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Abstract

Technologies for controlling spontaneous emission have attracted considerable attention over the
past few decades, and have most recently been concerned with the realization of several quantum
light sources such as the threshold-less laser and the controlled source of single photons. The
emission rate and directivity of an atomic emitter can be modified through the appropriate design
of the surrounding electromagnetic environment. Optical microcavities play a central role in efforts
to modify the spontaneous emission rate. The interaction between a cavity mode and an emitter
can lead to an enhanced rate of emission into a desired mode and/or a suppressed /inhibited rate of

emission into undesired modes.

This research is mainly a theoretical and experimental study of the control/modification of the
spontaneous emission rates for dipole emitters embedded inside ‘half-symmetric’ curved-mirror
Fabry Perot cavities with omnidirectional mirror claddings. These cavities are fabricated using a
monolithic ‘buckling’ self-assembly process. In theoretical work, we demonstrated that
omnidirectional Bragg reflectors can enable significant inhibition of background emission, and
thus might greatly enhance the single-atom cooperativity and the spontaneous emission coupling
factor into a desired mode of such cavities. In experimental work, we explored monolithic
strategies to embed various emitters, including erbium-doped thin films, inside these cavities.
Preliminary evidence for cavity-enhanced emission was achieved, although further optimization

of these fabrication strategies is left for future work.

The upper mirror in buckled dome microcavities is essentially a flexible membrane, offering
unique options for tuning the resonance spectra. Resonance tuning is a pre-requisite for many
cavity quantum electrodynamics (CQED) applications, such as those mentioned above. From

another perspective, the shift in cavity resonance in response to changes in ambient pressure and



temperature can be viewed as a modality for optical sensing. The feasibility of utilizing such
cavities as optical pressure sensors was investigated experimentally and theoretically, for two
different sizes of buckled dome cavities with a-Si/Si0;-based mirrors. These studies showed the
potential for high sensitivity (< 10 Pa), and good linearity over a pressure range > 100 kPa for
domes of 100 and 50 pm base diameters. We also measured the mechanical resonance frequencies
for those domes, confirming theoretical predictions that the fundamental resonance frequencies lie
in the MHz range. With potential for high-speed response and on-chip fabrication in large arrays,
buckled dome microcavities might be an interesting candidate for dynamic pressure sensing
applications such as photo-acoustic imaging. On the other hand, this study also suggests that rapid tuning
of the optical resonance might be possible through control of the external pressure, a property which might

be useful for some CQED applications such as the single-photon sources mentioned above.
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Chapter 1

Introduction

This thesis work encompassed theoretical and experimental studies of some potential applications
for ‘buckled dome’ Fabry-Perot microcavities, which are a new class of on-chip optical resonators
that emerged in 2011 [1]. Two main themes were explored. First, the use of these cavities as
enablers for on-chip cavity quantum electrodynamics (cavity QED) systems was investigated
through both a theoretical study of spontaneous emission by an embedded emitter and through
experimental attempts to embed various candidate emitters. Second, a detailed study of the use of
these cavities as pressure sensors was completed. While apparently disparate topics at first glance,
a potential link can be drawn from the fact that cavity QED systems invariably require some means
to tune the optical resonance of the cavities (i.e., into alignment with the emission frequency of an
emitter), while the pressure sensitivity of the buckled dome cavities suggests one possible means

for achieving such tunability.

Optical microcavities confine light to very small volumes at certain resonant frequencies. The
optical cavity has become an indispensable tool in many applications such as quantum
information [2-5], optical filtering [6], lasers [7], and sensing [8]. There are several important
figures of merit (FOM) that are used to characterize an optical cavity. A key FOM is the so-called
finesse (F), which is roughly equivalent to the average number of ‘round trips’ that a resonant
photon transits before being absorbed or leaking from the cavity. Finesse is closely related to the
quality factor (Q), and both of these parameters are essentially measures of the temporal
confinement of photons within the cavity. Another important FOM is the so-called spontaneous
emission coupling factor (f), which is essentially the fraction of photons emitted (by an emitting
‘atom’ inside the cavity) into the desired cavity mode. This is an important parameter for
characterizing the efficiency of light sources such as lasers, light-emitting diodes (LEDs), and
single-photon sources (SPS). As discussed in more detail below, achieving high /S generally
requires that an emitter is confined inside a microcavity with a small mode volume and a high Q-

factor.



The desire to improve the efficiency of light sources has prompted widespread studies of
concepts for the enhancement of emission into the desired mode [9-11] or the
suppression/inhibition of emission into undesired modes [12,13]. Activity in this field was greatly
accelerated by the work of Yablonovitch [13], which introduced the concept of a photonic crystal.
In principle, three-dimensional (3D) photonic crystals can be used for complete control of the
electromagnetic environment surrounding an emitter and thus for completely controlling
spontaneous emission. However, 3D photonic crystals have proven difficult to implement at

optical frequencies because of the requirements for 3D micromachining on the nanometer-scale.

In general, spontaneous emission can be modified by engineering the electromagnetic
boundary conditions surrounding the emitter, with 3D photonic crystals perhaps representing the
ultimate but most complex solution. As first shown by Purcell [14], significant benefits can be
gained by confining an emitter inside a small optical resonant cavity. From those experiments, a
famous result is the so-called Purcell factor: Fp = 3Q(1/n)3/4m? Vy, where Q and Vi are the
quality factor and mode volume respectively, and # is the refractive index of the cavity medium.
In this form, the Purcell factor quantifies the enhanced rate of emission into a cavity mode (i.e.
relative to the free-space emission rate), for an emitter that is perfectly aligned to the cavity mode.
Perfect alignment implies a dipole emitter located at the peak of the modal electric field profile,
and whose transition energy and polarization are also aligned with the cavity mode field.
Furthermore, it is often the case that the cavity does not significantly inhibit emission into non-
resonant modes, in which case follows the well-known result that S~ (Fp/Fp+1). This furthermore

implies that high S can be achieved by confining the emitter to a cavity with small V), and high Q.

This chapter will summarize some historical efforts towards the integration of microcavities
having small mode volume and high finesse, including efforts to embed emitters inside the optical
cavities. As a precursor to the work described in the last part of the thesis, a review of some works

involving the use of optical cavities for pressure sensing is also provided.

1.1 Controlling spontaneous emission

The manipulation and control of light emission, and in particular the engineering and modification
of spontaneous emission, has garnered much attention in the field of quantum optics. In nature, the

majority of light comes from spontaneous emission, and one of the most fundamental examples of



this spontaneous emission process is the thermal radiation emitted by hot objects. Typically, light
emitted via spontaneous emission is not directional and is not coherent (i.e., it is a collection of
‘wavetrains’ having a random phase and central frequency distributed over some range). However,
the dynamics of spontaneous emission can be influenced or controlled by placing the emitter inside
an acceptable micro- or nano-structure that has a relevant dimension either on the wavelength- or
sub-wavelength-scale. Thus, spontaneous emission is not a fixed property of an emitter. Instead,
it is dependent on the electromagnetic environment in which the emitter is located. In fact, quantum
mechanics shows us that spontaneous emission can be viewed as the emission of a photon mediated
(or stimulated) by zero-point energy (viz. electric field) fluctuations of the vacuum modes. For an
atomic emitter in an excited state, the zero-point energy can interact with the emitter and
‘stimulate’ it to transition to the lower energy level by emitting a photon. It follows that the
spontaneous emission rate of an atom can be modified (either enhanced or inhibited) by altering
its environment (i.e. altering the electromagnetic boundary conditions near the emitter).
Controlling spontaneous emission in such a way can significantly influence the performance of
many optoelectronic devices such as sensors [8], light-emitting devices [7], and quantum

devices [2-5].

Optical cavities have long been studied for their ability to localize light (i.e. to ‘trap’ photons
in small volumes and for long periods of time) and to accordingly modify the spontaneous emission
of emitters embedded inside the cavity. The most extreme examples of such microcavity effects
are provided by 3-dimensional photonic crystals, which can in principle completely inhibit the
existence of propagating electromagnetic modes within engineered ‘stop bands’ or ‘band gaps’. In
this thesis, it is demonstrated that the simpler and more easily fabricated ‘open access’ Fabry Perot
microcavity, when properly designed, can be used to implement a similar degree of control over
spontaneous emission to that provided by 3-dimensional photonic crystal microcavities. The next
sections will provide a brief summary of nanophotonic structures (with various types of emitters)
that have been used to study and control spontaneous emission, as well as the basic principles

behind the modifications induced by these structures.

1.1.1 Optical cavities for control of spontaneous emission

The modification of spontaneous emission using microcavity effects has been the subject of

intensive studies for the past several decades. A wide variety of candidate optical resonators have



been studied, including photonic crystal ‘defect’ microcavities [2,13,15,16], ‘open-access’ Fabry-
Perot microcavities [17-20], and plasmonic microcavities such as those based on metallic
nanoparticles [21-25]. All of these systems modify the photonic environment of an emitter via
changes to the local density of the available electromagnetic states (or modes). In the effort to
alter/control spontaneous emission, many attempts have been carried out using different emitters
inside various types of optical microcavities. However, here, we restrict the discussion to photonic-
crystal-based light confinement (i.e., periodic dielectric media with 1-, 2-, or 3-dimensional
periodicity) and include Fabry-Perot microcavities, which is most relevant to work described in
the remainder of the thesis. Recent reviews on the control of spontaneous emission using
plasmonic effects can be found elsewhere [26,27]. It is also worth noting that the interaction of
resonant cavity modes with quantum emitters has been studied using a variety of ‘atomic’ emitters.
Such emitters include isolated (i.e. typically cooled and trapped, gas-phase) atoms or ions [28—
32], quantum dots (QD) [33], and light-emitting defects (i.e. so-called ‘color centers’) in 3-
dimensional or 2-dimensional crystalline hosts such as diamond [34-37] or hexagonal boron

nitride, hBN [38-41].

1.1.1.1 Photonic crystal microcavities for spontaneous emission
control

As mentioned, three-dimensional (3D) photonic crystals can in principle provide a complete
photonic bandgap (PBG) characterized by a total absence of electromagnetic modes (in all
directions) over some finite range of frequencies. Thus, 3D photonic crystals can be used for
complete control of the electromagnetic environment surrounding an emitter and accordingly for
completely controlling spontaneous emission. The idea of using photonic crystals to control
spontaneous emission is usually attributed to Yablonovitch [13], who introduced the concept of
an artificial medium with a 3D-periodic refractive index (i.e., a photonic crystal) and invoked
analogies with electronic behavior in solid crystalline materials such as semiconductors. Since that
time, the enticing possibilities described by Yablonivitch have spurred countless theoretical and
experimental research works. For instance, Ogawa et al. [42] fabricated ‘stacked-stripe’ layered
(woodpile) 3D photonic crystals using electron beam lithography and dry etching in a II-V

semiconductor system, which could also function as an efficient direct band-gap light emitter (see



Figure 1.1). Using this approach, they were able to demonstrate nearly complete inhibition of
emission over frequency ranges lying within the photonic stop bands, as well as Purcell-enhanced

emission into ‘defect’ cavity modes.

flnGaAsP

InGaAsP : MQW o
Light Emitting Layer 0.2pum 0.7 pm

Figure 1.1. A 3D woodpile photonic crystal with embedded multiple quantum well (MQW) emitter layers [adapted
from [43]].

Using a related approach in 2008, Ventura ef al. [43] employed a direct femtosecond laser
writing method to fabricate woodpile 3D photonic crystals in PbSe quantum dot (QD)-doped
polymer. They exhibited fluorescence lifetime reductions for QD emission outside the bandgap,
while lifetimes became higher when the QD emission band overlapped with the bandgap (see
Figure 1.2). In other work, the strongly inhibited emission of semiconductor quantum dots [44]
has been observed in silicon 3D inverse-woodpile photonic crystals at the telecom range. 3D
inverse-woodpile photonic crystals were also formed using a CMOS-compatible method [45], in
which two perpendicular sets of pores were etched (using reactive ion etching) to form the 3D
photonic crystals. Subsequently, emitters were introduced in the form of PbS colloidal quantum
dots suspended in toluene by immersing the crystal into a solution containing the quantum

dots [44].
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Figure 1.2. The transmission spectra of a 3D PC overlaid with the spontaneous emission spectrum of the PbSe QDs
(shaded region) for [adapted from [45]], (a) cavity resonant wavelengths shorter than, (b) in line with, and (c) longer
than the PbSe emission spectrum. (d)- (f) fluorescence lifetime curves corresponding to the scenarios outlined in (a)-
(c) respectively.

The control of emission rate and direction has also been a priority for light sources such as
threshold-less lasers, and single-photon sources (SPS). For example, the manipulation of
spontaneous emission in 3D photonic bandgap structures has been exploited for achieving low-
threshold lasing [46]. The authors in this study [46] used a self-assembly method to fabricate a
‘colloidal’ photonic crystal (i.e., a photonic crystal self-assembled through the distillation of
microspheres from a solution, see Figure 1.3). They furthermore used rhodamine-B dye-doped

nanospheres as an active emitter, and reported lasing in the visible wavelength range at room

temperature.
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Figure 1.3. FESEM image for (a) the structure of a colloidal Photonic crystal (b) Top surface of well hexagonal
ordering in the (111) plane of the fcc lattice [adapted from [47]].
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Remarkable progress in the integration of emitters with 2D photonic crystals has also been reported
as a means to control spontaneous emission. Compared to 3D photonic crystals, 2D photonic
crystals are not as ideal for controlling spontaneous emission because the light is not strongly
confined in three dimensions, such that complete photonic bandgaps spanning all directions cannot
be realized. Nevertheless, significant modification of the spatial-spectral photonic mode density is
still possible. Several reports over the past years have been published on modifying the
spontaneous emission of emitters using 2D photonic crystals, such as enhanced spontaneous
emission from the coupling of PbSe quantum dots to silicon 2D photonic crystal
microcavities [47]. In that work, the investigators used a PbSe nanocrystal solution to deposit
quantum dots in a central hole (i.e., defect) in a 2D silicon photonic crystal (Figure 1.4). A Purcell

factor and spontaneous emission coupling factor of ~ 35, and ~ 0.04, respectively, were estimated.

Figure 1.4. SEM image of cleaved 2D silicon photonic crystals, showing PbSe quantum dots stuck in the air holes
[taken from [49]].

In similar work, Makarova et al. [48] coupled erbium-doped silicon-rich silicon nitride
nanocrystals to a 2D photonic crystal. The study showed the Q-factor of the PC resonance
decreased by increasing the pump power, this observed decrease indicates a change in the
refractive index of the cavity when the sample is heated (see Figure 1.5). A Purcell factor of 1.4
was predicted from the observed 20-fold enhancement of the emission of Erbium coupled to the

PC cavity at high pump power, while a 44-fold enhancement was observed at low pump power.
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Figure 1.5. (a) Plot of the PL intensity shows a redshift due to high pump power, thus leading to a reduction in the
resonance Q of the cavity. (b) Effect of increasing pumping power on the cavity resonant wavelength, O-factor, and
PL intensity [adapted from [50]]

Using the same fabrication method as above, Yiyang Gong et al. [49] also achieved a high Q-
factor and small mode volume cavity, which narrowed the emission linewidth. Their experiment
was performed at different temperatures to estimate the varying Purcell enhancement. At cryogenic
temperatures, they observed Purcell enhancement of 11-to 17-fold; however, at room temperature,
they found only 2.4-fold enhancement. Another study by Y. Wang et al. [50], fabricated 2D slab
non-airbridge and airbridge heterostructure photonic crystals microcavities coupled to Er-doped
silicon. For their fabricated airbridge structures, they observed high Q-factor and
photoluminescence enhancement at 1.5 pm. The study demonstrated a PL enhancement of 3 in the

airbridge cavity (higher than the non-airbridge cavity) at room temperature.

Of greatest relevance to the work described here, one-dimensional (1D), omnidirectional
Bragg reflectors have also been studied for their potential to modify the spontaneous emission rate
of emitters. It is now well-known that Bragg reflectors with sufficiently high refractive index
contrast can exhibit an ‘omnidirectional’ reflection band for light incident from a lower index
medium; i.e., high reflection over a finite wavelength range for plane waves of any incident angle
and polarization state. However, these structures always support in-plane guided modes at
frequencies inside the omnidirectional band, and thus are not able to completely prohibit the

existence of optical modes in the way that 3-D phtonic crystals can. Nevertheless, it has been



shown that a 1D ODR enables the inhibition of spontaneous emission for an emitter located in the
low index layer at a sufficient distance from the mirror to reduce coupling to the guided

modes [51].

Moreover, Yariv et al. [52,53] proposed and fabricated a new class of 1D omnidirectional-
spherical Bragg resonator called ‘onion’ cavities. The SEM image (see Figure 1.6) shows the
onion resonator with a spherical air-core surrounding Si/SiO; cladding. They studied both the
enhanced spontaneous emission into cavity modes and the suppression of spontaneous emission
into background radiation modes. Their study showed that the air core is essentially isolated from
free space due to the omnidirectional Bragg cladding. However, this structure is not trivial to
fabricate, and it is also difficult to efficiently couple external beams to the cavity modes.
Nevertheless, this work is conceptually similar to our proposal to control spontaneous emission

using omnidirectional-mirror cladded buckled-dome cavities, detailed in Chapter 3.

30.0kV XP2.00K

Figure 1.6. SEM image of Bragg ‘onion’ resonator. The inset shows the Si/SiO, cladding pairs. [adapted from [55]].

1.1.1.2 ‘Open-access’ Fabry-Perot microcavities for spontaneous
emission control

So-called ‘open-access’ Fabry-Perot microcavities (such as shown in Figure 1.7) have attracted
significant attention over the past decade. These cavities confine light between a pair of micro-
structured mirrors, at least one of which is curved to enable 3D mode confinement. In principle,

open-access Fabry-Perot cavities enable an arbitrary emitter to be located in the high-field region



(i.e., the open space) between the mirrors, and they also allow for straight forward tuning through
control of the mirror spacing. These are significant advantages compared to many other types of
microcavities such as 3D photonic crystals where tuning of the cavity resonant wavelength must

typically rely on thermo-optic or non-linear optic effects.
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Figure 1.7. Schematic representations of some fiber-based curved-mirror microcavities reported in the literature
[adapted from [52], [53]].

Much recent work has focused on reducing the size of such cavities, which were traditionally
fabricated using mechanically polished macroscopic curved mirrors. The goal is essentially to
realize cavities with small mirror spacing and small mirror radius of curvature, which, as detailed
below, corresponds to both a small mode -waist and -volume. This has motivated researchers to
explore various micro-machining techniques such as CO: laser ablation [54], focused ion beam
(FIB) milling [55], and dry etching [56] to form ultra-small and atomically smooth curved
surfaces as substrates for high reflectance dielectric mirrors. A typical approach to the construction
of such cavities is to form a micro-scale curved mirror on either a substrate or a fiber end facet,
and to carefully align (typically using piezo positioners) this curved mirror with a second mirror
deposited on a flat substrate (as shown in Figure 1.7). This type of hybrid construction is complex
and is difficult to scale to a large number of cavities, but on the other hand does allow great

flexibility in terms of introducing and aligning atomic emitters inside the cavity.

A few historical examples of such hybrid-assembled micro-scale curved-mirror cavities
follow. In 2005, Trupke et al. [57] used wet etching to produce ultra-smooth concave surfaces in
glass, suitable for the subsequent deposition of curved mirrors. Later, Biedermann et al. [56]
showed that high finesse F (~ 64,000 ) cavities could be realized using mirrors deposited on curved
surfaces formed by dry etching (see Figure 1.8 (a)). In 2010, Muller et al. [58] reported high-

finesse low-mode-volume cavities, in which smooth concave spherical surfaces on the end facets
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of optical fibers were formed by CO2 laser ablation (see Figure 1.8 (b)). Forming the curved
mirror surface on the face of an optical fiber has proven very popular, and Muller has been
followed by numerous research groups over the past decade. Dolan ef al. [55] introduced a focused
ion beam (FIB) milling process to produce arrays of concave surfaces suitable for high-finesse
mirrors (see Figure 1.8 (¢)). By aligning these curved mirrors with a second (flat) mirror substrate,

they have achieved small mode volumes and Q-factors exceeding 10,000.

(b)

(c)
Figure 1.8. Microscope images showing: (a) Two ultra-smooth micromirrors fabricated using dry etching [adapted
from [56]]; (b) laser machined fiber end face [adapted from [58]]; (c) Concave features milled into silica using FIB
[adapted from [55]].

Many groups have already applied such micro-scale, open-access Fabry-Perot cavities to
studies of cavity quantum electrodynamics (CQED), a topic which is described in greater detail
below. For example, in 2013, Hanno ef al. [59] fabricated an open-access cavity consisting of one
planar dielectric mirror, onto which fluorescent nanodiamonds (NDs) were deposited, and a second
curved mirror fabricated by laser machining on the end facet of an optical fiber. A cavity finesse
of F=20000 was achieved, and the study illustrated some powerful features of such a hybrid-
assembled, fiber-based open cavity for use in CQED. First, the cavity can easily be aligned to a
previously identified emitter of interest by using micro-positioners. Second, piezo-positioners can

be used to adjust the mirror spacing, so that the cavity resonance can be readily tuned relative to

11



the emission line of interest. Third, both pump (excitation) light and the emitted (fluorescent) light
can be efficiently coupled into the optical fiber (with appropriate design of the cavity properties),
greatly simplifying the experimental setup. These attributes provided the researchers with
unprecedented flexibility for studying Purcell effects. For example, the scaling of the fluorescence
emission lifetime (for light-emitting NV-vacancy centers in nanodiamonds) was studied as a
function of spectral alignment between the cavity resonance and the emitter (i.e., both on- and off-
resonance conditions). Similar studies have been reported using semiconductor QDs embedded
inside the flat mirror substrate of such ‘open-access’ cavities (see Figure 1.9 (b), [60]). In another
related work, Gallego ef al. [61] observed a high Purcell enhancement by trapping a Rb atom

inside an open-access fiber-based cavity.

Excitation lTCollection (He)

Fiber

GaAs substrate

(b)

Figure 1.9. (a) Nanoparticles trapped inside open cavity [adapted from [63]]; (b) Schematic of coupling quantum dots
to external-mirror [adapted from [60]].

These studies illustrate significant advantages of fiber-based, hybrid-assembled open-access
Fabry-Perot cavities, particularly for theoretical studies of Purcell effects and CQED. However,
the serial processing techniques used for curved mirror fabrication, and the hybrid assembly of the
cavity, present challenges with respect to scaling up to large numbers of cavities. For many
applications of CQED, it is envisioned that large numbers of emitter-cavity systems will be needed,
and monolithic approaches for implementing emitter-embedded cavity arrays on a single chip are

sought [62].

1.2 Pressure sensing

Microelectromechanical systems (MEMS) pressure sensors have received a great deal of attention

in recent years. This is due to their light weight, small volume, high performance, and low cost.
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Such pressure sensors are required for many applications in the biomedical field, as well as in the
automobile, aerospace, and industrial sectors. As there are many different principles used for the
function of a pressure sensor, such sensors are typically classified as piezoresistive, capacitive,

piezoelectric, optically resonant, and fiber optic interferometric sensor types [63].

Amongst these different types of pressure sensors, optical pressure sensors have many
advantages, including an immunity to electromagnetic interference (EMI), small size, high
accuracy and resolution, and the capability to work in harsh environments. Many different
architectures for fiber optic sensors exist, such as microstructural sensors [64] diaphragm-based
sensors [65], Mach-Zehnder interferometer sensors [66], and Fabry-Perot (FP) interferometer
sensors [67—69]. In the next section, a brief review of some recent research on Fabry-Perot (FP)

interferometer sensors is presented.

1.2.1 Fabry-Perot interferometer sensors

Recently, Fabry-Perot interferometer (FPI) sensors have attracted significant research interest, due
to their simplicity of operation, robust nature, and immunity to EMI. FPIs are similar to optical
microcavities in that they are based on the prototypical Fabry-Perot resonator (i.e., two parallel
reflecting surfaces separated by a certain distance). The FPI sensors can be classified into two
simple configurations, extrinsic Fabry-Perot interferometer [70,71] and intrinsic Fabry-Perot
interferometer [72,73] depending on the fabrication method of the reflectors. Figure 1.10 shows
the typical structure of the FPI sensor. Diaphragm-based extrinsic Fabry-Perot interferometers
have been the most commonly studied in the pressure-sensing literature due to their high
sensitivity, high resolution, and typically low-cost fabrication. The sensitivity of such an extrinsic
cavity depends on the material and thickness of the diaphragm. A variety of different materials

have been used to fabricate the diaphragm, including SiN, polymer, and silica.
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Figure 1.10. Two configurations of FPI [adapted from [75]], (a) Extrinsic FPI where the membrane is deposited on
the top of the fiber. The interfaces between the membrane/fiber and membrane/environment forms a weak cavity that
is used for sensing. (b) Extrinsic FPI where the cavity is composed of two fibers, and each fiber face forms the cavity
reflectors. (¢) A second intrinsic FPI, where the cavity reflectors are produced by inducing a refractive index change
along the length of the fiber.

In 2001, Don C. Abeysinghe ef al. [74] developed a novel MEMS pressure sensor for the
measurement of pressure at temperatures up to 600 °C using a silicon diaphragm, which was
fabricated on the end face of an optical fiber. This sensor operated at lower pressure (0 to 80 psi)
with a sensitivity of about 0.11 mV/psi. Other techniques have been proposed to improve the
fabrication of the diaphragm material, such as by Li ef al. [75] who used simple micromachining
techniques to fabricate a miniature optical Fabry Perot interferometric pressure sensor with a
highly linear response in the range from 0.2-1 MPa and a sensitivity of 10.07nm/MPa. An EFPI
pressure sensor based on an nm-range thick silver diaphragm was demonstrated, and showed a
much higher sensitivity of 70.5 nm/kPa [65]. Li. Jiang et al. [76] reported a single-crystal silicon
carbide SiC diaphragm-based extrinsic Fabry-Perot interferometer (EFPI) pressure sensor which
showed good linearity in the range from 0.1-0.9 MPa, with a resolution of 0.27 % of full scale
(F.S.) at room temperature. An alternative sensor design was proposed by Daniel et al. [77], where
they utilized metal-embedded optical fiber as a Fabry-Perot optical pressure sensor for high-

frequency dynamic pressure measurements which could potentially be used in harsh environments.

Moreover, various attempts to miniaturize EFPI sensors for high temperature operation were

developed. For example, Pevec and Donlagic [78] presented a miniature FP fiber optic sensor to

14



simultaneously detect pressure and temperature, with a demonstrated sensitivity of 36nm/bar.
Weiyi Ma et al. [79] presented an all-fiber extrinsic Fabry-Perot interferometer (EFPI) pressure
sensor with a diameter of only 125 um measured under high temperatures up to 800 °C. Pure silica
was used as the diaphragm, and a femtosecond laser was used to reduce the thickness of the
diaphragm and increase sensitivity. The reported sensitivity of this sensor was 70.8 nm/MPa.
Recently, a very high finesse, Fabry-Perot interferometric MEMS pressure sensor was
reported [80], with a high sensitivity of 1.598 um/MPa at room temperature, with 0.002% of full

scale (F.S.) resolution over a pressure range of 1MPa.

1.3 Monolithic Fabry-Perot microcavities

Over the past several years, our research group has developed a new ‘buckling self-assembly’
technique [1,81] for manufacturing arrays of air-core, half-symmetric microcavities on a chip (see
Figure 1.11). The fabrication method is monolithic and integrated, allowing thousands of highly

symmetric high finesse cavities (F ~ 3500 [82]) to be produced on a single wafer.

(a) (b)
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Figure 1.11. Buckled dome microcavities: (a) Schematic showing a cross-sectional profile of a typical dome (not to
scale), and the experimental arrangement used to study the optical properties; (b) microscope image of different sizes
of domes [adapted from [1]].

These microcavities could find important applications in the study of CQED systems and for
use in proposed quantum networks which would employ large arrays of emitter-cavity nodes.
Through lithographic patterning, different sizes and shapes of these microcavities can be fabricated
on a single chip. Of most interest here, a circular lithographic feature results in the formation of a

half-symmetric curved-mirror Fabry-Perot cavity (as in Figure 1.11). In previous work, moderately
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high finesse and O factors of ~ 3x10° and ~ 4x10*, respectively, have been demonstrated in both
the 1550 nm and 780 nm wavelength ranges targeting the emission wavelengths of Er and Rb
emitters [1]. However, these buckled cavities are inherently closed structures, with an inner air
core isolated from the external environment. A first attempt to fabricate open access versions of
these cavities, by FIB milling of access holes in the upper curved mirror was reported by C.A.
Potts et al. [82]. That work described an array of Si0»/Ta>Os based cavities with F ~ 3500 and
mode volume ~35)°, but also showed that the optical properties were detrimentally affected by
contaminations introduced during the milling process. The serial nature of the focused ion beam
(FIB) technique represents another drawback, implying that long and tedious processing may be

needed to make holes in multiple cavities.

Another approach for creating open access buckled microcavities was demonstrated by M.
Bitarafan et al. where in addition to demonstrating high-density arrays of buckled cavities
operating in a fundamental (longitudinal) mode regime, with Q >10° and mode volume as small
as a~1.3/% at 1550 nm [83], they also described the fabrication of dome cavities intersected by
air-core channels (see Figure 1.12 (a)). The straight-sided channels might function as waveguides
for pump or trapping laser beams, or as microfluidic channels for introducing an emitter or analyte.
Importantly, these channel-connected dome microcavities were shown to retain excellent optical

properties.

(a) (b)

Figure 1.12. (a) Surface profile plot (Zygo optical profilometer) showing a channel-connected dome. The inset shows
a microscope image for a similar device [adapted from [83]]; (b) Surface profile plot for an array of domes with a
base diameter of S0um. The inset shows a microscope image for a similar array [adapted from [83]].
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More recently, J. Maldaner et al. [84] reported a monolithic process to fabricate open access
cavities (see Figure 1.13), by using a wafer-scale reactive ion etching process to etch
photolithographically aligned holes into buckled domes. The etched cavities retained excellent

optical properties, essentially unaffected by the additional steps needed to introduce access holes

through the top mirror.

Figure 1.13. (a-c) Optical microscope images of domes with variable numbers of etching holes [adapted from [84]].

These cavities were used to study the infiltration of liquids inside the microcavities, and to study
how the liquid modified the modes of the cavities (as seen in Figure 1.14). Such liquid infiltration
provides an opportunity to incorporate ‘atomic’ emitters in solution into these microcavity arrays,
and this was one target goal of this thesis. For example, PbS quantum dots could be drop cast on
the top of the cavity, such that some of the QDs would infiltrate the cavity. Any QD that
successfully infiltrated the cavity would be trapped inside the cavity and act as an active medium.

Such a method could be used to produce a single-photon source or an on-chip laser.

(c)
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Figure 1.14. (a), (b) Images captured before/after dispensing IPA. A cavity mode is only visible after IPA has
successfully infiltrated the cavity. ¢c) Measured cavity resonances [adapted from [84]].
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1.4 Dissertation outline

The thesis is organized as follows:

The introductory Chapter 1 provided a brief background and literature review about the
modification of spontaneous emission in dielectric microcavities (in particular ‘open-access’
microcavities), thereby motivating this dissertation project. Diaphragm-based optical pressure
sensors were also briefly reviewed, as a precursor to pressure-sensitivity studies described later in

the thesis.

Chapter 2 outlines some of the theoretical background related to the main thesis topics. First, the
basics of the planar Fabry-Perot cavity and quality factor are introduced. Next, relevant parameters
of the spherical mirror Fabry-Perot cavity such as Gaussian beam modes, resonance frequencies,
and mode volume are overviewed. Finally, laser rate equations used in spontaneous and stimulated
emission, and related figures of merit, including cooperativity (C) and Purcell factor (Fp) are

discussed.

Chapter 3 was published as “Cooperativity enhancement in buckled-dome microcavities with
omnidirectional claddings” [85], and explains the theoretical model used to calculate the emission
rate of a dipole emitter embedded inside buckled-dome microcavities relative to the free-space
emission rate. This theoretical study presents small mode volume Fabry-Perot cavities based on a-
Si/SiO; mirrors similar to those fabricated in Ref. [83]. A 3D finite-difference time-domain
(FDTD) simulation (Lumerical) was used to predict the cooperativity and Purcell factor of these
cavities. The top mirror (curved) of the buckled-dome cavity was described by using the Bessel

function shape predicted by elastic buckling theory [86].

In Chapter 4, the fabrication process of the buckled cavities is described, including two attempts
to embed erbium-doped films as emitting layers into this process. A detailed description of the
optical setup developed to perform microscope-based PL experiments is also provided, along with

some preliminary PL results.

Chapter 5 describes a theoretical and experimental study of the effects of changes in ambient
pressure on the resonance frequencies and other optical properties of the buckled-dome cavities.
We showed that these cavities exhibit linear pressure response over ranges that can be customized

by choice of cavity size, as well as high vibrational mechanical resonance frequencies, and that
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they might be of interest for sensing of dynamic pressure signals such as in photo-acoustic or

ultrasound applications.

Finally, the thesis work, research contributions, and possibilities for future studies are summarized

and presented in Chapter 6

19



Chapter 2

Theoretical Background

This section provides background information concerning Bragg reflectors, conditions for
omnidirectional reflectance by Bragg reflectors, planar and curved mirror FPCs, and optical modes
in spherical mirror resonators. These are requisite topics for understanding the material in chapters

3,4,and 5.

2.1 Distributed Bragg reflectors

Dielectric mirrors, also known as distributed Bragg reflectors, are composed of alternating
materials with different refractive indices. A special and important case is commonly called a
quarter-wave stack (QWS). The quarter-wave-stack condition can be expressed as:

AB == 4'nLdL == 4anH , (21)

where Az is the Bragg wavelength, and dr/ni and di/n; are the thicknesses/refractive indices of the
higher and lower index layers, respectively. It can be shown that the QWS provides the highest
reflection and widest stop band for a given pair of materials and the number of periods in the Bragg
reflector. Figure 2.1 shows an example of a Bragg reflector, with a high index layer next to an air
incident medium and the incident light partially reflected at each boundary. At and near the Bragg
wavelength (i.e., in a so-called ‘stop-band’), strong reflection occurs due to constructive

interference of the sub-reflections of light at each interface in the stack.
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Figure 2.1. (a) Schematic illustration of a 1D photonic crystal (i.e., a Bragg reflector) comprising alternating layers of
high and low refractive indices, with periodicity an along the z-axis [adapted from [15]]; (b) Schematic showing the
partial reflection of light at each interface [adapted from [87]].
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At normal incidence, the maximum reflectance of an N-period QWS is given by [87]

= [1_(ns/no)(nL/nH)2N]2

1+(ng/no)(ny/np)?N

Rpragg (2.2)

The QWS mirror exhibits high reflectance for a range of wavelengths. The width of the
fundamental stop-band (centred at the Bragg wavelength defined above) at normal incidence can
be expressed [87]:

_ 4 . [Ina—ny
A/lBragg = ABragg ;arcsm [m . (23)

The stopband width is thus highly dependent on the index contrast of the two materials.

2.2 Omnidirectional reflectance

Metallic mirrors reflect strongly for all polarization states and incident angles. However, they have
relatively high absorption losses, which limits their maximum reflectance and also their potential
transmittance, and thus presents obstacles for some applications such as CQED that require ultra-
low-loss mirrors. Dielectric mirrors, compared to metallic mirrors, can be relatively non-absorbing
through a choice of suitable transparent materials in a given wavelength range of interest.
Conventional dielectric (e.g., QWS) mirrors reflect light over a limited spectral bandwidth and
over a limited range of angles of incidence, and are often restricted to a particular state of
polarization (in the case of off-normal incidence).

However, it has been recognized since the late 1990s [88] that a one-dimensional photonic
crystal (i.e. a Bragg mirror) can provide omnidirectional reflection (high reflection for all incidence
angles and states of polarization, over some finite spectral range) if certain conditions are met.
Specifically, omnidirectional reflection requires that the following two criteria are satisfied. First,
the index contrast between the two constituent materials must be sufficiently high, and second, the
refractive index of the incident medium must be sufficiently less than the refractive index of the
lower index material comprising the mirror layers. Figure 2.2 illustrates the w-k diagram, for
instance, corresponding to a 1-D (infinite) periodic medium with n; = 1.7 and n> = 3.5. The bold

solid lines are the ‘light lines’ in an external air incident medium. Free-propagating modes (i.e.,
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radiation or plane-wave modes) in air lie above this light line. On this diagram, the greyed regions
represent the combinations of @ and k for which light can propagate ‘freely’ through the periodic
medium, while the white regions represent combinations that are subject to constructive back-
scattering (see Figure 2.1 above) and are thus ‘prohibited’ inside the periodic medium. In other
words, the grey regions represent ‘passbands’ and the white regions are ‘stopbands’. All
propagating modes in the external air region lie between the vertical axis of the plot (i.e., normal
incidence on the periodic medium interfaces) and the light line in air (i.e., grazing incidence).
Thus, if the medium has a stopband that spans some finite range of frequencies for both TE and
TM polarizations and for all angles from normal to grazing incidence, this corresponds to a so-
called ‘omnidirectional’ reflection band. As shown by the labels in Figure 2.2, the QWS
considered here does present such an omnidirectional band for incidence from an external air

medium.

As is well known, for TM polarization there is a specific angle of incidence, known as the
Brewster angle ( 8 = tan™? (:;—H)), at which the sub-reflections depicted in Figure 2.1(b) are
L

precisely zero. At this angle, depicted by the dotted line in Figure 2.2, there is therefore a ‘closing’
of the stop band. As Fink ef al. [89] showed, a key pre-requisite for omnidirectional reflectance
is thus that the Brewster angle (inside the Bragg stack) is not ‘accessible’ for plane waves incident
from the external medium. In practice, this implies that a suitable choice for n; is needed.
Specifically, the ratio of this index to the incident-medium index (n ~ 1 for air) must exceed some
minimum threshold, which can be calculated using Snell’s law and the Brewster angle expression
above. The second pre-requisite for omnidirectional reflection is simply that the index contrast
(nu/ny) 1s sufficiently high, so that the stopband width is large enough to ensure that some range
of frequencies remains inside the stop band for all angles of incidence. While analytical
expressions are not available for this criterion, numerical calculations show, for example, that for

air incidence and n; ~ 1.5, ny must exceed ~ 2.2 in order for an omnidirectional band to exist.
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Figure 2.2. Predicted band structure for an infinite 1D-periodic medium (i.e. a Bragg reflector) withn; = 1.7 and n, =
3.4 [adapted from [88]]. The bold lines indicate the light lines in an external air medium. The dotted line indicates
the Brewster angle inside the periodic medium.

Finite Bragg reflectors exhibit the features depicted in Figure 2.2, but of course with sub-unity
reflectance and passband ripple due to finite medium effects. As an example, Figure 2.3 shows
the predicted reflectance for a 4-period Bragg mirror with a normal-incidence Bragg wavelength
of A= 1550 nm and based on a-Si (n ~3.7) and SiO; (n ~1.47), as calculated using a transfer
matrix technique. Similar mirrors are employed in our buckled dome microcavities; as shown,
they have sufficient index contrast to provide a wide omnidirectional reflection band for incidence
from air. As depicted by the series of plots, as the incident angle is increased the stop-bands shift
towards higher frequencies (shorter wavelengths), consistent with Figure 2.2. Also, for the
increasing angle of incidence, the stop-band for TE becomes wider while the stop-band for TM
becomes narrower. Nevertheless, because these mirrors handily satisfy the conditions mentioned
above, a wide omnidirectional ‘stop’ band (i.e., band of high reflectance for both polarization

states) spans the wavelength range from ~1300 to 1700 nm.

It is important to mention that a 1D periodic medium, even with ‘omnidirectional’ reflection
properties, differs significantly from a 3D photonic crystal, which can possess a truly
omnidirectional bandgap. The reason is that 1D periodic media can typically support in-plane
guided modes at all frequencies. A typical example is shown in Figure 2.4, for a 5-period Bragg
reflector. This Bragg reflector can also be viewed as a 5-core coupled waveguide system, in which
each high index layer of the Bragg stack is the core of a slab waveguide. In-plane guided modes
are confined by total internal reflection inside these high-index layers. They lie beneath the light

line of the low-index Bragg layers, and thus of course beneath the light line of the air incident
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medium (i.e. in the grey regions beneath the light line in Figure 2.2). Nevertheless, energy from
an external source, even with frequencies within an omnidirectional band of the type discussed
above, can couple into these guided modes if the source is sufficiently close to the interface such
that it interacts with the evanescent fields of the guided modes. This coupling has important
implications on the spontaneous emission rate and spatial profile of dipole emitters placed near to

the surface of a Bragg mirror, as discussed in Chapter 3.

For the 5-period waveguide system, each mode of the isolated individual waveguide cores
splits into 5 ‘supermodes’ of the coupled system, as shown in Figure 2.4 (a). Also, for the
asymmetric structure shown (i.e. with air on one side and a substrate on the other), one of the 5
coupled modes is essentially a surface wave. This surface mode will exist when the separation
between the adjacent waveguides satisfies certain criteria [90] and, roughly speaking, the energy
of the surface mode is confined to the surface by total internal reflection at the air interface and by

coherent Bragg scattering (see Figure 2.4(b)) on the other side.
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Figure 2.3. Transfer-matrix calculations of reflectance for 4-period a-Si/SiO; mirror as described in the main text. An
omnidirectional band of high reflectance (for both TE and TM polarizations) is indicated in the ~ 1300-1700 nm
wavelength range.
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Figure 2.4. (a) Field profiles for a five-channel waveguide with indices 71=2.89, n,=3.38, n,=1, a=b=0.5\ [adapted
from [90]]; (b) Field distribution of the fundamental mode of a Bragg reflection waveguide with n,= 1.0, n, =3.38,
n=2.89, A=1.15um, a=b=0.5 A =0.1p, t=153pm[adapted from [91]]. .

2.3 Optical cavities

In simple terms, an optical cavity traps and confines light at specific (resonant) frequencies. Optical
cavities play a vital role in numerous fields, such as in optical sensor applications, optical filters,
lasers, and other cavity-enhanced light sources such as resonant-cavity LEDs. Recently, an
emerging application of the optical cavity is found in the field of cavity quantum electrodynamics
(CQED), which encompasses interactions between photons and atoms confined inside an optical
cavity. Optical resonators of many different types are studied in the literature, including planar and
curved-mirror Fabry-Perot cavities, waveguide-based ring resonators, and defect-cavities in 2-D
and 3-D photonic crystals [92]. Here, we focus only on the planar and spherical FPCs, which are

the basis of the work described in subsequent sections.

2.3.1 The planar mirror Fabry-Perot resonator

The planar Fabry Perot resonator is the most basic form of the optical cavity, and arguably the
most important kind of optical resonator. It consists of two planar mirrors separated by a distance

L, between which a light beam can ‘bounce’ (back and forth), as depicted in Figure 2.5 (a). If the

25



mirrors are assumed to have an infinite extent, the modes of the planar cavity are expressed in
terms of idealized monochromatic (single frequency) plane waves (A, B), as shown in Figure

2.5(a).

Relative intensity
A, A,

(a) (b)
Figure 2.5. Schematic of the Fabry-Perot cavity which [adapted from [93]].

For simplicity, consider the case of normal incidence on the planar mirror, thus plane waves
travelling along the axis of the cavity. An infinite set of sub-reflected wave components can be
envisioned inside the cavity, and they are subject to interference with each other. Cavity modes
correspond to frequencies at which this infinite set of sub-reflected waves achieve constructive
interference. For a hard-mirror boundary condition (i.e., neglecting field penetration into the
mirrors), the resonant mode condition is that the ‘bouncing’ plane wave plane, when it travels one

round trip, must experience a phase shift (2¢) equal to an integer multiple of 27 :

26 =n (‘;—’:) d =2mm, (2.4)

where m is the longitudinal mode order and  is the refractive index of the cavity medium between
the mirrors. Of course, this is simply the ‘standing wave’ condition, d = m A,/2n, depicted in

Figure 2.5(b). By using v = ¢ /A, we can express the resonance frequencies (Figure 2.5 (c)) as:

v __ mc
m ™ ond

2.5)

The free spectral range (FSR)is the frequency separation between two adjacent resonant modes

(i.e., m and m+1) and is given by:

__c
vp = (2.6)
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Two key figures of merit used to characterize the light-storage capabilities of any optical resonator
are the finesse (F) and the quality factor (Q). Finesse has several physical interpretations, including
that it indicates the average number of the round trips that a resonant photon makes before ‘leaving’
the cavity. It also represents the number of independent channels that can be resolved when the

FPC is used as a spectroscopic instrument. It can be defined as

F=X 2.7)

- s
Svm,

where v is the free spectral range, and &, is the FWHM spectral linewidth of the resonance mode
m. By assuming a symmetric and low-loss cavity, and neglecting defects such as mirror roughness,
unintended mirror curvature, or deviation from parallelism between mirrors, the finesse reduces to
the so-called ‘reflection finesse’, Fg, which is determined solely by the reflectance R of the

mirrors:
Fr=——. (2.8)

A related measure of the photon storage time is the so-called quality factor, which is a universal
measure applied to resonators, quantifying the number of ‘cycles’ (i.e., periods at the resonant
optical frequency) for which a resonant photon is stored on average. Referring to Figure 2.5, it

can be expressed:

Q=2 =mFg, (2.9)

= 5oy,

where &, is known as the FWHM spectral linewidth (see Figure 2.5 (¢) ) of a resonant mode, and

m 1s the longitudinal mode order (m=1,2,3,...).

2.3.2 Spherical-mirror Fabry-Perot cavities

The planar Fabry-Perot etalon discussed above is the prototypical structure used as a model for
understanding the behavior of all optical cavities, and some cavities used in spectroscopy and
lasers are well-approximated by such a simple model. However, it is clearly an idealization, since
it assumes mirrors of infinite extent and modes that are plane waves. Furthermore, such an
idealized cavity does not provide transverse confinement of light in the directions perpendicular

to the cavity axis. To achieve 3D confinement of light, one or both of the planar mirrors is replaced
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by a spherical or curved mirror. Spherical mirrors essentially refocus light that is circulating inside
the cavity, thereby compensating diffraction. From a ray optics viewpoint, stable modes of such
a cavity correspond to ray trajectories that retrace the same path as they bounce back and forth
between the mirrors, as shown in Figure 2.6. From a more fundamental perspective, the
electromagnetic modes of the spherical mirror cavity are the well-known Hermite-Gaussian (or

Laguerre-Gaussian) beams discussed next.

Figure 2.6. Schematic representation of light rays that’ retrace themselves’ as they bounce back and forth between the
concave mirror and mirror refocus the circulating light [adapted from [92]].

2.3.2.1 Gaussian beam modes

The boundary conditions presented by spherical mirror resonators, under the right conditions (i.e.,
combinations of mirror curvature and spacing), can result in stable electromagnetic modes which
are the well-known Hermite-Gaussian beams [92]. In other words, Hermite-Gaussian beams are
the modes of the spherical-mirror resonator; they are also solutions of the paraxial Helmholtz
equation. These well-known solutions can be utilized to predict the resonance frequencies and
intensity distributions of the resonator modes. In simple terms, the Gaussian beams that are the 3-
D confined modes of such cavities have wavefront curvature at the position of the mirrors that

matches the curvature of the spherical mirrors (as shown in Figure 2.7)
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Figure 2.7. Diagram showing a spherical cavity supporting a stable Gaussian beam mode. The Gaussian beam
wavefront curvature at the positions of the mirrors must match the curvature of the mirrors [adapted from [94]].

The fundamental (i.e., lowest-order, TEMoo) Gaussian beam has a radially symmetric ‘Gaussian’

field profile, with an intensity distribution given by the following equation:

1= 1o (22 exp [2("2;2)] (2.10)

where Iy is the on-axis intensity at the beam waist, wyis the beam waist radius (minimum spot size

at the beam waist), and w(z) is the z-dependent beam spot size.

The minimum spot size radius occurs at the ‘focal plane’ (z = 0) of the beam. The minimum spot
size (Wp), is the radial distance (at the beam waist) at which the intensity has fallen to 1/e* of its
on-axis value. This minimum spot size determines many key beam characteristics. For example,
away from the beam waist, the beam diverges due to diffraction effects and the transverse

dimensions correspondingly increase. The z-dependent spot size of the beam can be expressed as:
z 2
w(z) = wo_ |1+ (g) , (2.11)

where z is referred to as the "Rayleigh range' or “depth of focus’, and is specified by:

2
Zo = ”;Z" , (2.12)
The wavefronts are spherical surfaces with radius of curvature given by:
ZZ
R(2) =Z+?O . (2.13)

29



Thus, a Gaussian beam can be the stable solution of a spherical mirror resonator when the

wavefront curvature (at the mirror locations) matches the mirror curvature.

More generally, solutions of the paraxial wave equation generate families of modes, in
addition to the lowest-order (fundamental) mode discussed above. These are referred to as
Hermite-Gaussian (HG) or Laguerre-Gaussian (LG) modes. Both HG and LG mode families
represent a complete set of orthogonal basis solutions, and thus any HG mode can be represented
as a weighted sum of LG modes, and vice-versa. The choice of HG or LG basis functions depends
on the coordinate system (i.e., either Cartesian or cylindrical) chosen for the transverse planes. For
a Cartesian coordinate system, Hermite-Gaussian modes are appropriate and can be denoted as
TEM;,m, where (/,m) are the numbers of nodal points in the electric field distribution along the x
and y directions. In most practical spherical mirror resonators, there is significant deviation from
cylindrical symmetry, so that the HG modes are observed in the majority of experimental systems.
LG modes have mode indices that indicate numbers of nodes along the radial and azimuthal
directions in a cylindrical coordinate system, and are only observed in experimental systems with
extremely good spherical symmetry. The intensity profiles of some low-order Hermite-Gaussian

and Laguerre-Gaussian modes are shown in Figure 2.8.

20

Figure 2.8. The intensity profiles of some low-order: (a) Hermite-Gaussian modes. (b) Laguerre-Gaussian modes
[adapted from [95]].
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2.3.2.2 Resonance frequencies

As for the planar Fabry-Perot, the longitudinal resonance condition is that a circulating wave must
accumulate a round trip phase equal to the integer multiple of 2z (i.e. this is the ‘integer number
of half wavelengths’ condition). However, due to their non-plane-wave nature, the accumulated
phase shift for a Hermite-Gaussian beam must take into account the so-called ‘Gouy’ phase shift,
which is unique for each HG mode and leads to a more complicated longitudinal phase
condition [96]:

ked—(+m+1) [tan_1 j—z - tan_lj—:J =qm . (2.14)
Here, / and m are the transverse mode indices mentioned above, k, is the wave number in the cavity
medium, d is the axial mirror spacing, and ¢ is the longitudinal mode order (¢=1,2,3...).

Furthermore, zi and z; are the positions of the cavity mirrors, as shown in Figure 2.7.

From the phase condition, the resonance frequency of a given mode can be expressed as:

Vimg = 53 [q + @cos-1 [\/(1 - Ri) (1 - Ri)]] . (2.15)

Here, R; and R> are the radii of curvature of the mirrors. From Eq. (2.15), the first term is the

longitudinal modal spacing, which is independent of the mirror curvature and identical to the result
for the planar mirror resonator. However, the second term depends on the mirror curvature. The
transverse field profile is identical for modes with a given combination of transverse mode indices
([,m), regardless of the longitudinal mode order g. The frequency spacing between transverse

modes is given by:

Ay = ——A(l +m) |tan™? 2 a2, (2.16)

2nnd Zo

where 7 is the refractive index of the cavity medium. In the case of a nearly planar resonator
(typical of many practical cavities with stable mode solutions), where z; and z, are comparatively

smaller than z,, 1.e. R;, R>>>d, the preceding equation simplifies to the following result [96]:

Cc

Av =

A +m). (2.17)

2mnzgy
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Figure 2.9 illustrates typical ‘families’ of resonant frequencies for such a cavity. The longitudinal
mode orders (i.e., for fundamental TEoo mode profiles) are separated by the “free spectral range”
from above, i.e. vy = ¢/2nd. Higher-order transverse modes have resonant frequencies slightly
above that of the corresponding TEoo mode for a given longitudinal mode order, and the spacing

between transverse modes is given by Eq. (2.17).
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Figure 2.9. Schematic resonance frequency spectrum for a near-planar spherical mirror resonator, with d<<R,R,.. The
spacing between longitudinal mode orders is given by the free spectral range, while the spacing between transverse
modes belonging to a particular longitudinal mode order is given by Eq. (2.17) [Adapted from [96]].

2.3.2.3 mode volume

Mode volume is another important parameter in many applications of microcavities. Conceptually
speaking, the mode volume quantifies the degree of spatial confinement of light by the cavity in
the same way that the Quality factor quantifies the degree of temporal confinement of the light by

the cavity. The mode volume is generally defined as [94]:

E(x,y,2)E(x,y,z)dxdydz
Vu = JIJ THE : (2.18)

where E, is the peak electric field of the cavity mode. The mode volume for any TEMoo mode of
the spherical-mirror FPC can be approximated by the following equation [54]:

2

Vy ==2d. (2.19)

Here, wy is the mode waist associated with the TEMoo mode and d is the cavity length (i.e.,

mirror spacing).

For the case of the half-symmetric optical cavity, the beam waist lies on the planar mirror, the
beam waist (radius) for the fundamental mode can be approximated as [54]:
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A :
wo = |—(LutRcp) /4, 2.20

where Logr 1s the effective cavity length and Rcp is the radius of curvature for the curved mirror

(describe later). Here, Lois = & + 2dp, where dp is the penetration depth into the mirrors [27].

2.4 Laser rate equations

According to quantum theory, matter can exchange energy with the electromagnetic field through
either creation (emission) or annihilation (absorption) of a photon. Significant insight is obtained
by considering a simple two-level atom interacting with a resonant optical field, where v ~ E>-
E;, with hv the photon energy and E> and E; the upper and lower energy levels of the atom. The
interaction between atom and field initiates an energy exchange between them. As summarized

below, there are three fundamental processes by which the atom and the field can exchange energy.

2.4.1 Spontaneous and stimulated emission

Photon emission occurs when the atom descends from the upper level to the lower level, thereby
emitting energy. In some systems, the energy might be released via a nonradiative process, such
as for example by the emission of phonons (thermal energy). The rate of spontaneous photon
emission is governed by the Einstein coefficient for the transition according to the following rate

equation [97]

dn
d_tz = _A21N2 , (221)

Here, the proportionality constant is known as the Einstein 42; coefficient, and N is the number

of atoms per unit volume in energy state E>.

Einstein showed that an incoming photon that is resonant with the transition can also induce a
downward transition, in a process referred to as stimulated emission. This process is illustrated in

Figure 2.10 (b). The rate of stimulated emission can be expressed as:

dN,

Pyl —By1Nyp(w), (2.22)
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Where N, denotes the number of atoms per unit volume in energy state £-[m™], p(w) signifies the
spectral energy density of the electromagnetic field at the resonant frequency (Jm >(rad/s)!), and

B;, is termed the Einstein B coefficient.

Eo ” Eo 5 Es
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Figure 2.10. Schematic illustration of the three processes: (a) spontaneous emission, (b) stimulated emission, (c)
absorption [adapted from [98]].

Of course, upward transitions can also be caused by absorption (annihilation) of resonant
photons, a process known as stimulated absorption or simply absorption. An analogous rate
equation for stimulated absorption, but with N; and B, can thus be written. For a collection of
identical atoms at thermal equilibrium, the rate of upward and downward transitions must be equal,

which can be expressed [97]:

B12N1p(w) = Az1N; + By Npp(w), (2.23)
The relationships between the Einstein coefficients can be derived by assuming that the atoms are
in thermal equilibrium with a blackbody spectrum. Based on Boltzmann statistics for a collection
of atoms at thermal equilibrium, the following equation can be asserted [97]

Ny _g [ ho
p=E exp( KBT), (2.24)

where g» and g; denote the degeneracies of levels 1 and 2, respectively. By using Planck’s

blackbody radiation formula, the spectral energy density can be written:

Aw3 1
2.3

p(w) = ey Wfr)‘l , (2.25)

From Eq. (2.23), Egs. (2.24), and (2.25), the following relationships can be derived:
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g81B12 = 82871, (2.26)

3
Ay1 = —55Ba1, (2.27)

2.5 Atom- Photon coupling inside microcavity

The study of the interaction between an atom and a confined electromagnetic field within an optical
cavity, which contributes considerably to the formation of quantum information, is called cavity
quantum electrodynamics (CQED). A microcavity can confine photons and atoms within the same
small volume, and thus greatly enhance the interactions between them. For near-resonant
conditions, the interaction between a two-level atom and light inside a microcavity is governed by

three main parameters:

e the photon decay rate of the cavity 2«
¢ the non-resonant decay rate 2y,

e the atom-photon coupling parameter 2gy.

Figure 2.11 illustrates these three parameters. The majority of applications of atom-cavity coupling
are based on achieving one of the following two regimes: 1. strong-coupling conditions, where
go > (k,vy) or ii. weak-coupling conditions, where g, < (k,y), but typically with x >> gy >>
v. We focus only on the weak coupling regime here, since it has most relevance to the proposed

research.

Vo
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Y

Figure 2.11. Diagram of a system showing the interaction between an atom and resonant mode inside the cavity
[Adapted from [97]].
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2.5.1 weak -coupling (Purcell) regime

In the weak coupling regime, the atom-cavity coupling constant go is lower than the loss rate,
which arises either from the escape of photons from the cavity mode (x) or from emission into
non-resonant modes (). In this scenario, the emission of photons from atoms inside the cavity is
irreversible. Thus, there is zero possibility of re-absorption of a photon that is emitted into a non-
resonant mode, or which is lost (by absorption, scattering, or transmission by the mirrors) from the
cavity mode. Nevertheless, in the Purcell regime, the cavity has ability to control (i.e., suppress or
enhance) the spatial and temporal emission profile of photons compared to the free space value,
depending on if there is a match between the atomic transition and the resonant mode of the cavity.
In the case of an emitter (i.e., atom) located inside the air cavity at a mode field maximum, and
with the assumptions that the atomic transition is resonant with the cavity mode and y <x [99,100],
then the emission rate in a cavity mode of interest compared to the free space is specified by the

well-known Purcell factor:

F=2 -3 _Q (2.28)

T wiree T 4m2 (v /23)

where Q is the quality factor, Vs is mode volume, and 4, is the free space wavelength. The
expression in Eq. 2.28 assumes an emitter in a vacuum. Thus, a high Purcell factor requires small
mode volume and high Q. It should also be noted that the expression above assumes that the

spectral width of the cavity resonance is broader than line-width of the emitter.

2.6 Buckling delamination: morphology and theoretical
aspects

2.6.1 Buckling delamination of thin films

The buckling delamination of thin-film structures has mainly been studied as an unwanted
phenomenon that causes failure in electronics and optoelectronics applications. High biaxial
compressive stresses and low adhesion are the main factors that play a significant role in the
buckling delamination of a deposited thin film from its substrate. As mentioned, this phenomenon

is typically unfavorable and is associated with device failure. However, our group has exploited a
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controlled delamination and buckling process in order to fabricate air-core microcavities and
waveguides [1,81]. In this approach, film buckling due to the above-mentioned conditions is
exploited as a ‘self-assembly’ process, by patterning some specific regions of the proposed wafer
to possess lower adhesion. Experimentally, this can be achieved through the deposition and
patterning of a weak adhesion layer. To maintain good optical properties of the produced cavity
(i.e., low absorption and scattering loss in the visible and near-infrared wavelength ranges of
interest), most of this work has employed a Teflon-like fluoropolymer layer deposited using the
passivation cycle of a standard deep reactive ion etching (DRIE) process (i.e., the well-known
‘Bosch’ process). This fluorocarbon layer has the properties of being highly transparent and has
typically been found to have negligible effects on the optical properties of the resulting
microcavity. It should be noted that using this method of fluorocarbon thin-film fabrication has
contributed to the production of many functional optical and MEMS-like devices reported in the

literature [1,81,82,101].

2.6.2 Circular delamination buckles — basic theory

The formation of delamination buckles over a circular region of low adhesion and driven by
compressive stress can be analyzed by employing the so-called elastic buckling theory of a circular
plate having clamped boundaries on the edges [102]. According to this theory, buckling will take
place if the compressive stress of the ‘film’ (i.e., the top mirror multilayer in our case) exceeds the

critical stress value o, derived from the elastic buckling theory:

E /h\*
o, = 1.2235 <1 — (E) ) (2.29)

in which E is the modulus of elasticity of the considered layer (i.e., which is a multilayer Bragg
mirror treated as an effective medium in our case), v is the Poisson ratio of the layer, h is the
thickness of the layer, and a = D/2 is the radius of the circular region subject to delamination.
As shown in Figure 2.13 (the process flow), when a compressively stressed upper mirror is
deposited over patterned circular regions of low adhesion, and an empirically optimized heating

step is applied, circular delamination buckles are induced to form ‘spontaneously’.
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According to these predictions of elastic buckling theory, these circular delamination buckles
have a specific shape described mathematically by a Bessel function equation (see Eq. 2.30 below)
and shown schematically in Figure 2.12. In practice, the profile can be influenced by other factors
such as plastic deformation occurring in the stacked multi-layer and relaxation of the compressive
stress in the buckled film. By neglecting the plastic deformation effect on the final geometry shape
of the buckles and assuming a pure elastic elongation behaviour for the deformed thin film with
clamped rigid boundaries at the ends (see Figure 2.12 for clarification), the buckling profile can

be predicted by the following expression [86,103]:

A(r) = §[0.2871 + 0.7129. Jo (ur)]. (2.30)
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Figure 2.12. Configuration of the buckled film, showing J is a height of the delamination, and h is a thickness of the
film [ adapted from [103]].

Here A is the vertical displacement of the thin film structure, r is the normalized radial coordinate
of the buckled dome, J, is the Bessel function of the first kind and order zero, ¢ is the peak height
of the buckle dome, and p = 3.8317 is the first zero of the Bessel function of the first kind and
order one. The peak height or displacement of the buckled dome can be calculated analytically for

a known biaxial thin-film compressive stress [86]:

1
(5—h[19((r 1)]1/2 19901 — v 2D 2.31
I AV | 1.2235E 2 (231)
The above-derived expression is valid provided ¢ > o, and assuming purely elastic
deformation of the buckled film. As we stated earlier, plastic deformation can occur in highly
stressed films and may consequently cause some deviation between the true measured and

predicted values of the peak buckle height as well as the profile of the delamination buckle.
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The effective radius of curvature of the buckled mirror is another crucial parameter that
controls the modal volume and specifies the optical modal behaviour of the Bragg reflector mirror.

It can be calculated through applying the following formula [1]:

Dz §
Rep=g5+75- (2.32)

It is worth mentioning that to induce buckling at the first onset of the process, the applied heat
load should be controllable. This starts by heat up the substrate, which in turn will transfer the
applied heat flux to the other different components of the proposed structure (listed in the Table
2.1) and cause a state of thermal expansion due to the different thermal properties in addition to
the disintegration of the weak adhesion layer. A temperature of = 300 — 350 °C has typically
been used to satisfy the condition of buckling onset and at the same time adhesion reduction as

well as redistribution of compressive stresses.

Table 2.1. Mechanical Properties of materials.

Material E(GPa) v
a-Si 60-100 0.22
SiO; 72 0.17

Ta0s 100-140 0.23

2.7 Fabrication

In this section, we describe the general steps that are used to fabricate dome microcavities by
buckling self-assembly. In general, the fabrication of Dome microcavity is partitioned into four

stages (see Figure 2.13):

1. Deposit the bottom distributed Bragg reflector (DBR) mirror onto a cleaned, double-side-
polished silicon wafer, using an RF magnetron sputtering system.

ii. Deposit and pattern a thin layer of the low adhesion layer, which is a ‘Teflon-like’
fluorocarbon film, deposited using the Bosch process passivation cycle (DRIE).

i1i. Deposit a top mirror using the same RF magnetron sputtering system used for the bottom

mirror.
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iv. Subject the sample to a high temperature around 300 °C, in order to induce loss of the

adhesion over the area of the patterned fluorocarbon layer, and thereby produce buckle

dome cavities.

Bottom Mirror Dep Low Adhesion Layer

Heat Sample to Introduce Buckling Top Mirror Dep

Figure 2.13. Schematic diagram showing fabrication process.
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Chapter 3!

Cooperativity enhancement in buckled-dome
microcavities with omnidirectional claddings

We describe a theoretical study of dipole emitters inside buckled-dome Fabry-Perot cavities with
Si1/S10»-based omnidirectional Bragg mirrors. The low penetration depth of the mirrors contributes
to low mode volumes, potentially enabling large enhancement of spontaneous emission into
moderate-quality-factor cavity modes. Furthermore, the omnidirectional mirrors can significantly
inhibit background emission. For a representative cavity operating in a fundamental spatial mode
regime at A ~ 1550 nm, and an optimally located emitter, we predict simultaneous enhancement of
emission into the cavity mode by ~120 and suppression of background emission by ~25, implying
the potential for a cooperativity C ~ 1500. This is combined with Q ~ 10°, significantly lower than
is required to attain similar values of C without background inhibition, and thus implying better

compatibility for broad line-width emitters.
3.1 Introduction

As first described by Purcell (see for example [104]), spontaneous emission must be viewed as a
cooperative process involving an emitter and its surrounding electromagnetic environment. This
has led to widely studied concepts for the enhancement of emission into a desired mode [9-11] or
the suppression/inhibition of emission into undesired modes [12,13], with optical microcavities
playing a central role. Control over spontaneous emission is the key enabler of several proposed
‘quantum’ light sources, such as the threshold-less laser [105] and the controlled source of single
photons (i.e., the single-photon source, SPS) [54,106].

Micro-scale confinement of light results in a set of sparsely distributed, small-volume cavity
modes, such that the rate of emission into a single preferred mode can be greatly enhanced (i.e.,
the ‘Purcell effect’) [104]. However, control of emission through the Purcell effect alone requires
that both the cavity and the emitter have a narrow linewidth. This requirement is effectively lifted

in cases where the microcavity inhibits emission into other modes (e.g. the leakage into

1 This chapter was published in Optics Express, vol 26, no.9 pp. 11201, 2018
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background radiation modes [12]). Most microcavities (e.g., microspheres, micro-pillars,
microdisks, defects in 2-D photonic crystals) rely at least partially on total-internal-reflection-
based confinement, and require additional engineering [107] to suppress emission into
background radiation modes. A more ideal scenario is provided by defect micro-cavities formed
within 3-D photonic crystals, which can, in principle, greatly suppress the local density of optical
modes (LDOM) within one or more stop bands, thereby enabling essentially all spontaneous
emission (over a broad wavelength range) to be directed into a single desired mode [13].
However, such cavities are challenging to implement at optical frequencies.

As is now well-known, 1-D photonic crystals (i.e., thin-film Bragg mirrors), under appropriate
conditions [89], can exhibit an omnidirectional reflection band for light incident from a lower-
index external medium. However, unlike 3-D photonic crystals, the 1-D omnidirectional reflector
(ODR) supports in-plane ‘guided” modes at all frequencies [108], including the spectral bands
associated with external omnidirectional reflection. Nevertheless, for an emitter that is located in
the external medium and at a sufficient distance to minimize coupling to the evanescent fields of
these in-plane modes, it is possible for the 1-D ODR to facilitate significant inhibition of
spontaneous emission [51,109].

Motivated by this, Xu et al. proposed and fabricated [52] a novel ‘onion’ microcavity with a
spherical air core surrounded by ODR claddings, and subsequently analyzed its potential for the
modification of spontaneous emission [53,110], showing that it might be possible to inhibit
background emission by several orders of magnitude. This is an exciting property, which makes
the onion resonator resemble the defect cavity within a 3-D photonic crystal. However, the onion
resonator is also a challenging structure to fabricate, and moreover does not provide a convenient
means for external coupling to the cavity modes of interest. Here, we demonstrate that buckled-
dome microcavities [1]clad by ODRs can provide many of the same benefits, while offering much
simpler fabrication and the possibility for straightforward and efficient coupling to the cavity

modes by external fibers or free-space beams.
3.2 Background and overview

We have previously reported [1,82,86] experimental results on half-symmetric Fabry-Perot
cavities fabricated by guided delamination-buckling within a thin film mirror stack. These cavities

can be fabricated in large arrays, and the self-assembly nature of the fabrication process results in
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a very high defect-finesse. Reflectance-limited finesse and ‘textbook’ manifestations of Laguerre-
Gaussian (LG) cavity modes have been achieved in both the 780 nm [82] and 1550 nm [86]
wavelength ranges. Furthermore, cavity height (and thus resonance conditions) can be varied
within a certain range through control of film stress and the choice of base diameter, and tuned on

a finer scale through temperature control [86].

3.2.1 Representative experimental structure

As a test case for the modeling study, we focus on the small-mode-volume cavities from Ref [83].
A fundamental mode volume on the order of one cubic wavelength in the 1550 nm-range was
demonstrated, and attributed in part to the high index contrast of the Si/SiO;-based mirrors
employed. Also of central importance to the present study, these mirrors provide a broad band of
omnidirectional reflection for light incident from a lower index medium [89,101], such as from

the air core of a buckled cavity.

As shown in Figure 3.1(a) (and detailed elsewhere [83]), the cavities considered have a base
diameter of ~50 um and a peak height of ~0.78 um. The lower mirror is deposited on a standard
silicon substrate (ns; ~3.5) and the upper curved mirror is adjacent to the external environment (i.e.
typically air, n ~1). Note that the cavities in Ref [83] have 5-period mirrors, but we assume 4-
period mirrors (with an additional a-Si ‘capping layer’ on the upper buckled mirror [1,86]) for the
theoretical study below. Given typical absorption losses for our a-Si layers (deposited by pulsed-
DC magnetron sputtering), the addition of the fifth period produces only marginal (or even
negligible) increase in reflectance and finesse, but significantly degrades the potential
transmittance y = 7/(T + A) of the mirrors, and thus the out-coupling efficiency for an embedded
emitter. We furthermore assume indices nas; ~3.7-0.0009i and nsio2 ~1.47 at 1550 nm wavelength,
for the a-Si and Si0; layers, respectively. While our experimental process (employing a shared-
use deposition system) is subject to some variability in film loss [83], these values are
representative of the lowest-loss mirrors we have produced in our previous work (resulting in
R~0.999, T~4, and y ~0.5[111]). Finally, quarter-wave layers at 1550 nm wavelength,
corresponding to nominal layer thicknesses ~105 nm and ~264 nm, respectively, were assumed in

all theoretical treatments below.
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Figure 3.1. (a) Microscope image of a portion of a large array of 50-um-base-diameter domes. (b) Typical wavelength
scan showing a fundamental resonance (at ~1610 nm for this particular cavity) and several higher-order transverse
resonances. The solid lines are Lorentzian fits, and mode-field-intensity images associated with each resonance are
shown as insets. (¢) Schematic 3-D cut-out view of a buckled dome cavity, showing the fundamental resonant mode
(at ~1527 nm using the cavity parameters described in the main text) predicted by a finite-element numerical
simulation. (d) Predicted reflectance versus incidence angle from air at 1550 nm wavelength, for the 4-period lower
mirror of the cavities.

Figure 3.1(b) shows a typical experimental transmission scan, which as discussed
elsewhere [83] reveals good agreement with predictions from paraxial Gaussian beam optics for
a spherical mirror cavity. The buckled mirror has effective radius of curvature ~200 pm, resulting
in a transverse mode spacing 4Ar ~22 nm for the half-symmetric cavity. The mirrors have normal-
incidence reflectance R ~0.999, limited mainly by residual absorption in the a-Si layers, enabling
a cavity finesse ~2-3x10° [111] (also note that Q ~ F for the fundamental spatial mode of interest
here). A finite-element (COMSOL Multiphysics) simulation (see Figure 3.1(c)) predicted Vi
~1.3/° at ~1527 nm, in good agreement with our previous results [83] and with the FDTD
simulations described in Section 3.4. Finally, Figure 3.1(d) shows transfer matrix simulations for
a planar mirror with the thicknesses and indices mentioned above. At 1550 nm wavelength, the
mirrors provide high omnidirectional reflectance for both polarizations, although there is some
leakage for TM polarization at large angles. The omnidirectional reflection band spans the ~1300-

1700 nm range [101].
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3.2.2 High-level description of spontaneous emission processes

A buckled dome cavity with an embedded dipole emitter is depicted in cross-section in Figure 3.2
(a). Note that the electromagnetic modes available to the emitter can be categorized as follows:
(A) The Laguerre-Gaussian (LG) modes of the air-core half-symmetric cavity; (B) the vacuum
radiation modes; and (C) the cladding modes guided within the mirrors. As discussed above, we
made some key simplifying assumptions as follows. First, given the spectral separation of the LG
modes, we assume that the emitter is spectrally aligned to only the fundamental cavity mode and
that coupling to higher order LG modes is negligible. Second, given the high-reflectance-
omnidirectional-band of the cladding mirrors, the rate of emission into radiation modes is
anticipated to be very low [110]. Thus, background emission is expected to be dominated by

coupling to the cladding modes (i.e. light guided within the omnidirectional mirror layers [53]).

A Air
B
."' .
=$/ Air cavity =.d, A
s
- Silicon

(a) (b)

Figure 3.2. (a) Schematic diagram of a dipole emitter (indicated by the horizontal block arrow) inside a buckled dome
microcavity, showing 3 possible routes for spontaneous emission. Emission into a cavity mode (A) can be predicted
by the Purcell factor, emission into free-space vacuum modes (B) is assumed to be negligible due to the
omnidirectional nature of the cladding mirrors, and emission into cladding modes (C) can be treated approximately
using a planar model. (b) Planar model used to estimate the rate of emission into cladding modes. The dipole is placed
at some distance dz from the interface with the bottom mirror.

Given these assumptions, the goal is to estimate the rate of emission into the cavity and
cladding modes of the structure, which will in turn yield estimates of the cooperativity and the
spontaneous emission coupling factor. Of course, the enhanced rate of emission into the
fundamental cavity mode is the Purcell effect and can be estimated using well-known
expressions [104]. To estimate emission into cladding modes, we adopt a planar model for the

buckled cavity as depicted in Figure 3.2(b) and described in greater detail in Section 3.3. The
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planar approximation is well-justified by the low aspect ratio of the buckled domes (i.e., peak
height ~0.78 um and base diameter ~50 um). In other words, the electromagnetic environment for
an emitter located near the center of the cavity is expected to be closely approximated by the planar
environment shown in Figure 3.2(b). 3-D numerical simulations were used to verify these

approximate results, and are described in Section 3.4.

3.2.3 Definition of key parameters

It is worthwhile to briefly summarize a few pertinent quantities. First, note that we define the
Purcell factor as Fp = yc/yo, quantifying the rate of emission into a cavity mode of interest relative
to the free-space emission rate. For an emitter located in air and at the field maximum, and
spatially and spectrally aligned to the cavity mode, the ‘ideal’ Purcell factor is given by the well-
known expression [104] Fpo = {3/(47%)} {Qerr/(Vad2?)}. For an emitter linewidth A1z less than
the cavity mode linewidth, we can write Qrrr ~ Oc, where Qc is the cavity quality factor. On the
other hand, for a broad linewidth emitter (but still aligned to the cavity mode), Qrrr= (Oc '+ Qe
1, where Qrm = M(AAEwm) is the effective quality factor of the emitter [110].
A related figure of merit is the single-atom cooperativity, which can be expressed [99]:

2

C=_£ _ ¥ 3.1)

2KYBG 2YBG

where g is the atom-cavity coupling parameter (i.e. 2-g is the vacuum-Rabi frequency [99]), 2-k is
the rate of photon loss from the cavity mode, and 2 3¢ is the rate of spontaneous emission into all
modes other than the cavity mode of interest (some authors, e.g. Ref [106], use the terminology
‘transverse emission rate’ to denote emission into these other modes). For many cavities, 136 ~ ,
and in that case only it follows that Fp~ 2-C [106]. In general, the relationship is C = Fp:(1/2),
where we define / = yo/j56 as the inhibition factor, quantifying the suppression of spontaneous
emission into modes other than the cavity mode of interest.

Another important parameter is the spontaneous emission coupling factor £, which is the
fraction of photons extracted from the cavity mode of interest, often stated as S = Fp/(1+Fp).
However, the latter equation implicitly assumes 36 ~ % and also neglects the possibility for loss
of cavity-mode photons (e.g., due to scattering or absorption by mirror layers). A more general

and correct expression is as follows [99]:
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where (xou/ k) represents the fraction of cavity mode photons extracted in the output beam (in part
determined by the potential transmittance y of the out-coupling mirror). The key point is that C
and £ can be increased both by enhancing emission into the cavity mode (i.e. the Purcell effect)
and by suppressing or inhibiting emission into other modes [51,53,110,107]. A high inhibition
factor is especially attractive in the case of relatively broadband emitters where Fpy is limited by

the low Oz, since C and £ can nevertheless potentially be large [110].
3.3 Quasi-analytical planar model

We first consider spontaneous emission by a dipole embedded within the planar cavity shown in
Figure 3.2(b). We restrict the analysis to the case of a horizontal dipole; this is the orientation
expected to couple most efficiently to the fundamental LG cavity mode of interest in the actual
curved-mirror cavity. We also assume the dipole to be embedded in air, at some distance dz from
the bottom mirror interface. Rigorous treatment of spontaneous emission requires a quantum
electrodynamics formalism, which accounts directly for the polarization of the emitter by the zero-
point fluctuations of the vacuum field, summing over all possible modes [112]. However, in the
weak-coupling limit (expected to be valid for most emitters in the cavities described here, given
their moderate Q values [104]), spontaneous emission can also be treated classically. In the
classical view, the spontaneous emission rate of the dipole is modified by its own reflected field,
and can be quantified by the local density of modes (LDOM), in turn given by the imaginary part
of the electromagnetic Green’s function at the dipole location inside the (generally)
inhomogeneous environment. Multiple authors have derived the Green’s function for planar (slab)
structures (see for example Neyts [113], and references therein), and used the results to assess
LDOM and spontaneous emission modification. Here, we follow the formalism provided by
Tomas [114,115], the spontaneous emission rate into TE- and TM-polarized modes (normalized
to the free-space emission rate), for a horizontal (in-plane) oriented dipole, can be

written [108,116]:

YrE _ iReJm dk;/k,/ {1+ ripexp[—2i.k;(d, — dz)|H1 + rjpexp[—2i.k;d ]}
0

Yo 4k kz (1 — rig7rg- expl—2i. kzd4]) '
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Here, »" and 7 are the Fresnel reflection coefficients at the interface between the air cavity and the
upper and lower mirrors, respectively. Furthermore, &/ is the in-plane component of the wave-
vector, conserved in all layers of the slab structure, ko is the free-space wave number at the

frequency of interest, and kz = (ko*-k/*)"?

is the normal component of the wave vector in the air-
core layer containing the dipole. We evaluated the total rate of spontaneous emission y = yre + yrm
by numerical evaluation of the integrals in (3). Fresnel reflection coefficients were calculated using
a standard transfer-matrix formalism [90]. Note that the evaluation of the integrals is somewhat
simplified by inclusion of material loss in the silicon layers, which avoids the poles associated
with lossless guided modes [113]. Note also that the contributions of different categories of modes
can be assessed independently by changing the limits of the integration. For &/, > ko, for example,

the field in the air core layer is evanescent, and modes in this range can be identified as ‘cladding

modes’.

3.3.1 Dipole in a half-wavelength thick air cavity

Consider a dipole located inside the air cavity depicted in Figure 3.2(b), with both the upper and
lower mirrors terminated by quarter-wavelength, high-index layers adjacent to the air core. At the
design wavelength of 1550 nm, the (vertical emitting) fundamental cavity mode corresponds to d4
~A/2. The standing-wave field profile (not shown) exhibits nodes at the mirror interfaces and a
peak (anti-node) at the mid-point of the air cavity. Figure 3.3 shows results from numerical
integration of Eq. (3.3) , with the air core thickness set at d4 = 0.776 um. In order to illustrate the
nature of the modes that make the dominant contributions to the LDOM, plots of the integrand in
the TE expression are shown in Figure 3.3(a). For a dipole emitting at 1550 nm and located at the
center of the cavity, the LDOM is dominated by the fundamental cavity mode, which occurs for
near-normal incidence in this case. The four additional peaks in the LDOM spectrum are associated
with the in-plane guided modes of the 4-period claddings (which can be viewed as 4-channel
multilayer slab waveguides [90]), and are, relatively speaking, weakly coupled since the dipole
location is ~A/4 removed from the mirror interfaces. Analogous behavior occurs for the TM modes,
as shown for one representative case in Figure 3.3(a). The extra peak is due to coupling to a surface

mode.
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Figure 3.3. (a) The LDOM distribution (i.e., the integrand of the TE expression in Eq. (3.3)) in transverse-wave-vector
space is plotted for various dipole positions and emission wavelengths. The integrand of the TM expression for one
representative case (A = 1570 n nm, dz = d4/2) is also shown (dash-dot line). (b) The total relative emission rate (yrz +
yrm)/yo for a dipole emitting at A = 1550 nm is plotted versus dipole location relative to the bottom mirror interface.
The contributions from the cavity mode (i.e. 0 < k< ky) and the cladding modes (i.e. k> k) are also shown separately.

The dashed red line in Figure 3.3 (a) corresponds to the same emission wavelength but with
the dipole located at the interface to the bottom mirror. Since the cavity mode exhibits a node at
this location, its contribution to the LDOM vanishes. Due to the omnidirectional claddings,
emission into radiation modes is also very weak, as apparent from the relatively low LDOM
density in the &, < ko region. However, emission into the cladding modes is much higher in this
case, since the dipole overlaps more strongly with their evanescent fields extending into the air
core. Finally, the dotted green line corresponds to a dipole located at the center of the cavity but
emitting at a longer wavelength subject to cut-off of the fundamental cavity mode. As might be
expected, the cavity mode contribution to the LDOM is greatly suppressed but the contributions
from the cladding modes is nearly identical to that predicted for the resonant case. These
simulations confirm that background emission is dominated by emission into the cladding modes.
In other words, ys6 ~ycrap, where ycrap is the spontaneous emission rate estimated by evaluating

the integrals in Eq. (3.3) over the range &/ > k.

Figure 3.3 (b) is a plot of the total relative spontaneous emission rate for the same cavity as in
part a, with the wavelength set to 1550 nm and the dipole position varied. Contributions from core
(0 < ky < ko) and cladding (k, > ko) modes are also plotted separately. The behavior is consistent
with results predicted elsewhere for omnidirectional-clad planar cavities (e.g. see Fig. 7 in

ref [116]). Emission into cladding modes dominates for small dipole-mirror spacing, but becomes
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negligible when dz > 4/4. For a dipole optimally located at the center of the air cavity (dz ~ 0.375
um), the model predicts yc/yo ~ 2.7 (which is near the upper limit for a planar structure [105]) and
yBG/y0 ~ ycLan/yo~ 0.031. A more conservative estimate can be obtained by evaluating the integrals
in (3) over the entire range encompassing both radiation and cladding modes, but at an off-resonant
wavelength (such as the A = 1570 nm case depicted in Figure 3.3 (a)). This results in ygc/yo ~ 0.04,
thus / ~ 25. Using this latter value and neglecting mirror loss (i.e. assuming k... = ), Eq. (3.2) then
predicts f ~ 0.992 (when C~70) for the half-wavelength planar cavity. This is consistent with the
value (f ~ 0.98( C ~25) predicted by St. J. Russell et al. [51] for a water-filled cavity clad by
similar mirrors. The higher value here is mainly due to the assumption of an air core, which results
in stronger decay of the evanescent cladding mode fields away from the mirror interfaces (i.e.

ycrLap 1s approximately a factor of 3 lower here).

We can now speculate on the highest potential cooperativity for emission into the fundamental
mode of the buckled dome microcavities described above. For the case of 3-D confinement, the
maximum rate of emission into the cavity mode is given by the Purcell factor for a narrow
linewidth resonant emitter. Using Vi ~1.34° and Qc ~2x10° (see Section 3.2.1), it follows that Fp
= yc/yo = Fpo ~120. Furthermore, in keeping with the arguments above, we postulate that the
background inhibition factor can be extracted from the planar model and is thus given by 7 = yy/
v ~25. For the optimally positioned horizontal dipole, this suggests a potential for cooperativity
as high as C = Fp:I/2 ~1500. While similarly high values of cooperativity might be possible for
highly optimized fiber Fabry-Perot cavities [54], those projections were predicated on much
higher quality factor (Q ~ 10°). Such high O-factor places restrictions on the emitter linewidth, and

complicates the spectral alignment of the emitter to the cavity mode.

3.3.2 Dipole at the interface of the bottom mirror

While the value for C estimated in the previous section is compelling, it represents an ideal
scenario in which a dipole emitter is trapped at the center of the air cavity. Techniques for isolating
and trapping atoms have become quite sophisticated [117], but this is nevertheless a daunting
challenge in practice. An alternative approach is to use a solid-state emitter embedded near the
interface of one of the cavity mirrors [59,118]. Typically, the mirror in question is terminated by
a low-index layer, so that the cavity field anti-node is aligned with the emitter position. Figure

3.4(a) shows a plot of the mode field intensity profile at resonance, for a planar cavity formed by
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combining a quarter-wave air layer and a quarter-wave ‘spacer’ layer (with index np = nsio2 for
the particular example shown). Termination of the lower mirror by a low-index SiO» layer reduces
its reflectance slightly, thereby reducing the cavity Q and finesse. To compensate this, such that
QOc is similar to the case above, we added an additional quarter-wave a-Si layer to the upper mirror
(i.e., the a-Si capping layer was changed from a half-wave to a quarter-wave thickness, thus
making it a 4.5-period mirror). The mirrors were otherwise assumed to have layer indices and
thicknesses as described in Section 3.2.1. As expected, the field anti-node is aligned with the top

surface of the spacer layer, so that a dipole placed there can couple efficiently to the cavity mode.

(a)

0.1 \ ‘ ' ' '
12 125 13 135 14 145

|E]%(a.u.) spacer layer index, n

D

Figure 3.4. (a) The fundamental mode intensity profile is plotted for a planar cavity comprising a quarter-wave air
layer and a quarter-wave spacer layer with refractive index np. The multilayer structure, including 4.5- and 4-period
upper and lower mirrors, respectively, is overlaid on the plot. A dipole emitter at the air-spacer interface is also
depicted. (b) The predicted rate of emission into cladding modes is plotted versus spacer layer refractive index, for a
horizontal monochromatic (A = 1550 nm) dipole at the air-spacer interface, and with the spacer layer set to quarter-
wavelength optical thickness in each case.

Using the planar model described above, we estimated the emission rate into cladding modes as a
function of the spacer refractive index, for a horizontal dipole located at the air-spacer interface.
The results are shown in Figure 3.3(b), and demonstrate that, for this more practical scenario,
significant suppression of the background emission rate might still be possible. For example,
simply using SiO; as the spacer layer still results in / ~2.7, corresponding to C ~160 for the cavity
mode described above. Of course, this estimate again assumes a sufficiently narrow linewidth
emitter, such that Qrrr ~Qc. A similar strategy for suppressing the emission into the cladding

modes of an omnidirectional-clad hollow fiber was proposed by Bermel et al. [109].
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3.4 Numerical modeling results

The quasi-analytical predictions from above clearly involve a few assumptions, particularly
regarding the use of a planar model to approximate background emission for the real buckled dome
cavities. To corroborate the results, a numerical study was conducted using a commercial FDTD
software package (Lumerical). A 3-D structure was defined by using an experimental cross-
sectional profile, fit to a Bessel function curve as predicted by elastic buckling theory [83], with
peak buckle height 0.776 um. Multilayer parameters, including thicknesses, indices, and loss were
chosen as described in Section 3.2. A series of simulations were performed with increasing
simulation times and decreasing mesh size, in order to confirm the convergence and accuracy of

the results.

Figure 3.5(a) shows a typical fundamental mode-field profile extracted from the FDTD
solution, which predicted Vs ~1.34> and Qc ~2000 at the fundamental mode resonant wavelength
(A ~1527.3 nm in this case). Figure 3.5(b) shows the relative emission rate predicted for an electric
dipole oriented parallel to the plane of the substrate and located precisely at the center of the air
cavity. Note that the software has a built-in capability to calculate dipole emission rates relative to
the case of the dipole in vacuum. In very good agreement with the analytical approximations
above, the predicted on-resonance emission rate is ~120 and the off-resonance emission rate
saturates (for long wavelengths) to a value of ~0.04. As discussed in Sections 3.2 and 3.3, these
correspond approximately to the Purcell factor (yc/yo ~120) for the fundamental cavity mode and
to the inhibition factor (/ ~25) for background emission, thus confirming the estimate C ~1500

from Section 3.3.1.
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Figure 3.5. (a) Cross-sectional mode-field profile at the resonant wavelength A ~1527.3 nm for a buckled cavity with
~M2 air-core thickness, as predicted by the FDTD-based solution. (b) Wavelength-dependent emission rate relative to
the free-space emission rate, for a horizontally oriented dipole located in the middle of the air cavity. (c) Far-field
projection of the power radiated from the top of the buckled cavity at the resonant wavelength. The plot is a 2-D
representation (i.e., ‘overhead’ view, with the angle relative to normal indicated by the concentric circles in increments
of 10 degrees) of the power distribution on a hemispherical surface of radius 1 m. (d) As in part (c), but for 1 ~1531.1
nm.

A rough estimate for the spontaneous emission coupling factor was made as follows. The
angular distribution of power radiated through the upper buckled mirror of the cavity was solved
using built-in ‘far-field projection’ capabilities of the software. As an example, the far-field
intensity distribution at the fundamental resonance wavelength (~ 1527.3 nm) is plotted in Figure
3.5(c). The plot is an ‘overhead’ view of the power distribution on a hemispherical surface of
radius 1 m, with the concentric circles indicating the polar angle relative to the normal direction.
Note that the fundamental Gaussian mode waist radius is wy ~2.47 um for this cavity (from the

FDTD results), corresponding to a predicted far-field divergence half-angle 6 = A/(awy) ~11.4
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degrees. It is apparent from visual inspection of the plot that most of the radiated power lies within
this range, and is thus coupled to the fundamental mode. By comparing the numerically integrated
power to Gaussian-beam analytical predictions, we conservatively estimated that > 0.99 of the
power emitted through the upper mirror is contained within the fundamental cavity mode. A
similar analysis of the power radiated through the bottom mirror was in good agreement. This
calculation neglects details such as the residual coupling to cladding modes (which is small, as
discussed) and the angular dependence of the residual absorption by the mirror layers, which will
tend to suppress far-field emission at high angles more than at normal incidence. Nevertheless, the
result is consistent with the expectation of a near-unity value for f when mirror losses are

neglected. In other words, assuming x,.. = ¥ and using C = 1500, Eq. (3.2) predicts f = 0.9997.

As a further illustration, Figure 3.5(d) shows a similar far-field plot, but for a wavelength (A
~1531 nm) slightly detuned from cavity resonance such that Fr ~1 (see Figure 3.5(b)). Note that
the emitted power is ~2 orders of magnitude less at this wavelength, as expected from the reduction
in Purcell factor (and thus peak emission rate). In spite of this, even at this off-resonance
wavelength, most of the out-coupled light is associated with the cavity mode. This is due to the
strong suppression of radiation modes by the omnidirectional mirrors. From the discussion in
Section 3.2.3 and neglecting mirror loss, we expect C = Fp-l/2 ~12.5 and f ~0.96 in this case. As
above, we compared the numerically integrated power to the Gaussian beam prediction, and
estimated that > 0.95 of the far-field radiated power is contained in the fundamental cavity mode
at this wavelength. This provides further corroboration of the results in Section 3.3, and
furthermore illustrates that, even without significant Purcell enhancement, a high spontaneous

emission coupling factor can be attained when background emission is suppressed [110].

Finally, Figure 3.6(a) shows the fundamental field profile predicted for a ‘spacer-embedded’
cavity, of the type discussed in Section 3.3.2. For this cavity, an additional SiO2 (spacer) layer was
added to the bottom mirror. Furthermore, the base diameter of the buckled mirror was set to 44
um and the peak buckle height was set to 0.388 um (i.e., a quarter-wave air layer at ~1550 nm
wavelength). These values of base diameter and peak height were estimated based on the
predictions of elastic buckling theory, as verified in our previous experimental work [86]. As
discussed in Section 3.3.2, a 4.5-period upper mirror was used to compensate the reduced

reflectance of the bottom mirror due to its low-index termination by the spacer layer. Also due to
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the addition of the spacer layer, the field penetration into the bottom mirror is somewhat increased
(i.e. compare Figure 3.5(a) and Figure 3.6(a)). Thus, both Oc and V) are increased slightly
compared to the non-spacer cavity above, but the ideal Purcell factor is similar in both cases. Figure
3.6(b) shows the predicted relative emission rate versus wavelength, for a horizontally aligned
dipole located at the interface to the bottom mirror (i.e. at the top of the SiO» spacer layer, see
Figure 3.4(a)). Both the on-resonance ideal Purcell factor (Fpp ~120) and the off-resonance
inhibition factor (/ ~1/0.3) are in good agreement with the analytical model from Section 3.3,
confirming the potential for cooperativity C > 150. As above, these estimates assume a well-

aligned emitter of sufficiently narrow linewidth to ensure Qgrr ~ Oc.
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Figure 3.6. (a) Cross-sectional mode-field profile at the resonant wavelength A ~1537.2 nm for a buckled cavity with
~M4 air-core thickness and ~A/4 SiO» spacer layer, as predicted by the FDTD-based solution. (b) Wavelength-
dependent emission rate relative to the free-space emission rate, for a horizontally oriented dipole located at the top
of the spacer layer.

3.5 Discussion and conclusions

We have demonstrated that buckled-dome microcavities clad by omnidirectional reflectors might
enable very high cooperativities, even for moderate . Assuming parameters extracted from
previously fabricated cavities with Oc ~ 10°, we predict values as high as C ~ 1500 for an optimally
located dipole emitter, due to significant inhibition of background emission by the omnidirectional
claddings. Furthermore, assuming mirror losses can be reduced, near-unity spontaneous emission

coupling factors might also be possible, even for relatively broadband emitters. It should be
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emphasized that precise positioning of an atomic emitter inside a buckled dome cavity remains a
significant challenge. However, the monolithic nature of the fabrication process might lend itself
to incorporation of nano-scale emitters, for example by patterned assembly [119] prior to the
deposition and buckling of the upper mirror. Furthermore, in our previous work we have explored
the fabrication of both nano-scale holes [82] and intersecting channels [83] as a means to provide
open access for liquid- or gas-phase emitters. We hope to investigate these options in future work.

The benefits described, including the suppression of background emission over a wide spectral
range and the possibility for mode volume approaching 43, can be attributed (at least in part) to the
high refractive index contrast provided by the a-Si/SiO>-based mirrors. Of note, there is currently
a significant worldwide effort aimed at the development of hydrogenated a-Si (a-Si:H) films for
microphotonics. Optimized a-Si:H films can provide at least 3-4 orders of magnitude reduction in
absorption loss at 1550 nm wavelength [120], compared to the typical value for the sputtered a-
Si films described above. This could in turn dramatically improve both the attainable finesse and
the out-coupling efficiency of the mirrors. Moreover, there is currently a strong motivation in the
cavity QED literature to develop emitters and cavity devices for the so-called ‘telecom’ ranges,
especially near the 1550 nm wavelength region best-suited to long-haul fiber transmission.
Significant efforts towards the integration of 1550 nm range emitters (e.g., InAs/InP quantum
dots [121,122], PbS quantum dots [123], and erbium [124]) with silicon-photonics devices are
ongoing, and the present study is of direct relevance.

Nevertheless, cavity QED work has traditionally been conducted in the wavelength range
below 1 pm, motivated by the wide variety of suitable emitters operating in this range (e.g.
rubidium atoms and defect centers in diamond) and also by their compatibility with silicon-based
single-photon detectors. Ti02/Si0;-based mirrors can be used in this range, and have sufficient
index contrast to produce bands of omnidirectional reflection for incidence from air [89]. On the
other hand, many studies have employed Ta>Os/S10;-based mirrors [59], which cannot provide
omnidirectional reflection. Interestingly, for onion cavities Liang et al. [53] showed that even
non-omnidirectional (SiN/SiO»-based) mirrors could provide significant suppression of
background emission under certain conditions. The degree of spontaneous emission modification
possible in buckled cavities with lower-contrast mirrors is thus an interesting topic for future study.

Finally, it is worth mentioning that there is significant scope for optimization of the buckled-

dome cavities. The present study was focused on a particular cavity geometry previously
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shown [83] to provide operation in a fundamental spatial mode regime, with correspondingly low
mode volume. As discussed above, the moderate cavity Q is determined primarily by the residual
absorption losses of the mirrors, and might be significantly increased through the use of a-Si:H.
Furthermore, larger cavities can easily be fabricated [1], and could enable greater suppression of
background emission for emitters located in the air core, due to the possibility for greater
separation between the emitter and the mirror interfaces. The choice of a larger cavity would also
imply higher Vi and Qc (at relatively fixed Fpo [54]), which would be desirable for certain

emitters and applications.
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Chapter 4

Monolithic curved-mirror Fabry-Perot cavities
with embedded SiO:Er light-emitting layers

This chapter describes attempts to develop a monolithic fabrication process to embed 1550-nm-
wavelength-range active light-emitting layers (SiO:Er) inside arrays of on-chip, buckled-dome
Fabry-Perot microcavities. Even with the addition of these active layers, we verified that the
cavities can exhibit high-finesse and predictable Laguerre-Gaussian modes. Emission from the
embedded SiO:Er active layers was excited using various laser pump sources through a host-
absorption-mediated process that transfers pump energy to the Er ions. Preliminary evidence for
cavity-enhanced emission is provided. The work is a stepping-stone towards a future vision of on-
chip arrays of tunable cavity QED systems operating at telecom wavelengths. We discuss

refinements and modifications that will be needed to achieve such a vision.

4.1 Introduction

Erbium (Er) -doped glasses and crystals are immensely important in modern technology, owing to
their ability to emit and amplify light in the low-loss transmission band of optical fibers (i.e., in
the ~1550 nm wavelength region, sometimes called the ‘telecom band’). In glasses, the emission
is very broad due to local-environment variations for individual Er ions inside the inherently
random glass network. Furthermore, the metastable lifetime of the transition responsible for the
~1550 nm emission is typically very long (milliseconds) [125]. Both of these properties make Er-
doped glasses extremely useful as an amplifying medium in broadband fiber networks. However,
they are disadvantages in the context of ‘quantum’ light sources such as single-photon emitters
(SPEs) [126]. For quantum applications, coherent (i.e., narrow linewidth) emission from
transitions between discrete energy levels, high photon emission rates (i.e., short emission
lifetimes), and nearly identical properties (i.e., ‘indistinguishable’ photons) across all emitting sites
(i.e., Erions) is needed. This motivates the study of Er-doped crystalline hosts such as Y203 [124],
which has been recently shown to retain most of its desirable properties even in the form of

nanocrystals [127].
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Cavity quantum electrodynamics (CQED) principles (see Chapters 1-3), such as Purcell
enhancement, can partially address these challenges and are the subject of much recent interest for
Er-doped materials [48,124,128]. A properly designed microcavity with small mode volume and
high-quality factor can increase the interaction between a cavity mode and an emitter, and
accordingly, be used to control/modify the spontaneous emission rates (i.e., to either enhance
emission on resonance or inhibit emission off-resonance). In fact, integration of emitters with
optical microcavities has attracted great research interest owing to their potential applications in
quantum sensors [7,8] and single-photon sources for quantum cryptography [129,130]. For
erbium specifically, enhanced light emission based on erbium-doped silicon in 2D Photonic
crystals [48] and coherent emission by erbium dopants embedded in a high Q resonator at

cryogenic temperatures [20] have been demonstrated.

The current chapter describes a set of fabrication and measurement procedures that were
developed in order to: i. investigate the incorporation of patterned SiO:Er films inside buckled
dome microcavities, and ii. study the emission from SiO:Er pads coupled to the cavity resonators.
The fabrication of buckled dome cavities operating in the telecommunication (~1550 nm
wavelength) range, and with erbium-doped silicon monoxide layers embedded into the buckling
self-assembly process, was achieved. Fully integrated devices were attempted using two different
strategies. The first attempt employed an a-Si/SiO2 top mirror, while the second attempt employed
a TaxOs/S10; top mirror. The study also investigates the applicability of a home-built microscope
setup to the measurement of cavity transmission and photoluminescence (PL) by embedded Er

ions.

4.2 Study of Erbium doped silicon monoxide embedded in
dome microcavities.

As mentioned above, future work aimed at quantum emission in the telecom band might require
Er-doped crystalline films or nanoparticles. As a stepping stone to such a future goal, we conducted
preliminary studies using erbium-doped, amorphous silicon monoxide (SiO:Er) films, deposited
through a collaboration with Prof. Al Meldrum (U of A Physics) [131,132]. These films are easily
deposited using a thermal evaporation technique and the erbium emission is activated through a
relatively low temperature (< 500 °C) annealing step [131]. This greatly simplifies their

incorporation into our buckling process, compared to the use of crystalline or even SiO> hosts,
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both of which typically require much higher processing temperatures. Furthermore, the SiO:Er
system enables ‘host-mediated’ pumping (excitation) of the Er atoms over a broad wavelength
range spanning from the UV to the NIR [133]. In addition to allowing great flexibility in choosing
the pump source, this ‘host-mediated’ pumping has orders of magnitude higher effective cross-
section than the conventional direct excitation of the Er atoms using laser sources at ~980 nm
wavelength. This is very important for the study of photoluminescence from very thin films, as is

envisioned here, since it enables the use of relatively low-power pumping sources.

In a preliminary study, thin films of SiO:Er were deposited in a high-vacuum physical vapor
deposition (PVD) system. Two separate holders for thermal vaporization were equipped within the
(PVD) system, to facilitate deposition of the SiO:Er thin films using two source materials, silicon
monoxide (99.9 % pure) and Erbium (99.9% pure). Details of the deposition conditions can be
found in Ref. [134]. A previous study by A. Hryciw et al. [131] showed that 0.2 at % Er
concentration resulted in the highest photoluminescence yield, so that composition was chosen for

the present work.

To facilitate a photoluminescence study, films of SiO:Er with varying thicknesses (~ 40, 100,
150, and 200 nm) were deposited under high vacuum onto a fused silica substrate, using a moving
shutter to create a stepped thickness gradient. Subsequently, the sample was annealed for 1 hour

in forming gas (95% N2 +5% H3) at a temperature of 500 °C, to optically activate the Erions [131].

To confirm the activation of the erbium, the sample was optically pumped by ~10 mW
continuous wave excitation power using an Argon ion laser. For each section of the sample (i.e.,
each film thickness), photoluminescence spectra were gathered using an optical fiber-coupled
system in Prof. Meldrum’s lab. A long-pass filter was placed after the optical fiber to block residual
pump light, while the long wavelengths were permitted to pass to a diffraction grating coupled to
an InGaAs array detector (cooled IR detector). Figure 4.1 shows a typical photoluminescence
curve measured for the SiO:Er film of 200 nm thickness. The emission spectrum exhibits a typical

shape observed for Er** ions embedded in a glassy host [135-137].
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Figure 4.1. Photoluminescence curve for a typical SiO:Er film (~200 nm thick) pumped by an Argon ion laser.

4.2.1 Device fabrication

The standard fabrication procedure for buckled domes has been described in detail
elsewhere [1,81,101] and an overview is also provided in Section 2.7. Here, only important steps
are summarized briefly as follows. The standard process can be partitioned into four stages and
starts with deposition of the bottom distributed Bragg reflector (DBR) mirror onto a cleaned,
double-side-polished silicon wafer, using an RF magnetron sputtering system. Next, a thin layer
of the low adhesion material, which is a ‘Teflon-like’ fluorocarbon film, is deposited and patterned.
The passivation cycle of the Bosch (DRIE) process is used to deposit the fluorocarbon film. Later,
a top mirror 1s deposited using the same RF magnetron sputtering system as used for the bottom
mirror. Last, the wafer is subjected to an empirically optimized heating step (either on a hot plate
or in a rapid thermal annealing system) up to a maximum temperature of ~300 °C. This heating
promotes loss of adhesion in the areas of the patterned fluorocarbon layer, and thus produces
buckled dome cavities. To integrate an emitter layer inside the cavities, the basic fabrication

process was slightly modified as described in the following sections.
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4.2.1.1 First attempt: a-Si/SiO2 Based Top Mirror

A first attempt to incorporate erbium-doped silicon monoxide (SiO:Er) films into buckled dome
microcavities was implemented using a slightly different fabrication strategy as compared to the
process previously described in Refs. [1] and [81]. Prior to the beginning of the fabrication
process, it was speculated that the patterned pad of the SiO:Er layer inside the dome microcavities
might degrade their optical properties (i.e., finesse and quality factor). In addition, it was expected
that if the alignment of the SiO:Er pads was a little bit off the center of the cavity, then the cavity
field anti-node wouldn’t overlap perfectly with the emitter position. Such a misalignment would
lower the targeted enhancement of the spontaneous emission. To scrutinize the effect of the SiO:Er
films inside a cavity, we first made a mask with a variety of sizes of the SiO:Er pads (from 1pm
to 10 um in diameter) aligned to buckled dome cavities with base diameters in the range from 30
pm to 150 um. The process flow for embedding SiO:Er pads into buckled dome cavities is depicted
in Figure 4.2.

(a) (b)

| Silicon Substrate ] l Silicon Substrate ]

(c) W N\

| silicon substrate ] l Silicop Substrate ]

Figure 4.2. Process for embedding SiO:Er emitter ‘pads’ inside buckled dome cavities. (a) The thin layer of SiO:Er is
deposited using PVD onto an a-Si/SiO, Bragg mirror, then patterned by liftoff, and annealed. (b) To define locations
for the buckled dome cavities, a low-adhesion fluorocarbon layer is then deposited and patterned by liftoff, aligned to
the SiO:Er pads from the previous step. (¢) A second (top) Bragg mirror is deposited. (d) Heating is applied to the
sample to drive the ‘self-assembly’ of cavities through delamination buckling over the circular patterned regions of
the fluorocarbon layer.

62



As shown, the process started with the deposition of a 4.5-period SiO»/a-Si quarter-wave-stack
(QWS) mirror, using a reactive magnetron sputtering system (the ‘Doug’ system at the U of A
nanoFab) onto a Piranha cleaned double-side-polished silicon substrate. The layer thicknesses
were chosen in order to center the fundamental stop band of the Bragg mirror at ~1550 nm
wavelength. Prior to the mirror deposition, optical constants were estimated using variable-angled
spectroscopic ellipsometer (VASE) measurements on single thin films. At a wavelength of 1550
nm, the extracted refractive indices for a-Si and SiO; were ny= 3.7 and m= 1.47, respectively, and
the estimated extinction coefficients were x, < 1 x 1072 and x; < 2x 1073 for a-Si and SiO»,
respectively. All depositions were performed at a substrate temperature of ~ 150 °C to ensure the
correct stoichiometry of the silicon dioxide films [138] and in order to get high compressive stress
and low loss for the films. In all cases, the base chamber pressure was 1x10° Torr, and Argon flow
rate was fixed at 50 SCCM for all materials. For both a-Si, and SiO, the identical targets of
99.999% pure n-type Si were utilized. The rates, parameters, and pressures for the materials used

are summarized in Table 4.1.

Note that the bottom mirror was terminated by a low-index 4/4 SiO; layer. As shown later,
this is to ensure good alignment between antinodes of the resonant cavity electric field and the
embedded emitter (SiO:Er) layer. Bottom mirror deposition was followed by the etching of
alignment markers; these marks were etched through the bottom mirror and into the underlying
silicon substrate to a depth of ~1.7 um. Next, on top of this mirror, features for SiO:Er pads were
patterned in HPR 504 photoresist using a standard recipe, and then a thin layer of Erbium-doped
silicon monoxide (SiO:Er) ( ~40 nm thickness) was deposited by physical vapour deposition
(PVD) as described above and in Refs. [131,132]. A standard lift-off technique was then applied
to form circular SiO:Er pads, with diameters of 1.5 pm, 2pm, and 10 pm. However, only the 10
pm diameter features survived after the liftoff process. After deposition and patterning of the
SiO:Er pads, the wafer was diced into four quarters, and then annealed at 500 °C for 1 hour under

forming gas (95% N2+5% Hb») in order to ‘activate’ the erbium layer [131].
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Table 4.1. Parameters used to Deposit Layers in the ‘Doug’ Sputtering System

Material  Deposition Pressure (mTorr)  Deposition Rate (nm/s) 02 flow(sccm) Ar flow(scem)
a-Si 3.0 0.142 NA 50
SiO, 4 0.26 3.2 50

TaxOs 4 0.23 20 40

A spectroscopic ellipsometer (VASE) was used to assess the reflectance of the bottom mirror
after S1O:Er deposition. The experimental result from VASE along with the transfer matrix
simulation for the target DBR [101] is plotted in Figure 4.3(a) and they showed good agreement.
The stress of this Bragg reflector mirror was measured using the Flexus Wafer Stress Measurement

system, revealing overall compressive stress of ~230 MPa.

To construct Fabry-Perot ‘dome’ microcavities, circular features were defined in photoresist
using the alignment markers described above to align these circles with the SiO:Er pads. This was
followed by deposition of a low-adhesion layer (the fluorocarbon layer as described above), see
Figure 4.3(b). In order to smooth the top surface of the LAL [81], the sample was then annealed
on a hot plate for 1 hour. The temperature of the hot plate was kept at 100 °C throughout the

annealing procedure.

Finally, a second (4-Period) Si/SiO2 Bragg reflector, terminated with a half-wave amorphous
Si (a-Si1) capping layer, was deposited on the top of the patterned low adhesion layer (LAL) [83].
The total thickness of the top mirror is ~1.7 pm. Since the chips have a variety of dome sizes (from
30 um to 150 um), the quarter-wafer was diced into ~1 cm by 0.5 cm dies. Through an additional
heating step on individual dies, buckling of the upper mirror was induced over the circular
fluorocarbon features, producing a low yield of half-symmetric (i.e. dome-shaped) microcavities

with embedded SiO:Er pads (see Figure 4.3(c)).
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Figure 4.3. (a) VASE-measured reflectance of a 4.5-period SiO»/a-Si mirror terminated by a thin layer of SiO:Er,
plotted alongside the reflectance predicted by a transfer matrix simulation. (b) Microscope photograph showing a
patterned low-adhesion layer (the larger circle, 70 um in diameter) aligned (approximately) to a SiO:Er pad (the
distinctly yellow, smaller circle in the middle, 10 pm in diameter). (c) Microscope image of a buckled-dome cavity
with 70 um base diameter and peak height ~ 2 um. The embedded SiO:Er pad is visible near the center of the cavity.

Unfortunately, this fabrication attempt resulted in a very low yield of buckled domes, with less
than 4% of the patterned fluorocarbon circles producing a delamination buckle. For example, for
one chip that contained 450 potential domes, only 10 domes of 70 um base diameter and 7 domes
of 60 um base diameter were successfully formed in the buckling step. In retrospect, this was
attributed to the fact that the fluorocarbon layer was deposited directly onto a SiO> film surface
here, conditions which we have previously associated with low buckling yield [139]. Apparently,
the fluorocarbon/SiO; interface is too adhesive to allow consistent and reliable delamination. One
of the best results, with a patterned SiO:Er pad contained within a buckled dome cavity and
reasonably well-aligned to the center of the cavity, is shown in Figure 4.3 (c). In spite of the low
yield, the morphology and optical properties of the few ‘good’ domes were studied, and
information about those domes is summarized in Section 4.3.1. For example, optical profilometer

(ZYGO) scans can be used to estimate the peak heights (§) of the domes.

Unfortunately, in this first set of domes, none were initially found that had a suitable height to
produce a low-order cavity resonance overlapping with the Er emission band in the ~ 1520 — 1560
nm wavelength range. Nevertheless, transmission scans with a tunable laser did reveal the
existence of higher-order cavity modes, as shown for example in Figure 4.4(a). In an attempt to
bring some of the domes into alignment with the Er emission band, a chip was annealed to release
some of the compressive stress in the upper mirror, and thus to reduce the height of the domes.

Tests were first conducted on other buckled chips (from another study), in order to establish a
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suitable peak temperature and ramp rate to achieve the targeted height reduction. Different peak
temperatures of 200 °C, 250 °C, 300 °C and 350 °C, and ramp rates of 10 °C/min and 15 °C/min
were examined. These tests revealed that 300 °C at a ramp rate of 15 °C /min was a suitable set of
conditions to satisfy our goals. However, when the SiO:Er-pad samples were subsequently
annealed in this manner, it was observed that the pre-existing domes had been destroyed (the upper
mirrors essentially ‘popped off’ during the annealing). Fortunately, some of the previously
unbuckled features on the sample were found to have successfully formed into dome cavities after
this additional annealing step. Furthermore, several of the new domes were measured to have
heights lying in a promising range to produce fundamental resonances within the Er emission band.

As an example, a fundamental mode resonance for a particular cavity is shown in Figure 4.4(b).

(a) (b)

Figure 4.4. Infrared camera images of a mode-field intensity profile for: (a) a higher-order mode, and (b) a fundamental
transverse mode, for domes of 70 pm base diameter and with an embedded SiO:Er ‘pad’ (diameter ~ 10 um). The
white dashed line indicates the perimeter of the dome cavity in each case. The peak cavity height was estimated (from
profilometer measurements) to be ~ 2.1 um and ~ 1 um for the domes shown in (a) and (b), respectively.

4.2.1.2 Second attempt: Ta20s/SiO2 Based Top Mirror

The first fabrication attempt using a-Si/SiO»-based top mirror encountered some challenges with
respect to the buckling yield as mentioned above, and also with respect to limiting the options for
the optical pumping of the embedded SiO:Er layer (as discussed below). To overcome these issues,
we attempted a second fabrication run which is briefly described below, and summarized by the

process flow shown in Figure 4.5.
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Figure 4.5. Process for embedding an SiO:Er layer inside buckled dome cavities with a hybrid mirrors approach. (a)
A thin (10 nm) layer of a-Si followed by the active (~100 nm) layer of SiO:Er were deposited on the top of the 4.5-
period a-Si/SiO; lower Bragg mirror. The wafer was then annealed to activate the SiO:Er layer (see main text). (b) A
thin (~20 nm) layer of Ta,Os was then deposited, followed by deposition and patterning (by liftoff) of the low-adhesion
fluorocarbon layer. (c) A 5.5-period Ta>Os-based top Bragg mirror was finally deposited. (d) Heating is applied to the
sample to induce delamination buckling over the fluorocarbon features and produce the buckled dome cavities.

In the first step, a 4.5-period a-Si/SiO,> Bragg mirror (starting with a low refractive index Si0»
layer) was deposited on a cleaned, double-side-polished silicon wafer. In this case, the bottom
mirror was ended with a thin (~10 nm) layer of a-Si motivated by a desire to increase the buckling
yield. Figure 4.6(a) shows the VASE-measured reflectance for the bottom mirror compared with
reflectance predicted by a transfer-matrix simulation. Previous work by our group [139] had
established that the a-Si/fluorocarbon interface results in a very high yield of buckling
delamination, in contrast to the SiO/fluorocarbon interface used in the first fabrication run.
However, a subsequent decision was made to use an un-patterned SiO:Er layer for this attempt, so

that the inclusion of this thin a-Si layer was ultimately not particularly relevant here.

On top of the bottom mirror, a thin (~ 100 nm) layer of erbium-doped silicon monoxide
(S10:Er) was deposited as the active emitting layer (using the same procedures that were described
in Ref. [131]). The wafer was subsequently diced into 4 quarters (~ 3x3 cm?) and the quarter wafers

were subsequently annealed under the same conditions as described above (500 °C for 1 hour using
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forming gas) to activate the SiO:Er layer. As mentioned above, it was decided to avoid patterning
of the active layer into ‘pads’ for this attempt, in order to remove challenges with respect to
alignment between the pads and the dome cavities, and also because it was speculated that
attempting to form delamination buckles over non-planar features ~100 nm thick might result in

poor yield.
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Figure 4.6. (a) VASE measured reflectance of a 4.5-period SiO,/a-Si mirror capped by a thin layer of SiO:Er, along
with the reflectance predicted by a transfer matrix simulation. (b) Fluorocarbon features patterned as 70 pm circles.

Three-quarters of the wafer were next put back into the sputtering system, and one quarter was
saved in order to keep it as a reference for PL measurement. A thin (~20 nm) layer of Ta,Os was
sputtered on top of the active layer, The Ta,Os/fluorocarbon interface, similar to the a-
Si/fluorocarbon interface, has been shown in previous work to produce a high yield of buckled
features [139]. Next, AZ1512 photoresist was spun-cast in order to pattern a low-adhesion
fluorocarbon layer. Using the Oxford Plasma Pro Estrelas 100 system at the nanoFAB, a thin
Teflon-like layer was deposited using the passivation cycle of the DRIE Bosch process. The
photoresist was lifted off by sonicating the wafer in acetone for 1 hour and followed by cleaning
with IPA and DI water, and drying with N> (seen Figure 4.6(b)). On this wafer, a variety of device

sizes (i.e., dome base diameters), including 30,40, 50, 60, and 70 pm, were included.

In choosing the number of periods for the top mirror, it was necessary to strike a balance
between optical properties on the one hand, and the optimal mirror thickness to achieve good

buckling results on the other hand. Figure 4.7(a) shows a transfer-matrix simulation for a planar
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cavity with a zero-thickness air layer between the mirrors, and assuming a top mirror with 5.5
periods. Note that a resonant cavity mode is predicted at a wavelength of ~1500 nm. However,
the Q-factor is fairly low (~240), and the peak transmission is also low, due to the fact that the
cavity is relatively imbalanced (i.e., the 4.5-period a-Si/SiO> mirror is significantly more reflective
than the 5.5-period Ta>Os/SiO> mirror). Nevertheless, we chose this combination due to
considerations of a typical thickness for the top mirror that had historically tended to result in
successful buckling. Thus, a 5.5-period Ta>Os/SiO, Bragg reflector was deposited on the top of
the patterned low adhesion layer (LAL) for three quarters only. This top mirror was deposited at
slightly different chamber pressure and with slightly different deposition rates for SiO; and Ta>Os
as compared to that described previously [139,140]. This was motivated by the fact that the stress
measured for these films had been observed to be lower than historical values. The optical
properties of the films, determined from the ellipsometry measurements, were found to be 7Ta205
~ 2.1 and nsio2 = 1.47, respectively, and an extinction coefficient of xra20s= 1 x 107! and xsioz =
2x 107 at 1550 nm for Ta,Os and SiOa, respectively, was estimated. This mirror was also
nominally centered at 1550 nm with a thickness of dy~183 nm, and d; ~264 nm for the high- and

low-index layers, respectively. The total thickness of the top mirror, in this case, is ~ 2 pm.
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Figure 4.7. (a) Transfer-matrix simulations of a planar cavity with a 100 nm thick SiO:Er layer and a 5.5-period Ta,Os-
based top mirror, for example as depicted in Fig. 4.5(c). (b) Transfer-matrix simulations for the same planar cavity
but with a 7.5-period Ta,Os- based top mirror.

Vase measurements were performed for the completed structure with 5.5-period upper mirror,

and also for chips with a 7.5-period upper mirror. As discussed below, these latter samples were

69



realized either by addition of two additional periods to the 5.5-period samples, or in one case by
depositing a 7.5-period mirror in a single sputtering run onto the quarter wafer previously set aside

as a reference. Representative reflectance results are shown for each of these cases in Figure 4.8.
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Figure 4.8. VASE-measured reflectance of a planar region of the completed structure (i.e. bottom mirror followed by
SiO:Er layer followed by the upper mirror, and for: (a) the original sample with 5.5-period top mirror. (b) A chip with
a 7.5-period top mirror, realized by addition of 2 periods to the original sample. (c) A sample with 7.5-period top
mirror deposited in a single sputtering run, using the quarter wafer that had initially been set aside as a reference. Note
that this mirror had a ‘cloudy’ appearance after deposition (see main text), but the measured reflectance for the
completed structures is nevertheless quite similar in parts (b) and (c).

In the last step, two quarters of the wafer with the 5.5-period upper mirror were subsequently
diced into ~ 1.5 cm x 2 cm chips (each chip has four cells and every cell has ~ 900 domes) and
prepared for buckling. Two methods were attempted to induce buckling; chips were either placed
on a hot plate or in a rapid thermal annealing (RTA) system. Some of the chips were placed on the
hot plate initially set at 100 °C, and the temperature was raised up to a maximum of ~350 °C with
a ramp rate of ~50 °C/ min. Likely as a result of the uneven distribution of temperature on the
surface of the hot plate, and also due to the variety of dome sizes in this chip (30 um, 40 um, 50
pum, 60 um, 70 um, 100 pm and 150 um), some of the dome features popped off while others failed
to buckle. In an effort to address this problem, we used RTA (rapid thermal annealing) to attempt
buckling on some of the other chips. The RTA temperature was set to 400 °C for 10 sec, and a
representative result is shown in Figure 4.9(a) and (b). Unfortunately, the yield of good devices (~
20 %) was found to be relatively low using this method. In fact, the hot plate was found to produce

the best yields, and we decided to use that method for all remaining attempts.

As mentioned above, we initially chose a 5.5-period upper mirror because we believed it was

an appropriate thickness to yield good buckling results. However, subsequent optical experiments

70



(see below) revealed that the resultant dome cavities did not exhibit good optical mode structure
or high-quality modes. In an attempt to improve the optical properties, two additional periods of
TaxOs/Si0> were added to several of the chips. As seen in Figure 4.7(b), this addition could in
principle improve the symmetry of the cavities (as evidenced by the higher peak transmission of
the resonant mode) and increase the Q-factor of the resultant cavities. However, it should be noted
that sputtering a mirror in two steps (i.e., breaking vacuum between the first and second parts of

the deposition) is not typically a good approach to achieve the highest quality mirrors.

Figure 4.9. Microscope images for buckled dome cavities on a sample where buckling was induced by heating in the
RTA system. (a) An array of buckled domes, (b) Higher magnification image of two buckled domes; the interference
fringes provide evidence of a high degree of cylindrical symmetry.

On these chips, which were buckled before the addition of the extra mirror periods, ~ 70 % of
the domes with base diameters of 60 um and 70 um, and ~10 % of the domes with 50 pm base
diameter, were found successfully buckled, while all of the 100 um and 150 um domes failed due
to ‘pop off” of the upper mirror. As mentioned above, it is likely that each size of dome has a
unique temperature profile (i.e., an optimal temperature ramp rate and peak temperature) needed
to induce an optimal buckling result. For example, 50 um diameter domes have been observed to
need a longer time with a higher temperature of around 400 °C to induce buckling. In the future,
it might be a good idea to ensure each chip contains only one or two different sizes of domes (e.g.,
60 um and 70 pm), so that an optimal buckling routine can be applied. This might lead to a higher
yield of successfully buckled domes, and reduce the frequency of ‘pop off” or unbuckled domes.

In spite of the reasonably good buckling yields mentioned above, subsequent optical scans
revealed that only a small number of the buckled domes exhibited a cavity resonance overlapping

with the Er emission band in the ~ 1520 — 1560 nm wavelength range. As one final attempt, we
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decided to deposit a 7.5-period mirror (i.e., in one sputtering run) on the remaining quarter wafer
that we had initially kept as a reference for PL measurements (see above). As above, a thin layer
of TaxOs was first deposited, followed by a patterned fluorocarbon layer, and finally followed by
a 7.5-period Ta;0s/SiO> mirror nominally centered at 1550 nm wavelength. This sample was
patterned to include three groups (domes of 50 um, 60 um, and 70 um base diameter), and with
each group comprising ~ 4000 domes. This range of dome sizes, as mentioned above, had produced
good buckling (moderate yield) compared to domes of smaller base diameter (e.g., 30 um and 40
um). Unfortunately, and for reasons that are not completely known, the mirror became cloudy on
the day following deposition (see Figure 4.10(a)). We speculated that this might have been due to
the shared-use nature of the Doug sputtering chamber; the chamber might have been contaminated
with other materials on the day of our mirror deposition. In spite of this issue, the rest of the process
to induce buckling was carried out as planned, using a hot-plate baking procedure similar to that
described above. As shown in Figure 4.10(b) and (c), this resulted in a significant variation in the
heights of buckled domes and a relatively low yield (~30%), with many domes ‘popped-off’ or
delaminating outside the circular patterned region of the fluorocarbon layer. Nevertheless, a few
promising domes were identified from optical scans (see, for example, Figure 4.10(d)), as

discussed further in Section 4.3.2.

(b) | AL (c) A (d) 3
B.- e g o o © | ® © )
p © Q, ‘0 @ . " . 0. e
; : . O-
o ° @ ° ° "o' 0 ° ’
> o D Ry 2 ©'g ©
o -] [5)] [ @ e ‘) o @ ° :
o 53] ; D o e o [

Figure 4.10. (a) Camera image showing the ‘cloudy’ appearance of the 7.5-period upper mirror deposited on the final
quarter of the hybrid mirror wafer (see main text). (b,c) Microscope images for domes of 50 pm and 70 pm base
diameter, showing that many of the domes ‘popped off” or buckled outside the intended region during the heating step
used to induce buckling. (d) Microscope images of two promising domes (with base diameter of 70 pm (upper) and
50 pm (lower).
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4.3 Optical characterization of dome cavities with embedded
SiO:Er layers

To investigate the resonant modes of the buckled dome cavities, we constructed a home-built
optical microscope setup. A schematic of the experimental setup is shown in Figure 4.11. A tunable
laser (Santec TSL-710, 1480 nm-1640 nm operational range), which varies wavelength and power,
is coupled to a single-mode fiber (SMF) and is used to perform the transmission measurements.
The laser beam propagates through a broadband reflective collimator (Thorlabs RCO2FC-P01)
which was connected to a 20x microscope objective lens (NA=0.4), and both (the fibre collimator
and objective) were attached to a tilt/tip stage, in addition to an XYZ translation stage for alignment
purposes. The laser beam was focused to a minimum spot size of ~ 3.5 um. The chip was placed
on a custom aluminum plate having a small circular window to provide light access. The plate was
also mounted on an XYZ translation stage, to enable moving it within the optical path and align
regions of interest on the chip. Light transmitted through a cavity was collected using long-
working-distance, infinity-corrected microscope objectives (ZEISS). The latter is attached to a
rotating turret to permit us to change the magnification from low to high. The light collected by
the objective is passed through a dichroic mirror (950 nm cut-on wavelength, Thorlabs
DMLPI50R) to a 90:10 (at 1550 nm wavelength) unpolarized beam splitter (Thorlabs BS030
mounted in Thorlabs CCM1-4ER.). Most (~ 90 %) of the light is guided to the spectrometer/
detector through a large beam collimator (Thorlabs F810FC-1550), while the rest (~10 %) of the
light 1s passed through tube lenses to adjust the imaging of the sample to a near-infrared camera
(Raptor Photonics Ninox, NX1.7-VS-CL-640), which also works as a power detector in our setup.

The camera utilizes an InGaAs-based sensor with 15 um pixel pitch and 640 x 512 pixels.
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Figure 4.11. (a) Schematic diagram of the experimental setup. The symbols indicate TL (Tube lens), BS (Beam
Splitter), DM (Dichroic Mirror), LP (Long Pass Filter), MO (Microscope Objective lens), FC (Fiber Collimator),
MMF (Multimode Fiber), GMMF (Grad Multimode Fiber), SMF (Single Mode Fiber), R (Broadband Reflective
Collimator) and SP (Short Pass Filter). (b) Photograph of the homemade confocal microscope setup used in
measurements.

4.3.1 Optical measurement results for Silicon-based top mirror

Due to the relatively low yield discussed in Section 4.2.1.1, we had only 17 devices to measure
and test from the wafer with the a-Si-based upper mirror. Using the microscope setup shown in
Figure 4.11, the optical properties for microcavities with base diameters of 60 um (7 devices) and
70 um (10 devices) were studied. Light from the tunable laser was coupled into the cavities via a
20x microscope objective lens. By tuning the laser, the fundamental and higher-order optical
mode-field intensity patterns were captured and imaged by the camera. Using the transmission
spectra, the linewidth of the fundamental mode (defined here as the full-width at half-maximum
(FWHM)) was extracted and used to estimate the Q-factor. A representative scan is shown in
Figure 4.12(a) (for a 70 um base-diameter cavity with peak height ~1.8 pum estimated from
profilometer measurements), and with an input laser power of -14 dBm. The linewidth was
estimated to be ~ 0.3 nm, corresponding to a O-factor ~ 5050. The effective cavity finesse follows
as F = Q/m = 1700, where m = 3 is the longitudinal mode order for peak buckle height ~ 1.8 um

(see Figure 4.13 below). This is similar to finesse values reported in previous work by our
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group [1,83], indicating that the embedded SiO:Er pad did not significantly degrade the optical

properties of the cavity in this case.

Full Width Half Max = 0.30

(a)
08F
Sosf " El
[ ) m
= Q-factor =5051 FWHM =0.3 nm =
£ B
= =
5 g
£o04f £
02F N ‘ # 1
0 1 ] ! M rtnnd]
1480 1490 1500 1510 1520 1530
Wavelength (nm) 1(pm)

Figure 4.12. (a) A transmission scan for a buckled dome with a 70 um base diameter, and with an embedded ~ 40 nm
thick SiO:Er pad. The Q-factor was estimated from the FWHM linewidth of ~ 0.3 nm. (b) The cross-sectional profile
for the fundamental mode- field intensity (with the laser tuned to ~ 1515 nm wavelength) is plotted, as extracted from
the camera image shown in the inset.
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Figure 4.13. (a) A planar representation of the cavity from Fig. 4.12, with an air gap of 1800 nm. The bottom mirror
is ended by a low-index (SiO2) quarter-wave layer followed by 40 nm of SiO:Er. (b) Transfer matrix simulation of
the transmission for the planar structure in part a. (c) Transfer matrix simulation of the electric field intensity (i.e.,
E-E*=|E]*) at the wavelength of the resonant mode (~1602 nm) from part (b).

Optical scans were attempted for both sets of successfully buckled domes mentioned above
(i.e., with 60 pm and 70 um base diameter), and the results are summarized in Table 4.2. In
addition to the low yield mentioned, this fabrication run resulted in a much greater variation in
buckle heights compared to our historical results [83]. The reasons for this are not entirely clear,
although we speculated that it could be attributed to the high adhesion of the fluorocarbon/ SiO

interface mentioned above, which likely results in buckles forming at relatively random and
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unpredictable times during the heating step. In any case, only a few domes had the appropriate

height to support optical modes in the ~1550 nm wavelength range of interest.

One of the best devices had a base diameter of 70 um, peak height ~ 1.8 um, and an embedded
SiO:Er pad with a diameter of 10 pum; detailed results for this particular cavity are shown in Figure
4.14. An optical profilometer (Zygo) was used to determine the cross-sectional profile and this
was compared to the profile predicted by elastic buckling theory (see Section 2.6). The good
agreement shown indicates that the inclusion of the thin (~40 nm thick) SiO:Er pad did not
dramatically affect the buckling shape. Note that the ZYGO data seems to suggest that the SiO:Er
pad is adhered to the top of the buckle, but this is an artifact of the optical interference technique
used to extract surface profiles from this instrument. Figure 4.14(c) shows the transmission scan
along with the mode-field intensity profiles that were obtained and captured using the camera as a
detector. It is worth noting that the transverse mode spacing (~17 nm) and the spot size (radius)
of the fundamental mode (~ 3.7 um) are in good agreement with the predictions of theory from

Chapter 2.
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Figure 4.14. (a) Surface relief plot and microscope image (inset) for a buckled dome microcavity (70 um base
diameter) with an embedded SiO:Er ‘pad’ (diameter ~ 10 pm). (b) The cross-sectional profile of the 70 pum dome was
measured using an optical profilometer (Zygo). (c) Spectral transmission scan for the dome from part a. The inset
presents camera images of the mode-field intensity profile for various higher-order modes and the fundamental mode,
captured at the adjacent resonant wavelength in each case.
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We attempted to excite PL from the embedded SiO:Er pad, hoping to observe spatial and
spectral signatures of cavity-modified emission. We first tried to pump Er" ions through direct
excitation using 800 nm and 980 nm lasers, since the upper mirror of the cavity is relatively
transparent at these wavelengths. However, we were not able to observe emission, likely in part
due to the limited sensitivity of our available spectrometers (Ocean Optics NIRquest and
NIRflame, hand-held spectrometers). We subsequently attempted to pump these cavities by shorter
wavelength lasers to take advantage of the high-cross-section, host-mediated excitation
process [131] discussed in Section 4.2, but again we observed no emission. In addition to low
sensitivity in our spectrometers, transfer-matrix simulations confirmed that most of the energy
from shorter wavelength pump lasers (e.g., 4o < 800 nm) is absorbed by the a-Si layers in the top
mirror of these samples. In order to check if the 40 nm thick SiO:Er layer remained active after
the complete buckling process, one of the ‘popped-off” domes was pumped using a 473 nm blue
laser through indirect excitation. Even in this case, unfortunately, we did not observe any
luminescence. While this could possibly be attributed to the limited sensitivity of our experimental
setup, it was also possible that the 40 nm thick SiO:Er layer was degraded as a result of the
subsequent fabrication procedures. To check this theory, the emission from a 40 nm thick SiO:Er
film on the glass slide was examined by pumping the layer with high power (~30 mW). An
emission spectrum was obtained using the Ocean Optics NIRFlame spectrometer with an
integration time of 10 seconds and no averaging, as seen in Figure 4.15. This provided some
further support that the fabrication process used had possibly degraded the embedded SiO:Er layer.
In any case, the lack of success with these experiments motivated the second fabrication attempt
discussed in Section 4.2.1.2, in which we replaced the a-Si-based mirror with a Ta,Os-based mirror
to enable more pumping options, and used a thicker (~100 nm) and un-patterned SiO:Er layer to

increase the potential luminescence signal.
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Figure 4.15. PL spectra observed from 40 nm thickness of the SiO:Er on a glass slide.

Table 4.2. Measured Properties for Buckled Dome Microcavities with a-Si-based Top Mirror.

Dome | ZYGO Measured Measured Measured
size o um ho FWHM  Q-Factor
(um) (nm) (nm)
60 1.16 1633 0.8 2041
1.08 1567 0.7 2234
0.4 No mode observed
1.34 Higher order
1.43 Higher order
0.58 Could not distinguish
modes
0.46 Could not distinguish
modes
70 1.99 1633 0.5 3260
1.99 1630 0.4 4077
0.64 Could not distinguish
modes
3.06 1592 0.3 5305
1.12 1579 0.8 1975
1.76 Could not distinguish
modes
1.9 1594 0.3 5305
1.8 1517 0.3 5050
2 Higher-order mode
1.82 1548 0.7 2209

78



4.3.2 Optical measurement results for cavities with a Ta>Os-based
top mirror.

As discussed in Section 4.2.1.2, chips having either 5.5- or 7.5- period upper mirrors were
fabricated on the hybrid mirror wafer. Initially, buckled devices from the 5.5-period chips were
identified and scanned using the same microscope setup described above. In an attempt to identify
devices whose fundamental resonance overlaps with the erbium emission band, thousands of
devices were scanned using the tunable laser and the infrared camera. However, none of these
scans indicated cavities with high-quality HG/LG modes. Rather, it was typically difficult to
identify clear signatures of individual LG/HG modes, as shown for example in Figure 4.16. We
speculated that this was attributable to the relatively low reflectance of the 5.5-period mirror (see
Sec. 4.2.1.2) and the typically poor shape of the buckled cavities on these chips. Profilometer scans
(not shown) revealed that these cavities typically had low height and a relatively low curvature for
the buckled mirror curvature. Taken together, these factors would result in low-Q optical modes

with a tendency to be overlapping spectrally, and thus difficult to isolate experimentally.

Figure 4.16. Captured camera images for possible optical modes for buckled cavities with a 5.5-period Ta,Os-based
top mirror. The intensity patterns did not resemble isolated HG/LG modes, but rather are likely the result of multiple
spectrally overlapping, low-Q modes.

Subsequently, as discussed in Section 4.2.1.2, two extra mirror periods were added on four of
the chips, in an attempt to increase the cavity O-factor and improve the optical mode properties.
These chips contained a few buckled domes of base diameters 30 um and 40 pm, although the
yield was low (~ 30%), and microscope images (see Figure 4.17(a) and (b)) suggested that these
domes had low height. Very few of these domes were found to support any resonance in the 1520

—1560 nm wavelength range that overlaps with the erbium emission band. The transmission for

79



one of the best 40 um cavities is shown in Figure 4.18(a); this dome has a fundamental resonance

(at ~ 1597 nm) outside the primary range of the erbium emission.

Figure 4.17. Microscope images for buckled domes with (a) 40 um and (b) 30 um base diameters. The interference
fringes suggest a high degree of cylindrical symmetry, but a relatively low profile (i.e., the peak height of the domes
is small).

Several of these smaller domes looked to have promising spectra, but with their fundamental
resonance lying at a wavelength above ~1600 nm and thus outside the erbium emission band of
interest. In an attempt to shift this resonance to lie within the erbium band, we tried to adjust the
fundamental resonance (i.e., to shrink the height of the cavity) by annealing the sample. That was
done by following the same procedure as described in Ref. [81], which studied the effect of
annealing on the residual stress for an a-Si/SiO; mirror. In our case, we applied it on the samples
with a Ta;0s/Si0, upper mirror. Tests were carried out on a chip containing 40 um base-diameter
buckled domes. Initially, the sample was placed on the hot plate and the temperature was raised to
50 °C at a ramp rate of 15 °C/min. The sample was then allowed to cool slowly back down to room
temperature. However, the resonance did not show a shift after this procedure. The process was
next repeated with a higher end-point temperature of 100 °C at a ramp rate of 15 °C/min. After
this procedure, the resonance showed a noticeable shift. In an effort to increase the shift, these
steps were repeated 2 times and with the temperature raised to 150 °C at a ramp rate of 15 °C/min,
as shown in Figure 4.18(b). After the third run, the process did not show any additional shift, so

we decided to stop the process.
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Figure 4.18. (a) Transmission scan for a 40 pm base-diameter dome from one of the chips which had 2 mirror periods
added. (b) Plots showing shifts in the resonance spectrum induced by annealing the sample on a hot plate at different
temperatures (see main text).

It is important to note that the effective cavity length includes the air gap (approximately given
by the peak buckle height) plus the optical thickness of the 4/4-thick SiO; capping layer, plus the
optical thickness of the SiO:Er layer, plus the field penetration depth of the Bragg mirrors. Figure
4.19(a) shows a schematic planar representation of the layer structure, assuming a 1.8 mm air gap,
Figure 4.19(b) shows the predicted transmission through this structure from a planar transfer
matrix model, and Figure 4.19(c) is the electric field profile at the wavelength of the resonant mode
(~1667 nm) from part (b). Note that this can be viewed as a 3™-order (m = 3) longitudinal
resonance, by considering the first high-index layer (i.e., adjacent to the cavity) as the mirror

boundary for both the upper and lower mirrors.
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Figure 4.19. (a) A planar structure for our cavity with air gap of 1800 nm. The bottom mirror is ended by a low-index
(Si03) quarter-wave layer followed by 10 nm of a-Si, 100 nm of SiO:Er, and finally a 20 nm thin layer of Ta,Os. (b)
Transfer matrix simulation of the transmission for the planar structure in part a. (¢) Transfer matrix simulation of the
electric field intensity (i.e., E-E* = |E|) at the wavelength of the resonant mode (~1667 nm) from part (b). The SiO:Er
layer is centered on a field anti-node, although the peak electric field intensity is only lower at this position (by a factor
of ~ 0.34) relative to the peak field intensity in the air gap layer.
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Finally, we consider results for the last quarter of the wafer, which had its 7.5-period upper
mirror deposited in a single sputtering run. As mentioned in Section 4.2.1.2, this sample appeared
somewhat ‘cloudy’ after the top-mirror deposition. Nevertheless, from VASE measurements (see
Figure 4.8(c)), the sample exhibited good reflectivity and the expected signatures of a stop band
in the wavelength range of interest. As shown above (see Figure 4.10), the buckling of this chip
produced a reasonable yield of intact dome cavities. Transmission scans were performed using the
microscope setup, and some typical results are shown in Figure 4.20. As for all of the devices from
the ‘hybrid’ wafer (i.e., with the silicon-based upper mirror and Ta>Os-based upper mirror), the
transmission scans did not suggest the existence of high-quality optical modes. For example, all
of the transmission scans exhibit high-frequency ripples due to substrate reflections, and the small
spacing of the HG/LG transverse modes (i.e., compared to Figure 4.12 for example) suggests that
these buckles have relatively small curvature for their buckled mirrors. Nevertheless, the cross-
sectional profile of some domes showed a good fit to the profile predicted by elastic buckling
theory (see Figure 4.21(b and c)). Thus, the poor optical properties of these domes can most likely
be attributed to sub-optimal mirror reflectance, probably in particular for the Ta>Os/SiO> upper
mirror. This in turn might have partly been due to lack of care in wafer cleaning and handling,
which might have introduced debris and particulates (visible in most of the microscope and Zygo
images here), and which in turn likely caused large optical scattering losses. It is also possible that
the ‘cloudy’ appearance of this sample after sputtering of the upper mirror (the cause of which was
not determined) was a visual indication of high-loss optical films. Notably, and as evident in
Figure 4.20, it was found that the quality of the lower order modes was worse for cavities with a
fundamental mode below ~ 1600 nm (i.e., compare Figure 4.20 (b) and (c) to Figure 4.20(a)). This
likely indicates that the reflectance of the upper mirror was lower at these shorter wavelengths,
which was unfortunate given the goal was to align a fundamental cavity mode with the main part

of the Er emission band lying in the ~1520-1560 nm wavelength range.
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Figure 4.20. Representative scans for 50 um base-diameter dome cavities from the ‘cloudy’ chip with a 7.5-period
upper mirror. (a) A device with its fundamental resonance at 1611 nm. (b) A device with its fundamental resonance
at 1584 nm. (c) A device with its fundamental resonance at 1536 nm.
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Figure 4.21. (a) Transmission scan for a dome with 70 um base diameter, from the ‘cloudy’ chip with the 7.5-period
upper mirror deposited in a single sputtering run. (b) Surface relief plot for the dome measured in part a. (c) Cross-

sectional profile for the dome in part b, showing a peak cavity height of ~1.8 pm, and a good fit to the profile predicted
by elastic buckling theory.

In spite of the sub-optimal optical properties of these cavities, we nevertheless proceeded with
room-temperature photoluminescence (PL) measurements using the same home-built microscopy
system described above (see Figure 4.11). A blue laser (473 nm wavelength, peak power ~ 30
mW) was used for excitation. It was coupled into the microscope system via a graded-index
multimode fiber and a collimator (Thorlabs FO50FC-A, 350-700 nm), and the collimated beam
was passed through a short pass (Thorlabs FESH0950) filter. PL detection was carried out with a

spectrometer and Raptor NIR camera. The excitation laser was focused onto the sample using an
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infinity-corrected objective lens with 50x magnification (with a numerical aperture of 0.85). The
PL was collected by the same objective lens, and pass through the dichroic mirror (Thorlabs
DML950) and the long-pass filter (Thorlabs FELH 1450) to further suppress residual scattered
light from the blue pump laser. The collimated beam inside the microscope tube is incident onto a
beam splitter (90:10 R:T, Thorlabs BS030). The output of the 90% port is collected by the large
beam collimator (Thorlabs F§10FC-1550) and delivered via a multimode fiber to the spectrometer
(Flame NIR) for spectroscopic investigations. The output from the 10% port of the beam splitter

is routed to the Raptor camera for imaging purposes.

We were able to detect emission from these samples by focusing the pump beam using a high
numerical aperture (0.85) microscope objective and collecting the resulting PL spectrum with the
same objective lens. All of the spectra below were recorded with an integration time of 10 seconds
and no averaging, using the Ocean Optics NIRFlame spectrometer (950 nm -1650 nm operational
range), under excitation power of 0.4 mW. Note that the spectral resolution of the NIRFlame
instrument is limited to ~ 6 nm. A typical result, for a dome with a base diameter of 60 um and a
peak height of ~ 2.3 um, is shown in Figure 4.22. As for all of the domes on this wafer, the optical
spectrum is not of particularly high quality (see Figure 4.22(a)), exhibiting significant ripple and
HG/LG modes with large linewidth. Because of this, there is very little evidence for spectral

modification of the Er emission (see Figure 4.22(b)).
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Figure 4.22. Transmission scan for 60 pm buckled dome, (b) PL measurement for the same dome as in part a.

While no obvious signatures of spectral reshaping of the Er emission into cavity modes could

be discerned, preliminary evidence for cavity-enhancement of the emission intensity was observed,
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as follows. The emission spectra from three different samples, each with a 100 nm thick SiO:Er
layer, were collected under identical excitation and collection conditions. The three samples were
as follows: - SiO:Er on a glass slide, SiO:Er on the bottom mirror only (half cavity), and SiO:Er
inside a buckled dome cavity with base diameter 70 pum and peak height ~ 1.8 um. For all of these
measurements, the NIRFlame spectrometer was configured with an integration time of 3 seconds
and the data points were averaged 45 times, while the laser excitation power was fixed at ~ 30

mW, and focused onto the samples via an infinity-corrected objective lens with 50x magnification.

Figure 4.23 compares the PL emission collected from the three samples. As above, there was
no clear evidence for spectral re-shaping of the erbium emission for the mirror or cavity samples.
However, there was a significant increase in the intensity of the collected emission, with the mirror
sample exhibiting ~ 5x stronger emission compared to the glass-slide sample, and the cavity
sample exhibiting ~ 9x stronger emission compared to the glass slide sample. Given that some of
the pump light is undoubtedly absorbed, reflected, or scattered by the upper mirror in the cavity
sample, we concluded that this result could be interpreted as preliminary evidence for cavity-

enhanced erbium emission.
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Figure 4.23. PL measurements for three different samples with nominally identical (~100 nm thick) SiO:Er active
layers, and with fixed excitation and collection conditions, provided preliminary evidence for cavity-enhanced
emission. The plot shows PL emission collected for an SiO:Er layer on a glass slide (dashed curve), SiO:Er layer on
a bottom mirror (dotted curve), and SiO:Er layer inside a buckled dome cavity (solid curve) with 70 um base-diameter
and ~1.8 um peak height.
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An obvious question to consider is whether the ~9x enhancement observed above is
reasonable. Note that for the domes on this chip exhibiting a fundamental resonance aligned to the
Erbium emission band (i.e., ~ 1520-1560 nm), the linewidth was found to be ~ 5 nm or greater,
suggesting a cavity Q ~ 300, at best. Given the height of the dome considered in Figure 4.23, a
cavity finesse F ~ Q /3~ 100 can thus be estimated. Using a planar Fabry-Perot approximation,
the general expression for the finesse is F ~ 7 (R:R»)"*/(1-(R:R»)"?), where R, and R, are the
effective reflectance of the top and bottom mirrors, respectively. Here, Ry ~ 0.999 can be assumed
for the 4.5-period a-Si/Si0; bottom mirror [83]. It follows that R; ~ 0.94 in the wavelength range
of interest, much lower than the projected value for a 7.5-period Ta>xOs/SiO> Bragg mirror, but

perhaps not surprising given the visual damage (cloudiness) described above.

Now, if the emission collected by the objective lens could be entirely associated with a single
cavity mode, it would make sense to compare the observed enhancement to the predicted Purcell
factor. However, here the cavities are characterized by a family of relatively low-Q and
overlapping Laguerre-Gaussian modes, and several of these modes lie within the broad Er
emission band (see for example Figure 4.22). Thus, it is more reasonable to use a planar Fabry-
Perot model (i.e., as in Figure 4.19) to assess the emission inside these cavities. For such a cavity,
the emission in the surface-normal direction is enhanced relative to the no-cavity case, with the

enhancement factor given by [141]:

2

2
G = (1+JRp) =Ry | E ’ @.1)

(1—1/RtRb)2 Emax

where |E/Epnax|? ~ 0.34 is the relative modal electric field intensity at the emitter position (see Figure
4.19). Combining this with the mirror reflectance estimates from above gives G ~ 85, which is an
order-of-magnitude higher than the observed ~ 9x enhancement from above. Residual discrepancy
can partly be attributed to the use of a planar model, which is only approximately representative
of the real cavity, and partly to the reduced pump intensity at the active layer of the cavity sample,
mentioned above. Moreover, the preceding equation is strictly valid for emission into the surface-
normal direction only, while our experimental setup collects emission over the entire angular range
lying within the numerical aperture of the objective lens. While the agreement between theory
and experiment is not particularly good, a more conclusive study would require higher-quality

devices and is left for future work.
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4.4 Conclusions

Two different strategies were investigated for embedding an erbium-doped silicon monoxide
active layer inside buckled domed microcavities. Moreover, an optical microscope system for
performing cavity transmission and micro-PL measurements was assembled. In the first
fabrication attempt, we embedded patterned SiO:Er pads inside cavities with a-Si/Si0-based
upper and lower mirrors. This attempt unfortunately produced a low yield of successful buckling
(~ 4 %), which was later attributed to the use of a SiO: layer as the last layer in the bottom mirror.
While the few domes realized in this case showed promising optical properties, we were not able
to measure PL from the SiO:Er layer inside these domes. This was partly due to the absorptive
nature of the a-Si-based upper mirror in the wavelength range below ~ 800 nm, where the SiO:Er

layer can be most efficiently pumped through host-mediated absorption.

In the second fabrication attempt, we employed a uniform (un-patterned) and slightly thicker
(~ 100 nm) SiO:Er layer. We also used a Ta>xOs/Si02-based upper mirror, which has potential for
low absorption throughout the visible wavelength region. On this wafer, chips with either 5.5- or
7.5-period upper mirrors were fabricated. While this second attempt resulted in a much better
yield of buckled devices (~ 50 % on some chips), the optical properties of the devices were of
significantly lower quality. We speculated that this was due to a combination of a low upper-mirror
reflectance, possibly arising from contaminated sputtering depositions, and sub-optimal buckle
shape, possibly arising from lower-than-expected stress in the buckled mirror. In spite of the
somewhat inferior optical properties (i.e., low Q-factor optical modes), preliminary evidence for
cavity-enhanced PL was achieved. With future improvements in the fabrication processes, the
strategies outlined here could lay the groundwork for future implementations of monolithic CQED

devices operating in the telecom wavelength range.
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Chapter 5!

Pressure sensing with high-finesse monolithic
buckled dome microcavities

We describe the use of on-chip buckled-dome Fabry-Perot microcavities as pressure sensing
elements. The cavities, fabricated by a controlled thin-film buckling process, are inherently sealed
and support stable optical modes (finesse >10%), which are well-suited to coupling by single-mode
fibers. Changes in external pressure deflect the buckled upper mirror, leading to changes in
resonance wavelengths. Experimental shifts are shown to be in good agreement with theoretical
predictions. Sensitivities as large as ~1 nm/kPa, attributable to the low thickness (<2 pm) of the
buckled mirror, and resolution ~ 10 Pa are demonstrated. We discuss potential advantages over

traditional low-finesse, quasi-planar Fabry-Perot pressure sensors.

5.1 Background and introduction

Optical pressure sensors have well-known attributes such as immunity to electromagnetic
interference (EMI) and potential for operation in harsh environments [142,143]. Diaphragm-
based extrinsic Fabry-Perot interferometers (DEFPI) [143] have been amongst the most popular
types. In the DEFPI, a flexible membrane is configured as one mirror in a typically low-finesse,
planar Fabry-Perot structure, separated from the second ‘mirror’ (often a simple optical interface
such as the cleaved end facet of an optical fiber) by a sealed and ‘empty’ (typically air) cavity.
Changes in external pressure deflect the membrane and modify the interference spectrum, thereby
enabling optical detection [143]. Most DEFPI work has targeted high-sensitivity, low-
pressure [144] and acoustic wave [145] applications, although high-pressure sensors have also
been achieved [146]. The thickness, material stiffness (i.e., Young’s modulus), and diameter of
the membrane correlate directly with the pressure sensitivity, operating range, and maximum
frequency response of the device [75,147]. Thus, a wide variety of membrane materials have been
studied, ranging from graphene [148] to stainless steel [149], amongst many others. Most are

fabricated using some combination of surface- and bulk-micromachining, involving a membrane

1 This chapter was published in Applied Optics, vol 60, No.29, 2021.
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bonding (and sometimes thinning) step that seals the space between the membrane and the second
optical interface [150,151]. These tend to be relatively complex and time-consuming serial

processes.

As mentioned, nearly all reported DEFPI devices are planar structures with relatively low
finesse. Planar FPIs are marginally unstable as optical resonators, and are thus subject to various
finesse-reducing non-idealities [152], particularly when illuminated by non-collimated light from
Gaussian laser beams or fiber modes [153—155]. Accordingly, sensing is typically carried out by
monitoring the shift of spectrally broad, nearly periodic Fabry-Perot fringes, which limits the
detection sensitivity and/or necessitates the use of relatively complex signal processing
algorithms [156]. There have been some efforts towards implementing higher-finesse planar-
cavity-based pressure sensors [80], but their performance (e.g., reported finesse ~ 64 in Ref. [80])

is ultimately limited by the factors mentioned above.

It is well known [157] that the detection limit (i.e., the minimum resolvable shift in some
measurand) for optical cavity sensors typically scales with the linewidth of the resonance, or
inversely with the quality (Q) factor. From a simplistic point of view, the minimum resolvable
shift in resonant wavelength (A4Amin) can be approximated by the linewidth (OA); i.e., Admin ~
oA [158]. A more detailed treatment needs to consider various noise sources [159], but predicts
similar trends. For example, White and Fan [160] estimated that s = 54/(4.5-SNR%%°), where s is
the standard deviation (i.e. uncertainty) in the estimation of a resonant wavelength, 0A=4/Q, and
SNR is the overall signal-to-noise ratio of the detection system in linear units. These relationships
and trends hold over a wide range of practical O-factors [159] and have motivated the use of
high-Q microcavities for refractive-index-based sensors [157,158,160]. A similar strategy might

yield advantages for precision monitoring of low pressures and weak acoustic signals [144].

Here, we describe pressure sensing with on-chip buckled-dome microcavities [83,84,86],
whose properties address many of the shortcomings of conventional DEFPI devices. First, these
cavities are manufactured in a completely monolithic process which can yield high-density arrays
on a single chip. Second, the process produces inherently sealed cavities with an upper curved
mirror of thickness on the order of ~ 1 - 2 um. Third, the cavities support high-quality and stable
Laguerre-Gaussian modes, naturally suited to coupling by single-mode fibers and laser beams. We

show that the operating range and sensitivity for pressure sensing can be varied through the choice
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of the cavity dimensions, achieving sensitivities in the range ~ 0.05 — 1 nm/kPa. The cavities also
exhibit high finesse (>10°) and high vibrational resonance frequencies (> 1 MHz), which might

make them interesting candidates for sensing of low-intensity and high-speed pressure phenomena.

5.2 Pressure-driven deflection of a buckled cavity - theory

The fabrication and optical properties of the buckled cavities used in this work have been detailed
elsewhere [83,84]. Briefly, these cavities are fabricated by embedding circular patterns of a thin
low-adhesion layer between two Bragg mirrors and subsequently inducing delamination buckles
to form over these regions, driven by compressive stress in the upper Bragg mirror. The self-
assembly nature of the process results in a highly predictable and smooth morphology, and the
cavities tend to exhibit the ‘textbook’ Laguerre-Gaussian modes expected for a half-symmetric
(plano-convex) spherical mirror cavity [83]. We have demonstrated cavities with base diameters
ranging from ~50 um to several hundred micrometers (um), and heights ranging from sub-um to
several pum. Figure 5.1(a) shows a microscope image of a typical array of cavities, and the inset
shows a typical mode-field intensity image for the fundamental TEMgo mode of these cavities.
Note that the fundamental mode-field diameter is typically on the order of several pm and can be
well-matched to that of a standard single-mode fiber through appropriate engineering of the buckle

shape (i.e., the effective curvature of the buckled mirror, and so on. [83]).

(a) - . (b) pressure
P | /

E . |

Figure 5.1. (a) Microscope image of an array of 50 pm base-diameter domes is shown. Inset: a typical fundamental
mode-field profile (~5 um diameter) is overlaid on one dome; the dashed white line indicates the dome perimeter. (b)
Schematic illustration of a buckled-dome in cross-section, illustrating a reduction in cavity height (black to grey)
caused by an increase in external pressure. The resonant optical cavity modes, including the fundamental mode
represented by the red dashed lines, are modified accordingly.




We have previously [86] analyzed the thermo-mechanical properties of similar dome cavities,
including first-order treatments of the vibrational resonance frequencies of the buckled mirror and
the temperature dependence of the resonant optical modes. Here, we are concerned with the
changes in the cavity height (and thus the optical properties) induced by changes in external
pressure. As depicted in Figure 5.1(b), the pressure acts as a distributed force on the buckled

mirror, which modifies its height and shape and thus modifies the optical spectrum.

For the present study, we focus on two types of devices borrowed from our previous work.
First, we studied a set of domes with 50 pm base diameter and 5.5-period a-Si/SiO; buckled
mirrors [83], which we label here as device type 4. Second, we studied a set of domes with 100
pum base diameter and 4.5-period a-Si/SiO> buckled mirrors [84], which we label here as device
type B. Nominally identical thin-film layers and layer thicknesses (quarter-wave layers at 1550
nm wavelength) are common to both samples. Specifically, nominal layer thicknesses are ~105
nm and ~ 265 nm for a-Si and SiO; layers, respectively, based on our typical refractive indices
(~3.7 and ~1.46 at 1550 nm wavelength) for our sputtered films. Furthermore, to characterize the
upper buckled mirror, we assumed the same effective-medium parameters as in Ref. [86];

Young’s modulus £ = 70 GPa, Poisson’s ratiov= 0.2, and mass density p = 2240 kg/m°>.

To guide and corroborate the experimental results presented in Section 5.3, we seek an
approximate theory of the pressure sensitivity. First, it is worth noting that the gas composition in
the ‘empty’ region of the cavities is not completely known. Coupeau ef al. [161] have studied
this issue for sealed delamination buckles in simple metal films, and have provided evidence that
the region under the buckle is evacuated. In our case, the buckling delamination arises in part from
the thermal decomposition of a thin fluorocarbon layer [81], so that a partial vacuum is more
likely. In any case, the impact of the internal pressure on the starting buckle profile is typically
small [161]. Moreover, our main interest is to assess the changes in the buckle height (i.e., not

absolute values), so we ignore this detail here.

The impact of differential (i.e., external minus internal) pressure on buckling height and profile
has been studied for both straight-sided (Euler) buckles [162] and circular buckles [163]. A
rigorous treatment must take into account details such as the residual stress in the buckled
films [164] and substrate stiffness, and typically only numerical solutions are possible [162].

Moreover, our larger buckled cavities often deviate from the predictions of elastic buckling theory,
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exhibiting a shape closer to that of a spherical dome [86] due to plastic deformation near the
perimeter of the buckled feature. Here, however, we restrict our study to smaller domes (50 and
100 um base diameters), which we have shown [83] are relatively well approximated by elastic
buckling theory. In that case, and in the limit of small deflections and low residual in-plane stress,

the pressure-induced deflection of a circular delamination buckle can be approximated as [165]:

_ A5 3-(1-v?)-a*
SPL= %~ Trerne -1

Here, J is the peak height of the buckle (i.e., the effective mirror spacing), P is the external pressure, a is
the base radius of the buckle, / is the thickness of the buckled mirror, and £ and v are the effective-medium
Young’s modulus and Poisson’s ratio of the buckled mirror. We expect this expression to overestimate the
actual pressure sensitivity, as follows: for typically higher values of residual stress required to drive the
delamination in practice, the buckled mirror will deflect less (i.e., be stiffer) in response to lateral
forces [165], such that the pressure sensitivity can be expected to be a few times lower than predicted by
Eq. 5.1 (see the numerical results in Fig. 8 of Ref. [163], for example). This will be particularly true for
larger delamination buckles, which have higher values of o/ o, where ot is the in-plane stress driving
buckling and ox is the critical (i.e., minimum) stress to induce buckling, the latter of which scales inversely
with the square of the base radius [1]. Nevertheless, Eq. 5.1 is expected to be ‘order-of-magnitude’ correct,
at least in the small-deflection limit (we added the ‘1’ to the subscript of Spi to denote a first-order

approximation).

In optical detection of pressure changes, it is not the change in cavity length which is directly
probed, but rather changes in the spectral properties. Here, we focus mainly on the shift in peak

wavelength of the fundamental cavity resonance, which can be expressed as:

AL 2-S
SMEGE (5.2)

m

where m ~ 8/(4/2) is the longitudinal mode order of the cavity.
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Table 5-1. Assumed and Predicted Parameters for Cavities Studied?®

Device type A (Ref. [83]) B (Ref. [84])
Base radius, a 25 [um] 50 [wm]
Mirror thickness, /4 1.95 [wm] 1.59 [um]
Mirror mass, mp 8 [ng] 28 [ng]
Mode order, m 1 3
Pressure sensitivity, Sp; 0.14 [nm/kPa] 4 [nm/kPa]
Pressure response, Spa 0.28 [nm/kPa] 2.7 [nm/kPa]
Vibrational resonance, fj 11.9 [MHz] 2.5 [MHz]

“Optical properties of device types A and B were detailed in Refs. [83,84], respectively.

Another parameter of interest is the fundamental vibrational resonance frequency of the
buckled mirror, which plays a key role in determining its maximum response rate as a dynamic
pressure sensor [145,147,151]. We can estimate this using a classical harmonic oscillator model,
i.e., o~ (Ko/mo)1/2, where Ko and mo are an effective spring constant and mass for the fundamental
vibrational mode [86]. We use Ko=AF/Ad~ (ma?)/Sp1, where F is the lateral force induced by the
differential pressure. Furthermore, we estimate mo ~ 0.3 mp [166], where mp is the mass of the
buckled mirror. For the type 4 and B domes described above, the resulting predictions for pressure
sensitivity and vibrational resonance frequency are summarized in Table 5-1, and in both cases
show reasonable agreement with the experimental results in Section 5.3. Subject to the comments

above, this suggests that the simple theories outlined capture the essential physics.

5.3 Pressure sensing with buckled cavities -experiment

In order to experimentally study the cavities under variable pressure, we placed them inside the
custom chamber depicted in Figure 5.2. The sealed enclosure is plumbed to an air compressor to
enable pressurization, and the pressure is monitored by a digital gauge (Baker B50015 Digital
Pressure Gauge). Note that all pressures stated below are relative to the lab pressure. The sample
sits between input and output optical windows (High-Vacuum CF Flange Viewports for &#1.5"
Windows) to enable optical transmission measurements. A tunable laser (Santec TSL-710) was
coupled to a reflective collimator (Thorlabs RC-08) followed by a positive lens (KBX 058, f=

75.00 mm), and coupled into the chamber through the input window. This resulted in a spot size
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~ 20 pum in diameter at the device plane. Light transmitted through the output window was
collected by a long-working-distance objective lens (50x Mitutoyo Plan APO) and delivered to a
near-infrared camera (Raptor Photonics Ninox 640 NX1.7-VS-CL-640). In addition to capturing
mode-field images, the camera was also used as the detector in obtaining spectral scans, by
summing the pixel intensity over the region of the image containing the low-order cavity modes.
Some of the transmitted light was tapped off by a beam splitter and delivered to a high-speed
photodetector (Resolved Instruments DPDS80), to enable ‘tuned-to-slope’ measurements of the

mechanical/vibrational spectra of the domes [86].
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Figure 5.2. (a) Schematic diagram of the experimental setup. The symbols indicate: R (reflective collimator), L (lens),
S (sample chamber), O (long-working-distance objective lens), B (beam splitter), and T (tube lens). (b) Photograph of
the setup.

Typical pressure-induced changes in the optical transmission spectra for a type B dome are
shown by the series of plots in Figure 5.3(a). As mentioned, these devices exhibit the characteristic
resonance spectra of spherical mirror cavities, associated with stable Laguerre/Hermite-Gaussian
(LG/HG) modes. The fundamental transverse mode (LGoom for a given longitudinal mode order
m) is associated with the longest wavelength peak in the spectrum, and the higher-order transverse

modes produce a series of peaks moving towards shorter wavelengths. As the external pressure is
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increased, the cavity height is reduced (see Figure 5.1(b)), and the resonance spectrum shifts
towards shorter wavelengths. Notably, the overall shape of the spectrum is relatively constant,

with no significant change in ‘fringe contrast’ or linewidth.

Figure 5.3(b) shows plots of the fundamental resonance wavelength versus the pressure for
two different type B domes. These domes have a peak height of 6 ~ 2.4 um and thus are operating
in longitudinal mode order m = 3 at A ~ 1600 nm. Slight variations in height (and thus resonance
wavelength) between domes of the same base diameter are typical for our process [83]. Both
domes exhibit a nearly linear response with Si~ 0.7 nm/kPa, and relatively little hysteresis. Note
that the wavelength was measured at a series of increasing pressures and then again as the system
pressure was reduced back down. There is some discrepancy between pressure-up and pressure-
down data points in the low-pressure range, which is likely due to uncontrolled drifts in
temperature and lab pressure over the relatively long interval between those particular
measurements. As we expected (see the discussion in Section 5.2), the measured Sy is slightly

lower than the first-order theoretical estimate derived from Eq. 5.1 (S ~ 2.7 nm/kPa).
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Figure 5.3. (a) Spectral scans at a series of fixed pressures (as labeled inset) are shown for a typical 100 um base-
diameter (type B) dome. The vertical axis is normalized intensity. (b) Plot of the peak wavelength of the fundamental
mode resonance versus pressure, for both increasing and decreasing pressure, for a pair of similar domes (see main
text for details). A linear fit to the data is also shown in each case.
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In addition to good linearity and repeatability (including low hysteresis) over a wide range of
pressures, another desirable property of a pressure sensor is good resolution (i.e., that the minimum
pressure change that can be reliably detected is as small as possible). In general, resolution is
intimately tied up with the detection algorithm and the SNR of the detection system [143]. For
the present setup, we used some relatively simple experiments to place an upper limit on the
resolution. Figure 5.4(a) shows scans of the fundamental resonance taken at a relatively small step
size (5 pm) setting of the tunable laser, and for the smallest increment in pressure (~300 Pa) that
we could reliably control in our system. Note that the shift in wavelength is greater than the
linewidth (64 ~ 0.2 nm), so that detection of pressure changes much smaller than 300 Pa would be
possible assuming sufficiently high system SNR [167]. Also note that the periodic, low-amplitude
ripple in these scans (but more obvious in Figure 5.5(a)) is caused by substrate reflections [83],

and could be eliminated with the addition of an appropriate anti-reflection coating.

As a second means to assess the resolution, we extracted the peak wavelength over a relatively
long period of time at a nominally fixed value of chamber pressure (0 kPa). The results of such
an experiment are shown in Figure 5.4(b), where the time interval between each measurement was
~ 5 minutes, and the horizontal axis thus spans a total time > 3 hours. The data reveals the presence
of a relatively slow drift, which is likely attributable to variations in the laboratory temperature
(and possibly pressure, which would affect the reading provided by the differential pressure gauge)
over the course of several hours. The issue of temperature-pressure cross-sensitivity is discussed
in Section 5.4. Nevertheless, the ‘noise level’ can be characterized by the variations in peak
wavelength over shorter intervals of the plot [80]. For example, the variation for trials 7-11
appears to be within ~ 10 pm. Given the pressure response sensitivity Sz~ 1 nm/kPa, this would
suggest the potential to resolve pressure changes on the order of 10 Pa, assuming some means are

introduced to compensate thermal drift.
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Figure 5.4. (a) Plot shows the fundamental resonance for a type B dome; there is a clearly-resolved shift to lower
wavelength when the external pressure is increased from 0 to ~0.34 kPa. (b) The change in peak wavelength at “fixed’
pressure (0 kPa) for the cavity in part a, extracted from a large number of spectral scans (i.e., trials) taken at ~ 5 minute
intervals.

We next consider results for the smaller and stiffer (type 4) domes, with peak height 6~0.8 um
and operating in longitudinal mode order m = 1. Figure 5.5(a) shows a series of spectral scans at
fixed pressure settings, revealing the same trends as discussed for type B domes above. Note that
the substrate-reflection-induced ripple is much more noticeable in these scans. This is partly due
to the poor mode matching between the input beam spot size (~20 um) and the fundamental mode
spot size (~5 um diameter) for these cavities [83]. The fundamental mode spot size for the larger
(type B) domes (~10 um diameter [84,86]) is more closely matched to the input beam, although
still not perfectly. The input beam spot size is determined by the long focal length lens required
here, in turn due to the long distance between the optical input window and the sample plane of
the pressure chamber. Improved packaging and the addition of an anti-reflection coating would

be expected to significantly mitigate the ripple.
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Figure 5.5. (a) Spectral scans at a series of fixed pressures (as labeled inset) are shown for a typical 50 um base-
diameter (type A) dome. The vertical axis is normalized intensity. (b) Plot of the peak wavelength of the fundamental
mode resonance versus pressure, overlaid by a linear fit to the data, is shown for two different types 4 domes.

The fundamental resonance wavelength versus pressure for the dome from Figure 5.5(a), as well
as that for a second type 4 dome, is plotted in Figure 5.5(b). For both domes, the pressure response
is approximately linear over the 0 — 103 kPa range, although deviations from linearity are more
apparent than for the type B domes above. We attribute this mainly to the parasitic ripple
mentioned, which impacts the identification of the resonance peak. While the pressure range
studied was limited by our experimental apparatus, we expect the approximately linear response
to extend to significantly higher pressures, given that the maximum height deflection (from Figure

5.5 and Eq. (5.2)) is only a few nanometers (i.e. < 1 % of the starting height) at ~103 kPa.

The type A domes also showed somewhat higher variation in their pressure sensitivity, for
example Si~ 0.055 nm/kPa and Sz ~ 0.083 nm/kPa for the representative cavities from Figure 5.5
(b). Slight variations in buckle height mentioned above, typical for our experimental fabrication
process, likely have a greater impact on the residual stress (and thus stiffness) of the buckled mirror
for these smaller and shorter cavities. In any case, these values are in reasonable agreement with

the predictions from Section 5.2 (Su ~ 0.28 nm/kPa), again somewhat lower for the reasons
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discussed above. Notably, the ratio of experimental sensitivity for type 4 and B domes (S / Sis

~0.1) s in very good agreement with the predictions of the simple theoretical model.

Taken together, the results for type 4 and B domes show that, within limits of elastic
buckling [165] and for buckle heights exceeding the minimum value to support resonant optical
modes at the probe wavelength of interest, there is scope to design cavities to provide either higher
sensitivity or higher operating range. It should also be noted that, while not done here, we routinely
deposit low-stress, half-wave (i.e., optically ‘vanishing’) capping layers on top of existing cavities
(i.e., post-buckling), which offers another means to increase the stiffness (and thus operating

range) for a particular type of cavity.

Finally, we also measured the mechanical/vibrational resonance spectra of these devices using a
tuned-to-slope technique described in our previous work [86,168]. In this technique, the laser is
tuned to a wavelength just slightly removed from the fundamental cavity resonance (i.e.,
somewhere near the half-maximum transmission point of the Lorentzian cavity line-shape). In this
way, vibrational motions of the upper mirror are translated to changes in cavity transmission. The
thermal vibrational frequency spectrum of the buckled mirror can thus be extracted from a Fourier
transform of the time-varying intensity signal recorded by a high-speed photodetector receiver.
Typical results for type B and A cavities are shown in Figure 5.6 (a) and Figure 5.6 (b),
respectively. Note that the lower SNR for the measurement of the type A cavity is due to the
relatively poor input coupling efficiency mentioned above. The fundamental vibrational
frequencies, at ~2.9 MHz for the type B cavity and at ~10.6 MHz for the type 4 cavity, are in good
agreement with the first-order predictions from Section 5.2. Such high vibrational frequencies
suggest good potential for sensing dynamic pressure (e.g., ultrasound [169]) signals. We hope to

explore these applications in future work.
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Figure 5.6. Vibrational spectrum for a typical type B dome, with the fundamental resonant mode indicated. (b)
Vibrational spectrum for a typical type 4 dome, with the fundamental resonant mode indicated.

5.4 Discussion and conclusions

We described the proof-of-principle for pressure sensing using high-finesse buckled dome Fabry-
Perot microcavities. While these experiments were carried out on an optical bench, there is a good
potential to integrate these chips directly with optical fiber arrays, which would facilitate their use
as embedded sensors. Conceivably, a buckled dome cavity could even be fabricated directly on
the end of a cleaved optical fiber, although this would require additional process development. In
any case, a distinct advantage of these devices is their potential for good optical mode matching to

single-mode fibers, negating the need for supplementary optics such as packaged collimators [80].

Another significant advantage is their support of stable, high-finesse cavity modes. This could
enable a wide range of simplified and high-accuracy detection algorithms to be employed, such as
the sophisticated peak-detection algorithms widely developed for fiber Bragg grating
sensors [167]. With sufficiently high system SNR and stability, those algorithms could potentially
enable pressure resolution well below the value demonstrated here (~10 Pa). Finally, it is worth
reiterating that the small size and high vibrational resonance frequencies of these devices, along
with the fact that they can be fabricated in dense on-chip arrays, make them potentially interesting
for dynamic pressure sensing applications such as photoacoustic imaging [170]. Indeed,
Guggenheim et al. [169] have already demonstrated a host of advantages (e.g., high sensitivity,
wide bandwidth, and omnidirectionality) for analogous (although serially processed) Plano-

concave microcavities used as ultrasound sensors.
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One challenge of note, which is a well-known issue for DEFPI-based sensors (and most
pressure sensors), is that of temperature-pressure cross-sensitivity [143,150]. We have reported
previously [83,86] on the temperature dependence of the buckled-dome cavities, including a basic
description of the underlying physics. While temperature stabilization is always possible, it adds
cost and complexity. Another approach, often employed in FBG sensing, is to embed a second
sensor that responds only to temperature, and use it to calibrate/remove the temperature
dependence of the pressure sensing device. In the present case, this could be achieved by using a
cavity with holes machined through the buckled mirror [84]. We verified (not shown) that cavities
of this type were insensitive to pressure changes within the resolution of our test setup, exhibiting
constant optical spectra at a fixed temperature. A complete study of mitigating temperature cross-

sensitivity is left for future work.
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Chapter 6

Conclusions and Outlook

6.1 Summary of the thesis

The main theme of this thesis was the development of monolithic strategies for embedding solid-
state emitters within buckled dome microcavities. As discussed in Chapter 1, control over
spontaneous emission in microcavities could be attractive for many applications, including
miniature threshold-less lasers, CQED, and sensing. The thesis work also included a study of the
pressure sensitivity of buckled dome microcavities. This study showed that these cavities have
unique attributes that could make them interesting for high-speed sensing of dynamic pressure
signals. Viewed from another perspective, the study showed that control of ambient pressure could
be used as means to tune the optical resonance spectrum of the buckled dome cavities, which is
needed for most envisioned CQED applications. The following sections provide a more detailed
summary of the theoretical and experimental results, and of the main contributions of this Ph.D.

thesis.

6.1.1 Theoretical study of spontaneous emission control in buckled
dome microcavities

In Chapter 3, a theoretical study of dipole emitters (in the 1550 nm wavelength range) inside
buckled-dome Fabry-Perot cavities with Si/SiOz-based, omnidirectional Bragg mirrors was
presented. Quasi-analytical results from a planar-equivalent cavity model were supported by a
numerical FDTD study for the 3-D model cavity structure. Notably, our study showed that these
cavities can provide some of the same benefits as promised by 3-D photonic crystal microcavities.
Specifically, simultaneous enhancement of spontaneous emission into a desired cavity mode (i.e.,
a high Purcell factor) and inhibition of spontaneous emission into background modes is possible.
Moreover, buckled dome cavities have already been fabricated in large-scale arrays, while 3-D
photonic crystal cavities (in spite of decades of effort) remain challenging to implement at optical
frequencies. For the cavity considered (modeled on devices which our group has previously

fabricated) and an optimally located dipole, a Purcell factor of ~ 120 combined with an inhibition
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factor ~ 25 for emission into background radiation modes was predicted. It is the enclosed nature
of the buckled dome microcavities, combined with the use of planar omnidirectional mirrors,
which makes this possible. Finally, our study demonstrated that the inhibition of radiation into
background modes could make it possible to achieve high single-atom cooperativities, even for a
cavity with a moderate Q-factor. This theoretical study motivated much of the experimental work
in the remainder of the thesis project, which was focused on alternative strategies for embedding
(ideally using monolithic fabrication strategies) ‘quantum’ emitters into buckled dome

microcavities.

6.1.2 Erbium emitters inside buckled dome cavities

Chapter 4 outlined two attempts to develop a monolithic fabrication process for embedding 1550-
nm-wavelength-range active light-emitting layers (SiO:Er) inside arrays of on-chip, buckled-dome
Fabry-Perot microcavities. A brief introduction to the erbium-doped silicon monoxide (SiO:Er)
material system was given, and optical properties of the thin film were provided. SiO:Er films
were fabricated using a high-vacuum physical vapour deposition (PVD) system (i.e., by thermal
evaporation) as described in Ref. [131,132]. Two attempts of patterning/positioning the thin layer
of the SiO:Er were elucidated. Buckled microcavities were fabricated ‘around’ the SiO:Er active
layers, using a standard photolithography and lift-off process (e.g., in Ref [1,83]). In the first
attempt, a variety of SiO:Er pads (from 1um to 10 pm in diameter) were aligned to buckled dome
cavities with base diameters in the range from 30 um to 150 pum. However, only the 10 pm SiO:Er
pads inside domes with 60 pm and 70 pm base diameters survived the buckling process. One major
reason for such poor yield was that the top layer of the bottom mirror was a layer of SiO». Likely
due to surface energy reasons, we have had consistently poor results when buckling on top of the
Si0; surface. This first wafer employed an a-Si-based upper (buckled) mirror, which limited the
choice of pump laser wavelengths (to ~800 nm or higher) that could be used to excite the embedded

Si0:Er layer.

In the second attempt, a uniform (un-patterned) and thicker (~100 nm) SiO:Er layer was employed.
Furthermore, the a-Si-based upper mirror was replaced by a Ta,Os-based upper mirror in this case,
so that shorter wavelength pump sources could be used. On this wafer, buckled devices with base
diameters ranging from 50 um to 70um resulted in a moderate yield, and many of these domes

exhibited a high degree of cylindrical symmetry. However, in spite of various attempts to increase
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the upper mirror reflectance (through addition of additional mirror periods), the optical properties
of these cavities were not of very high quality. Speculatively, this was attributed to a combination
of high film loss (possibly due to problems with the sputtering system) and sub-optimal shape of
the buckled cavities (possibly due to lower-than-optimal film stress). Nevertheless, a home-built
microscope setup was assembled in order to measure the photoluminescence (PL) of the active
SiO:Er layer in these cavities. This active layer was excited via a host-absorption-mediated energy
transfer process, using an excitation wavelength of 473 nm (i.e., non-resonant with the Er** levels).
These measurements confirmed the usual PL spectrum for Er*" ions embedded in a glassy host,

and also provided preliminary (although inconclusive) evidence of cavity-enhanced emission.

6.1.3 Pressure sensing with buckled dome microcavities

The upper mirror of the buckled dome microcavities is basically a flexible plate, and their interior
cavities are inherently closed to (i.e., sealed from) the external environment. Given this, it was
speculated that they could function as a pressure-sensing device with optical readout. Using
previously fabricated high finesse buckled cavities from [83,84], which were fabricated by the
guided assembly of circular delamination buckles, we were able to measure the effects of ambient
pressure changes on the optical resonances. We restricted our study and measurements to domes
of 50 um and 100 pum size only. The predicted pressure sensitivity and vibrational resonance
frequencies were described and showed a good agreement with experimental results. Both 50 um
and 100 pm domes showed a linear response to pressure changes, with a pressure sensitivity for
50 um and 100 um domes of ~ 0.08 nm/kPa and 0.7 nm/kPa, respectively. A tuned—to—slope
technique (same as that utilized in the Refs.[171,172]) was used to observe the
mechanical/vibrational resonance spectra for those domes. The vibrational resonances were found
to be 10.9 MHz and 2.9 MHz for 50 pm and 100 pum domes, respectively. Such high vibrational
resonance frequencies make these devices promising for the detection of dynamic pressure signals,

such as ultrasound imaging.
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6.2 Future work

6.2.1 Erbium emitters in buckled dome cavities

To exploit the Erbium-doped silicon monoxide for buckled dome microcavities, several issues
must be addressed and resolved. For example, it may be possible to improve the optical properties
of the active layer film. In the current work, the SiO:Er film was fabricated via thermal
evaporation, while the Ta>Os and SiO; films were deposited using a reactive sputtering system. It
might be better in the future to also deposit the Er-doped silicon monoxide film using a reactive
co-sputtering system without the breaking vacuum. It should be reiterated that the SiO:Er material
system was chosen mainly for its low-temperature processing and ease of integration into the
existing buckling process. In future work, it will be interesting (and necessary for some
applications) to explore alternative material systems. For example, erbium-doped silicon nitride
has recently been shown to provide a 3-4 orders of magnitude higher emission than erbium-doped
Si0; [173,174]. Thus, it might be interesting to explore Er-doped silicon-rich silicon nitride (SRN)
deposited using reactive sputtering as an alternative to the Er-doped silicon monoxide films studied
here. Recent work by Maria et al. [48] investigated Er-doped silicon nitride as an emitter inside
photonic crystals and achieved a 20-fold enhancement of Photoluminescence at the PC cavity.
However, for many CQED applications, it will be necessary to use crystalline hosts (e.g.
Y203 [175]) as discussed in Chapter 4. Thus, techniques for integrating such crystalline films, or

possibly nanocrystals, into the buckling process will ultimately need to be developed.

We also encountered issues with the deposition of our Ta2Os, and SiO2 films. In early 2020,
our group modified the standard recipe (including background pressure) used to deposit these
films, due to an observed drop in the compressive stress of the films. However, this adjustment
might have resulted in a degradation of the optical properties (e.g., some of the films had a cloudy
appearance, See Figure A.5 in Appendix A for more detail, and also details in chapter 4), which
would have a direct influence on the reflectivity of our mirrors. Some of the problems encountered
might also be attributable to the use of a sputtering system in a shared-use facility, which causes
chamber conditions to vary outside of our control and required the modification of our film
deposition recipes. In some cases, this modification reduced the stress of our films and quite likely
affected the yield of our buckling process. The further optimization of the stress in these films is

the subject of an ongoing effort in our research group.
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Finally, it is worth mentioning that significant ongoing efforts in our group are aimed at
further material optimization of the buckled-dome cavities. For example, by replacing the a-Si
films used to date with hydrogenated a-Si (a-Si:H) films, there is the potential to achieve 3-4 orders
of magnitude reduction in absorption loss at 1550 nm wavelength. Additionally, this might also
enable the use of omnidirectional a-Si:H/SiO» based mirrors at shorter wavelengths of interest

(e.g., 780 nm) for many candidate emitters in CQED applications.

6.2.2 Pressure sensing

As shown in Chapter 5, buckled dome microcavities are a promising new type of optical pressure
sensor, with the potential for highly sensitive detection of high-speed (dynamic) pressure
phenomena. In work described, all experiments were carried out in a lab environment and on an
optical bench. In the future, it might be interesting to develop these buckled dome microcavities
such that they can be placed on the end facet of an optical fiber, which would make them suitable
as in-situ pressure sensors for a host of biomedical and structural engineering applications. Due to
high finesse, high vibrational resonance frequencies, low cost, and small size of these buckled
domes microcavities, they have many significant advantages in areas such as biomedical
instrumentation, and photoacoustic imaging [176,177]. Another important factor that often has
an impact on pressure sensitivity is temperature cross-sensitivity [143,150]. Future experiments
could address this problem by adding another sensor responsible for detecting and normalizing
temperature. As discussed in Chapter 5, this could possibly be achieved by using or secondary
buckled microcavity with a known temperature dependence , but with holes etched through the

upper mirror so that its response is insensitive to pressure.
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Appendix A

Emitters inside the dome microcavities

A major goal of this project is to develop monolithic strategies to embed emitters, especially solid-
state emitters, inside our buckled-dome cavities. A brief description of some early work towards
this goal, not included in the main part of the thesis, is provided here. First, preliminary efforts
aimed at the integration of fluorescent nanodiamonds are described. Second, preliminary efforts
aimed at the fabrication of visible-range mirrors (i.e., designed for compatibility with the
nanodiamond emission) is described.

A.1 Preliminary efforts to incorporate nanodiamonds

Diamond-based emitters (i.e., light-emitting defect centers in diamond hosts) coupled to tunable
Fabry-Perot cavities offer a promising platform for quantum devices [60,178,179].
Nanodiamonds in colloidal solution, hosting efficient light emitters such as the well-known
nitrogen-vacancy (NV) center defect [180] are now available commercially as colloidal solutions.
Furthermore, various efforts to selectively position nanodiamonds onto patterned substrates have
been described in the literature [119,181-184]. By combining electrostatic self-assembly
principles [119] with patterned regions of low and high hydrophobicity, we had preliminary

success in positioning nanodiamonds. The process that was attempted is depicted in Figure A.1
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Figure A.1. Proposed process for embedding nanodiamond emitter ‘pads’ inside buckled dome cavities.

First, a silicon wafer was coated with a silicon nitride (SiN) film, which was chosen because SiN
has a high ‘iso-electric point’ (IEP) value [119], implying that it will offer a strong electrostatic
binding property for subsequently deposited diamond nanoparticles. On top of SiN, we patterned
‘donut’-shaped fluorocarbon patterns; i.e., ‘holes’ with diameter 1-2 um were patterned in the
center of a typical circular fluorocarbon feature used to define the region of buckling for a dome
microcavity (see Figure A.2). Next, a commercial colloidal solution of nanodiamonds (FND 35
nm, with typical emission wavelengths in the ~ 600 nm — 850 nm range) was drop-cast onto the
substrate. A cleanroom wipe was used as a ‘squeegee’ across the surface, in order to remove the
majority of the solution, and then the sample was cleaned with DI water. These samples were
studied using a confocal fluorescence microscope system (Zeiss Stereo Discovery.V20 equipped
with an Axiocam MRm camera). As shown in Figure A.3, there is some evidence (note the

localized brighter red emission, presumably associated with the well-known NV-defect center
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emission centred at ~640 nm wavelength) that nanodiamonds were ‘trapped’ in the holes at the
centers of the fluorocarbon patterns, due to selective binding to the exposed SiN surface. Further
analysis of these results, as well as efforts to fabricate nanodiamond-embedded buckled dome

microcavities, is left for future work.
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Figure A.2. SEM image of array ‘donut’-shape for fluorocarbon patterns.

(a) (b)

Figure A.3. Confocal fluorescence microscopy images of spatially patterned nanodiamonds.

A.2 Fabrication of a visible-range mirror

The primary motivation for this work was the development of a Fabry-Perot cavity with open
access to the air cavity in the visible range. In order to create the open access cavity, we were
involved in making holes from the top of the cavity, similar to the process described by Maldaner
et al. [84]. First, the fabrication process was followed. The fabrication started with the deposition
of an eight-period Bragg reflector onto a fused silica wafer, followed by etching the alignment
marks. To prepare for the next step, the photoresist was spun coat, and circular dome features were
patterned. After that, a low-adhesion fluorocarbon layer was deposited using the Bosch process,

and the PR was lifted off. Finally, the second mirror was deposited using the same procedure as
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used for the bottom mirror. Unfortunately, a deposition pressure adjustment for the TaxOs made
the extinction coefficients quite a bit higher in magnitude than those previously reported by our
group [139,140]. This negatively impacted the optical properties of the top mirror, which had a
cloudy appearance, see Figure A.4 and Figure A.5. To mitigate this problem, we subsequently ran
4 test wafers at two different pressures (4 mT the new and 3.7 mT old pressure) with different O

flow rates. After that, the optical properties should have been checked. However, due to time

constraints, this was left for future work.
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Figure A.4. (a) Transmission scans the bottom mirror only. (b) Transmission scan for the top (cloudy mirror).

Figure A.5. Microscope Images show the cloudy area.
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Appendix B

Pbs qdots inside buckled dome cavities

Here, we briefly desribe a method that were attempted in order to embed PbS quantum dots inside
our cavities. In a parallel work within our group, the infiltration of a solvent (IPA) into our cavities
via holes etched through the top mirror was demonstrated [84]. This motivated us to explore these
same cavities for infiltration with PbS and PbSe quantum dots, which have attracted significant
interest due to their high internal quantum efficiency and stability as infrared range emitters. First,
we purchased PbS quantum dots in solution (Octane and Toluene). After that, we drop cast a little

amount of PbS qdots on a microscope slide in order to test the PL using a microscope setup, see

Figure B.1.
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Figure B.1. (a) Microscope setup, (b) PL for PbS qdot.

We subsequently drop-cast a drop of the solution onto the previously mentioned chips containing
domes with holes etched through their upper buckled mirror [84]. We hoped that some of the PbS
quantum dots would infiltrate the cavities, and this would be evidenced by cavity-modified PL

emission (see Figure B.2).
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Appendix C

Pressure measurements for open access holes

The initial approach to measuring the adequate pressure on the microcavity was performed on both
open and closed cavities. In order to see the effect of the pressure on the open-access cavity, we
tried on several domes and measured the main resonance. Figure C.1 confirmed very little change
in the main resonance when we applied the differential sets of pressure on a 100 um based dome

with four holes.
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Figure C.1. shows the main resonance at differential pressure sets (as labeled inset) for 100 um dome with four holes.

We repeated the same procedure on other domes, and it shows the same behavior, with very little
to no shift in the resonance (see Figure C.2). This verified that those domes with holes etched
through their top mirrors are relatively insensitive to pressure.
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Figure C.2. shows the main resonance at differential pressure sets for 100 um dome with five holes.
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