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Abstract

This thesis describes the design, fabrication, morphological overview, optical
characterization, and fluid infiltration of ‘open-access’, small mode-volume,
and high quality-factor Fabry-Perot micro-cavities in the telecommunication
range followed by the simulation of a-Si:H/SiOo-based Bragg mirrors for sub-
micron range devices.

First, we describe a monolithic approach to fabricating large-scale arrays
of high-finesse and low-mode-volume Fabry-Perot microcavities with open ac-
cess to the air-core. A stress-driven buckling self-assembly technique was used
to form half-symmetric curved-mirror cavities, and a dry etching process was
subsequently used to create micro-pores through the upper mirror. We show
that the cavities retain excellent optical properties, with reflectance-limited
finesse ~2000 and highly predictable Laguerre-Gaussian modes. We further-
more demonstrate the ability to introduce liquids into the cavity region by
micro-injection through the pores.

Secondly, we conducted a theoretical study on the potential use of amor-
phous hydrogenated silicon (a-Si:H) as the high-index material in quarter-
wave-stack Bragg mirrors for cavity QED applications. Compared to conven-
tionally employed TasOs, a-Si:H provides a much higher index contrast with
Si0,, thus promising significantly reduced layer-number requirements and a
smaller mode volume. Silicon-based mirrors offer the additional advantage of
providing a wide omnidirectional reflection band, which allows greater control

of the background electromagnetic modes. From numerical studies at 850 nm,
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we show that a-Si:H-based mirrors could enable significant improvements with
respect to a Fabry-Perot cavity’s maximum Purcell factor, cooperativity, and
spontaneous emission coupling factor, and in addition, potentially reduced
fabrication complexity. These advantages are anticipated to be even more
compelling at longer wavelengths. Applications in sensing, optofluidics, and

cavity quantum electrodynamics are envisioned.
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...understand it as well as I may, my comprehension can only be an

infinitesimal fraction of all I want to understand...

— Ada Lovelace [1]
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Chapter 1

Introduction

1.1 Fabry-Perot micro-cavities

The Fabry-Perot cavity (FPC) is a remarkably simple, flexible, and powerful
optical component that has been pivotal in many scientific and technological
fields. These cavities are the archetypal optical cavity resonator, first described
and analysed at the end of the nineteenth century by two graduate students:
Charles Fabry and Alfred Perot [2-4]. Classic FPCs are entirely described us-
ing the reflectance and separation between their inward facing mirrors, and the
cavity mode energy stored as a standing-wave electric field between mirrored
walls. The FPC can contain the field both temporally through interference
inside the cavity, and spatially through the cavity geometry and mirror prop-
erties, quantified respectively by the quality-factor (@) and the mode-volume
(Vin)-

An interesting use of these Fabry-Perot cavities is for cavity quantum elec-
trodynamics (cQED): the study of confined light interacting with a quantum-
emitter (or rather light-emitter or simply emitter). To illustrate the most basic
configuration (as outlined in several places [6, 7]), consider a single two-level
atomic emitter inside a FPC with a high quality-factor and a small mode-
volume such as the one shown in Figure 1.1. Three rate parameters dictate the

cavity-atom interactions: the atom-cavity coupling rate (go), background emis-
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Figure 1.1: Schematic representation of a cQED system showing the atom-
cavity coupling rate (go), the background emission (vgg), photon loss through
scattering (kr), and photons extracted through the output mode (ko).
Adapted from [5].

sion (ype), and photon loss (k = k1, + ko) through scattering and absorption
losses (k1,) and photons extracted through the output mode (xr,). The most in-
teresting physics is held in the strong-coupling regime, where gy > (k, ypc), but
due to practical limitations, fabricating cavities in this regime is a significant
challenge [6]. However, cavities within the Purcell regime with k> gy > vp¢
can be fabricated and can significantly modify the emission of an atom within
a cavity. This is quantified with a dimensionless factor of single-atom coop-
erativity C' = ¢2/(kyBa) = 7./(2yBc); here, 27, is the cavity mode emission
rate. This leads to the critical atom number Ny = 1/C which is the number
of atoms required to significantly modify the cavity field. For cavities within
the Purcell regime, C' > 1 is possible and has been shown in a variety of
devices [6], allowing for significant modification of the local density of modes
of a emitter inside the cavity.

The enhancement of the emission rate into the cavity mode over that into
free space () is called the Purcell effect, which is usually expressed through
the idealized Purcell factor. This enhancement for a emitter which is perfectly
aligned spatially, spectrally, and in terms of polarization with the cavity mode

is given by F}, = v./v = (3/47?)Qcst/ (Vi /A3). There is also the possibility for
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(a) (b)

Diamond Z/

Nanocrystal

Microdisk

Figure 1.2: Two examples of alternative cavities to FPCs. a)-b) are adapted
from [11] and show a diamond nano-crystal coupled to a micro-disk resonator.
c) is adapted from [12] and shows a PC defect microcavity. The inset shows a
simulated resonant mode in the PC cavity.

an inhibition of the background emission, which is significant in particular for
sealed microcavities [8], however it is heavily dependent on the cavity geometry
and therefore has no analytic form. If the inhibition of background modes is
not significant (i.e. 79 ~ 7pg) then the cooperativity can be approximated
from C ~ F, /2.

Optical cavities coupled with emitters have become a valuable tool with
which to study and harness the interaction of atoms and light [6, 7]. Appli-
cations of these emitter-cavity systems include single-photon sources [9] and
A-style quantum memory [10]. A common aim of most micro-cavity work is
to maximize the single-atom cooperativity [6]. This emerging application si-
multaneously requires high quality-factor (@) and low mode-volume (V). It
follows then that it is essential to cQED applications that the emitter is at
the peak field location, and therefore access to the cavity mode is essential for
most applications of cQED.

Truly open-access, high quality-factor, and low mode-volume cavities re-
main challenging to fabricate [6]; however, significant effort in the past several

decades has been given to optimising these cavities.



1.2 Contemporary Fabry-Perot cavities

Several micro-cavity designs have been developed using either periodic di-
electric structures or by coupling to surface modes guided by total internal
reflection.

Whispering gallery mode cavities (devices that use the surface modes of
micro-devices as cavity modes [11, 13]) have been fabricated in spheres, disks,
cylindrical resonators, and toroids [14]. These devices use total internal re-
flection (TIR), and therefore can achieve extremely high @) but generally at
the cost of a large mode-volume. In addition, due to TIR, the devices must
be solid state, and therefore post-fabrication tuning is generally difficult. Also
due to their solid state nature, emitters can only interact with the evanescent
wave from the modes, shown for example, in Figure 1.2 a).

There are two types of contemporary cavities formed with periodic media:
solid state dielectric structures or ‘air-core’ cavities with distributed Bragg re-
flectors as mirrors (classical FPC). Several solid state periodic structures have
been demonstrated including micro-pillars [15], micro-ring resonators which
use circular wave-guides as cavities [16], and photonic crystals (PCs), such
as those that embed a defect or other emitter in a two dimensional dielectric
structure [12, 17] for example the one shown in Figure 1.2 ¢). However, these
cavities have a similar issue to those described above as they cannot be easily
tuned nor can media or analytes be added to the high-mode-field region of the
cavity.

The primary issues with the alternative cavity configurations, such as those
shown in Figure 1.2, is their solid-state nature. While these alternative cavity
configurations display many analogous phenomena, it is challenging to tune
the cavity after it is fabricated, and only evanescent waves are accessible to

emitters. The ‘air-gap’ of classic FPCs allows for applications involving the bi-
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Figure 1.3: Examples of contemporary classical FPC fabrication techniques.
a) Two wafers bonded with a spacer. Adapted from [21]. b) Fibre aligned with
a flat DBR. Adapted from [26]. ¢) Two fibres, with curved mirrors formed on
their end facets, aligned using piezoelectric actuators. Adapted from [32].

stability of the cavities [18] or post-fabrication tuning of the cavity length [19].
Contemporary classical FPCs are often fabricated by bonding two mirror-
coated chips [20-22] or manually aligning fibre end-facet mirrors, such as those
in Figure 1.3. The fibre-based cavities are aligned through translation stages
or through v-grooves manipulated using shear piezoelectric actuators [23-31].
Examples of devices fabricated with these methods are shown in Figure 1.3.

Both methods deposit two separate mirrors which require individual align-
ment, significantly increasing the complexity and expense of fabrication. For
example, fibre end-facet cavities fabricated with manual assembly impose a
minimum distance between the mirrors, thereby limiting cavity characteristics
such as cavity length and mode volume. Conversely, these methods produce
open-access cavities which allow emitters or fluids to interact with the cavity
mode.

Further theoretical studies into FPCs is ongoing, with several studies out-
lining techniques to further improve the coupling in a cavity and emitter
system. Experimental studies report overlapping standing-waves in doubly
resonant cavities being used to further enhance atom-cavity coupling [32].
Promising theoretical models exploit the birefringent nature of the micron-
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Figure 1.4: Illustration of (from left to right) the established FPC fabrication
process: Deposition of bottom mirror, application and patterning of LAL,
deposition of top mirror, and buckling of the top mirror.

scale mirrors [33], further enhancing cavity interactions, resulting in efficient
photon extraction even when background emission is larger than the photon

loss [34].

1.3 Monolithic and open-access FPC fabrica-
tion

Monolithic fabrication of FPCs leads to scalable, rapid, and consistent devices.
In order to use these devices as FPCs for cQED the cavity mode must be
accessible while not substantially degrading the figures of merit. To ensure
compatibility with existing clean-room technologies the fabrication process
should ideally be in compliance with CMOS fabrication processes.

Controlled thin-film buckling, a unique procedure used to fabricate opti-
cal devices with stress-driven self-assembly, has been under development by
Dr. DeCorby’s lab since 2010 [35]. This procedure, as shown in Figure 1.4, was
first used to develop hollow wave-guides [35, 36] followed by air-core micro-
cavities [37, 38]. The applicability of these micro-cavities to cQED was first
demonstrated with TayOs5/SiOs-based devices by Potts [39, 40|, followed by
a-Si/SiOg-based devices by Bitarafan [5, 41]. Numerous studies have been
published characterizing these devices including their mechanical [42], ther-
mal [40], and optical properties [41]. A summary of these devices in previous
work including fabrication materials, low-adhesion layer (LAL) pattern diam-

eter, peak device height, and reported FOMs are shown in Table 1.1.
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Table 1.1: Historical cavity results with FOM for comparison.

Author Material Dq [pm] 0 [pm)] F Q Vi
T. Allen [38] a-Si/Si0q 400 10.49 3000 40000
T. Allen [38] a-Si/Si0q 300 8.75 2600 31000
T. Allen [33] | a-51/Si0; 950 T.47 | 3200 32000
T. Allen [33] | a-51/Si0; 200 5.68 | 2700 21000
C. Potts [39] | Tas05/Si0; | 300 10.2 | 2930 300
C. Potts [39] | Tas05/Si0s | 250 8.8 | 2670 955
C. Potts [39] Tag05/Si04 200 6.93 3030 191
C. Potts [39] Taz05/Si04 150 4.68 3370 89
C. Potts [39] Taz05/S104 100 2.67 3560 35
M.Bitarafan [5] a-Si/Si0q 100 3.2 1000* 4000 8.7*
M Bitarafan [5] | a-Si/Si0; 50 0.78 | 1800 1800 1.3

*Estimated from related data in the paper.

Such buckled cavities will be referred to as a “cavity device” or “buckled
device” for the remainder of this thesis.

A severe limitation of this fabrication procedure is the resulting sealed
device, which makes the insertion of a emitter impossible. It is possible to
pattern the emitter onto or under the LAL prior to deposition of the top
mirror [43]. However, this approach limits the emitters available for study
as they must be compatible with CMOS technology and able to survive the
thermal shock of buckling.

Previous attempts to create open-access devices include etching access-
holes with focused ion beam (FIB) milling [40] and opening side access through
intersecting wave-guides [41], as shown in Figure 1.5. The FIB milling tech-
nique requires individual device alignment and resulted in degraded optical
properties. The intersecting wave-guides require that the emitter traverse the
enclosed channel to reach the cavity. While this method is suitable for micro-
fluidic applications it is not practical for use with emitters that could adhere

to side-walls.
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Figure 1.5: a) Microscope image of a FPC and the connected wave guide (with
computer model of the device inset). b) Transmission spectra of the device
shown in a). ¢) SEM image of a dome with a hole etched using FIB milling.
d) Transmission spectra of the device shown in ¢). e) Fundamental mode of
the device shown in ¢). Adapted from [40].
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1.4 In this thesis

In this thesis, a novel monolithic fabrication procedure is described which
etches access holes into pre-buckled devices, using reactive-ion etching (RIE)
that is patterned through photolithography. The design, fabrication, and op-
tical characterization of infrared range devices, and simulation of visible range
devices is outlined. Preliminary fluid infiltration experiments were conducted
to verify the open-access nature of the cavities. This procedure addresses the
fabrication challenges outlined above while maintaining cavity FOMs.
Chapter 2 outlines the theoretical premises used to design and analyse the
devices described in subsequent chapters. First, the basic resonance frequen-
cies and finesse factors for the planar-mirror Fabry-Perot cavity are discussed.
Next, the beam parameters such as minimum beam waist and resonant fre-
quency of the fundamental mode of a spherical-mirror Fabry-Perot cavity, and
the resonant conditions and mode profiles of higher order HG, LG, and 1G
modes are described. Theoretical parameters of distributed Bragg reflectors
are then outlined, including design considerations such as reflectance and mir-
ror penetration. Finally, key cavity-related FOMs used in this thesis including
quality-factor (@), mode-volume (V;,), and Purcell factor (F,) are discussed.
Chapter 3 describes the design considerations and fabrication process for
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the open-access buckled dome cavities. First, established fabrication proce-
dures and device morphology are outlined, followed by the mask design con-
siderations. Next, a detailed description of the device fabrication is given
including mirror characterization and machine parameters. Finally, we dis-
cuss the morphological study used to select devices for further optical study.
The result of this work is a monolithic process for fabricating large-scale arrays
of high quality curved-mirror Fabry-Perot microcavities on a chip, with open
access to the cavity regions. We verified that the incorporation of access holes
using a dry etching process did not significantly impact the morphological or
optical properties of the cavities.

Chapter 4 discusses the ‘open access’ optical results, consisting of optical
analysis of monolithically fabricated open access devices compared to control
devices on the same wafer. First, the experimental set-up used to measure the
optical properties is described. Next, three representative devices are optically
analysed including expected and extracted values of @), V;,, and F},. Finally,
the fluid infiltration is described and confirmed. We demonstrated that liquid
solvents could be introduced into the cavity, producing predictable changes
to the optical and spectral characteristics of the HG/LG modes. While the
proof-of-concept work employed 1550 nm-range mirrors, we see no significant
barrier to replicating this work using our previously reported [40] buckled
cavities operating in the visible and near-infrared region. This would expand
the range of possible applications, and is an interesting topic for future work.

Chapter 5 presents our theoretical study of a-Si:H-based Bragg mirrors
over TayOs-based mirrors for FPCs in the sub-micron range. We establish a
theoretical model for the complex index of refraction after a thorough litera-
ture review. Then representative matrix simulations were performed both for
the mirror characterization and for the emission rate of a dipole placed inside

the planar FPC equivalent of the buckled-cavity. Finally a FDTD simulation
9



(using Lumerical) was performed to verify the matrix simulations. The pre-

dicted Purcell factor and cooperativity for both the matrix simulations and

FDTD simulations are given.

Chapter 6 summarizes each chapter of this thesis, followed by future work

suggestions.
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Chapter 2

Optical cavity theoretical
background

This chapter outlines the theoretical premises used to design and analyse the

devices described in subsequent chapters.

2.1 Planar mirror Fabry-Perot cavities

While there are many assumptions in the canonical planar Fabry-Perot cavity
(FPC) theoretical model, such as perfectly planar and aligned mirrors, it is
nonetheless employed as an archetypal model for practically all other resonator
types [44]. It should be noted that the following equations are based on the
physical mirror spacing and are not exact for cavities with a length on the
same order of magnitude as the wavelength. This discrepancy is due to a
non-zero phase change on reflection and the non-negligible field penetration
into the mirrors, which results in a variation in the cavity length, but the
model nonetheless typically offers an adequate approximation [45]. Transverse
modes are addressed in Section 2.2 in relation to spherical mirror cavities
as transverse mode analysis isn’t needed for a planar FPC and the following
ray-optics based analysis is adequate.

In its most basic form, a planer FPC confines an electromagnetic field (E)

between two identical and perfectly parallel and planar dielectric mirrors (M,
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Figure 2.1: Basic FPC geometry, showing the progress of a single beam reflect-
ing inside the cavity. The incident beam ¢ is assumed to be of unity amplitude
and also to be linearly polarized in either the parallel or perpendicular di-
rection relative to the plane of incidence. The reflected beams are denoted
with a, b, c,d and the transmitted beams are denoted with «, 8,y. The pos-
itive superscripts indicate the incident beam was travelling left to right, the
negative superscript indicates that the beam was travelling right to left, with
the subscripts indicating at which mirror the interaction occurred. Adapted

from [44].

M), which are spaced at a some cavity length (L) apart, and with the cavity
filled by some material with index of refraction n (e.g. air n ~1 or IPA n
~1.37). Each mirror has a reflectance (R), transmittance ("), absorption (A),
and therefore potential transmittance(7p), which can be calculated using the
standard Fresnel equations or using transfer matrices for a multilayer mirror.
In the simplest case, both mirrors are assumed to have ‘hard-mirror’ boundary
conditions.

The basic ray analysis as shown in Figure 2.1 considers an incident elec-
tromagnetic plane wave with frequency v and corresponding wavelength \ .
It enters the cavity from the left through M; toward M, at an input angle of
6;, here assumed to be normal to the cavity. Once the electromagnetic wave

completes one round trip (i.e. travelled to My and returned to M;) the wave
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Figure 2.2: Example transmitted irradiance of a FPC vs. incident light fre-
quency. Labelled are the free-spectral-range (v¢), longitudinal mode spacing
(Avg), the full-width half-max linewidth (Awvy/2), and the higher-order mode
spacing (Avqim)-

has undergone a phase shift of ¢ = 2LQ”T7r [44]. By summing the infinite num-
ber of sub-components which are circulating inside the cavity or transmitted
through My, we can find the transmitted irradiance, where irradiance is de-
fined as [ = %QE ), where € is the vacuum permittivity and c is the speed
of light in a vacuum. If the input irradiance is of unity power per unit area,
the transmitted irradiance is I, = (Tp)” A(¢), where the Airy shape function

is as follows:
1

T 1+ Kpsin(¢/2)

Here, K is the coefficient of finesse [46], which depends only on the reflectance

A() (2.1)

of the mirrors, given by Kr = 4R/(1 — R)%.

The resonant condition is satisfied by those fields that maximize the trans-
mitted irradiance, in other words, those which correspond to peaks in the Airy
shape function. These are given by ¢= 2mq where ¢ is longitudinal mode or-
der, a positive integer value. There are an infinite number of higher order
longitudinal resonance frequencies given by v, = ¢Av, where the first non-
trivial solution (i.e. ¢ = 1) is v; = ¢/2nL. As shown in Figure 2.2, this not
only corresponds to the fundamental longitudinal frequency (v1) but is also

the longitudinal mode spacing (Av,) and the so-called free-spectral-range (1),
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Figure 2.3: a) Various defects possible in FPCs. b) The effect of non-
parallelism on a cavity. Adapted from [47].

the frequency range over which a FPC can be tuned.

For near-resonant conditions of the fundamental frequency, the transmitted
irradiance can be approximated using the Lorentzian lineshape function [48],
whose width is a measure of finesse. For high-finesse cavities this is given by
Feit = v/ Avy o, where Avy g is the full-width at half-maximum linewidth. In
the absence of other factors that cause photon loss (i.e. surface scattering,
alignment issues), an ideal FPC has reflectance limited finesse Fr = mv/Kp /2.
In reality, the effective finesse of the cavity is lowered by defect factors such as
badly aligned mirrors, rough mirror surface, or spherical deviations [47]. This

is illustrated in Figure 2.3 and quantified by the defect finesse (Fp) where the

4L >_1/2 [49].

effective finesse is then given by Feg = ( 77
D

7
2.2 Spherical mirror Fabry-Perot cavities

Realistic cavities do not adhere to the idealistic requirements for the planar
FPC model, and in practice, planar cavities experience significant issues, in-
cluding walk-off due to non-parallelism and surface-roughness [50]. By impos-
ing boundaries in the transverse direction for the electromagnetic wave, the
available modes in the cavity [51, 52| can be modified. This is typically done

by curving one or both mirrors, thereby confining the fields inside the cavity.
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Figure 2.4: Basic spherical FPC geometry. a) shows a perspective of 3D
spherical mirrors with a bounded ray retracing itself. Adapted from [53]. b)
Gaussian beam parameters with an exaggerated beam showing the minimum
beam waist, beam waist, Rayleigh range, and radius of curvature along the
optical axis. Adapted from [54].

This can be viewed as a retracing of the beam path [53] as shown in Figure 2.4
a).

The simplest non-trivial solution to Maxwell’s equations in spherical cavi-
ties is a beam with a Gaussian distribution across the transverse profile [55],
which is a solution of the Maxwell’s equations in the paraxial approximation
(i.e. the Helmholtz equation) [48]. This Gaussian beam assumes a small di-
vergence in the z direction and is cylindrically symmetric with the energy of
the beam confined near the optical axis as in Figure 2.4b). The beam has the

following irradiance profile with a radial coordinate p:

e [;?j }

Here, wg is the minimum beam waist and w(z) is the beam waist, defined as

I(p.2) = Iy (2:2)

the radial coordinate where the intensity of the irradiance drops by 1/e2. The
axially dependent beam waist can be expressed in terms of the minimum beam
waist and the Rayleigh range (z2gr):

1+ <i)1 1/2. (2.3)

The Rayleigh range is the axial coordinate where the area of the beam is double

w(z) = wy

that at the waist, given by zr = mwin/\. This and the minimum beam waist
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are often used interchangeably as a beam parameter, which can fully describe
a first-order transverse electromagnetic mode (TEM) of a spherical mirror
cavity.

Just as there are higher order longitudinal modes, there are also higher
order transverse modes. To satisfy the boundary conditions of the Helmholtz
equation and the phase conditions for constructive interference in a spherical-
mirror optical cavity, the radius of curvature of the beam must equal the radius
of curvature of the cavity mirrors. The radius of curvature of a Gaussian beam
wavefront is given as follows:

R(z) = = [1 + (Z—R)Q] | (2.4)

z

This radius of curvature is impacted by Gouy phase, given by the so-called
((z)= tan"!(z/2r). This describes the fact that the field near the center of
the beam advances at a phase velocity that is greater than for a plane wave
at the same frequency.

In the paraxial approximation, the higher order modes of the cavity are
very nearly TEM and we can refer to them using two mode numbers: TEM, ,,.
Three sets of transverse mode solutions are often discussed and examples of
these sets are shown in Figure 2.5. All three mode sets acquire the Gouy phase
similarly and are degenerate in highly symmetric cavities.

The first set are the so-called Hermite-Gaussian (HG) which are the natural
solutions in Cartesian coordinates, by separating x and y modes of order [ and
m, respectively [59]. Defining the wavenumber as k = 27n /A, and denoting the
Hermite polynomial of order z with H,, the HG can be expressed as follows:

Fun) =B (gt ) e (Vo o |-
2 (2.5)

X exp {—zkm — ikz} exp [i(l +m+1)((2)].
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Figure 2.5: The top row shows the theoretical Laguerre-Gaussian (left panel)
and Hermite-Gaussian resonant modes (right panel). The bottom panel
shows the connection between IG, HG and LG modes. Adapted from [56-58].

For the HG modes, it can be shown:
A
Vglm = qVs + (l +m + 1)%Vf. (26)

Here, A( is the difference in the phase of the beam at either mirror, given by
A( = ((z2) — ((21) where M; is at z; and My is at z2. In our half-symmetric
buckled cavities, z; is set to coincide with the bottom planar mirror and there-
fore ((z1) = 0. It should be noted that even for TEM, there is a non-zero
frequency shift relative to the planar FPC case.

From the HG modes we can also determine the frequency separation of
the higher order modes. In a half-symmetric cavity where the cavity length is

much smaller than the radius of curvature of the spherical mirror, the mode
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spacing is approximately given as follows:

C

Avgim ~

e M) (2.7)

The second set of higher-order modes are the Laguerre-Gaussian (LG)
modes which are the natural solutions in cylindrical coordinates, separating
the radial (p) and azimuthal (¥) coordinates for modes of order p and g,
respectively [60]. The electric field is described as follows, where LY is the

Generalized Laguerre polynomial of order (z,y):

1l ) 2
oalp0.2) = B (ﬁ) () = |-t 29

2

X exp {—zkﬁ(z) —ikz + igl‘}] exp [i(2p + |g| + 1)((2)] .

A third set are the Ince-Gaussian (IG) modes, which are superpositions
of HG modes and LG modes [58] where the HG modes and LG modes are
degenerate when [ +m = 2p+ ¢g. These modes are connected by the ellipticity
parameter €, where HG modes are a special case with ¢ = 0, and LG modes

are a special case where € = oo, as illustrated in Figure 2.5.

2.3 Distributed Bragg reflectors

Since the invention of the FPC, mirror technology has changed significantly.
Metal mirrors are limited in their reflectance. For example, even perfectly pol-
ished gold mirrors are limited to R <0.997 [61] in the 700 nm to 2000 nm range
which imposes a significant limitation, even for cavities with reflectance lim-
ited finesse. The introduction of dielectric thin films allowed for much higher
quality mirrors through exploitation of interference effects. The reflectance of
any thin film stack is determined by the complex indices of refraction, the film
thicknesses, and the sequence of layers in the stack. Theoretically, there are
no limitations on number of layers in a thin film stack and therefore the re-
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Figure 2.6: Bragg reflector mechanics, showing a 3.5 layer Bragg mirror.
Adapted from [61].

flectance achieved. However, practical considerations such as deposition time
and thin film quality impose limitations.

Dielectric thin film mirrors are variably called distributed Bragg reflec-
tors (DBRs), 1D photonic crystals (PCs), or quarter-wave stacks (QWSs),
depending on their exact design or their envisioned applications. Notably,
DBRs with a reflectance of 99.9999 % have been fabricated [62]. The design
of a high-reflectance periodic coating at a specific wavelength (Ag) employs a
stack of alternating high-index (ny,) and low-index (n;) layers of correspond-
ing thicknesses d;, and d;. The optimal thickness of the constituent films is

determined by the well-known quarter-wave condition:
)\B = 4nhdh = 47’le1. (29)

A DBR functions by creating destructive interference in the transmission di-
rection while creating constructive interference in the reflected direction as
shown in Figure 2.6. The primary determinants of the mirror reflectance are
the layer quality (i.e. residual optical loss due to absorption and scattering)
and the number of layers (Ng) [63]. The reflectance from a DBR can be es-
timated using the following equation where ng is index of refraction of input
medium and ng is index of refraction of substrate medium:

2NV, 2NV,
non; °© —ngng -

Rp = 2Ng 2Ng °
nony -+ NNy,
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To achieve the high-reflection required for a FPC, the materials used for the
mirrors must be chosen carefully. Specifically, the index contrast between the
layers and their absorption coefficients largely determine the mirror properties.
The extinction coefficients of the layers determines the maximum reflectance
and the potential transmission. The Tp is the probability that a non-reflected
photon is transmitted through the mirror, as opposed to being absorbed or
scattered [64] and is defined as follows: Tp = T'/(T + A). In many cases (e.g.
see Chapter 5), this can be estimated by neglecting loss in the low-index layers
and determining the limiting absorptance due to loss in the high-index layers.

A large index contrast (An) between the materials positively influences
several cavity parameters. The index contrast determines the width of the
stop-band, the field penetration into the mirror, and the number of periods
required to achieve a certain reflectance [65], as in Equation 2.10. At normal
incidence, the range of reflected wavelengths (i.e. the stop-band width) can be

estimated as follows:
An

4
AXg = A\g—sin~! : 2.11
B B v i ny +n ( )
The field penetration depth can be estimated as:
AB
Op = 2.12
P 4n’An (2.12)

in a DBR with a large An, where n’ = (nydy, + ndy)/(dy + dy).

2.4 Figures of merit for optical cavities

Three primary figures of merit will be used to quantify the cavity devices.
The first two are classical FOMs derived from Maxwell’s equations, specifically
the quality-factor and mode-volume [66-68], whereas the third is the Purcell
factor, which requires cavity quantum electrodynamics to fully understand its

meaning.
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The quality-factor of a FPC is a measure of how well the cavity contains
the resonant energy temporally, and is often used as a measure of resolving
power. A universal definition of @) (often used for electrical resonance circuits

and microwave resonators) is as follows:

0= 2 ( stored energy > ' (2.13)

energy loss per cycle

An equivalent and more useful definition of the quality-factor (appropriate if

Y9 — qFeq. This can be measured ex-

the cavity is of high quality) is Q = Avns

perimentally using spectral scans similar to Figure 2.2. It can be theoretically
predicted using the estimated longitudinal mode number and the reflection-
limited finesse.

The second FOM (technically, figure of demerit, but nevertheless) is the
mode volume, often expressed in units of A*> where ) is the mode wavelength
in the cavity. The mode-volume of a FPC is a measure of how well the cavity
contains the resonant energy spatially, and cavities with a small mode-volume
are generally desirable. Our buckled devices are half-symmetric cavities with
a planar mirror on the bottom and an approximately spherical mirror on top.

For our half-symmetric cavities [69] with Ej as the peak value of the electric
field in the cavity, the mode-volume can be estimated as:

JJT el EPav
_ Ve

Vy = ~ Zw?Leg. (2.14)

B A

Here, wy is the mode waist radius at the flat mirror and L.g is the effective
cavity length. The effective cavity length is the length of the cavity plus the
penetration into both mirrors (i.e. Leg = d + 20,). The minimum beam waist

in our cavities can be approximated as [23]:

)\
wo A \/;(Leﬁ.» -Roe) 4, (2.15)

with Re. being the effective radius of curvature of the curved (buckled) mirror.

The extracted estimates of mode-volume were calculated using similar spec-
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tral scans as the quality-factor, and by determining the effective cavity length
from the fundamental frequency and the radius of curvature. The mode vol-
ume can be extracted from experimental measurements of the transverse mode
separation and using Equation 2.7 to find the Rayleigh range followed by Equa-
tion 2.4 to find the radius of curvature. The mode volume can alternatively
be predicted using the morphology of the cavity devices, as will be described
in subsection 3.1.1, where elastic buckling theory provides an equation for the
effective radius of curvature based on device height.

The final FOM quantifies the cavity enhancement of the spontaneous emis-
sion into a cavity mode of interest (v.) over the free space emission (7). This
enhancement is highly dependent on the alignment between the emitter and
the cavity, with the maximum possible enhancement attained for an emitter
that is perfectly aligned (spatially, spectrally, and in terms of polarization) to
the cavity mode of interest. This ideal enhancement is known as the Purcell

factor and is expressed as [70]:

_ % 3 Qo (2.16)

b Yo N 4_7T2Vm/>\3

If the emitter has a narrow linewidth, as assumed here, we can approximate
Qe ~ Q. Therefore, the ideal Purcell factor can be determined from the
mode-volume and quality-factor alone.

A high F}, requires a high quality-factor and a low mode-volume, which
historically has been difficult to achieve simultaneously. From the Purcell
factor, some other useful FOMs can be derived, including the cooperativity
and the photon coupling efficiency.

Reducing V;, requires limiting several parameters including the maximum
buckle deflection(d), mirror penetration (d,), and effective radius of curva-
ture (Roc) of the buckled mirror. These goals are addressed with short cavity

lengths that are inherent to the buckle structures, high-index contrast mate-
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rials limiting the penetration depth, and devices with small dome radii [41].
High @ in macroscopically aligned classical FPCs is achieved by increasing
the cavity length, which raises the longitudinal mode order. However, increas-
ing the length of the cavity also increases the mode-volume, and as such it
is typically desirable to maximize the finesse of the cavity. The two limiting
factors of finesse are Fr due to the mirror reflectivity, and Fp due to defect
factors. To maximize the cavity finesse we aim to have a reflectance-limited
finesse in our cavities and, historically, our buckled dome FPCs have achieved
nearly reflection-limited finesse due to the monolithic and self-assembly-driven

nature of our fabrication process.
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Chapter 3

Fabrication of single-wafer
open-access Fabry-Perot
micro-cavities

This chapter describes the design considerations and fabrication process for
the open-access buckled dome cavities. First, the established fabrication pro-
cedure and device morphology is outlined and then the mask design for these
devices is described. Next, a detailed description of the device fabrication
is given including mirror characterization and machine parameters. Finally,
the morphological study of the devices is over-viewed to help in the device

candidate selection for optical scans.

3.1 Design considerations and fabrication pro-
cedure

The baseline fabrication procedure has been described previously [41] but is

summarized briefly as follows (see Figure 3.1):

1. The bottom distributed Bragg reflector (DBR) (4-period SiO,/a-Si
quarter-wave stack, nominally centered at 1550 nm wavelength) is

deposited using an RF magnetron sputtering system.

LA version of this chapter was published in Applied Optics, vol. 59, no. 23, pp. 7125-7130,
2020.
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2. A low-adhesion layer (LAL), which is a ‘Teflon-like’ fluorocarbon film, is
deposited using the Bosch-process passivation-cycle in a deep-reactive-

ion-etch (DRIE) chamber and patterned using a lift-off procedure.

3. The top DBR (4 periods) is deposited using the same RF magnetron
sputtering system, following parameters that result in a desired amount

of compressive stress.

4. The wafer is subjected to a heating step (<400°C), releasing the top
mirror over the patterned LAL regions resulting in buckled delamina-
tion. When the patterned LAL regions are circles, the buckled features
form half-symmetric (plano-concave) Fabry-Perot microcavities with an

enclosed ‘air core’.

We explored two fabrication strategies and from these attempts it was
determined that the buckling step must precede etching (the first unsuccessful
method is outlined in Appendix B.2) and therefore we must etch the already-
buckled device, either from the front (i.e. top surface of the wafer) or the back.
While etching from the back could have potentially interesting applications,
we chose to etch from the front, as the top mirror is significantly thinner than
the bottom mirror and substrate combined.

The fabrication process shown in Figure 3.1 was selected and is briefly
described as follows. First, the photo resist (PR) is spun-cast onto the pre-
buckled devices and patterned using photolithography prior to etching. A
reactive-ion etching (RIE) procedure was chosen for a number of reasons in-
cluding its high etch-directionality (independent of crystal orientation), fidelity
in pattern transfer, and compatibility with CMOS technologies [71]. In order
to control etch parameters such as etch rate, profile, and selectivity (between
Si, SiO,, and PR), a chlorine-based chemistry was used [72].

It was difficult to determine the thickness of the PR film due to the flat
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Bottom Mirror Dep Low Adhesion Layer Top mirror Dep Buckle with Heat
Spin Resist Pattern Resist Etch Dome Remove PR

Figure 3.1: New fabrication process, in which access holes are etched into pre-
buckled domes. The dimensions are not to scale and the process is depicted
from top left to bottom right. The top row is a copy of Figure 1.4 which depicts
the existing process. Subsequently, the PR is spun-cast and patterned, the top
mirror is etched using RIE, and finally the PR is removed using an acetone
bath.

surface (regardless of device height) that arises from the PR spin-casting. A
~10 pm-thick PR film was used to ensure that none of the devices were dam-

aged during the etching process.

3.1.1 Device morphology

As described above, the buckled dome cavities are formed ‘spontaneously’ due
to the compressive stress of the upper mirror. This mirror can be treated as
a thin plate with an effective-medium elastic-modulus and stiffness [19]. It
has been demonstrated (e.g. see Refs. [19, 42]) that devices fabricated using
the buckling procedure adhere to elastic buckling theory [73]. Ideally, the RIE
procedure would not modify the buckled-device’s profile, however, this was an
open question at the outset of this research project.

Previous work has shown that buckling only occurs if the diameter of the
LAL is larger than the critical diameter (i.e. Dq > Dyy;,) or if the internal
compressive stress of the film is larger than the critical stress (i.e. o > o¢),

given by:

E d \’
c=12235— (-2 ) . 1
7 S <Dd/2) (3:1)

This depends on several film parameters including Young’s modulus (£), Pois-
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Figure 3.2: Mask pattern of a 3-hole buckled device. Red signifies the LAL and
green or blue indicate the etch pattern. Three device configuration parameters
are indicated on the far left device: D, Dy, and D4q. The remaining three
images show representative D, configurations.

son’s ratio (v), and film thickness (d).

If we assume purely elastic deformation (i.e. ignoring plastic deformation)
we can then find the deviation profile from the wafer surface (A) by treating
the delaminated mirror section as a clamped circular plate. The predicted
shape in this case is described by the Bessel function of order zero and first

kind (Jy) whose first zero occurs for an argument of ©=3.8317, as follows [73]:
A(p) ~ 5 [0.2871 + 0.7129.J5(1p)] - (3.2)

Here, ¢ is the maximum height of the circular buckled structure given by
§ = max(A(p)) = d[1.9 (/0. — 1)]/* [74] and p is the radial coordinate nor-
malized to the dome radius (i.e. Dq/2). From this, we can determine the

minimum radius of curvature at the top of the buckled devices, as follows:

2 Dq/2\?
R"C(O)_R"C_o.mga( n > (3:3)

This radius of curvature allows us to estimate the anticipated minimum beam
waist and therefore the higher-order mode spacing. This is used to calculate

the predicted mode-volume in Chapter 4.

3.1.2 Mask Design

We speculated that etching holes into the upper mirror might modify the

geometrical and optical properties of the domes, and that the number, loca-
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tion, and size of the etch holes might play an important role in this regard.
Additional alignment issues could arise if the etched holes were too close to
the center of the device, as they might then coincide with the optical mode.
Conversely, if the holes were etched too close to the LAL-boundary, inade-
quate clearance between the top and bottom mirrors might make open-access
impossible and could invalidate the boundary conditions in elastic-buckling
theory.

To investigate these potential effects, a mask with varying device sizes
and etch hole configurations was implemented. We varied four device param-
eters: dome-base diameter (Dg), etch-hole pattern diameter (D)), etch-hole
size (Dy), and the number of holes (Ny), as shown in the left image of Fig-
ure 3.2. In all cases, the etch holes were symmetrically distributed on the
circumference of a circle, nominally concentric with the dome. The pattern
diameters were chosen to be larger than the region spanned by the low-order
optical modes [41].

Domes with base diameters of 50 pm and 100 pm were successfully fabri-
cated and etched. Etch pattern diameters were one of D, = 0.2Dy, 0.4Dyq, or
0.6Dq as shown in Figure 3.2, and etch hole sizes were either 3pm, 4 pm, or
5 pm.

The mask is divided into cells, each of which contains 512 devices evenly
distributed between eight different patterns of increasing invasiveness, with Ny
of 0, 3, 4, 5, 6, 8 10 or 12. The effect of each of these device parameters is

described at the end of this chapter.

3.2 Fabrication details

First a DBR was deposited onto a new and cleaned silicon wafer. The 4-period
a-Si/Si02 Bragg mirror was deposited using a reactive magnetron sputtering

system with identical targets of 0.99999-pure n-type Si for both materials. A
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Table 3.1: RF magnetron sputtering parameters for a-Si and SiO,

Duty Chamber
Power Frequency Cycle | Oy flow  Pressure
Material | [W] [kHz] (%] | [SCCM]  [mTorr]
a-Si | 200 150 92.5 NA 3
SiOy | 200 150 88 3.2 4

base chamber pressure of <1 x 107% Torr was maintained and the substrate was
held at 150°C with Ar flow of 50 SCCM into the chamber for the deposition
of both materials. A test deposition for each material was performed using
the parameters described above and those in Table 3.1. The test films were
subsequently scanned with a variable-angle spectroscopic ellipsometer (VASE),
which revealed an index of refraction of n,~3.7 and n;=1.46 for a-Si and SiO»,
respectively, and an extinction coefficient of x, <1 x 1072 and k;<2.8 x 1073 at
1550 nm for a-Si and SiO,, respectively. The DBRs were centred at 1550 nm,
resulting in a quarter-wave stack (QWS) with a thickness of d,~116 nm and
d;~283nm. The film data was confirmed with the VASE measurement of
the bottom mirror, as seen in Figure 3.3 and compared to the results from a
transfer matrix simulation of a DBR [75]. The simulation and the VASE results
show R >0.99 across the range from 1400 nm to 1700 nm. A profile SEM image
of the top mirror is also shown, clearly revealing the darker a-Si and lighter
SiO, layers. The stress of this QWS was measured using the ‘Flexus Wafer
Stress Measurement system’ and was found to have a compressive stress of
~ — 180 MPa, similar to values reported by our group previously and adequate
to initiate buckling.

The LAL used for these devices is a ‘Teflon-like’ layer that is deposited
using the sidewall passivation cycle of an inductively coupled plasma reactive
ion-etching (ICPRIE) machine ‘Alcatel AMS110’, typically used for the Bosch
etching process [76]. The LAL is patterned through lift-off using PR HPR 504,

in turn spun-cast using a standard nanoFAB recipe that results in a PR layer
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Figure 3.3: Left: Reflected irradiance of the bottom mirror measured using
VASE and compared to the simulated reflectance from a 4-period a-Si/SiO,
mirror with the properties discussed in the text. Right: A SEM image taken
at an angle where the top mirror has been cleaved such that the 4 periods of
a-Si and SiOs are visible. Where the top mirror adheres to the bottom mirror
can be seen in the double-thick layer at the bottom.

~1pm thick.

Next, a top mirror was deposited in the same conditions as the initial
bottom mirror described above. In our usual process, the wafer is then diced
to allow for buckling of smaller pieces, which has typically resulted in a higher
yield of high quality devices in past work in our lab. However, as described
above, here the whole wafer was buckled at once since our wafer needs to be
etched after buckling. The wafer was placed on a hot plate under a microscope
for visual monitoring and was initially heated to ~100°C. From there, the
temperature was slowly increased by 50 °C/min until buckling was observed,
typically at ~350°C.

The access holes were patterned using MicroChemical’s AZ P4620 Resist
(AZ P4620) due to its ability to be spun-cast to the desired thickness men-
tioned above. First the PR (AZ P4620) was applied to the wafer via spin
coating using the CEE 200CB Coat Bake System. The standard recipe calls
for a series of steps that requiring multiple hours to complete. Therefore, our
lab developed a modified recipe that can be completed in an afternoon. First
the PR is spun for 10s at 500 RPM followed by a 25s spin at 2000 RPM. The
wafer is then baked twice at 100°C for 90s and left to rehydrate for 10 min

between baking steps. This results in a PR layer approximately 10 pm thick,
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Table 3.2: Sputtering parameters for the ‘Teflon-like’ LAL using Alcatel
AMS110

Coil C4Fy Chamber Chuck Chuck  Chuck

Power flow pressure | temperature bias  position
(W] | [SCCM]  [mTorr] [°C] V] [mm]
600 | 60 5 10 0 120

which we found to be suitable for patterning holes with critical dimensions of
approximately 4 pm.

Next the PR is patterned using a broadband-UV source mask-aligner with
a CCD alignment system (specifically the system labelled as Bert in the
nanoFAB). This alignment system allows for manipulation in both transverse
directions, the adjustment of the relative angle between the wafer and the
mask, and the ability to align two locations at once on the wafer through
two CCD monitors. The alignment step was done manually and without full
contact between the wafer and the mask. This is necessary due to the small
amount of translation possible while the wafer is making contact with the
mask. In the future, the use of an automatic alignment system could likely
result in improved and more consistent results. After photoresist patterning,
the wafer was diced, and chips were attached to a carrier wafer using crystal
bond or wafer tape for the subsequent etching process.

We etched holes by RIE using the Cobra Reactive Etch system from Ox-
ford Instruments at the nanoFAB facility. This RIE system uses inductively-
coupled plasma to increase the bombardment while avoiding damage to the
substrate. This is an automated system, allowing us a great amount of control
over the etching conditions. The parameters used to etch the a-Si and SiO,
mirrors are listed in Table 3.3. After RIE, the remaining PR was removed
using an acetone bath. It is worth noting that attempts to use the Branson
3000 Barrel Etcher or the oxide burn in the COBRA machine to remove PR

were not succesful and the remaining PR was extremely difficult to remove.
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Table 3.3: Etching parameters for the Cobra Reactive Etch system
Wafer ICP | Chamber Wafer CHF3/SFg/0y/ Ar

RF RF | Pressure Temperature flow
(W] [W] | [mTorr] [°C] [SCCM]
300 1000 [ 90 20 | 50/10/ 0/ 25

This process flow resulted in successful devices with open access as seen in
Figure 3.4. Devices with 3 pm holes were not etched, likely due to incomplete
exposure of the thick photoresist for such small-scale features. Devices with
4pum and 5pm holes were reliably etched and produced similar results. It
was noted that some buckled devices with D), of 4 nm exhibited inconsistent
etching; this was likely due to inconsistencies in the PR patterning [77] around
the buckled domes and chemical transport limitations during RIE of small
features, since this was not observed in the larger trench areas.

It is worth noting that the etch holes were typically almost circular on the
wafer, in contrast to those on the mask design which are defined as straight-
sided arc-sections. This can be attributed to the the partially isotropic nature
of the dry etch and the limited resolution for defining pm-scale features in the
thick photoresist. Circular etch holes may actually be preferable, since they

do not create sharp corners that could act as nucleation sites for cracking.

3.3 Fabricated device morphology

To analyse the effect of the etched holes on the device morphology, over 2000
ZYGO NewView 5000 optical profilometer (ZYGO) scans were performed,
each generating a surface map of the device. From this surface map, the pro-
file of the devices (centred at the device peak (J)) consisting of aggregated data
for all radial directions was generated. In the surface plots, anomalous points
around the etched holes appeared; these were likely due to ZYGO’s inability

to resolve the near vertical walls of the etched holes. This was confirmed by
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Figure 3.4: Many buckled domes with etch holes. a) shows multiple adjacent
domes successfully etched and buckled b) shows a dome with 4 etch holes, ¢)
shows a dome with 12 etch holes.

imaging a device around the etch holes and these anomalous points were ob-
served in neither microscope, nor scanning electron microscope (SEM) images.
The surface map was centred using a Hough transform [78] to detect the circu-
lar device. The peak height of the buckled devices was found by assuming the
peak to be inside the etched region (thereby avoiding the anomalous data).

Each device discussed in this subsection is represented with two images,
the first showing a three-dimensional plot and the second showing a flattened
profile view. The three-dimensional plot contains a surface map with gradient
shading of the ZYGO scan and contour maps normalized to the device height
projected behind and below. The second plot shows the aggregated profile,
described above, compared to the predicted profile from elastic buckling theory
(A), and the estimated hole location is drawn in dashed lines (assuming ideal
alignment). This visualization method gives an indication of the cylindrical
symmetry of the devices and can be used to determine if the devices deviate
significantly from the predicted profile.

As discussed in subsection 3.1.2, there are four design parameters that were
varied in this study: Dg, Dy, Dy, and Ny. The implications of Dy, D, and

Dy, are discussed below and those of N, are discussed in the next chapter.
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Three sets of buckled-devices were analysed visually for cylindrical symmetry
and agreement to elastic buckling theory. The first set investigates the affect
of dome-base diameter and hole diameter, and relevant data is shown in Fig-
ure 3.5. The second set investigates the affect of pattern diameter of 0.2Dy and
0.6 Dy, and the corresponding data is shown Figure 3.6. The last set, with data
plotted in Figure 3.7, shows a control device without etch holes compared to
a representative device with the configuration selected for subsequent optical
study.

First, the dome diameter and etch hole diameter were considered to de-
termine the effect of the relative and absolute etch hole size on the buck-
led devices. Both representative devices have a medium etch pattern (i.e.
D,=0.4Dy). Here, the device diameter is only considered insofar as open-
access is concerned, since the effect of dome diameter on device properties has
been covered extensively in previous work (e.g. see Table 1.1). Most devices
with Dq of 50 pm showed weak (but consistent) buckling (d~0.5pum and a
yield of 88 %) and therefore did not support any modes in the 1550-nm wave-
length range of interest. A representative device with a Dy of 50 pm, Dy, of
4um, and a Ny, of 3 is shown in Figure 3.5 (a). This was the least invasive
etch pattern that resulted in open-access devices, however, a notable devia-
tion from the predicted profile was seen. This implies a possible deviation for
very small mode-volume devices (i.e. those with minimum height and radius
of curvature) similar to those described previously [41]; however, this was not
investigated in detail here and a full study is left for future work.

Devices with D4 of 100 pm showed consistent buckling and many devices
had resonant frequencies within the range of our tunable laser (e.g. ~1.8 pm
with a yield of 91%). A representative device with Dgq of 100 pm, Dy of
5um, and a Ny, of 6 is shown in Figure 3.5 (b). This device had the largest

etch holes and very little deviation was observed in similar devices with Ny
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below 4. However, similar devices degraded rapidly as Ny, increased, whereas
devices with a Dy of 4 um showed a lower level of degradation across all hole
configurations. A full study of the impact of etch hole size is left to future
work. In the subsequent analyses we focus on devices with Dy, of 4 um.

Next, the effect of the pattern size was considered with two representative
devices shown in Figure 3.6. Due to the sensitivity of Fabry-Perot cavities
to mirror deformations (i.e. deviations from the spherical shape), the most
invasive etch patterns (i.e. N, of 12) are expected to maximize any effects
on the device profile. First, a representative device with the tightest pattern
(Dp, = 0.2Dyq) is shown with significant deviation from the predicted profile.
This is possibly due to the closer proximity of the holes to one other or their
proximity to the peak of the device, thereby modifying some assumptions of the
predicted profile. Next, Figure 3.6 b) shows a device with the widest pattern
(D, = 0.6Dq) which also shows a deviation from the theoretical model. It
is possible this is due to the removal of material near the edges, which could
violate the assumptions of the clamped plate elastic buckling theory. As will
be shown, the medium pattern (D, = 0.4D4) was found to have little effect
on the dome morphology, and we focus the remainder of the discussion that
follows on devices from this group.

In contrast to the previous two sets of devices, the set in Figure 3.7 shows
devices with a high level of cylindrical symmetry (however, see the comments
below) and agreement with elastic buckling theory. The first device shows a
control device (i.e. N, = 0) which agrees with previously reported devices and
was fabricated on the same wafer as the other devices discussed. This second
device shows the most invasive pattern (i.e. Ny, of 12) of the preferred device
configuration: D4 of 100pm, D, of 40pum, Dy of 4pm. All devices with this
configuration showed a high level of symmetry (e.g. see Figure 4.2 in the next

chapter) and were subsequently optically characterized.
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From the generated profiles of preferentially configured devices it was found
that, regardless of the circular symmetry of the etched holes, most buckled
devices retained good circular symmetry. This indicates that the etching of
small holes through the domes did not significantly modify the overall stiffness
and mechanical rigidity of the upper-mirror buckled ‘plate’.

It is notable that an increasing number of etch holes (as shown in Chap-
ter 4) or an increase in etch hole size tended to cause increasing deviations from
cylindrical symmetry. This might be due to some circumferential ‘rippling’ in
the buckle shape caused by the dense pattern of holes, but might also be caused
in part by variations in the fabrication parameters. For example, the size of
individual etch holes was observed to vary even on individual domes, due to
the challenges associated with patterning small features in thick photoresist,
mentioned above. For a given application, fluid dynamics considerations will
likely also play a role in determining the optimal number and size of the access

holes. A more complete study of these details is left for future work.
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Figure 3.5: Two representative devices showing the effect of the etched hole
size on the buckled device morphology. a) is a buckled device with Dy of50 pm,
D, of 20 pm, Dy, of 4 um, and N, of 3. b) is a buckled device with Dy 0f100 pm,
Dy, of 40pm, Dy, of 5pm, and Ny, of 6. Deviations from the predicted profile
is shown in both devices. Each row contains the data for one device, where
i) shows a surface plot with gradient shading of the ZYGO scan and contour
maps, normalized to the device height, projected behind and below. ii) shows
the same aggregated, overlaid data for all radial directions extracted from
profilometer scan in blue, the predicted buckled profile in red, the predicted
profile of spherical dome with the effective radius of curvature at the top of
the buckle is shown in green, the black bars indicate where the etch holes are
patterned in ideally aligned devices.
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Figure 3.6: The same morphological visualizations as described in Figure 3.5
Two representative devices showing the effect of the pattern size on the buckled
device morphology. a) is a buckled device with Dgq of 100 pm, D, of 20 pm,
Dy, of 4pm, and Ny, of 12. b) is a buckled device with Dy of 100 pm, D, of
60 pm, Dy of 4pm, and Ny, of 12. Deviations from the predicted profile were
observed in both devices.
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Figure 3.7: The same morphological visualizations as described in Figure 3.5.
Two representative devices showing the affect of the etch hole size on the
buckled device morphology. a) is a buckled device with Dy of 100 um and
no etch holes used as a control. b) is a buckled device with Dy of 100 pm,
D,, of 40 pm, Dy, of 4pm, and Ny, of 12. Relatively small deviations from the
predicted profile were observed in both devices.
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Chapter 4

Optical characterization of
open-access Fabry-Perot
micro-cavities

The chapter discusses the ‘open access’ project optical results, consisting of
optical analysis of monolithically fabricated open access devices compared to
control devices on the same wafer. First the experimental setup used to mea-
sure the optical properties is described. Next, three representative devices are
optically analysed providing estimations of @), Vi, and F},. Finally, the fluid

infiltration of select domes is described and confirmed.

4.1 Optical microscope experimental set-up

Spectral measurements were performed in a custom optical microscope setup,
using a tunable laser (Santec T'SL 710) as an excitation source and an infrared
camera (Raptor Ninox) as a photo detector. The vertical optical path encom-
passed a parabolic-mirror-based fiber collimator, a focusing objective lens, a
sample translation stage, variable-power objective lenses on a rotating turret
to collect the light transmitted through the cavities, and a tube assembly incor-

porating lenses, beam splitters, and/or filters. The tunable laser was coupled

LA version of this chapter was published in Applied Optics, vol. 59, no. 23, pp. 7125-7130,
2020.
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to the back of the devices and could be tuned between 1480 nm and 1620 nm
in wavelength. This experimental arrangement is shown in Figure 4.1, with
the insets showing the beam splitter and the objective arrangement around
the sample in closer detail.

First the laser beam is focused and aligned with the camera; this is done
either with a large amount of attenuation or with a plain silicon wafer in the
optical path. The laser beam was focused so the spot size was minimized on
the wafer and centred in the camera. The sample was then placed on the stage
so that the relevant cell aligned with the through-hole, with some clearance
for laser focusing. The sample was then brought into the laser path, and the
relevant device was aligned to the focused laser spot. If a fundamental mode
was found from a coarse scan, a higher-power objective was selected for more
detailed observation. The center of the device was aligned by maximizing the
intensity of the transmitted mode in the center of the device. The camera was
used in place of a photo diode to ensure the transmission measurements did not
include the light leaking through the etched holes. The transmitted irradiance
was calculated from a select area of the camera, set to include the area of
the optical modes inside the etch hole pattern. The camera settings were
constant during the scans with maximum intensity and the pixel integration

time adjusted to stay below saturation.

4.2 Cavity Device Characterization

Spectral scans were taken of all the devices described in this section as well
as representative devices of the configurations described in Section 3.3. Most
devices which showed a deviation from the expected profile (as described pre-
viously) exhibited a lowered quality-factor and therefore a lower predicted
Purcell factor. However, the tight pattern (i.e. D, = 0.2D4) could be of inter-

est as the extracted quality-factor was larger than the predicted value in most
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Figure 4.1: Experimental spectral set-up. The insets show more detail of the
junction points on the set-up with relevant labels.

devices scanned, up to a factor of 146 %, while the V,, was not affected. This
unexpected observation of a cavity enhancement was not studied in detail in
this thesis project and is left for future work. All the devices discussed below
have the preferred device configuration (Dyq of 100 pm, D, of 40 pm, Dy of
4pum mentioned in Section 3.3), similar peak heights, and are from an area
within a 3mm by 3mm square in the same cell on the wafer. Within such
a small area on the wafer, it is reasonable to assume that all devices have a
similar etch hole alignment, mirror properties, and fabrication properties.
The measurement of each characterized cavity device consisted of an optical
profilometer scan, two spectroscopic scans using the optical microscope set-up
described above, and images taken from the microscope setup using a CMOS
camera. The ZYGO scan provides the peak device height (0) as described
in Chapter 3, which can be used to predict cavity figure of merit (FOM)
values using the theory outlined in Chapter 2. The fundamental frequency ()
and the full-width at half-maximum linewidth (Arvy/;) were measured using

a high-resolution optical scan performed using the above-described optical
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Figure 4.2: The same morphological visualizations as described in Figure 3.5
except for ii) a removal of the circular fit plots and the addition of a CMOS
camera image showing the device with the fundamental mode superimposed,
showing the mode location in the dome relative to the etched holes. Three
representative devices to illustrate the affect of the number of holes on the
buckled device morphology. a) is a buckled device with Dq of 100 pm and no
etch holes used as a control. b) is a buckled device with Dy of 100 pm, D,, of
40 pm, Dy, of 4pm, and N, of 6. ¢) is a buckled device with Dy of 100 pm, D,
of 40 pm, Dy, of 4 pm, and Ny, of 8. Only slight deviations from the predicted
profile were observed in any of these devices.
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Table 4.1: Extracted data from the spectral measurements for different hole
configurations (V) on devices with Dy of 100 pum, D, of 40 pm, and Dy, of
41m.

ZYGO Extracted spectral measurements
Ny | 6 [nm] | vq [THz] Avyje [GHz] Avgim [THe]
00 1.76 186.1 41.3 1.7
03 1.75 186.6 41.9 1.7
04 1.77 185.9 46.0 1.7
05 1.77 185.2 49.5 1.6
06 1.76 187.2 35.1 1.6
08 1.71 194.1 58.4 1.6
10 1.75 188.5 53.0 1.6
12 1.75 188.6 50.7 1.6

microscope set-up with a resolution of 0.0l nm centred at the fundamental
frequency. The spacing between higher order modes (Avq.,) was estimated
using a low-resolution optical scan performed with a resolution of 0.1 nm across
the fundamental mode and at least five higher order modes. The measured
values of all the NV}, configurations are shown in Table 4.1.

The predicted values are calculated using the following from Chapter 3:
morphological properties, peak device height (¢), and theoretically predicted
mirror reflectance. The quality-factor is calculated by estimating the longitu-
dinal mode number from the cavity height (i.e. ¢ of 2 for all devices presented
here) and assuming that our cavities are high quality with reflectance limited
finesse (i.e. Q ~ qFex and Fog ~ m/Kp/2). The mode-volume is calculated
from the morphological data, the effective cavity length, and the minimum
beam waist in Equation 2.14. The effective cavity length (Leg = 6 + 20;)
is calculated from the mirror data in Chapter 3 and the morphologically pre-
dicted radius of curvature is used with Equation 2.15 to estimate the minimum
beam waist and therefore the mode-volume.

The extracted quality-factor is calculated using a high-resolution spec-
tral scan to determine the fundamental frequency and the full-width at half-

maximum linewidth. The extracted mode-volume is calculated using the fun-
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damental frequency to estimate the effective cavity length and higher-order
mode spacing to find the Rayleigh range by Equation 2.7 (and by extension
the minimum beam waist). Both the predicted and extracted FOMs for all
Ny, configurations are shown in Table 4.2. It should be noted that there was a
small yet consistent discrepancy between the predicted and calculated mode-
volumes, possibly due to the FPC-length-based equations not holding exactly
for cavities with a cavity length on the same order of magnitude as the wave-
length. Nevertheless, the predicted and extracted mode-volume are in near
agreement for all devices. The quality-factor however, generally decreases
with increasing N, and we speculate this is due to the etch holes causing
cavity asymmetries, thus decreasing the defect finesse of the cavities.

The exact effect of varying numbers of holes is not entirely clear and is left
to future study, but in order to provide a representative analysis, three devices
are presented with their full morphological and spectral scans. The chosen
devices were a control device with no etched holes, a device whose optical
@ was relatively improved by the etching (i.e. Ny, of 6), and a device whose
optical @) was apparently degraded by the etching (i.e. NV}, of 8). Morphological
data is shown in Figure 4.2, where the visualization is the same as in the
previous chapter with a microscope image and fundamental TEM mode inset
in the profile plot. All the devices measured showed high levels of cylindrical
symmetry and profiles in agreement with predictions of elastic buckling theory.

The mode images and spectral data for these devices is shown in Figure 4.3
with each row describing one device. Data shown includes: i) The TEM,,
mode with the intensity profile and a Gaussian profile overlayed, ii) The fun-
damental mode from the high-resolution spectral scan with the Lorentzian
profile overlayed, iii) The low-resolution spectral scan where the inset higher
order TEM modes (up to the fifth order) were captures by the CMOS camera,

and converted to a contour map normalized to the maximum irradiance. The
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fundamental Gaussian mode of these devices are shown for each device and
shows high agreement with the expected Gaussian profile. The high-resolution
spectral scans for the control and the 6-hole device are similar, but the larger
FWHM is clear in the 8-hole case. The full optical scans of all devices show
clear modes, consistent mode spacing, and some amount of mode splitting.
The estimated level of mode splitting can be seen in these longer scans, with
the 8-hole device showing more mode splitting than the other devices. The
insets show the transverse cavity modes, up to the fifth order. These are most
likely IG or LG modes, indicating cylindrical symmetry that is slightly broken
in all devices. This suggests more deviations from the theoretical profile in
the 8-hole device, likely accountable for the lowered Fop (and therefore lower
Q and F},).

The main conclusion drawn from this study was that the addition of the
etch holes caused minimal change in the gross details of the cavity shape,
across the range of parameters studied. Even with a relatively large number
of holes, implying a relatively large amount of material removed from the
top mirror, the high-level shape of the dome is still well-approximated by the
profile predicted for a buckled uniform circular plate. We speculated that
this can be attributed in part to the fact that the holes were etched after the
‘plates’ were buckled. Upon buckling, the compressive strain energy stored
in a film is greatly reduced [79], so that the forces which might drive further
reshaping of the buckled feature (i.e. after hole etching) are relatively small. A
more complete study of the thermo-mechanical properties of the hole-modified
domes, including modification of the effective spring constants and mechanical

frequencies, could be an interesting topic for future work [19].
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Figure 4.3: Spectral scans of devices with each row showing Ny, of 0, 6 and 8
respectively. i) The TEMj, mode with the intensity profile and a Gaussian
profile overlayed, ii) The fundamental mode from the high-resolution spectral
scan with the Lorentzian profile overlayed, iii) The low-resolution spectral scan
where the higher order TEM modes inset were taken with the CMOS camera
and converted to a contour map normalized to the maximum irradiance up to

the fifth order.
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Table 4.2: Calculated data for different hole configurations (V) on devices
with Dy of 100 pm, D, of 40 pm, and Dy, of 4 pm.

Predicted Extracted from

spectral scans

Ny Q Vi  Fp Q Vm  Fp
00 | 4700 4.8 75 | 4500 4.5 77
03 | 4700 4.8 75 | 4400 4.5 75
04 | 4700 4.8 76 | 4000 4.5 69
05 | 4700 4.7 76 | 3700 4.5 63
06 | 4700 4.8 75 | 5300 4.6 88
08 | 4700 4.9 73 | 3300 4.8 53
10 | 4700 4.8 75 | 3500 4.7 57
12 | 4700 4.8 75 | 3700 4.6 61

4.3 Optical scans of fluid-filled devices

Selective infiltration of the dome cavities is made challenging by their small
size, and especially by the small size of the individual micro-pores. Future
work could benefit from the addition of on-chip microfluidic channels or reser-
voirs [80, 81]. As a preliminary exercise, we used a micro-pipette (WPI, ta-
pered glass with 1 pm inner diameter at the tip), attached to a micro-positioner
and an automated pump (WPI PicoPump) to dispense small-volume droplets
over individual dome cavities (see Figure 4.4(a)). Similar approaches have
been widely employed for the study of liquids interacting with microcavities
and waveguides [82-84]. While the volume of the ‘empty’ cavity region in the
buckled domes is <1 pL, the smallest droplet volumes we were able to dis-
pense with our pump setup were on the order of 10s of picoliters. Thus, each
dispensed droplet was typically much larger than the target dome, as can be
discerned from the images in Figure 4.4. Given this, an alternative approach
might have been to ‘lood’ the chip surface with a larger volume of liquid.
However, the use of the micropipette reduced the required amount of solvent
and also facilitated real-time observations of changes in optical properties as
liquid droplets advanced or receded in the vicinity of a particular cavity.

Initially, water was used but it did not penetrate into the domes when
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Micro-pipette tip .

Figure 4.4: (a) Screen-shot image of a cavity just prior to infiltration by IPA.
The laser frequency is fixed, and the cavity is resonating in a high-order trans-
verse mode pattern. (b) Image captured after fluid infiltration, showing the
cavity resonating in a fundamental mode. Sequential dispensing and evapo-
ration of droplets caused repeatable transition between these two states. In
both images, scattered light can be seen ‘leaking’ through many of the etch
holes. Note that the laser is incident from beneath the sample, so that the
images correspond to transmitted light collected by the camera.

deposited. We then tried hexane, which was successful however it evaporated
very quickly. We then turned to isopropal alcohol (IPA), which is what was
used for all the measurements discussed in this section.

First, note that for domes with no etch holes (i.e. N, = 0), we confirmed
that dispensing IPA droplets onto the cavity had no discernible effect on the
optical/spectral properties. This is expected, since the resonant light is highly
confined between the mirrors of these cavities, and changes to the external
medium (i.e. from air to IPA) does not significantly change the electro-
magnetic environment for the confined modes. On the other hand, dispens-

ing droplets onto domes with etch holes produced dramatic and predictable
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changes in the optical /spectral properties. For example, Figure 4.4(a) shows a
screen capture of a particular dome with Dy=100 pm, D, = 60 pm, D), = 4 pm,
and NV, = 12, and with the micro-pipette aligned nearby but prior to dispens-
ing liquid. The laser frequency is fixed, and from the camera image it is clear
that the cavity is resonating in a high-order HG/LG/IG mode under these
‘empty-state’ conditions. Figure 4.4(b) is a second screen-shot captured less
than a second later, after the fluid droplet has advanced over the cavity and
infiltrated through the holes. Under these conditions, the cavity is supporting
a fundamental mode — the laser was tuned to this condition after pre-scanning
the cavity. We observed predictable transitions between two such states by
repeatedly depositing a droplet of hexane on a similar cavity and letting it
evaporate between each deposition. Once the devices were characterized while
empty we deposited fluid into the domes.

A second example is shown in Figure 4.5. Here, we chose a smaller cavity
(Dq= 50 pm, D, = 10 pm, Dy, = 4pum, N, = 5) with peak height ~0.55 pm, too
short to support cavity modes in the 1550 nm range when the space between
the mirrors is filled with air. This was confirmed by scanning the empty cavity,
as evidenced by the image shown in Figure 4.5(c), for example. Note that the
5 bright spots in the image are due to light leakage through the bottom mirror
and the etch holes of the top mirror, and are not associated with a cavity
mode. Assuming IPA infiltrates and fills the cavity volume, the optical length
of the cavity is expected to increase by a factor of ~1.37 (i.e. to ~750 nm).
This is sufficiently large to support modes of fundamental longitudinal order
at the probed wavelengths, as was confirmed both by the appearance of cavity
modes (Figure 4.5(d)) and from spectral scans (Figure 4.5(a)-(b)) after IPA
droplets were dispensed. Note that the scan in Figure 4.5(a)-(b) is noisier
compared to the example shown in Figure 4.3. This is due in part to the use

of a longer working distance (lower NA) objective to collect the output light
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Figure 4.5: a),b) Show optical scans of the dome filled with IPA. ¢),d) Micro-
scope images showing the small device filled (d) and empty (c)

here, in order to accommodate the micro-pipette tip.

A resonant mode is clearly visible, although the scans of the filled-fluid
dome are noisier. This is due to the fast evaporation of the liquids used, and
additional unpredictable reflections due to the liquid layer in and around the
device, making it difficult to characterise the exact cavity parameters while full.
We also identified several higher order modes in the device as well, as it acted
similarly to any of the larger devices studied above. Without fluid inside the
device the cavity is not long enough to support a mode. This with the optical
scans described above proves conclusively that the devices described here are
of high quality-factor, low mode-volume, and open access. Experimentation

with emitters and other fluids are left to future work.
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Chapter 5

Theoretical study of
silicon-based Bragg mirrors for
sub-micron cQED applications:

In this chapter we conducted a theoretical study on the potential use of amor-
phous hydrogenated silicon (a-Si:H) as the high index material in quarter-
wave-stack Bragg mirrors for cavity QED applications. Compared to conven-
tionally employed TasOs, a-Si:H provides a much higher index contrast with
Si0,, thus promising significantly reduced layer-number requirements and a
smaller mode volume. Silicon-based mirrors offer the additional advantage of
providing a wide omnidirectional reflection band, which allows greater control
of the background electromagnetic modes. From numerical studies at 850 nm,
we show that a-Si:H-based mirrors could enable significant improvements with
respect to maximum Purcell factor, cooperativity, and spontaneous emission
coupling factor, in addition to their potential to reduce fabrication complex-
ity. These advantages are anticipated to be even more compelling at longer

wavelengths.

LA version of this chapter has been submitted for publication.
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5.1 Introduction

The cavity devices described in the previous two chapters are centered at
1550 nm, suitable for telecommunications applications [85] and is within the
range of interest for some emitters. However, in cavity quantum electrodynam-
ics (cQED) there is great interest in the <1000 nm range due to the traditional
use of single alkali-atoms as emitters [86, 87]. Most work to date has employed
TayO5/Si0s-based mirrors, due to their typically excellent mechanical proper-
ties and ultra-low scattering and absorption losses for near-infrared operation,
enabling reflectance as high as R > 0.99999[63] in extreme cases. Cavities with
finesse exceeding 104 at 950 nm [24, 88] and 780 nm [23, 30] wavelengths have
been reported, typically requiring 15-22 period mirrors. Recently, F > 5 x 10°
was reported for a cavity operating at 1550 nm and employing 18-period mir-
rors [20]. Such mirrors are on the order of ~ 8 pm thick and require a closely
controlled, relatively expensive, and time consuming deposition process. More-
over, the relatively low index contrast between TasOs (n ~ 2.15) and SiOs (n
~ 1.45) results in large field penetration depth, limiting the achievable mode
volume [63].

The maximum finesse previously reported (F ~ 5000 [19, 37, 41]) was lim-
ited primarily by residual absorption in the a-Si layers. Notably, however, due
to the higher index contrast (n ~ 3.7 for a-Si), this was achieved using 4.5
period mirrors with overall thickness ~ 1.7 um. Furthermore, low field pen-
etration into these mirrors enables fundamental mode volumes on the order
of 1.3\% [41]. Another benefit is that the a-Si/SiOg-based mirrors provide a
broad omnidirectional reflection band for propagating waves incident from an
external air or vacuum medium. We recently [8] showed that this omnidirec-
tional property confers significant potential to isolate emitters from free-space

radiation modes.
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In the past several decades, the integrated optics community has exten-
sively studied hydrogenated amorphous silicon (a-Si:H) as a near infrared
(NIR) wave-guide material [89-97], especially for backend integration with
electronics. Its attributes include potential for low-temperature deposition
and processing, high refractive index (n ~ 3.5), and significantly reduced loss,
compared to a-Si, for wavelengths longer than ~ 700 nm in the NIR region [98].
Here, we theoretically study a-Si:H as an alternative high-index thin-film ma-
terial for the QWS mirrors employed in ‘open-access’ micro-cavities. We first
provide a review of recently reported results for the absorption and scatter-
ing losses of highly optimized a-Si:H films. We then describe a theoretical
study of buckled dome microcavities [41], comparing the use of a-Si:H/SiOq
and TayO5/Si0g-based QWS mirrors. The results suggest that a-Si:H-based
mirrors could be favourable, not only at 1550 nm wavelength, but also in the
~ 800 nm wavelength region that is traditionally of interest to cavity QED

studies.

5.2 Optical properties of optimized a-Si:H

It is well known (see for example [98]) that incorporating the appropriate
amount of hydrogen (~10 atomic %) into a-Si films can significantly reduce
their optical loss in the near infrared region, through passivation of silicon
dangling bonds. Too much hydrogen, however, can lead to hydrogen cluster-
ing, void formation, and high scattering losses. Several research groups have
investigated a-Si:H as a platform for back-end optical interconnects on CMOS
chips [90, 91, 93-97]. That work targets essentially the same requirements
as needed for cQED applications (i.e. low absorption and scattering losses in
the NIR). Optimized films with absorption coefficients as low as ~ 0.01 cm™*

at 1550 nm and ~10cm™' at 800nm wavelength (i.e. extinction coefficients

~ 1077 and ~ 107, respectively) have been reported (see Fig.4 of Ref. [96] for
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Figure 5.1: a) Refractive index and (b) extinction coefficient versus wavelength
assumed for a-Si:H (blue solid curves) and TayOj5 (red dashed curves) films in
our modeling study. In part (b), experimental data points for a-Si:H are from
the references indicated in the legend. Refs: A is [91], B is [95], C is [98]

example). These values are quite consistent with tabulated data reported in
the earlier literature [98], and are competitive with many thin film materials
traditionally employed in the production of optical QWS mirrors.

Our aim is to assess a-Si:H/SiOs-based mirrors as an alternative to conven-
tionally used TayO5/SiOy-based mirrors for cQED applications. We employ a
model for the a-Si:H optical constants (see Figure 5.1) which is derived from
data reported for low-defect films in the literature [99]. Ours is essentially the
model suggested by Fantoni [100], with the extinction coefficient expressed
as the sum of an Urbach edge expression and a Gaussian-distributed defect
expression for wavelengths above ~ 700 nm. To be conservative in our predic-
tions, we’ve based our fits on one of the higher-loss films, specifically the film
labeled as ‘Sample E’ in Ref. [100]. As shown by the symbols in Figure 5.1 b),
this curve agrees well, especially in the \qg < 1000 nm range, with experimental
values reported by numerous research groups. The loss at longer wavelengths
is known to depend on the density of defects in specific samples [98-100], but

k < 1075 at \g ~1550 nm is routinely achieved, and values as low as k ~ 1078
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at A9 ~1550 nm have been reported [99)].

To our knowledge, reliable extinction coefficient values for TayOs thin films
have not been widely disseminated in the literature, in spite of their central
role in optical thin film mirrors and filters. The curves shown in Figure 5.1 are
fits to experimental data from our own TayOj films deposited by magnetron
sputtering [40]. These values are consistent with the absorption losses for
highly optimized ‘supermirrors’ reported by various cQED researchers [20, 23,
24, 30, 63, 88].

It is important to note that our study does not directly take optical scatter-
ing into account, but implicitly assumes that the extinction coefficient encom-
passes both absorption and scattering. For high quality TayO5/SiOy-based
mirrors, scattering and absorption typically impart similar levels of loss in
the < 100 ppm range [23]. While high reflectance a-Si:H/SiOy-based mir-
rors are relatively unexplored (as discussed further below), very low rough-
ness (<0.5nm RMS) has been achieved in multilayer a-Si:H/SiOy thin film
stacks [94]. Moreover, the experimental data points shown in Figure 5.1(b)
are based on measurements that capture both scattering and absorption con-
tributions to the loss.

As mentioned, extinction coefficients as low as k ~ 1078 at \g ~ 1550 nm
have been reported for highly optimized a-Si:H films [99, 100]. However, fab-
rication of QWS mirrors with such low levels of a-Si:H loss has not been
demonstrated and would be challenging. Thus, we have chosen to conduct
our modelling study at Ao = 850 nm, where there is much greater consistency
in the reported loss (see Figure 5.1(b)), and where the extinction coefficient
(k > 107°) is sufficiently high to account for anticipated levels of scattering

loss [23].
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5.3 Comparison of a-Si:H and Ta;Oj5-based
QWS mirrors

We first compare the predicted performance of QWS mirrors based on TayOs
versus a-Si:H high-index layers. We assume SiO, for the low index layers in
both cases. Since our goal is to compare high-index materials, and since high-
quality SiOs films typically exhibit extremely low absorption losses, we use a
standard (lossless) dispersion model for the SiO films (n ~ 1.463 and ~ 1.461
at 850nm and 1550 nm, for example) [37, 40]. We choose a central free-space
wavelength of A\ = 850 nm (near the D2 line of atomic cesium [63]), in order to
illustrate the fact that a-Si:H confers benefits in spite of having an extinction
coefficient that is more than 1 order of magnitude higher than that of TayOs5
in this range. For longer wavelengths, as discussed above, it is clear that even
greater advantages might be gained from using a-Si:H.

We consider (Ng-1/2-period) QWS mirrors defined by the layer sequence
(H-L)™= . H, where H and L represent high- and low-index quarter-wave-layers
respectively. At A\g = 850nm, Figure 5.1 gives Ny ~ 2.17 — 40.0000011 and
Ng ~ 3.71—140.000036 for the complex index of TayO5 and a-Si:H, respectively.
Quarter-wave layer thicknesses of 145 nm, 98 nm, and 57 nm are used for SiO,,
TayO5, and a-Si:H, respectively. Unless otherwise indicated, we assume inci-
dence from air (n ~ 1) and a fused silica exit (substrate) medium (n ~ 1.46).
Note that the choice of exit medium does not significantly impact the main
conclusions.

Many closed-form analytical expressions are available for QWS mirrors [61].
For example, neglecting loss in the low-index layers and denoting the extinction
coefficient of the high index layer(ky,), the limiting absorptance (for large Ng)
can be estimated [61] by:

2mnokn

Ap ~ (5.1)

2 2
ny, — 1
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Figure 5.2: Predicted reflectance (a) and potential transmittance (b) at 850 nm
wavelength versus number of periods in a QWS mirror employing a-Si:H (blue
circles) and TayO5 (red diamonds) as the high-index layers.

where ng is the incidnet medium index, and n;, and n; are the refractive indicies
of high- and low-index layers in the QWS Now, since for any multilayer R +
T+ A = 1, it follows that the maximum reflectance at the design wavelength is
given by Ry ~ 1 —A. However, for QWS mirrors used in micro-cavities, T >
0 is typically required so that photons can be coupled to an external channel.
This requires a balance between R, T, and A, which is nicely encapsulated by
the so-called potential transmittance Tp = T/(1—R) = T/(T+ A). In essence,
Tp is the probability that a non-reflected photon (for example, circulating
in a cavity mode) is transmitted through the mirror, as opposed to being
absorbed (or scattered, if A incorporates scattering as assumed here). One
typical compromise is to select Np such that Tp ~ 0.5 (i.e. T~ A and R
~ 1 —2A) is obtained [23, 63].

We employed standard transfer-matrix techniques to explore these tradeofts
in more detail. Figure 5.2 plots the peak reflectance and potential transmit-
tance (at A\p = 850nm) versus period count for both types of mirrors con-
sidered. Note that the a-Si:H-based mirrors attain R, for Ng~ 7 whereas
the TayOs-based mirrors require Ng~ 18 to attain R.... Having said that,

Rax is somewhat higher for the Tay;Os-based mirrors, as expected due to their
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Figure 5.3: (a) Predicted normal-incidence reflectance for the 5-1/2-period
a-Si:H-based (blue solid line) and 13-1/2-period TayOj-based QWS mirrors.
(b) Reflectance for TM-polarized light versus incident angle at the design
wavelength \g = 850nm, for the a-Si:H- (blue solid line) and TayOs-based
(red dashed line) mirrors

assumed lower extinction coefficient at this wavelength. Similar levels of Tp
are predicted for similar levels of R in both types of mirrors, although TayO5
offers a slight advantage, also as expected. For the sake of comparisons that
follow, we will focus our attention on the Ng = 5 and Ng = 13 cases for a-Si:H
and TayOs5, respectively, since they are predicted to produce Tp > 0.5 and a
similar level of reflectance (R~ 0.99995) for both mirrors. Figure 5.3(a) shows
the predicted normal-incidence reflectance for both types of mirrors. Due to
its much higher index contrast, the a-Si:H-based mirror exhibits a wider stop
band. Furthermore, as is well known [101], the a-Si:H/SiO5 index contrast is
sufficiently high to produce a wide omnidirectional stop-band (high reflectance
for all incident angles from air, for both TE- and TM-polarization), whereas
the TayO5/Si0; index contrast is not. To illustrate this, we’ve plotted the
TM-polarization reflectance versus incident angle in Figure 5.3(b). For TM-
polarized light, the TayOs-based mirror becomes essentially transparent for
incident angles greater than ~ 50°. This has implications for the control of

spontaneous emission [8], as discussed in greater detail below.

29



air

—_—

Fused Silica Fused Silica

Figure 5.4: (a) Schematic diagram of a half-symmetric ‘buckled dome’ micro-
cavity in cross-section, with an embedded horizontally-oriented dipole emitter
indicated by the black arrow. The lower (planar) and upper (curved, with
effective radius of curvature R,.) mirrors are assumed to be identical Ng-1/2-
period QWS (b) Planar model for the dome microcavity.

Table 5.1: Predicted model cavity parameters for operation at 850 nm wave-
length as detailed in the main text

Parameter | Tay;O5-based a-Si:H-based
n —ik | 2.17 —10.0000011  3.71 —i0.000036
R | 0.999955 (Ng=13) 0.999947 (Np=5)

dp | 172nm 45 nm
wo | 1.83 pm 1.66 pm
Q| 71x10 5.9 x 10%
Vi | 3.3)3 1.8)\3

F, | 1.6 x 103 2.5 x 103

5.4 Comparison of spontaneous emission in a-
Si:H and Ta;Os5-based microcavities

To facilitate a numerical study of cQED effects, we use a model cavity based on
our previous work [8, 41]. As shown schematically in Figure 5.4(a), the model
system is a half-symmetric Fabry-Perot cavity operating in a fundamental-
longitudinal-mode regime (i.e. & ~ A\o/2)). Here, we will assume § = 425nm,
implying a cavity resonance at Ay ~ 850nm for the QWS mirrors discussed
in section 5.3. Furthermore, in keeping with experimental results [19, 41]
, we assume a base diameter of 40 pm and an effective radius of curvature
Roc = 200pm for the curved upper mirror. As described elsewhere [8], a
simplified planar model (Figure 5.4(b)) is useful for elucidating some of the
details pertaining to spontaneous emission by an embedded emitter.

Table 5.1 summarizes the predictions for our model cavity based on the
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equations in Chater 2, comparing the TasOs5- and a-Si:H-based cavities. For
the fundamental-spatial mode cavities under consideration, @ ~ F ~ 7/(1 —
R), where F is the reflection finesse (i.e. we neglect any defects that would
further reduce finesse), and R is the mirror reflectance The primary conclusion
is that the higher index contrast of the a-Si:H-based mirrors would enable a
smaller mode volume, which, in spite of a slightly lower predicted @, results
in higher F,. These conclusions are supported by the numerical results that

follow.

5.4.1 Numerical results for planar cavities

As mentioned, the high-index-contrast a-Si:H-based mirrors exhibit an om-
nidirectional reflection property. This in turn confers additional advantages
over those already cited, related to the control of spontaneous emission by
an embedded emitter [102]. To compare the two mirror systems on these
merits, we first considered a planar model for the dipole-embedded cavity
(Figure 5.4(b)), and applied a Green’s function formalism [103] described in
our previous work [8]. This planar model provides insight into the so-called
background emission rate vpg, which is the rate of emission by the dipole
into non-cavity modes, including radiation into free-space propagating modes
through the imperfect mirrors and radiation into waveguide modes supported
by the QWS multilayers.

Consider the planar version of the cavity from above (i.e. § = \/2, op-
erating in a fundamental longitudinal mode order) and with a horizontally
aligned dipole embedded at the midpoint between the mirrors. Figure 5.5
shows typical plots of the predicted ‘local density of modes (LDOM) den-
sity’ plotted versus the in-plane component of the wavevector. The back-
ground emission rate, relative to the free-space emission rate of the dipole,

can be estimated by integration of these types of curves at ‘off-resonance’
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wavelengths [8]. Note that modes in the range (kj/ko < 1) represent radiation
into free-propagating plane waves in the air superstrate. The modes labeled as
‘guided modes’ actually include both leaky guided modes (substrate radiation
modes) for (1 < kjj/k0 < 1.463) and truly guided modes for (kj/k0 > 1.463).
The data in Figure 5.5 is for A\g = 860 nm and a cavity with 0 = 425 nm, such
that no cavity mode is supported. From integration of these curves, we find
vBG /Yo ~ 0.235 and ypi /70 ~ 0.033 for the TayO5-based and a-Si:H-based cav-
ities, respectively. Thus, as discussed further below, the a-Si:H-based cavity is
approximately 7x better at inhibiting background emission by the optimally
positioned dipole emitter. The reasons that the a-Si:H-based cavity is able to
better suppress background emission can be traced to the higher index contrast
of the QWS mirrors. First, their omnidirectional nature suppresses nearly all
radiation into free-space propagating modes, whereas the TasOs-based mirror
allows some ‘leakage’ of TM-polarized light in particular (see Figure 5.3(b)
and Figure 5.5(a)). Second, the evanescent field of the in-plane guided modes
supported by the a-Si:H QWS is much weaker at the location of the dipole,
due to the stronger confinement of these modes in the a-Si:H layers compared
to the TayO5 layers. This results in lower coupling to in-plane guided modes

for the a-Si:H cavity, as apparent by comparison of Figure 5.5(a) and (b)

5.4.2 Numerical results for 3-dimensional cavities

To obtain a more complete picture of the impact of alternative mirrors on spon-
taneous emission, we performed 3-D numerical simulations with a commercial
FDTD software package (Lumerical). A dipole source was located precisely in
the center of the air core, to maximize coupling to the fundamental mode, and
to minimize background emission into the in-plane guided and leaky modes
discussed above.

As in our previous work [8], we employed the built-in feature of the FDTD
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Figure 5.5: Local density of modes (LDOM) density plots versus in-plane wave-
vector component, for transverse electric (TE) (solid lines) and transverse mag-
netic (TM) (dashed lines) polarization. The simulations were performed at an
off-resonant wavelength \g = 860 nm. (a) Results for the TayO5-based cavity,
predicting significant radiation into both free-space propagating (k/ko < 1)
and QWS guided modes. (b) Results for the a-SI:H-based cavity, showing that
radiation into free-space modes is negligible and radiation into guided modes
is reduced.
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software to calculate the emission rate of an embedded dipole relative to its
free-space emission rate (i.e. 7/7), as a function of frequency. Since the dipole
source is spatially aligned to the anti-node of the fundamental cavity mode in
our simulations, we expect the relative emission rate at the fundamental res-
onance frequency to be approximately equal to the ideal Purcell factor Fj,
predicted in Chapter 2. Conversely, the off-resonance relative emission rate
is a measure of the inhibition of background radiation, and can be assessed
against the predictions from the planar model in subsection 5.4.1. It is worth
noting that the accurate determination of these relative emission rates requires
that the FDTD simulation runs for a sufficiently long time such that the field
values have decayed to a negligible level. Since the cavities considered here
have relatively long photon lifetimes (~30 ps), very long simulation times were
needed (for example, up to ~1 week on a multi-CPU workstation). Neverthe-
less, the simulations were repeatable, stable, and well-behaved.

Key results from the FDTD simulations, for both the Tay;Os-based and
a-Si:H-based cavities, are summarized in Figure 5.6. From a comparison of
Figure 5.6 (a) and (c), significantly higher spatial confinement is apparent
for the a-Si:H case. The numerically predicted mode volumes are ~ 3.5\% and
~ 1.9)\3, respectively, in good agreement with the analytically predicted values.
Furthermore, the numerically predicted Q-factor values for the fundamental
cavity resonance are ~7.9 x 10* and ~6.7 x 10*, respectively, also in good
agreement with predictions above (slightly higher due to the air superstrate
in the FDTD model).

Relative emission rates are plotted versus free-space wavelength in Fig-
ure 5.6(b) and (d). Both the on-resonance values, ~1800 and ~2500 respec-
tively, and the off-resonance values, ~0.24 and ~0.036 respectively, provide
very good corroboration of the predictions from the beginning of this section.

Residual oscillations in the Purcell factor plots (visible in the insets of Fig-
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Figure 5.6: (a) Mode field intensity for the fundamental mode of the TasOs-
based cavity. (b) Relative dipole emission rate versus wavelength for the
TayOs-based cavity. The inset is a zoomed-in portion of the plot, far removed
from the resonance. (c), (d) Show analogous plots for the a-Si:H-based cavity.

ure 5.4(b) and (d)) are a numerical artifact due to the termination of the sim-
ulation prior to complete field decay (the ‘simulation time’ was set to 300 ps,
which is approximately 10 times the resonant photon lifetime). Overall, the
FDTD results confirm the main conclusions from above: i.e. the a-Si:H-based
mirrors enable a higher Purcell factor, primarily due to reduced mode volume,
and a significantly better suppression of emission into background radiation
modes. A key figure of merit for cQED is the so-called single-atom coopera-
tivity C' = 7./(2vsc), where 27, and 2vpq are the rates of emission into the
desired cavity mode and the background modes, respectively, for an atomic
transition that is spectrally aligned (i.e. resonant) with the cavity mode [9].
Often, the background emission rate is approximated by the free-space emis-
sion rate (i.e. ypa ~ 7o), which is appropriate when the cavity does not sig-
nificantly inhibit emission into non-cavity modes, and in such cases C' ~ F},/2.
However, we previously suggested [8] that for cavities that do provide sig-

nificant isolation of the emitter from free-space modes, a more appropriate
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definition is C' = F,F1/2, where F] = 70/7vBc is a so-called inhibition factor.
For the scenarios discussed above, Fi~4.3 and ~30.3 for the TayO5-based and
a-Si:H-based cavities, respectively. When combined with the estimated F},
values, C'~3500 is predicted for the TayO5 case, while C'~38000 is predicted
for the a-Si:H case. It is important to keep in mind that these values per-
tain to an optimally aligned emitter, which would not be trivial to achieve
in practice. Nevertheless, the order-of-magnitude higher predicted value of C
for the a-Si:H cavities illustrates their strong potential to enhance interactions
between an emitter and a single cavity mode, which is a typical goal in cQED

applications.
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Chapter 6

Conclusion and Future Work

6.1 Summary

The primary focus of this thesis was to monolithically fabricate Fabry-Perot
micro-cavities with ‘open-access’, small mode-volume, and a high quality-
factor. Existing fabrication techniques have limitations either in the defect
finesse, mode-volume, open-access, or scalability. Open-access cavities are of
particular interest to cQED applications due to access to the maximum field
location.

As outlined in Chapter 3, open-access devices were fabricated by modify-
ing a pre-buckled device (e.g. in Ref [5]) with through-holes patterned using
photolithography and etched using RIE. Devices with dome-base diameter of
50 pm and 100 pm were successfully fabricated, and devices with dome-base di-
ameter of 100 pm showed a high level of cylindrical symmetry and agreement
to the profile predicted by elastic buckling theory. Several device configura-
tions showed significant deviation from the predicted profile, with a general
trend toward more deviation when more material was removed from the de-
vices. The location of the etch holes relative to the dome periphery was found
to affect the device morphology significantly, with a location approximately
midway between the dome center and periphery resulting in the smallest devi-

ation. Amongst the patterns studied here, the preferred device configuration
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was identified as: dome-base diameter of 100 pm, pattern diameter of 40 pm,
and hole diameter of 4 pm.

Chapter 4 discusses the results of the optical transmission spectroscopy
performed on the ‘open-access’ buckled cavity devices. All devices with the
preferred configuration showed a fairly high level of cylindrical symmetry and
agreement with the predicted profile. All the considered devices had an ex-
perimentally extracted maximum buckle deflection ~1.7 pm, ) >3000 and a
mode-volume between 4.5\3 and 4.93. The extracted FOM from cavities
which did not suffer from significant defects agreed with expected FOM, with
a high projected Purcell factor (~ 75). The experimental mode-volume agrees
with the predicted values, however the quality-factor showed a slight degra-
dation with an increase in the number of holes etched. Nonetheless, devices
with 3 or 6 holes showed a predicted quality factor similar to the experimental
value, implying that the devices showed reflectance-limited finesse. Next, three
representative devices were compared in terms of their morphology and their
optical mode properties and mode structure. For all of the devices studied,
having varying etch hole sizes, number, and patterns, there was a high degree
of agreement with theory. Finally, we demonstrated that liquid solvents could
be introduced into the cavity, producing predictable changes to the optical and
spectral characteristics of the HG/LG/IG modes. While the proof-of-concept
work employed 1550 nm-range mirrors, we see no significant barrier to replicat-
ing this work using our previously reported [40] buckled cavities operating in
the visible and near-infrared region or with the devices simulated in Chapter 5.

In Chapter 5 we presented a theoretical analysis of buckled-cavity devices,
comparing the use of conventional TayOj5/SiOs-based mirrors to the poten-
tial use of a-Si:H/SiOg-based mirrors. Our study shows that increasing the
refractive index contrast of QWS mirrors can provide important advantages

for cQED applications, including potential for reduced fabrication complexity,
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increased interactions between an embedded emitter and a cavity mode, and
greater control over spontaneous emission. Notably, the high index contrast
of a-Si:H-based mirrors can partially compensate for higher film losses, sug-
gesting that silicon-based mirrors should be considered even in the ~780 nm
to 1000 nm wavelength range of most traditional cavity QED work.

In conclusion, the monolithically fabricated Fabry-Perot micro-cavities de-
scribed in this work have confirmed open-access through fluid infiltration and
shown to have a low mode-volume (~4.5 A\?), high quality-factor (~5000), and
therefore a high predicted Purcell factor (~75). Similar devices were sub-
sequently investigated in a theoretical study of silicon-based Bragg mirrors
where the numerical FDTD study predicted a low-mode volume (~1.9 \3),
high quality factor (~6.7 x 10%), high Purcell factor (~1800), and high ideal-
ized cooperativy (~38000). These devices are promising candidates for use in

cQED applications.

6.2 Future work

In contrast to the extensive recent work on a-Si:H-based waveguides mentioned
previously (e.g. Refs. [93-96]), a-Si:H/SiOs-based multilayer Bragg mirrors are
less common in the literature (although, see for example Refs. [92, 104-106]).
This is possibly related to challenges associated with depositing high-quality
a-Si:H and SiO, films by PECVD at a single temperature and in a single de-
position run. However, recent work on multilayer waveguides [94] suggests
that these challenges can be addressed. Another challenge associated with
the use of a-Si:H as an optical material is the out-diffusion of hydrogen for
temperatures above ~200°C [107]. This is not likely to be an issue for most
cQED applications, which typically operate at or below room temperature (of-
ten at cryogenic temperatures). We submit that there are compelling reasons

to pursue the development of low-loss a-Si:H/SiOy Bragg mirrors, and that
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the ongoing refinement of deposition processes for silicon microphotonics [107]
makes this goal increasingly realistic.

These ‘open-access’ cavities might find use for the scalable implementa-
tion of on-chip optical sensors [27, 108] and optofluidic dye laser arrays [109,
110]. Perhaps even more exciting is the prospect of using them to implement
large-scale cavity QED systems envisioned for quantum information applica-
tions [22, 30, 111, 112]. Nearly all work in these areas to date has relied on
hybrid-assembly. A monolithic strategy such as described here might provide

significant advantages with respect to scalability and practical implementation.
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Appendix A
Mask data

In Table A.2 each cell studied is labelled with a row letter and column number

which corresponds to a designation in Table A.1.

Table A.1: Results subsection and corresponding cell from Table A.2.

Sec Group Cell
4.2 Cavity Device Characterization All G-12
4.3  Optical scans of fluid-filled devices | Dg=50pm B-10
D.2 Pattern size results Dp,=20pm B-14
40pm  G-12

60pm B-13

D.3 Hole size results Control G-12
Dy=4pm G-12

S5pm  C-13

Mask data for the mask used to fabricate all the devices presented in this
thesis. Each cell contains three dimensions in pm; dome-base diameter (Dy),
pattern diameter (D)), and hole diameter (D). Each cell consist of 512 devices
in 16 columns and 32 rows. Each column consists of identical devices, each
row repeats the following hole number sequency twice: 0, 3, 4, 5, 6, 8, 10 and

12.
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Table A.2: Mask data

i ¥ € i € v € i € €
or ( oV | OF | OF | OF | OC | OCc | Oc | OC | OC
0¢ | 00T | OOT | OOT | OOT | 0§ | 09 | 05 | 0S¢ | 09
i i ¥ € i € € € i € € €
o¢ | OL | OFP | OV | OF | OF | OC | Oc | Oc | OCc | 0€ | OT
0§ | 0§ | 00T | OOT | OOT | OOT | 0% | 0 | 05 | 0§ | 09 | 09
g g g g ¥ v i ¥ € € € € G g g G
0c | 0¢c | 0¢c | 0c | Oc | OCc | OCc | Oc | Oc | OC | 0c | Oc | Oc | 0c | 0c | OC
0 | 06 | 09 | 09 | 0O | 0§ | 09 | OS5 | OS¢ | 09 | 09 | 05 | OGS | 09 | 0% | OS
v € v € ¥ v 4 i € € € € 4 € v €
0¢ | 06 | OL | OT | O¢c | OC | O | Oc | Oc | Oc | Oc | Oc | OE | 0€ | OT | OI
0 | 06 | 09 | 09 | 0S | 0§ | 09 | OS5 | OGS | 09 | 09 | 05 | OGS | 0G | 0% | OS
v € v € ¥ v v ¥ € € € € 4 € v €
O0c | 0c | 09 | 09 | OF | OFP | OV | OF | OF | OV | OF | OF | OC | 0C | 09 | 09
00T | 00T | OOT | OOT | OOT | OOT | OOT | OOT | OOT | OOT | OOT | OOT | OOT | OOT | OOT | OOT
g g g G ¥ v i ¥ € € € € g g g G
o ( OV | OV | OV | OF | OF | OV | OF | OF | OV | OF | OF | OF | OV | OV | OF
00T | 00T | OOT | OOT | OOT | OOT | OOT | OOT | OOT | OOT | OOT | OOT | OOT | OOT | OOT | OOT
% i ¥ € v € v € ¥ € € €
0Oc | 09 | Oc | 0 | Oc | Oc | OV | OV | OF | OF | OC | 09
00T | 00T | 09 | 05 | 09 | 0G | OOT | OOT | OOT | OOT | OOT | OOT
i % € i € % € ¥ € €
0y | 0c | 0c | 0c | Oc | OV | OF | OF | OV | OF
00T | 09 | 05 | 0¢ | 09 | OOT | OOT | OOT | OOT | OOT
91 | 6T | #I | €T | ¢TI | IT | OT 6 8 L 9 g 4 € 4 !

80



Appendix B

Fabrication notes

B.1 Alignment

The alignment marks used a Vernier scale (in micrometers) on the mask align-
ment, to achieve micron-scale accuracy by manual alignment. It was quickly
determined that the Teflon layer was not visible through the alignment moni-
tor. The alignment marks were etched on the bottom mirror before the LAL
was patterned. This allowed for much more visible alignment marks and for
an alignment process where all masks align to one marker. This furthermore
allows all masks that use those alignment marks to have a common alignment,
allowing for compatibility of mask sets. An example of the alignment process

with an image of the monitor used for alignment can be seen in Figure B.1.

B.2 Pinned buckling

We initially etched the holes before dicing and buckling, since the whole wafer
is required to properly align the LAL and the etch holes in subsequent lithogra-
phy steps. Before buckling, the devices appeared identical to the first fabrica-
tion run under an optical microscope. But regardless of the heat and time used
to buckle, the devices did not de-laminate from the low adhesion layer, includ-
ing attempting to buckle the devices using rapid thermal annealing (RTA).
Due to the anomalous behaviour of these devices, further characterization
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steps were taken, including performing optical profilometer scans using ZYGO
and taking SEM images using the Zeiss EVO MA10 SEM at the nanoFAB.
We found that the devices had partly buckled but only where no etching had
occurred and the control devices all buckled without issue. We determined
that the etching step likely fixed the top mirror to the bottom mirror, making
de-lamination impossible at those locations. An example of such part buckles
can be seen in Figure B.2: a) A SEM image of a etched hole. The Bragg
layers can be seen as alternating dark and light strips. The Teflon layer can be
seen between the top and bottom mirror. b) A ZYGO scan of a dome where
only the center and top right corner buckled, separated by etched holes. ¢) A
ZY GO scan of a dome where each side of the etched holes has buckled, but

the central holes have prevented further buckling.

B.3 LAL

If the LAL does not pattern well or has surface defects, it can result in the
devices not buckling at all, shallow buckles, or deformed devices. Several
examples of non-ideal LAL layers can be seen in Figure B.3: a) shows a buckled
device with a failed lift-off. Even with the highly compromised LAL the device
still buckled, but the asymmetries are visible in the interference rings in the
device. b) shows another Teflon feature that is mostly patterned correctly
however a ragged edge is visible. ¢) An SEM image of the Teflon, the ragged
edge was possibly on the side walls of the PR, indicating the ragged edge in

b) is due to wall deposition during LAL patterning.

B.4 Pop off

If the devices were subjected to to high temperatures or the thermal ramp was

too fast the devices would ‘pop-off’. A microscope of a popped off device is

82



shown on the far left of Figure B.4, with three images taken within 13 seconds
of each other showing the unbuckled devices, some devices initiating buckling,
and the devices ‘popped oft’. This was visible through the optical microscope

set-up used to visually monitor the buckling process.

B.5 Incomplete etching

The etch results were fairly consistent, but some defects stemming from etch-
ing were observed on otherwise functional devices. In particular incomplete
etching was observed on some devices as shown later in Figure B.5: a) Shows
multiple holes on a dome. b) Shows a close-up of a successfully etched hole.
The individual layers of the top mirror. ¢) Shows a close up of a unsuccess-
fully etched hole. This is likely due to inconsistencies in PR patterning on
the buckled devices that can occur when the surface roughness is large while

spinning on PR.

B.6 Open-Access

Open-access was first confirmed using a SEM image as shown in Figure B.6.
To confirm open-access in etched and not damaged domes we performed the

fluid infiltration experiments.
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Figure B.1: Alignment marks used and an example of how it appears on a
lithography alignment screen.

Figure B.2: Attempted buckles where you can see raised areas around the etch
holes.

Figure B.3: Images related non ideal LAL layers.
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Figure B.4: Microscope images of domes during buckling and after they ex-
ploded off from being exposed to too much heat.

Figure B.5: Buckled dome with etch holes, some of which do not fully penetrate
the dome.

Figure B.6: Open access was first confirmed using a SEM image. Here you
can see a buckled dome that was broken with the electrons passing through
the etched hole.
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Appendix C
Yield

To better characterise the devices on a chip scale, ZYGO profilometer scans
were taken of several cells of the fabricated chip. To control for variations in
film thickness and variations in temperature during de-lamination, each cell is
considered independently as trenches around each cell were etched, effectively
isolating the top mirror from all other cells. Each cell contained one device
configuration, two sets of identical columns rotating through devices with 0,
3,4, 5,6, 8, 10, 12 holes and 32 identical rows give 512 devices per cell. The
fabrication wafer was diced into 4 quarters, one of which only contained 3 pm
devices and therefore was not etched or subsequently analysed.

The first chip that was fabricated (labeled D5) resulted in succesfully fab-
ricated devices with Dy of 50 pm and 100 pm, D, of 0.4Dq, and Dy, of 4 pm. As
in Figure C.1 the successful devices appear in a restricted area, with devices
above them being mostly blown off and devices below being un-buckled. This
is likely due to local variability in film thickness, poor LAL quality, and tem-
perature variations during the buckling process. It it likely then that the high
surface roughness of the LAL produced a very high critical stress of the film,
but too much expansion produced cracks. The device configuration across a
cell with 512 devices did not significantly affect the likelihood of a successful

device, but significant discrepancies across the wafer and across a given cell

86



were observed.

Table C.1: Yield and average height results

Dy D, Dy | Chip Cell | Yield Average Height STD
50pm  20pm  4pm | D5 1 9% 0.6 pm 0.2 pm
D5 2 44 % 0.6 pm 0.2 pm
D5 3 | 42% 0.5 um 0.1pm
D5 4 88 % 0.4 pm 0.1 pm
B 7T | 4T% 0.4 pm 0.1 pm
100pm 40pm 4pm | D5 6 30% 1.5pm 0.3 pm
A 9 91% 1.8 pm 0.3 um
60 pm B 10 | 37% 1.9 um 0.3 pm
20 um B 11 | 32% 2.1 pm 0.4 m
5pm | B 16 | 51% 2.6 pm 0.6 pm

The second fabricated chip (labelled chip B) was not fully bonded to the
carrier wafer during etching. This resulted in ineffective cooling in that corner
of the chip, and no devices from immediately where wasn’t attached were
used in the analysis that follows. Lastly a chip (labeled A) was fabricated
without incident, however this mostly consisted of devices with D), of 3 pum,

and therefore they were not etched.

Figure C.1: This shows how the height of the domes depends more on the
location of the dome than on the dome configuration with the lighter color
indicating taller devices. The image is rotated for formatting reason but the
cells are as follows: Top right - 1, bottom right - 2, middle top - 3, middle
bottom - 4, bottom left - 6
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Appendix D

Device configuration analysis

In this appendix the cavity devices will be denoted by an ID consisting of
Dgy-Dy-Dy-Ny. For example 100-40-4-6 denotes a 100 pm dome with a pattern
diameter of 40 pm,a hole diameter of 4 pm, and 6 holes where the diameter

measurements are in pm.
D.1 Further results from full device analysis

Table D.1: Measured data for different hole configurations (N},) on devices
with Dg of 100pm, D, of 40 pm, and Dy, of 4 pm.

Calculated Minimum beam waist wo [pm] | Mode Splitting
Cavity Parameters | Buckling ~ Mode Mode (g =5)
Device ID L [pm] Theory  Splitting  Image Avy /5 [GHz]
100-40-0-0 1.61 3.56 3.84 4.30 186
100-40-4-6 1.60 3.57 3.88 4.11 213
100-40-4-8 1.55 3.01 3.81 3.96 282

As a more direct comparison between the different measurement techniques
the minimum beam waist of the fundamental mode was calculated using buck-

ling theory, mode splitting, and CMOS image of the fundamental mode.

D.2 Pattern size results

We investigated the effect of the pattern size on the dome FOM. The tight,

medium, and wide patterns diameter for the 100 pm diameter domes are 20 pm,
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40 m and 60 pm respectively.

In Table D.2 and Table D.3 we show results for domes with Dy of 100 jm,
Dy, of 4pnm, and Ny, of 6. An image showing the relatively large amount of
material removed from the tight etch pattern is shown in Figure D.1 with
images of high order mode interacting with the etched holes, and lastly a
microscope image showing the location of the etch holes.

Table D.2: Measured data for different pattern diameters (D,,) on devices with
Dq of 100 pm, Dy, of 4 pm, and Ny, of 6.

7ZYGO Spectral measurements
Device ID | § [pm] | vy [THz] Avy,o [GHz]  Avgim [THz]
100-20-4-06 1.37 186.4 27.0 1.5
100-40-4-06 1.76 187.2 35.1 1.6
100-60-4-06 1.58 187.7 60.8 1.6

Table D.3: Calculated data for different pattern diameters (D)) on devices
with Dg4 of 100 um, Dy, of 4 pm, and Ny, of 6.

From ZYGO From spectral measurements
Device ID Q Vi I Q Vi F,
100-20-4-06 | 4700 6.4 57 | 6800 4.8 109
100-40-4-06 | 4700 4.8 75 | 5300 4.6 88
100-60-4-06 | 4700 5.4 66 | 3000 4.6 51

Figure D.1: Images of the tightly patterned devices. a) SEM image of the
etched holes for the tight pattern. The clear overlap in the etch profiles of
adjacent holes indicates a significant amount of material is removed. b) High
order mode for 8 hole configuration, here the holes interfering with the mode is
clear. ¢) Microscope image showing the same device as b) under a microscope.

D.3 Hole size results

We selected three sizes to investigate: 3pm, 4 um, and 5pm . The measured

and calculated data for these devices is shown in Table D.4. The control device
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and the device with Dy, of 4 pm show n

o deviation from the theoretical values.

Table D.4: Measured data for different hole sizes (Dy,) on devices with Dy of

100 pm, D, of 40 pm, and Ny, of 6.

7ZYGO Spectral measurements
Device ID | ¢ [pm] | vy [THz] Awvy,o [GHz]  Avgim [THz]
100-40-0-00 1.76 186.1 41.3 1.7
100-40-4-06 1.76 187.2 35.1 1.6
100-40-5-06 2.10 188.1 44.8 1.6

Table D.5: Calculated data for different hole sizes (D)) on devices with Dy of

100 pm, D,, of 40 pm, and Ny, of 6.

From ZYGO From spectral measurements
Device ID Q Vo Fp Q Vi F,
100-40-0-00 | 4700 4.8 75 | 4500 4.5 7
100-40-4-06 | 4700 4.8 75 | 5300 4.6 88
100-40-5-06 | 7000 8.8 61 | 4200 7.1 45
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