : (1 + � )
a2

�
�; (5.3)
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where � and � are the e�ective medium Poisson's coe�cient and thermal expansion coef-

�cient for the buckled mirror, and � is the peak height of the unperturbed cavity. This

equation is slightly modi�ed compared with the result in [ 15], in that we have replaced � �

(the di�erence between the thermal expansion coe�cient of the buckle and the substrate)

with � here. This is because, as mentioned above, the substrate temperature is assumed

to be �xed here. Combining the results from above, we arrive at an expression for the

photothermal change in cavity length as a function of the input power coupled into the

mode of interest:

� L =
�

� L
��

�
�� �

0:8 : (1 + � ) : a2 : � : P in : A
� : T : G

: TC : (5.4)

Equations 5.1-5.4 can be solved numerically to predict the hysteresis and bistability curves

for the cavities.

We have previously shown [15] that an e�ective medium approach can be used to describe

the thermomechanical properties of the buckled mirror. The mirror has total thickness

h � 1:65 µm and is � 37 % a-Si and� 63 % SiO2 by volume. Some relevant e�ective medium

parameters are listed in Table5.1. The value used for the thermal expansion coe�cient was

previously discussed [15], while the other parameters were estimated from widely accepted

values reported in the literature for a-Si and SiO2 thin �lms [ 126,127,151].

In the following, we describe results for domes with 150µm base diameter (i.e., a = 75

µm) and peak height � � 4:4 µm. The volume of the buckled plate isV � 2:9 � 104 µm3,

which implies a heat capacity C � 4:7 � 10� 8 J K � 1. Using the parameters mentioned

producesGP � 0:5 � 10� 4 W K � 1. Furthermore, assuming � air � 0:026 W m� 1 K � 1 [126],

and � ave � 3 µm for a 150 µm diameter buckle givesGA � 1:5 � 10� 4 W K � 1. As a �rst-

order approximation, we thus assumeG � GP + GA = 2 � 10� 4 W K � 1. We can furthermore

approximate the characteristic time constant for heating and cooling ofthe buckled mirror

as � = C=G � 200 µs.

Both the 
at and curved mirrors are four period a-Si/SiO 2 quarter-wave stacks at

� 1550 nm wavelength, although the upper (buckled) mirror is terminated by a half-wave

a-Si layer [15, 82]. We know from previous work [82] that R � 0:999 for both mirrors,

implying that T + A � 0:001 (neglecting scattering losses). However,T and A must be
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Table 5.1: E�ective medium parameters assumed for the buckled mirrors.
Density Thermal

conductivity
Speci�c heat
capacity

Thermal expan-
sion coe�cient

Symbol � d (kgm� 3) � (Wm � 1K � 1) c� (Jkg� 1K � 1) � (K � 1)
Value 2240 1.5 720 3:6 � 10� 6

estimated separately to accommodate the models described here. From ellipsometry and

spectrophotometry measurements (not shown), we estimated an extinction coe�cient kSi �

8 � 10� 4 at � 0 � 1600 nm for our a-Si �lms, consistent with values reported in the lit-

erature [152]. Neglecting absorption in the SiO2 layers, transfer matrix calculations then

predict R = 0 :9991 andT = A = 0 :00045 for the lower mirror.We used these values in the

model described by Eqs.5.1-5.4 and neglected slight di�erences predicted for the optical

properties of the upper and lower mirror.

5.3 Experimental results

Experimental transmission scans were obtained using a �ber-coupled tunable laser (Santec

TSL-510), where either the wavelength or power was varied. For couplingto the microcavi-

ties, a �ber collimator with a nominal 1 =e2 output beam diameter of � 1:6 mm was connected

in series with an objective lens (50x Mitutoyo Plan APO NIR). This resulted in a beam di-

ameter of � 5µm at the input of the dome cavity. The chip containing the dome cavities was

housed in a sealed chamber and �xed to a large copper plate for heat sinking purposes, with

windows providing optical access. The input beam position and wavelength were adjusted

in order to preferentially couple the fundamental transverse modeof the cavities. Note that

the e�ective cavity height including mirror penetration [ 15] is � 4:7µm, or approximately

6: (�= 2) for resonant wavelengths in the 1550-1600 nm range. For the 150µm base diameter

cavities, the mode �eld radius of the fundamental transverse modeis w0 � 5:5µm [82].

We can thus estimate an input coupling e�ciency CE � [(2wI w0)=(w2
I + w2

0)]2 � 0:55 [12],

where wI � 2:5µm is the mode �eld radius of the focused input beam.

Experiments were conducted to assess the maximum throughput at resonance. De�ning

the overall transmittance as TT = PT =P0, the predicted maximum transmission can be

expressedTT,max = CE  2. For the values of T, A, and CE mentioned, this produces

79



0 200 400
0

10

20

30

Input power (�PW)

O
ut

pu
t p

ow
er

 ( �
PW

)

0 200 400
0

10

20

Input power (�PW)
O

ut
pu

t p
ow

er
 ( �

PW
)

(a) (b) 

0 200 400 600 800
0

0.2

0.4

0.6

Input power (�PW)

O
ut

pu
t p

ow
er

 (a
.u

.)

0 500 1000
0

0.5

1

Input power (�PW)

O
ut

pu
t p

ow
er

 (a
.u

.)

(c) (d)

Figure 5.3: (a) Typical experimental hysteresis loop versus input power (P0), with an initial
detuning of � 0:2 nm. (b) Predicted hysteresis loop versus input power for initial detuning of
0:13 nm. Experimental results for detuning of (c) � 0:3 nm and (d) � 0:4 nm are also shown.

TT,max � 0:14. Experimental results for several nominally identical cavities gave TT,max in

the 0.09-0.1 range, in reasonable agreement with theory and providing additional validation

for the values ofR, T, and A estimated above.

To explore hysteresis e�ects, the laser wavelength (� ) was initially �xed on the long

wavelength side of a pre-established \unperturbed cavity" resonance (� C). We de�ne an

initial detuning parameter, �� D = � � � C. For small positive values of�� D , increasing the

laser power causes heating of the buckled mirror and increases the length of the cavity, thus

\pulling" the cavity resonance toward the �xed laser wavelength. Th is feedback results in a

hysteresis loop for increasing and decreasing laser powers, with typical data shown in Fig.

5.3(a) for �� D � 0:2 nm. The time between subsequent power settings is� 250 ms for the

laser used, which is much greater than the predicted thermal time constant for the dome.

Thus, ignoring longer time scale e�ects discussed below, the scan can be characterized as

adiabatic [12,148], in the sense that there is su�cient time for the buckled plate t o reach a

steady-state temperature at each new power setting.

Figure 5.3(b) shows the hysteresis loop predicted by Eqs.5.1-5.4, using the parameters

described above and assuming�� D = 0 :13 nm. For �� D = 0 :2 nm (the experimental esti-
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mate), the model predicted a \switch-up power" of � 700µW and a correspondingly larger

hysteresis loop. For measurements on numerous cavities and with numerous values of the

initial detuning, we found it was consistently necessary to use a slightly smaller detuning in

the model, in order to get the best agreement. Nevertheless, experimental data for �� D �

0.3 and � 0:4 nm (see Figs.5.3(c) and 5.3(d)) show the expected trend of higher switch-up

powers and larger hysteresis loops with increased detuning [142].

The experimental data in Fig. 5.3 deviates in other ways from the classic bistability

loop [141,142]. For example, the upper branches for decreasing and increasing power do not

overlap perfectly, and, for decreasing power, the slope of the curve shows an unexpected

trend upward. We believe this behavior is mainly attributable to slight increases in the

substrate temperature, not accounted for in our simple model. Note that, for high input

powers, especially as the resonance condition approaches the laser wavelength, there is

signi�cant absorptive energy dissipation in the substrate-attached mirror. This absorption

increases the substrate temperature slightly and, thus, shifts the underlying \unperturbed

cavity" resonance toward longer wavelengths [15]. The e�ective o�set between the laser

wavelength and the cavity resonance wavelength is thereby reduced, in keeping with the

discrepancy between the experimental and modeled value of the detuning parameter. Note

that a shift in cavity resonance of � 0:05 nm corresponds to a substrate temperature change

of only � 0:05 K for these cavities [15]. It is challenging to measure, let alone control,

temperature with this degree of precision.

We tested this hypothesis by performing wavelength scans (see below), �rst at very low

power, then at high power, and then again at low power. High power scans were con�rmed

to cause permanent redshifts of the underlying resonance observedat low power. The word

\permanent" refers to the very long time scales associated with temperature changes of the

substrate, which has a much larger heat capacity than a buckled mirror.

To avoid the need for high laser powers, an alternative strategy for assessing bistability

is to perform an adiabatic scan of either cavity length [12,148] or wavelength [128]. In the

present case, scanning in the short-to-long wavelength direction (which we call a forward

scan) is expected to produce a broadened and asymmetric line shape athigh powers. Figure

5.4(a) shows typical cavity line shapes obtained by �xing the input coupling conditions and
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Figure 5.4: (a) Experimental transmission line shapes obtained by scanning from shorter to
longer wavelength at various �xed input powers (P0). (b) Hysteresis loops at �xed power
as predicted by the analytical model.

power and scanning the tunable laser (at a rate of 1 nm=s) across the fundamental mode

resonance. At low power, the line shape was identical for forward and backward scans,

with a linewidth � 0:07 nm corresponding toQ � 2:3 � 104. At higher power, the forward

scan produces an asymmetric line shape peaked at a longer wavelength [128]. Figure 5.4(b)

shows the hysteresis curves predicted by solving Eqs.5.1-5.4 at �xed input power, and with

� C set to the experimentally observed value (1569:94 nm) for the cavity from Fig. 5.4(a).

The model produces excellent agreement with experimental observations, especially at low

power.
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Figure 5.5: (a) Predicted (red dashed line) and measured (blue symbols) line shapes are
shown for 10µW input power. (b) Shift in peak transmission wavelength (relative to � C)
is plotted versus the input power. Red line is the analytical prediction while the symbols
show experimental results for two di�erent domes.

The excellent agreement between the analytical model and the experiment is further

illustrated by the data shown in Fig. 5.5(a). Even for the low input power case shown

(P0 = 10 µW), there is a noticeable asymmetric broadening of the cavity line shape. At a

phenomenological level [148], the asymmetric line shape results because the mirror is slowly
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pushed outward as resonance builds and then \snaps" back toward its original position (on

the time scale� � 200µs in the present case) when the wavelength exceeds� � C +� � . This

is, of course, associated with the transition from the upper to lowerbranch of the hysteresis

curves shown in Fig. 5.4(b). From the analytical model, the shift in peak wavelength can

be estimated as

� � =
� C

�
� L
��

�� max �
� C

�
� L
��

A : CE :  2

G : T
P0: (5.5)

The predictions of Eq. 5.5 are plotted in Fig. 5.5(b), along with experimentally observed

� � for two di�erent 150 µm base diameter cavities. In keeping with the discussion above,

the model provides good predictive capability at lower powers.

5.4 Discussion and summary

In the above analysis, we have ignored the e�ects of radiation pressure. To justify this, we

de�ne � L � FPT =Ke� , where FPT is an e�ective photothermal force associated with the

mirror absorption and K e� is an e�ective spring constant. This leads to

FPT � K e�
� L
��

PcavA
G

; (5.6)

where K e� � 5000 N m� 1 [15]. By comparison, the radiation pressure force on the buckled

mirror is given by FR = (2 =c)Pcav [128], wherec is the speed of light in vacuum. Using Eqs.

5.3 and 5.6 and the parameters from above, it follows thatFPT =FR > 103 (similar to [ 149]),

con�rming that radiation pressure can be safely neglected. We also neglected changes in

optical path length due to thermal expansion and thermo-optic and nonlinear index changes

(Kerr e�ects) in the mirror layers. Maximum temperature changes of � 0:1 K are estimated

from above, implying thermo-optic index changes< 10� 5 and thermally induced thickness

changes< 1 ppm. Furthermore, for peak circulating intensities < 106 W=cm2, Kerr e�ect

index changes< 10� 8 are predicted, implying a negligible change in optical path length.

Detailed study of these issues would require a numerical simulation of the mode pro�le

within the mirror layers and is left for future work.
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Chapter 6

Cut-o�-based dual-taper re
ectors
in on-chip hollow waveguides 1

We describe back-to-back (dual) tapers embedded within hollow Braggwaveguides clad by

omnidirectional Si/SiO 2-based mirrors, and fabricated using a thin �lm buckling approach.

The back-re
ection of light subject to mode cuto� in the narrowed tu nnel section results

in a short-pass transmission characteristic. Thus, the dual taper canact as a waveguide

�lter with the upper pass-band edge determined by the lithographically controlled height

of the tunnel section. We also report preliminary results on the useof these dual tapers

as in-plane re
ectors (for operation in the cuto� regime), with potenti al to enable a novel

class of open-access hollow-waveguide microcavities.

6.1 Introduction

Axially varying waveguides with mode-cuto� sections have been widely used in the mi-

crowave domain, to construct spectral �lters [153{ 155], to explore tunneling phenomena

[156], and, more recently, as arti�cial, epsilon-near-zero (ENZ) media [157]. This is made

possible by the low-loss, omnidirectional nature of a metallic re
ector at microwave frequen-

cies. As now well-known, dielectric Bragg mirrors of su�ciently h igh refractive index con-

trast can also provide an omnidirectional re
ection band, thereby exhibiting quasi-metallic

properties at optical frequencies [91]. This has led to proposals for mode con�nement [158]

and spectrometry [159] based on omnidirectional-clad optical waveguides. Nevertheless, the

translation of microwave hollow waveguide components [153{ 157] into the optical domain

remains a relatively unexplored theme.
1This chapter was published in Optics Express, vol. 25, no. 5, pp. 5101{5106, 2017.
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Figure 6.1: (a) Conceptual cross-sectional diagram of a dual taper in a slab Braggwaveguide.
The red dotted line depicts the trajectory of a guided ray, at a wavelength not subject to
cuto� in the tunnel section. (b) Microscope image showing an as-fabricated dual taper. (c)
Surface relief plot of a dual taper extracted using an optical pro�lometer.

Meanwhile, there is great interest in the use of hollow waveguides (both �bers and

integrated waveguides) for applications that require close interactions between light and gas-

or liquid-phase media. These applications include sensing and atomicspectroscopy [160],

and increasingly lie within the realm of quantum information science [161]. Notably, hollow

waveguides with interference-based claddings (e.g., Bragg or ARROW waveguides) can

also be designed to act as highly selective spectral �lters [114, 162]. By augmenting these

properties with methods for engineering the dispersion and axial con�nement of guided

modes [161], it is expected that a host of new applications in quantum optics might be

plausible [163,164].

We have previously described a thin-�lm buckling process thatcan produce axially vary-

ing (in both width and height) hollow Bragg waveguides on a chip [83]. In the present work,

we used this process to fabricate back-to-back (dual) taper structures. We demonstrate that

these dual tapers act as short-pass �lters, by re
ecting longer wavelength light subject to

mode cuto�. We also show preliminary results for a hollow 3-D microcavity formed by

cascading two nominally identical dual-taper `mirrors' [165].

6.2 Device design and fabrication

A schematic diagram of the dual-taper structure, for the case of a slab Braggwaveguide

system, is shown in Fig. 6.1(a). The structure is nominally symmetric, with input and

output waveguides designed to support one or more guided modes across a spectral range of

interest. A central `tunnel' section is su�ciently narrow such that some longer wavelengths
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are subject to mode cuto�. Design parameters include the core heights of the input (H )

and tunnel (h) sections, the length of the tapers (t), the length of the tunnel section (l),

and the number of periods in and composition of the Bragg cladding mirrors.

When guided light encounters a tapered waveguide section, the associated `bounce'

angle (from a ray optics perspective) becomes increasingly normal relative to the cladding

mirrors as the waveguide core narrows [159]. However, provided the wavelength lies within

the omnidirectional band of the claddings, and provided the cladding mirrors are su�ciently

re
ective, radiation loss can be low. For wavelengths that remain guided within the tunnel

section, it follows that reasonably e�cient transmission through the d ual taper is expected,

albeit with some slowing and excess radiation of light. On the other hand, for wavelengths

subject to cuto� in the tunnel section, back-re
ection into reve rse propagating modes is

anticipated, again with some slowing and excess radiation of light insidethe tapered region.

Thus, as veri�ed below, one can expect this structure to behave both as a short-pass �lter

and as a spectrally selective re
ector of guided light [165].

While conceptually simple, the proposed structure is not trivial to fabricate for operation

at optical frequencies. We employed a buckling self-assembly approach, which is capable

of producing axially non-uniform, 3-D hollow waveguides [15, 83, 159]. Figures 6.1(b) and

6.1(c) show microscope and surface relief images, respectively, for a typical dual taper

fabricated by appropriate patterning of a low-adhesion layer within a multilayer stack (the

pattern is indicated by the perimeter of the waveguide in Fig. 6.1(b)). Since the height of

the resulting delamination buckle is approximately proportional to t he width of the low-

adhesion feature [83], the core heightsh and H are easily varied by adjusting the width of

the low adhesion strip inside (w) and outside (W ) the tunnel region.

6.3 Dual-taper `mirrors' - experimental results

The hollow waveguides produced by buckling self-assembly havelow height-to-width as-

pect ratio, such that slab-waveguide models can accurately predict their guiding prop-

erties [83, 159]. In the following, experimental results on the channel waveguides were

corroborated using transfer matrix and �nite-element (COMSOL) models of analogous 2-

D structures, by equating the slab core thickness to the peak height of the 3-D buckled
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Figure 6.2: (a) Theoretical mode-�eld pro�les for the 3 lowest-loss modes (all TE-polarized)
of a waveguide with W = 60 µm and H = 2 µm. The predicted e�ective indices are � 0.92,
0.91, and 0.90, respectively. (b) Spectrally-dependent transmissionfor a waveguide with
H � 1:8 µm, as measured using a supercontinuum source and OSA (solid), and as predicted
by a slab-waveguide model (symbols).

waveguide. The waveguides studied here have 5-period a-Si/SiO2 Bragg mirrors satisfying

a quarter-wavelength condition at � 1550 nm wavelength. The indices of the �lms are close

to the values reported elsewhere [15] ( n� 1:46 and � 3:7), corresponding to layer thick-

nesses of� 265 and � 104 nm for SiO2 and a-Si, respectively. These mirrors provide an

omnidirectional band spanning the � 1300-1700 nm range.

In the following, we focus mainly on waveguides withW = 60 µm, for which the buckling

process producedH � 2 µm. Numerical simulations (COMSOL) were used to assess the air-

guided modes for the 3-D structure, and representative modes are shown in Fig. 6.2(a) (with

independently scaled axes, for the sake of clarity). As previously reported [83], the dominant

low-loss modes are TE-polarized and have a single lobe in the verticaldirection. Thus, a

transfer-matrix-based solution [159] for the fundamental TE mode of an analogous slab

waveguide provides an accurate prediction of the spectral transmission properties (see Fig.

6.2(b)). In addition to radiation loss, the models incorporated loss arising from absorption

in the a-Si layers, which have extinction coe�cient kSi � 10� 3 at 1600 nm wavelength

[15]. The experimental scan in Fig. 6.2(b) was obtained using a supercontinuum light

source (Koheras,� 600-1700 nm) and an optical spectrum analyzer (OSA, Anritsu). It was

normalized to a base scan taken without a sample and scaled using waveguide loss (� 3

dB/cm in the 1550 nm wavelength range) estimated by �tting to scattered light streaks

(see below). As shown, the straight guides exhibit a low-loss propagation band in the
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Figure 6.3: (a) Scattered light image for a waveguide containing a dual taper, excited by
the supercontinuum source. The locations of the dual taper (dt) and the output facet (of)
are labeled. (b) Scattered light image for excitation by a laser tuned to1602 nm, which is
subject to cuto� within the tunnel section for the case shown. The waveguide boundaries are
indicated by the dashed line. Inset: higher magni�cation image of a portion of the standing
wave, with period � 1 µm. (c) Experimental versus theoretically predicted transmission for
a dual taper with h � 0:73 µm. (d) Experimental short-pass transition edges for various
dual tapers. (e) Cut-o� wavelength versus tunnel height, as measured for a variety of dual
tapers and as predicted by an analytical slab model.

� 1100-1800 nm wavelength range. The notch at� 1300 nm is due to the interaction of

TM-polarized light with the `sidewalls' of the buckled guide, as explained elsewhere [83].

It should be possible to eliminate this notch through slight modi�cat ions to the Bragg

mirrors [166]. In general, there is signi�cant scope for �lter customization in waveguides

with interference-based claddings [114,162].

Next, we explored the properties of waveguides containing dual tapers. Figure 6.3(a)

shows a typical scattered light image obtained using the supercontinuum source. The bright

central spot is the location of the dual taper, which causes increased scattering and radiation

of guided light. Nevertheless, it is clear that some of the light is transmitted and remains

well guided towards the output facet. Conversely, Fig. 6.3(b) shows a scattered light

image obtained using a laser source, where the laser wavelength is subject to cuto� in the
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tunnel section. A lensed �ber was aligned so as to excite primarily the fundamental mode

(see Fig. 6.2(a)) in this case. Owing to low roughness-induced scatter in these buckled

waveguides, we typically observe little coupling between co-propagating modes [83]. As

shown, light incident on the taper is e�ciently back-re
ected in to the reverse-propagating

mode, forming a standing-wave of high visibility over the entire input section (several mm).

The spectrally-dependent transmission for a typical dual-taper waveguide (with h � 0:73

µm, t � 30 µm, and l � 20 µm), measured using the supercontinuum source and the OSA, is

shown in Fig. 6.3(c). Also shown is the predicted transmission obtained using COMSOL for

an analogous slab structure (see Fig.6.1(a)). While the input waveguide supports low-loss

propagation for wavelengths up to � 1800 nm (see Fig.6.2(b)), the dual taper introduces

an abrupt, short-pass transmission edge, attributable to mode cuto� in the tunnel section

for wavelengths above� 1480 nm in the case shown. This behavior is well-replicated by

the numerical results; the slight discrepancy in the transition wavelength can be attributed

mainly to the neglect of transverse con�nement in the slab model as discussed below. Figure

6.3(d) shows several representative short-pass transmission edges for di�erent values of the

tunnel height h. The steepness of the transition is an important �lter property [ 167]; the

results shown indicate a 10 dB slope factor (i.e., the width of the 10 dB transition region

as a percentage of the transition wavelength)< 1%, and edge steepness� � 2 dB/nm. This

slope was found to increase with increasing tunnel lengthl .

In keeping with the discussion above, the transition edge is expected to correlate with

the onset of cuto� in the tunnel section. In a 2-D approximation, the cuto� wavelength can

be assessed analytically [92,168]:

� C =
[(L T + L B )=2] � B + 2h

[(L T + L B )=2] + m
: (6.1)

Here, � B = 1550 nm is the Bragg center wavelength of the cladding mirrors,m = 1 is

the vertical mode order, andL T and L B are phase shift coe�cients for the top and bottom

mirrors, respectively. Note that for h = � B=2, � C = � B is correctly predicted [92]. The phase

shift coe�cients depend on the mirror composition, and can be approximated analytically

(see Eqs. (10) and (13) in [168], for example, which are valid for wavelengths near� B ). For

the claddings used here, we estimatedL T � 0:43 andL B � 0:44. The analytical dependence
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from Eq. 6.1, for the mirror parameters described above, is plotted in Fig. 6.3(e) along

with the experimentally determined transition wavelengths (using a � 10 dB criterion). The

analytical model was found to be in excellent agreement with the 2-D COMSOL results (e.g.,

Figure 6.3(c)), indicating that the slight o�set between theory and experiment i n Fig. 6.3(e)

can be attributed to the transverse con�nement present in the buckled waveguides [159].

6.4 Microcavities with cuto�-based axial con�nement

A recent theoretical work by Wang et al. [165] described a Bragg-�ber-based optical micro-

cavity, with transverse con�nement provided by omnidirectional mirrors and longitudinal

con�nement provided by mode cuto� sections. Mesoscopic cavitiesof this type within on-

chip hollow waveguides would be of interest for a variety of applications reliant on the

quantum optics of gas-phase media [163,164], but are di�cult to realize using conventional

Bragg grating or photonic crystal mirrors [161].

Figures 6.4(a) and 6.4(b) show images of a nominally symmetric microcavity formed

by directly cascading two dual-taper mirrors, with t = 30 µm, l = 0 µm, w = 42 µm, and

W = 60 µm. In other cases, a straight section was inserted between the dual tapers. For

brevity, we focus on the cavity shown, for which the buckling process resulted inh � 760 nm

corresponding to a cuto� transition at � � 1480 nm, and a peak height inside the cavity

� 1.04 µm, less than the height of the input and output waveguides (H � 2 µm). This

implies relatively small mode volume (VM ), but likely sub-optimal coupling e�ciency. A

more detailed study of these trade-o�s is left for future work.

Experiments were conducted using a tunable laser (Santec, 1520-1620 nm). As shown

in Fig. 6.4(c), it was possible to excite cavity modes by adjusting the laser wavelength and

input coupling conditions. For the mode shown, we estimatedVM < 100� 3. The theoreti-

cal mode �eld pro�le (COMSOL) for an analogous slab structure is shown in Fig. 6.4(d),

revealing excellent qualitative agreement. Figure6.4(e) shows the predicted spectral trans-

mission for the slab structure, with a series of resonant transmission peaks near the cut-o�

transition edge of the dual tapers. Note that the transition edge has lower slope than above,

since l = 0 here. The peaks exhibit decreasing linewidth (increasingQ) and magnitude as

the wavelength increases above the cut-o� [165], which can be attributed to the dual-taper
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Figure 6.4: (a) Microscope image of a microcavity bounded by dual-taper mirrors. (b)
Surface relief image. (c) Scattered light image for a typical resonant mode. (d) Simulated
mode �eld intensity plot for an analogous slab waveguide cavity. (e) Simulated transmission
for the analogous slab structure. The red dashed line shows the predicted transmission for
a single dual taper in this case. Insets: experimental long- and short-range transmission
scans.

mirrors providing increased e�ective re
ectance, but also increased radiative loss. The lower

inset in Fig. 6.4(e) shows an experimental scan; discrepancies (in the observed FSR,etc.)

can be partly attributed to neglect of transverse con�nement and multimodal e�ects in the

slab model. Also, such long-range spectral scans were complicated by experimental instabil-

ities. By isolating individual modes in shorter-range scans and increasing detector gain (for

example, see the upper inset of Fig.6.4(e)), we have measured cavity linewidths< 0:1 nm

nm, corresponding to cavity Q > 104, in good agreement with the theoretical predictions.

Notably, this combination of Q and VM implies potential for cooperativity C > 1 [161],

making these cavities intriguing candidates for quantum information studies.

The lower transmission for the high Q modes is indicative of high absorption and ra-

diation losses in the cuto� sections. This could be improved through the use of higher

re
ectance cladding mirrors, by increasing the number of periodsand reducing material

loss [165]. Experimental transmission was even lower than predicted; non-optimized cou-

pling, light scattering, and cavity asymmetry [ 154] are likely major factors. For example,h

of the two tunnel sections was mismatched by� 5 percent for the cavity considered above.

Generally speaking, there is signi�cant potential to optimize the fabrication process and the

critical cavity parameters { mode volume, �nesse, linewidth, etc.{ through lithographic con-

trol of the cavity dimensions and improvement of the Bragg claddings. These improvements
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are left for future work.

6.5 Summary and conclusions

We fabricated back-to-back (dual) tapers within integrated hollow Bragg waveguides, and

showed that they can be exploited as short-pass transmission �lters orcuto�-based re
ec-

tors. Preliminary results for 3-D microcavities having axial con�n ement provided by these

dual-taper re
ectors were also reported. With further re�nement , applications in atomic

spectroscopy and sensing are envisioned.
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Chapter 7

Conclusions

7.1 Summary of research contributions

The primary goal of this thesis was to exploit thin-�lm buckling tech niques to fabricate

on-chip microcavities quali�ed for applications in CQED and lab-on-a-chip systems. How-

ever, the work was not limited to fabrication of new devices, but also included a study

of pre-existing buckled-dome microcavities. In what follows, asummary of results and

contributions of this PhD work is presented.

7.1.1 Small-mode-volume FPCs

Arrays of cavities were fabricated with high areal density (thousandsper square centimeter)

by controlled formation of delamination buckles within a-Si/SiO 2 multilayer �lms. The

fabricated devices exhibited fundamental (longitudinal and transverse) mode volume as

small as � 1:3� 3, with Q = F � 1800. The small mode volume, along with highQ-factor

give rise to a high Purcell factor of � 100. Hence, these cavities hold promise as a platform

for Purcell enhancement of 1550-nm-range emitters.

In addition, by appropriate design of a patterned low-adhesion layer, high-yield fabrica-

tion of channel-connected domes was realized. The channels might facilitate the injection

of 
uids or gas into the core of the buckled cavities, while also providing the possibility to

optically trap quantum emitters in CQED applications.

7.1.2 Thermomechanical characterization of buckled-dome FPCs

The buckled mirror is inherently a 
exible plate; thus, buckle d FPCs can be mechanically

tuned, and might also be used for optomechanical studies. To this end,knowledge about
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thermal and mechanical properties of the buckled FPCs is essential.Hence, theoretical

and experimental studies were carried out on pre-existing buckled cavities (fabricated in

2011 [82] using a-Si/SiO2 multilayer �lms). Extensive data on morphological and optical

properties of larger domes with diameters in the range of 200-400µm had been presented

in [82]; however, for thermomechanical characterization, we restricted our attention mainly

to smaller domes with 100µm diameter. For those cavities, optical studies revealed a mode

volume as low as� 10� 3 at 1550 nm wavelength.

Given the coupling between in-plane stress and out-of-plane de
ection of the top mir-

ror in buckled FPCs, cavity length can be thermally adjusted, and thereby the resonance

wavelength can be tuned to a targeted wavelength. According to opticalmeasurements, 100

µm-diameter domes manifested thermal tunability of � 1 nm=K, corroborated by our the-

oretical model. Therefore, the thermal dependence allows an expedient tuning technique,

and in future work might be augmented by integrating electrodes to thermally control the

resonance wavelength of individual cavities.

Finally, a `thermomechanical calibration' technique was employed to estimate vibra-

tional resonance frequencies by monitoring the thermally-inducedvariations in an otherwise

steady-state optical signal tuned near an optical resonance frequency of acavity. Measure-

ments on numerous cavities, ranging from 100 to 250µm in diameter, indicated that the

top mirror vibrates with frequencies in the MHz range, in good agreement with a theoreti-

cal analysis derived from the literature on the mechanics of plates and shells. In addition,

invoking some of the same literature, the e�ective spring constantsand e�ective masses of

the buckled mirrors were estimated.

7.1.3 Bistability of buckled-dome FPCs

It was observed that the optical transmission of buckled FPCs clearly broadened at increased

input powers as low as 100µW. This prompted us to undertake a study of bistability in

the buckled microcavities. Amongst various impacts of light on the buckled mirror, such

as radiation pressure, thermo-electric and nonlinear index changes, photothermal e�ects

(i.e., residual absorption in mirror layers) was shown to have the primary in
uence on

the resulting bistability and hysteresis. The bistable behavior was approximated using a
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theoretical model, which showed good agreement with our optical measurements.

7.1.4 Cuto�-based-mirror microcavities

This project was mainly motivated by the idea of incorporating cuto�-b ased in-plane mirrors

into hollow waveguides to axially con�ne light. This could enable a new class of microcavi-

ties, potentially useful for enhancing the light-matter interacti on inside the core of a hollow

waveguide, while not obstructing the passage of 
uid or gas media [163, 164]. A few ap-

proaches for axial con�nement of light in hollow waveguides have been proposed in the

literature, such as modulation of the refractive index of a photoresist (deposited inside the

inner core or injected into selected holes) of a hollow core photonic crystal �ber (HCPC) and

integration of photonic crystal membranes into a HCPC [169]. Chip-scale implementations

of Bragg mirrors into ARROW waveguides by etching selected thin-�lm layers has also been

proposed [161,169]. Although possible, these techniques are di�cult to realize and require

several fabrication steps.

Adapting the buckling process, we fabricated axially varying waveguides with embed-

ded (back-to-back) dual-tapers, having a central `tunnel' sectionsubject to cuto�. This

enables high re
ection of light within a certain wavelength range. Numerous dual-taper

waveguides were studied and optically measured, showing a cuto� wavelength, above which

transmission is very low, while remaining highly transmitting at shorter wavelengths. These

measurements were well-replicated by 2D numerical simulations of analogous slab waveguide

structures.

Furthermore, hollow waveguides containing two cascaded dual tapers were designed and

studied, with the aim of realizing 3D con�nement of light for the applic ations mentioned

above. From preliminary measurements,Q > 104 was estimated for some cavities, in good

agreement with theoretical predictions. Mode volume for a 100µm length cavity was shown

to be < 100� 3, implying cooperativity C > 1. Thus, this class of optical resonator could be

an excellent choice for CQED studies.
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7.2 Future work

7.2.1 buckled-dome microcavities

Buckled-dome microcavities have potential to be an excellent choice for quantum infor-

mation and lab-on-a-chip system studies, thanks to their highQ-factor and small mode

volume. However, there still exist several avenues for future studies. As noted in Chapter

2, the re
ectance of a Bragg mirror is ultimately limited by the scatte ring and absorption

losses of the constituent layers. Thus, in order to increase the re
ectance of these mirrors,

and in turn, to attain higher re
ectance-limited �nesse, a-Si layers could be replaced by hy-

drogenated amorphous silicon, which is known to have lower loss in thenear infrared [152].

While the thermal dependence of the cavity resonance is useful as atuning mechanism, it

is also associated with thermal instability, especially for CQED applications where resonance

wavelength stability on the order of 1 pm is sought [72]. In future work, this might be

mitigated by growing multilayer �lms with e�ective CTE that is be tter matched to the

CTE of the substrate. In that case, an alternative tuning mechanism, such as electro-static

tuning, might be needed.

In a preliminary study, cavities intersecting with channel waveguides were fabricated

as described in Chapter3. The waveguides might provide a conduit for liquid or gaseous

analytes to be introduced into the cavity volume. Fabricating an interface to introduce

such analytes is another opportunity left for future work. One possible method could be

etching reservoirs at the entrance of waveguide channels, and enclosing these by a thick

PDMS layer. In this way, liquids could be injected through the holes perforated in PDMS

and then made to 
ow into the waveguide cores.

7.2.2 Cuto�-based-mirror microcavities

The resonance transmission of dual-taper microcavities was shown tobe very low, and this

was attributed to radiation losses at the cuto� sections and absorption in the silicon layers.

As noted above, absorption losses might be mitigated by the use of hydrogenated silicon

�lms, which might then also enable the use of higher number of periods in the mirrors (to

improve re
ectance). Numerical simulations have shown that by keeping the same number of

periods, but reducing the extinction coe�cient, transmission can be increased. In addition,
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this class of resonator was found to exhibit a higher degree of thermal stability compared

to the dome-shaped cavities. Nonetheless, a complete thermomechanical characterization

is left for future work.
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Appendix A

Derivations

A.1 Radius of curvature of a circular buckle

It is straightforward to derive the local RoC for a dome-shaped cavity using Eq. 2.58. The

curvature of a function y(r ) is calculated by [170]:

� =
1
�

=
jy00j

(1 + y02)3=2
: (A.1)

Taking �rst and second derivatives of �( r ) � � [0:2871+0:7129J0(�r )] and substituting into

Eq. A.1 results in:

� (r ) =

�
1 + [0:7129:�:J 1(�r )( �=a )]2

� 3=2

0:7129:�: [J0(�r ) � J1(�r )=�r ] :(�=a )2 : (A.2)

The minimum RoC is at the peak of the Bessel function, and is given by:

RoC(0) =
2:8
�

:
�

a
�

� 2

: (A.3)

A.2 Thermal tuning of a circular buckle

As discussed in Chapter 2, the peak height of a circular buckle, within certain limits, is

given by:

� = h

s �
1:96

�
�
� c

�
� 1

�
: (A.4)

Choi et al. [171] showed that the biaxial compressive stress of a buckled segment issubject to

a thermal change (��) due to the di�erence in the coe�cient of ther mal expansion (CTE)

between the top plate and the substrate,i.e., � � . This change in stress with temperature

is given by:
� �
��

=
E

1 � �
� �: (A.5)
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In order to �nd the rate of peak height change with temperature, one can use

� �
��

=
� �
� �

:
� �
��

: (A.6)

The �rst term on the right hand side can be worked out from Eq. A.4, and is expressed:

� �
� �

� 0:98
h2

�:� c
: (A.7)

Substituting Eqs. A.7 and A.5 into Eq. A.6 leads to

� �
��

� 0:8:(1 + � )
a2

�
� �: (A.8)

A.3 Bistability

As discussed in Chapter 5, the temperature increase in the buckledplate can be estimated

as

�� � PcavA=G; (A.9)

where G and A are the constant thermal conductance and the absorptance of the buckled

mirror, respectively, and Pcav is the power of the forward component of the standing wave

inside the cavity and is given by

Pcav = Pin TC=T; (A.10)

in which TC is the cavity transmission given in Eq. 5.1 and T is the transmittance of the

buckled mirror. Combining Eqs. A.8, A.9, and A.10, photothermal change in cavity length

can be easily worked out as follows:

� � =
�

� �
��

�
�� �

0:8 : (1 + � ) : a2 : � : P in : A
� : T : G

: TC : (A.11)

It was also shown, in Chapter 5, that a � � shift occurs in the maximum output of a

buckled microcavity due to photothermal bistability (see Fig. 5.4). This shift is related to

the maximum change in temperature at a constant input power and can be expressed

� � =
� �
� �

:
� �
��

:�� max : (A.12)

The �rst term on the right hand side of Eq. A.12 can be easily worked out from the

resonance condition of a Fabry-Perot resonator and is given by:

� �
� �

=
� C

�
; (A.13)
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where � C is the resonance wavelength of the cold cavity. Combining Eqs.A.9 and A.10,

and replacing Pin by CEP0 the thermal change is written

�� �
CE :P0:TC:A

G:T
: (A.14)

It follows that, the maximum change in temperature is found when TC is maximum, i.e.,

TC =  2 in which  is the potential transmittance of the buckled mirror. Thus:

�� max �
CE :P0: 2:A

G:T
: (A.15)

Therefore, substituting Eqs. A.13 and A.15 in Eq. A.12 leads to

� � =
� C

�
� �
��

�� max �
� C

�
� �
��

A : CE :  2

G : T
P0: (A.16)

The e�ective photothermal force was de�ned as:

FPT � K e� :� �: (A.17)

This equation can be re-written as

FPT � K e� :
�

� �
��

�
�� : (A.18)

Substituting Eq. A.9 into Eq. A.18 leads to the following expression:

FPT � K e� :
�

� �
��

�
PcavA

G
: (A.19)

A.4 Estimation of e�ective spring constant

In this section, equations to estimate the e�ective spring constants of buckled dome micro-

cavities are derived with the help from literatures on shallow spherical shells and buckled

structures. As mentioned in Chapter 4, the e�ective spring constant is predicated on the

de�nition and the type of the load. Here we usedK e� = F=� � , in which � � is the de
ection

of the central portion of the buckled plate arising from the load andF is a concentrated or

distributed load, as described below.
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A.4.1 Shell model for concentrated loads

Lukasiewicz has shown that the de
ection of a shell at its midpoint undergoing a circular

concentrated force (F ) with radius w can be estimated by [136]:

� � =

p
12(1� � 2)

�
F RS

Eh2

2

6
6
4

1
w2 +

1
w

ker0w
| {z }

I

�
1
2

(1 + � )kR ln
p

2kR �
1
4

kR
| {z }

II

3

7
7
5

+
3

5�
(1 + � )(2 � � )

F
Eh

�
ker w +

w ker0w
2(2 � � )

�

| {z }
III

: (A.20)

where RS is the radius of curvature of the shell, ker0 is the �rst derivative of Kelvin-real

function [137], w = w1=l in which w1 is the radius of the load andl is called characteristic

length and is given by:

l =

p
RSh

4
p

12(1� � 2)
; (A.21)

and kS = l2=R2
S. Based on the parameters represented in Chapter 4 for the pre-existing

buckled-dome microcavities, one can �nd the second and third terms of Eq. A.20 are three

orders of magnitude smaller than the �rst term. Thus, the e�ective s pring constant can be

estimated by ignoring those terms as follows:

K e� �
�Eh 2

p
12(1� � 2):RS:

�
1=w2 + 1=wker0w

� : (A.22)

A.4.2 Buckle model for concentrated loads

Jensen and Thouless [138] numerically calculated the central de
ection of a buckled dome

structure as a function of concentrated load and residual stress, and their results are depicted

in Fig. A.1. From this �gure, it can be found that the slope of the curves (for 3 < �=� c < 10)

near the vertical axis is fairly constant and is� 1. Thus, the approximately constant relation

between the de
ection at midpoint ( W (0)) and the point load ( P) leads to an estimation

of the e�ective spring constant as follows:

K e� �
32�:E:h 3

a2:3(1 � � 2)
: (A.23)
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m ~ 1

Figure A.1: Midpoint de
ection ( W0) of a buckled feature as a function of point loadP for
various residual stresses.R is the radius of the buckled feature. Tangent lines near vertical
axis are shown in red with approximately identical slope of� 1. Adapted from [138].

A.4.3 Shell model for distributed loads

In the work by Jones [139], the central de
ection of uniformly loaded shallow shells were

estimated by a simpli�ed theory. In that work, the central de
ecti on was estimated

� � =
qa4

64D
�
1 + (1 + � )a4=8R2

Sh2
� ; (A.24)

where q is the uniformly distributed normal load. Thus, to estimate the e�e ctive spring

constant on the basis of this model, one should replaceq by F=�a 2. It follows that

K e� = F=� � = 64�:D
�
1 + (1 + � )

�
a4

8R2
Sh2

�� �
a2: (A.25)

112



Appendix B

Bistability modeling

In order to predict the bistability curves for a buckled-dome microcavity, one should solve

Eqs. 5.1-5.2. Combining these equations results in a cubic equation as follows:

ax3 + bx2 + cx + d = 0 ; (B.1)

where x = Pout =P0 is the overall transmission, a = K F (�!=c )2, b = 2K F �!� 0=c, c =

1+ K F � 2
0, and d = � CE  2. Here, � is de�ned as the coe�cient of cavity height change with

input power, i.e., � � = �P 0, and is given by:

� =
0:8:(1 + � ):a2:�:P 0:A

�:T:G
; (B.2)

and � 0 = L e� (! � ! cav)=c.

The following Python code simulates the bistability behavior of a 150µm-diameter dome-

shaped cavity at a �xed input wavelength, set at the red-side of theresonance wavelength

of a cold cavity, and over a range of input power, creating a plot identical to Fig. 5.3(b).

The code, indeed, �nds the roots of the cubic equation at three intervals, say at small and

high input power where it only �nds one real root and at middle range power where there

are three real roots.

1 from numpy import *
from matp lo t l i b . pylab import *

3 c = 3 e8 # speed o f l i g h t
nu = 0 .2 # Po issons c o e f f i c i e n t

5 a = 75e� 6 # rad ius o f the buckled cav i t y
a lpha = 3 .6 e � 6 # c o e f f i c i e n t o f thermal expans ion o f the buckled p l a t e

7 d e l t a = 4 .4 e � 6 # he igh t o f the buckled cav i t y
L e f f = 4 .7 e� 6 # e f f e c t i v e leng th o f the cav i t y

9 R = 0.9991 # r e f l e c t a n c e o f the Bragg mi r ro r
T = 0.00045 # t ransmi t tance o f the Bragg mi r ro r

11 A = 0.00045 # absorp tance o f the Bragg mi r ro r
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PT = T/(T+A) # p o t e n t i a l t r ansm iss i on
13 KF = 4 *R/(1 � R) ** 2 # c o e f f i c i e n t o f f i n e s s e

G = 2e � 4 # thermal conductance
15 lam cav = 1569.94 e� 9 # resonance wavelength f o r an unperturbed cav i t y

f c a v = c / lam cav # resonance f requecy o f the cav i t y
17 omega cav = 2 * p i * f c a v # angu lar resonance f requecy o f the cav i t y

lam0 = lam cav +0.13e� 9 # input l a s e r wavelength ( red � detuned )
19 f = c / lam0 # f requency

omega = 2* p i * f # angu lar f requency
21 CE = 0.55 # coup l i ng e f f i c i e n c y

th0 = L e f f * ( omega� omega cav ) / c # s i n g l e pass phase s h i f t � n ea re s t mu l t i p l e
o f 2* p i

23 P0 = l i n s p a c e ( 0 , 0 . 4 e � 3 ,10000) # ar ray f o r input power
d0 = � PT ** 2*CE # cons tan t f o r cub ic equat ion

25 ch i = (0.8 * (1+ nu ) * a** 2* alpha * P0*A) / ( d e l t a *T*G)
P01 = [ ] ; Pout1 = [ ] # input and output power f o r the f i r s t power

range with only one roo t
27 P02 = [ ] ; Pout2 = [ ] # input and output power f o r the middle power range

( f i s r t roo t )
P03 = [ ] ; Pout3 = [ ] # input and output power f o r the middle power range

( second roo t )
29 P04 = [ ] ; Pout4 = [ ] # input and output power f o r the middle power range

( t h i r d roo t )
P05 = [ ] ; Pout5 = [ ] # input and output power f o r the l a s t power range

with only one roo t
31 roo t = [ 0 ] # roo t f o r each input power

qp = 0 # counter f o r input power ar ray
33 whi le l en ( roo t )==1: # f i n d the s i n g l e roo t f o r the lowes t power

range
a0 = KF * ( omega/c ) ** 2* ch i [ qp ] * * 2 # f i r s t c o e f f i c i e n t f o r cub ic equat ion

35 b0 = 2 *KF * th0 * ( omega/c ) * ch i [ qp ] # second c o e f f i c i e n t f o r cub ic equat ion
c0 = 1+KF * th0 ** 2 # t h i r d c o e f f i c i e n t f o r cub ic equat ion

37 c o e f f = [ a0 , b0 , c0 , d0 ] # c o e f f i c i e n t o f cub ic equat ion
rootsComplex = r o o t s ( c o e f f ) # to f i n d r o o t s o f cub ic equat ion

39 roo t = rootsComplex [ i s r e a l ( rootsComplex ) ] # to s e l e c t r e a l r o o t s
i f l en ( roo t )==1:

41 Pout1 . append ( roo t [ 0 ] * P0 [ qp ] * 1 e6 )
P01 . append (P0 [ qp ]* 1 e6 )

43 qp = qp+1
wh i le l en ( roo t )==3:

45 a0 = KF * ( omega/c ) ** 2* ch i [ qp ] * * 2
b0 = 2 *KF * th0 * ( omega/c ) * ch i [ qp ]

47 c0 = 1+KF * th0 ** 2
c o e f f = [ a0 , b0 , c0 , d0 ]

49 rootsComplex = r o o t s ( c o e f f )
roo t = rootsComplex [ i s r e a l ( rootsComplex ) ]

51 i f l en ( roo t )==3:
Pout2 . append ( roo t [ 0 ] * P0 [ qp ] * 1 e6 )

53 P02 . append (P0 [ qp ]* 1 e6 )
Pout3 . append ( roo t [ 1 ] * P0 [ qp ] * 1 e6 )

55 P03 . append (P0 [ qp ]* 1 e6 )
Pout4 . append ( roo t [ 2 ] * P0 [ qp ] * 1 e6 )

57 P04 . append (P0 [ qp ]* 1 e6 )
qp = qp+1

59 whi le qp < len (P0) :
a0 = KF * ( omega/c ) ** 2* ch i [ qp ] * * 2

61 b0 = 2 *KF * th0 * ( omega/c ) * ch i [ qp ]
c0 = 1+KF * th0 ** 2

63 c o e f f = [ a0 , b0 , c0 , d0 ]
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rootsComplex = r o o t s ( c o e f f )
65 roo t = rootsComplex [ i s r e a l ( rootsComplex ) ]

i f l en ( roo t )==1:
67 Pout5 . append ( roo t [ 0 ] * P0 [ qp ] * 1 e6 )

P05 . append (P0 [ qp ]* 1 e6 )
69 qp = qp+1

p l o t (P01 , Pout1 , ' � b ' ,P02 , Pout2 , ' � b ' ,P03 , Pout3 , '�� b ' ,P04 , Pout4 , ' � b ' ,P05 , Pout5 , ' �
b ' )

71 gca ( ) . g e t x a x i s ( ) . ge t ma jo r f o rma t t e r ( ) . s e t u s e O f f s e t ( Fa lse ) # remove o f f s e t
from a x i s l a b e l

x l a b e l ( " Input power ( $nmu$W) " )
73 y l a b e l ( "Output power ( $nmu$W) " )

show ( )

The following Python code simulates the bistability in a 150µm-diameter buckled cavity

at �xed input power and over 1 nm wavelength range around the cold cavity resonance.

The method is identical to the above code and is based on �nding the roots of the cubic

equation at three di�erent wavelength ranges.

from numpy import *
2 from matp lo t l i b . pylab import *

c = 3 e8 # speed o f l i g h t
4 nu = 0 .2 # Po issons c o e f f i c i e n t

a = 75e� 6 # rad ius o f the buckled cav i t y
6 alpha = 3 .6 e � 6 # c o e f f i c i e n t o f thermal expans ion o f the buckled p l a t e

L e f f = 4 .7 e� 6 # e f f e c t i v e leng th o f the cav i t y
8 R = 0.9991 # r e f l e c t a n c e o f the Bragg mi r ro r

T = 0.00045 # t ransmi t tance o f the Bragg mi r ro r
10 A = 0.00045 # absorp tance o f the Bragg mi r ro r

PT = T/(T+A) # p o t e n t i a l t r ansm iss i on
12 KF = 4 *R/(1 � R) ** 2 # c o e f f i c i e n t o f f i n e s s e

G = 2e � 4 # thermal conductance
14 d e l t a = 4 .4 e � 6 # he igh t o f the buckled cav i t y

lam cav = 1569.94 e� 9 # resonance wavelength f o r an unperturbed cav i t y
16 f c a v = c / lam cav # resonance f requecy o f the cav i t y

omega cav = 2 * p i * f c a v # angu lar resonance f requecy o f the cav i t y
18 CE = 0.55 # coup l i ng e f f i c i e n c y

d0 = � PT ** 2*CE # cons tan t f o r cub ic equat ion
20 Dlam = 1e � 9 # wavelength window f o r s imu la t i on

lam = l i n s p a c e ( lam cav� Dlam/2 , lam cav+Dlam/2 ,10000) # wavelength ar ray
22 P0 = 105e� 6 # assumend input power

ch i = (0.8 * (1+ nu ) * a** 2* alpha * P0*A) / ( d e l t a *T*G) # ra t e o f cav i t y he igh t change :
dL = ch i * T tot

24 lam1 = [ ] ; T tot1 = [ ] # wavlength and t o t a l t r ansm iss i on f o r the f i r s t
wavelength range with only one roo t

lam2 = [ ] ; T tot2 = [ ] # wavlength and t o t a l t r ansm iss i on f o r the middle
wavelength range ( f i r s t roo t )

26 lam3 = [ ] ; T tot3 = [ ] # wavlength and t o t a l t r ansm iss i on f o r the middle
wavelength range ( second roo t )

lam4 = [ ] ; T tot4 = [ ] # wavlength and t o t a l t r ansm iss i on f o r the middle
wavelength range ( t h i r d roo t )

28 lam5 = [ ] ; T tot5 = [ ] # wavlength and t o t a l t r ansm iss i on f o r the l a s t
wavelength range with only one roo t

roo t = [ 0 ]
30 q l = 0 # counter f o r input wavelength ar ray

wh i le l en ( roo t )==1:
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32 f = c / lam [ q l ]
omega = 2* p i * f

34 th0 = L e f f * ( omega� omega cav ) / c # s i n g l e pass phase s h i f t � n e a re s t
mu l t i p l e o f 2 * p i
a0 = KF * ( omega/c ) ** 2* ch i ** 2 # f i r s t c o e f f i c i e n t f o r cub ic equat ion

36 b0 = 2 *KF * th0 * ( omega/c ) * ch i # second c o e f f i c i e n t f o r cub ic equat ion
c0 = 1+KF * th0 ** 2 # t h i r d c o e f f i c i e n t f o r cub ic equat ion

38 c o e f f = [ a0 , b0 , c0 , d0 ] # c o e f f i c i e n t f o r cub ic equat ion
rootsComplex = r o o t s ( c o e f f )

40 roo t = rootsComplex [ i s r e a l ( rootsComplex ) ] # to s e l e c t r e a l r o o t s
i f l en ( roo t )==1:

42 T tot1 . append ( roo t [ 0 ] )
lam1 . append ( lam [ q l ] * 1 e9 )

44 q l = q l + 1
wh i le l en ( roo t )==3:

46 f = c / lam [ q l ]
omega = 2* p i * f

48 th0 = L e f f * ( omega� omega cav ) / c
a0 = KF * ( omega/c ) ** 2* ch i ** 2

50 b0 = 2 *KF * th0 * ( omega/c ) * ch i
c0 = 1+KF * th0 ** 2

52 c o e f f = [ a0 , b0 , c0 , d0 ]
rootsComplex = r o o t s ( c o e f f )

54 roo t = rootsComplex [ i s r e a l ( rootsComplex ) ]
i f l en ( roo t )==3:

56 T tot2 . append ( roo t [ 0 ] )
lam2 . append ( lam [ q l ] * 1 e9 )

58 T tot3 . append ( roo t [ 1 ] )
lam3 . append ( lam [ q l ] * 1 e9 )

60 T tot4 . append ( roo t [ 2 ] )
lam4 . append ( lam [ q l ] * 1 e9 )

62 q l = q l + 1
wh i le q l < len ( lam ) :

64 f = c / lam [ q l ]
omega = 2* p i * f

66 th0 = L e f f * ( omega� omega cav ) / c
a0 = KF * ( omega/c ) ** 2* ch i ** 2

68 b0 = 2 *KF * th0 * ( omega/c ) * ch i
c0 = 1+KF * th0 ** 2

70 c o e f f = [ a0 , b0 , c0 , d0 ]
rootsComplex = r o o t s ( c o e f f )

72 roo t = rootsComplex [ i s r e a l ( rootsComplex ) ]
i f l en ( roo t )==1:

74 T tot5 . append ( roo t [ 0 ] )
lam5 . append ( lam [ q l ] * 1 e9 )

76 q l = q l + 1
p l o t ( lam1 , T tot1 , ' � b ' , lam2 , T tot2 , ' � b ' , lam3 , T tot3 , '�� b ' , lam4 , T tot4 , '�� b ' ,

lam5 , T tot5 , ' � b ' )
78 gca ( ) . g e t x a x i s ( ) . ge t ma jo r f o rma t t e r ( ) . s e t u s e O f f s e t ( Fa lse ) # remove a x i s

l a b e l o f f s e t
x l a b e l ( "Wavelength (nm) " )

80 y l a b e l ( " Transmiss ion ( a . u . ) " )
show ( )
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Appendix C

COMSOL simulations

All �nite element simulations in this thesis were performed using the `Wave Optics Mod-

ule', which is an add-on package for COMSOL Multiphysics allowing electromagnetic wave

simulations at optical frequencies. This module consists of two physics interfaces, one of

which is `Wave Optics', suitable for systems in which wavelength is comparable with the

studied structure. For the simulations represented in this thesis, a study type called `Elec-

tromagnetic Waves, Frequency Domain' was used. Because there are numerous resources

and tutorials for a variety of optical structures (available online), only speci�c considerations

related to the simulation of the buckled structures are presentedin the following.

Critical considerations in these simulations include (i) method for de�ning the device

structure and (ii) the boundary conditions. The second order `scattering boundary con-

dition' (SBC) o�ers very low re
ection up to � 75° incident angle where the re
ection ap-

proaches to� 10 %. This would be su�cient for most of our simulations. Therefore, given

its simplicity compared to the `perfectly matched layer' (PML) b oundary condition, second

order SBC was used as the boundary condition.

For buckled-dome microcavities, the cross-sectional pro�le was extracted from 3D data

measured using a ZYGO pro�lometer. Then, a polynomial function of degree 20 was �t to

the experimental pro�le. This function was subsequently used tocreate thin layers borders,

which were then converted to solids with assigned materials. Thanksto the cylindrical

summery of dome-shaped cavities, we used `2D Axisymmetry' geometrydesign which was

faster compared to the actual 3D device simulation (see Fig.C.1). In the Frequency Domain

study, Eigenfrequency was chosen to �nd the resonance frequencies of the designed dome.
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Figure C.1: Designed buckled-dome cavity in COMSOL.

The mode volume for each Eigenfrequency is calculated by de�ning Eq. 2.30as a param-

eter in De�nitions under Component 1 , taking advantage of the built-in integration

and Maximum functions in Component Couplings under De�nitions .

Another important simulation was performed to calculate transmission andre
ection in

the slab-model of a dual-taper-waveguide cavity. The structure was easily made by initially

creating straight lines passing through points shown in Fig.C.2(a). These lines represents

the inner border of the top mirror. Parallel lines were subsequently created so as to build

high- and low-index-layer thicknesses. The resulting lines were ultimately converted to a

solid in which materials were assigned to the corresponding domains (see Fig. C.2(b) and

C.2(c)). Ports were de�ned as shown in Fig. C.2(c), one of which was used to de�ne

and launch and couple a plane wave TE mode while the other was o� and solelyplayed a

monitor role. Sweeping wavelength over the desired range led to S-parameters, based on

which transmission and re
ection were �nally calculated as jS21j2 and jS11j2, respectively.

It should be noted that both mentioned COMSOL simulations have been validated

by �nite-di�erence-time-domain (FDTD) method using \MIT Elec tromagnetic Equation

Propagation" (Meep) software package.
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Figure C.2: Schematic of a typical dual-taper-waveguide cavity in COMSOL where (a)
shows all required parametric curves along with de�ned points as parameters, and (b)
represents the �nished structure with design parameters. (c) The structure during material
de�nition, showing selected layers related to silicon.
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