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Abstract

This thesis explores the dynamics and sensing performance of silicon quantum dot (SiQD)

ensembles coupled to the whispering gallery modes (WGMs) of spherical and cylindrical

microcavities. The �rst project investigated the possibility of observing Purcell e�ects in an

ensemble of QDs coupled to a microsphere resonator. However, no convincing evidence for

rate modi�cations was found. Several possible reasons for this negative result were outlined

and future experimental improvements were suggested. Next, the SiQDs were coupled to the

WGMs of cylindrical cavities (�bers and microcapillaries) in order to investigate and opti-

mize their refractive-index sensing performance. These sensors register a WGM wavelength

shift in response to changes in local index of refraction. Using an SiQD coated optical �ber,

the detection limit of the sensor was improved by projecting the WGM spectrum onto a

full 2 dimensional CCD array. However, noise from various experimental sources limited the

detection limit of the �ber sensor to a value of 2.4× 10−3 RIU. In order to further improve

the ultimate limit of detection, a more mechanically stable device was constructed. This

consisted of a microcapillary whose channel was coated with a layer of SiQDs embedded in a

protective oxide matrix. By controlling the SiQD channel �lm thickness via an etching pro-

cedure, the device sensitivity to refractometric changes was maximized. Using the techniques

developed to minimize the wavelength shift resolution, a detection limit of 1.7× 10−4 RIU

was experimentally measured, which is less than a factor 2 larger than the calculated opti-

mum theoretical limit of detection. This represents one of the best experimentally-observed

detection limits reported for �uorescent WGM devices.
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Chapter 1

Introduction

1.1 Optical methods of sensing

This thesis deals with structures that can perform refractometric sensing based on the �whis-

pering gallery modes� (WGMs) in dielectric microcavities. Refractometric sensors can be

used to measure small changes in the refractive index (RI) of a (micro�uidic) analyte. Be-

fore discussing the basics of sensing with WGMs, we will give a brief overview of some of

the more widely researched methods in the development of micro�uidics-compatible optical

sensors.

Sensing methods typically employ electrical, chemical, thermal, or optical mechanisms

[10] to detect changes in a local analyte (i.e. in a �uid). Optical methods have some

important advantages for sensing applications. For example, optical sensing methods are

non-destructive, can have high signal-to-noise ratio, and can be relatively easily miniaturized

(via. lenses, �ber optics, etc.) for integration into lab-on-a-chip systems. Optical methods

also have fast response times, which permits the development of real-time detection devices.

Designs for optical sensors are generally simple to fabricate and use inexpensive materials.

Some optical methods also allow remote sensing [11, 12], in which the transducer can be

distant from the detection system, allowing sensing in harsh or remote environments. The

focus of this thesis is on refractometric optical sensing mechanisms, with a brief foray into

cavity-induced emitter lifetime e�ects.

Optical sensing methods can be �labeled� or �non-labeled�. A standard biological detec-

tion method is to label cells or other biological analytes with �tags� such as �uorescent dyes
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or quantum dots [13, 14, 15]. Detection of �uorescence*, typically via an imaging system,

indicates the presence of the analyte. This is a standard technique because it is sensitive (it

can mark the presence of single particles), reproducible, and a large variety of �uorescent

tags exist. The main drawbacks include photobleaching and the fact that prior preparation

of the analyte is required [14, 15]. An alternative is to use �label-free� sensing methods,

which do not require prior preparation of the analyte.

There are many powerful label-free methods for optical sensing. These methods can

detect small local changes at the surface of the sensor, in the bulk analyte, or both [17].

Some methods can detect few or even single particles. Other sensors can be functionalized

for detecting speci�c bio-molecules, eliminating the need for �uorescent labeling. Optical

methods can also be combined in order to increase sensitivities and compensate for the

particular drawbacks of each method [18, 19, 20, 21].

The limit of detection (LoD) for bulk refractometric sensors can be given in terms of

�refractive index units� (RIU). For example, an LoD of 10−7 RIU is equivalent to detecting

∼58 grains of table salt in 1 L of water. For biosensors on the other hand, one typically gives

the LoD as a concentration or mass of an analyte. The sensitivity S of a sensor can be given

in terms of the magnitude of the sensor response, and is typically de�ned as S = dλ
dRIU for

refractometric sensors. A few sensor types will next be brie�y described and compared in

terms of their sensitivity and LoD, in order to provide a comparison to the values measured

for �whispering gallery mode� sensors which are characterized later in this work.

1.1.1 Interferometers

Interferometers, sometimes known as �evanescent wave� [12] or �evanescent �eld� [22] sen-

sors, compare and monitor a reference signal and a measurement signal. In interferometric

sensors, changes in an interference pattern are monitored during a detection event. The mea-

surement signal corresponds to a change in the refractive index, while the reference signal is

monitored to remove interactions not associated with the analyte [23]. They can have refrac-

*Fluorescence generally refers to emission from singlet recombination, as opposed to triplet recombination
which has a much longer lifetime and is referred to as "phosphorescence". The general term "luminescence"
(or "photoluminescence" for optical pumping) includes both �uorescence and phosphorescence. In silicon
QDs the emission process, although characterized by a microsecond decay, is likely related to singlet recom-
bination [16]. Therefore, in this work the term "�uorescence" will frequently be used.
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tometric detection limits around 10−7 RIU [12]. Broadly de�ned, there are several di�erent

classes of interferometers including Mach-Zehnder interferometers, Young's (double-beam)

interferometers, Fabry-Perot interferometers, and Hartman interferometers.

Mach-Zehnder interferometers (MZI )[1] are the possibly simplest interferometric sensors.

A MZI consists of a waveguide that splits into two arms, one that passes through the

analyte and one that acts as the reference (Fig. 1.1). The two arms recombine [24], and the

interference pattern is observed. MZIs can be fabricated with standard micro-fabrication

processes. One such fabricated MZI was used to monitor the dynamics of DNA strands

in real time [25]. Real time rather than �delayed� detection is characteristic of MZI and

Young's interferometers. The MZI has a low detection limit of 10−7 RIU [24, 26].

Young's or double-beam interferometers are based on the familiar concept of a double-slit

interference. These devices are similar to MZI in that they have two di�erent paths along

which light travels (Fig. 1.1). One path passes through the analyte, and one passes through

a reference medium. The two paths recombine via slit di�raction or beam divergence [24]. A

change in the resulting interference pattern corresponds to a change in the refractive index

of the analyte. These interferometers can take the form of planar waveguides [27], which

are relatively easy and inexpensive to fabricate. They can detect nanomolar concentrations

of protein and can have bulk detection limits of 10−5 RIU [27].

Fabry-Perot sensors are typically comprised of two distributed Bragg re�ectors (DBRs)

separated by a gap region. Fluid analyte is pumped into the gap, causing the resonant

wavelength to shift. As such, they are similar to the sensors investigated later in this work.

White light can be used to illuminate one surface of the FP cavity and the transmission or

re�ection spectra is monitored as a function of analyte concentration. They can be inex-

pensive to fabricate; for example, a Fabry-Perot interferometer can be made from relatively

standard materials such as multilayer �lms or porous silicon [28]. When a molecule binds

to the porous silicon network, the e�ective refractive index of the layer changes, and the

interference spectrum changes accordingly. These sensors have detection limits as low as

10−9 RIU [29].

The Hartman interferometer [22] is a proprietary �evanescent wave sensor�. It was de-

signed with commercialization in mind by using existing semiconductor technologies to fabri-

3



a) b)

Figure 1.1: Diagrams illustrating a) a Mach-Zehnder interferometer (adapted from [1]) ; and
b) a Young interferometer with grating couplers (adapted from [2]). In both con�gurations,
incident light is split into two paths. One path samples the analyte and one acts as a
reference signal. Both signals are recombined into an interference pattern which is then read
out.

cate parallel waveguides as well as direct grating couplers. The inclusion of grating couplers

simpli�es the coupling of light into and out of the interferometer. The Hartman interferom-

eter has a concentration detection limit on the order of ng /mL [22].

A major disadvantage of interferometric sensors is their large size, especially relative to

competing lab-on-a-chip sensors. Since the light beam only passes through the analyte once

(ie. single-pass), in order to achieve high sensitivity via a long interaction length, the inter-

ferometer itself must be usually centimeters long. This makes integrating the interferometer

into micro�uidic systems more di�cult.

1.1.2 Photonic crystals

Photonic crystals (PhC) have been used to measure temperature [30, 31], humidity [32, 33],

mechanical stress [34, 35], and the presence of gases [36, 37] as well as for biosensing [38, 39].

Their compact size and compatibility with standard silicon-on-insulator fabrication technolo-

gies make them suitable for lab-on-a-chip biosensing applications (Fig. 1.2). They can be

used to detect nanometer-dimension bio-molecules and proteins due to their con�nement of

light in a small volume [40]. A photonic crystal sensor needs only small �uid volumes; for

example, gaseous He and CO2 were detected in a sample volume as small as 40 attolitres cor-

responding to 106 molecules [41]. Photonic crystals have typical detection limits of 10−5 RIU

[41, 36]. They can be used to detect nanomolar [42] down to picomolar concentrations of

proteins such as anti-biotin [43]. They can have excellent refractometric sensitivities, up to

510 nm/RIU [41] for an air slot PhC.
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a) b)

Figure 1.2: a) An SEM image of a slotted photonic crystal fabricated with silicon-on-
insulator technologies. b) The sensing setup of several slot photonic crystal sensors in a
�uidic setup. Reproduced from Ref. [3]

Photonic crystals can be 1-, 2- or 3-dimensional. They are made of a periodic lattice

structure of contrasting refractive indices; a typical example being periodic air holes in a

dielectric matrix. The geometry of the PhC lattice determines the wavelengths of light that

pass through or are re�ected from the lattice. The parameters that can be controlled are

re�ection angle or re�ected wavelength [40]. The main sensing mechanism is a relative shift

in one of these parameters. For example, a 1-dimensional gas sensor expands in the presence

of analyte (greater distance between unit cells), which causes the cavity resonances to shift

[44].

Photonic crystal �bers (PCF), also known as micro-structured optical �bers (MOF),

operate by �lling some of the air holes with the liquid or gas analyte, changing the e�ective

refractive index in the core [45]. The PCF has been used as a gas sensor [46, 47], to measure

strain and temperature [48, 49], and for biosensing applications [50]. A PCF can have

sensitivities as high as 1400 nm/RIU [51] or even 38 000 nm/RIU in special cases [52].

Photonic crystals are easy to fabricate in large batches with standard silicon-on-insulator

technologies, and can be integrated with other optical sensing methods [53]. However there

are technical di�culties in controlling the fabrication and etching process (which often re-

quires a time consuming serial method such as electron beam lithography) while minimizing

loss [39].
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1.1.3 Surface plasmon resonance (SPR) based sensors

A surface plasmon resonance (SPR) is the resonance of oscillating conduction electrons at

the interface between a metal and a dielectric (Fig. 1.3). When the frequency of incident

light on the metal is at or below the plasma frequency, the conduction electron resonance

that forms at the metal surface is quantized as a plasmon. This resonance is formed at the

interface between a dielectric and a thin metal �lm when incident light excites free electrons

in the conductor and at the appropriate plasmon resonance frequency. The plasmon wave is

a transverse wave that travels along the interface, so it is polarized (speci�cally transverse

magnetic polarized). These plasmons can be localized on nanoparticles or propagate as

waves in a metallic thin �lm.

SPR sensors monitor the shift in the plasmon resonance wavelength due to a change in

the refractive index of the dielectric material (i.e. in a �uid) adjacent to the metal dielectric

interface. Surface plasmon resonance sensors are a well developed technology with high

sensitivities and low detection limits. There are several commercially available SPR-based

sensors for biodetection [54]. The �rst commercial example� was marketed by BIAcore

in 1990. Recently, �hand-held� cell-phone based SPR sensors were demonstrated [55, 56]

though they are yet commercialized. Commercial SPR devices have high sensitivity up to

∼ 500 nm/RIU and ultimate bulk detection limits down to 10−7 RIU [57]. SPR devices can

also be produced and integrated in large numbers (multiplexed).

While SPR sensors are among the most advanced optical sensing technologies, some

drawbacks remain. For example, SPR-based devices are not ideally suited for lab-on-a-chip

or other integrated technologies, because they have tended to be relatively large and bulky.

E�orts are therefore being made to miniaturize such devices [4]. Because of the lossy nature

of the surface plasmon, an SPR can have a large linewidth and low signal-to-noise ratio,

limiting the device sensitivity and resolution. Finally, commercial SPR devices can be fairly

expensive [57, 58].

�www.biacore.com
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a) b)

c) d)

Figure 1.3: Schematics illustrating the workings of SPR-type sensors. a) TM polarized
incident light couples into propagating surface plasmons in a metal �lm when the incident
wavevector and momentum matches the wavevector and momentum of the plasmon. b)
A common method of varying the incident photon momentum is by changing the angle of
incidence with a prism coupler. This is known as the Kretschmann con�guration. c) When
the resonance conditions are met, the intensity of re�ected light is lower than o�-resonance.
d) Diagram of a localized surface plasmon resonance (LSPR) on a nanoparticle. The EM
�eld is also locally ampli�ed. Images a), c), d) are reproduced from Ref. [4], whereas b) is
from Ref. [5]
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1.1.4 Surface-enhanced Raman scattering (SERS) based sensors

Surface-enhanced Raman scattering (SERS) enhances the signal of a Raman spectrum from

an analyte [4]. A Raman spectrum is a spectrum obtained through a scattering process

analogous to Rayleigh scattering, but instead of the same photon energy being scattered,

some energy is transferred between the analyte and the electric �eld. The emerging radia-

tion either loses energy (lower frequency) to the analyte as phonons, or gains energy (higher

frequency) from the analyte. This results in discrete lines forming a characteristic spectrum

[59]. Localized surface plasmons can enhance both the incident excitation and the Raman

scattered �elds [60]. SERS enhances the Raman �eld by as much as 14 to 15 orders of mag-

nitude, which makes it a good technique to detect single molecules [61]. The concentation

detection limit of SERS is on the scale of nM.

1.1.5 Waveguides and �ber optic sensors

Aside from facilitating other optical sensing methods, waveguides can also be developed as

optical senors themselves. One example is the spiral waveguide [62], which is e�ectively

a type of ring resonator. A change in the e�ective refractive index by adsorption of a

molecule on the resonator surface changes the wavelength of the resonances in a transmission

spectrum. The electric �eld density is high at the core of the waveguide, which has a

high index contrast and a small cross-section. This gives the sensor sensitivity to surface

adsorption.

Spiral waveguide sensors can be advantageously combined with slot waveguides [63, 64,

65]. Slot waveguide sensors [66] consist of two high-refractive-index waveguides that are

positioned close to one another, such that the low index �slot� between them is less than

a wavelength in width. The electric �eld density is very high in the slot, which makes it

attractive for sensing. They can have sensitivities of 200 to 300 nm/RIU and detection limits

of 10−4 to 10−5 RIU [63, 66].

Fiber optic sensors are the subject of a massive body of literature e.g. [17, 20, 67] and are

found in a large range of applications, including temperature [68], pH [69], and concentration

[70] sensors, as well as in biosensing [67] and chemical sensing [71, 72]. There are many

possible transduction mechanisms for a �ber optic sensor. They can be used in interferometer
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con�gurations [73, 74], or the transmission, absorption, or re�ectance of a pump laser can

be monitored at either end of the �ber. As well, the �ber can be coated with a �uorescent

coating whose emission spectrum depends on the chemical properties of the surroundings

[71]. One of the sensors described later in this work is a �ber-optic �uorescence-based sensor.

Another con�guration is �ber loop ringdown spectroscopy [75, 76], in which absorption in an

analyte shortens the characteristic ringdown time for light circulating in a �ber loop. Other

con�gurations can include Bragg gratings [77], or photonic crystals in microstructured �bers

[53]. Bulk detection limits can be in the range of 10−6 to 10−7 RIU [75, 77] and refractometric

sensitivities can be as high as 1394 nm/RIU [77]. One advantage of �ber-based sensors is that

they can easily be adopted to remote sensing, where the transducing part of the sensor can

be in an extreme environment [11, 73] or in a hard-to-reach location [40].

1.2 Introduction to whispering gallery modes

The sensors investigated in this work are whispering gallery mode optical resonators. The

term �whispering gallery mode� was originally coined to describe a peculiar acoustic phe-

nomenon reported to occur in the circular dome of St. Paul's Cathedral in London. Ac-

cording to Lord Rayleigh's original paper [78], the cathedral's domed gallery was noted for

its remarkable ability to propagate a whisper around its circumference with little apparent

diminishment in the sound intensity. E�ectively, sound seemed to �cling� to the circular

walls of the structure where the e�ect appeared to be strongest. Using a candle �ame as

an acoustic sensor, Rayleigh revealed that the sound waves were indeed con�ned very close

to the cathedral wall, with negligible intensity in the center. Rayleigh realized that the

phenomenon must be at least in part related to the waveguiding and resonance e�ects due

to sound re�ecting at shallow angles from the gallery wall and the associated resonance.

He was the �rst to use the recently-discovered Bessel equations to describe the resonances

[79, 80], although he lacked the computational resources needed to solve the higher-order

cases exactly.

Similar to the way in which sound travels in a whispering gallery such as St. Paul's

cathedral (or astronomical observatory domes, where they are commonly the source of much

entertainment), light waves can also be con�ned to form similar types of circular resonances.

9



Figure 1.4: Some common circular geometries that support WGMs. The location of the
WGMs are highlighted in red. The blue arrow is the �ow of the analyte through a capillary.
Figure from Ref. [6].

Light trapped in a transparent circular dielectric structure can propagate around the circum-

ference by total internal re�ection, building up the optical version of a whispering gallery

mode. For light, the analogue of St. Paul's cathedral is a dielectric microsphere inside which

light can propagate by total internal re�ection. The ratio of microsphere size to the optical

wavelength is similar to the size of St. Paul's cathedral with respect to typical acoustic

wavelengths. Thus, the term �whispering gallery mode� is now commonly used to describe

spherical or circular electromagnetic resonances as well as acoustic ones. A variety of struc-

tures support optical WGMs, including microspheres [81, 82, 83], toroids [84], microdisks

[85], capillaries [86, 87, 88], and �bers [71, 89, 90] (Fig. 1.4).

1.3 A brief derivation of whispering gallery modes

This thesis focuses on three sensor geometries that can support WGMs: the dielectric mi-

crosphere, the cylindrical �ber, and the hollow cylindrical microcapillary. These structures

will be coated with a layer of silicon quantum dots embedded in an oxide matrix. A fraction

of the QD �uorescence is emitted into the WGMs of the resonator. A brief mathemati-

cal description of the WGMs is therefore of importance in order to understand how these

structures can act as refractometric or biosensors.
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A simple mathematical description of the WGMs typically starts from the Helmholtz

equation, given by:

∇2E + k2n2
i E = 0, (1.1)

or equivalently,

∇×∇×E− k2n2E = 0, (1.2)

where k is the vacuum wavevector and ni is the refractive index. The Helmholtz equation

follows from Maxwell's equations with the assumption that the electric �eld has a simple

�harmonic� time dependence given by

E = E0 e−iωt . (1.3)

The solutions to the Helmholtz equation are �harmonic� in frequency or time. A �har-

monic� function is a mathematical term for a function u(x, y) that has continuous second-

order partial derivatives and satis�es∇2u(x, y) = 0 [91]. Harmonic solutions to the Helmholtz

equation can represent the spatial or temporal behaviour of electromagnetic waves. They

can be used to model the resonant frequencies of a given waveguide, and simulate how the

�eld evolves over time. In order to calculate characteristics of a WGM-type optical sensor

(e.g. the sensitivity and resonant wavelength), the Helmholtz equation is solved with the

appropriate boundary conditions. The derivation of the harmonic solutions and the ac-

companying boundary problems will be shown �rst with a microsphere, and then with the

cylindrical geometries.

1.3.1 WGM in a coated microsphere

In order to model the resonances of a microsphere, the Helmholtz equation will be solved in

the spherical coordinate system. In this system, the Helmholtz equation is represented by

1

r2

∂

∂r
(r2 ∂E

∂r2
) +

1

r2sinθ

∂

∂θ
(sinθ

∂E

∂θ
) +

1

r2sin2θ

∂2E

∂φ2
+ (k0ni)

2E = 0, (1.4)
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where k0 is the resonant wave number, ni is the refractive index, and the spherical coordi-

nates are given by the radial direction r, the polar direction θ, and the azimuthal direction

φ (Fig. 1.5).

Through the method of separation of variables, spherical wave functions represent the

particular solutions of this equation. This method assumes equation 1.4 is separable, such

that the solution can be written as a product of independent functions R(r),Θ(θ), and Φ(φ)

which only depend on r, θ, or φ respectively. Accordingly,

E(r , θ, φ) = R(r)Θ(θ)Φ(φ). (1.5)

The goal here is to �separate� the solution to Eq. 1.4 into independent equations for each

variable. These independent equations represent the electric �eld distributions in each co-

ordinate. After substituting Eq. 1.5 into Eq. 1.4, one obtains

sin2θ

R

d

dr
(r2dR

dr
) +

sinθ

Θ

d

dθ
(sinθ

dΘ

dθ
) +

1

Φ

d2Φ

dφ2
+ (k0ni)

2r2sin2θ = 0. (1.6)

Here the azimuthal angle φ only appears in the third term. Again, the left hand side must

be zero therefore each term must be a constant because the terms depend on di�erent

independent variables. To start, one sets the third term equal to an arbitrary constant

written for later convenience as −m2 :

1

Φ

d2Φ

dφ2
= −m2. (1.7)

and through some rearranging, one obtains a di�erential equation for the azimuthal coordi-

nate:

d2Φ

dφ2
+m2Φ = 0. (1.8)

This equation has a well known solution that describes how the electric �eld is distributed

in the azimuthal direction:

Φ(φ) = am cos(mφ) + bm sin(mφ), (1.9)
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where am and bm are proportionality constants. Spherical symmetry requires that Φ(φ) =

Φ(φ+ 2π) therefore m is an integer. Substituting Φ(φ) back into 1.6, one obtains

1

R

d

dr
(r2dR

dr
) +

1

Θ sin θ

d

dθ
(sin θ

dΘ

dθ
) + k2n2

i −
m2

sin2 θ
= 0. (1.10)

Now, the �rst term only depends on r, and second and last terms on θ. Then 1.10 can be

similarly separated into two independent equations:

1

R

d

dr
(r2dR

dr
) + k2r2 = l(l + 1), (1.11)

and

1

Θ sin θ

d

dθ
(sin θ

dΘ

dθ
)− m2

sin2 θ
= −l(l + 1), (1.12)

where l(l+ 1) is another arbitrary constant. These equations can also be written in a more

standard form:

d

dr
(r2dR

dr
) + [k2r2 − l(l + 1)]R = 0, (1.13)

and

1

sin θ

d

dθ
(sin θ

dΘ

dθ
) + [l(l + 1)− m2

sin2 θ
]Θ = 0 (1.14)

respectively. Together the equations 1.13 and 1.14 represent the radial and angular dis-

tributions of a spherical WGM corresponding to a given m and l, so they must be solved

simultaneously in order to obtain the electric �eld pro�le.

The radial electric �eld distribution R(r) can be written as the general solution of equa-

tion 1.13. This equation is known as the spherical Bessel equation. Its two linearly inde-

pendent solutions are the lth-order spherical Bessel functions of the �rst and second kind,

denoted as jl(nik9r) and yl(nik0r) respectively. The general solution can be written as a

linear combination of the two solutions:

R(r) = cljl(nik0r) + dlyl(nik0r) (1.15)
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where cl and dl are proportionality constants. The radial coordinate R(r) in a microsphere

is constrained by the fact that the electric �eld in the center of the sphere is �nite. Spherical

Bessel functions have the properties:

jl(nik0r)→ �nite, whennik0 r → 0,

yl(nik0r)→∞, whennik0r → 0. (1.16)

For a �nite function at r → 0, yl(nik0r) should be suppressed, therefore dl = 0.

The R(r) �eld function is modeled by another solution set: the spherical Hankel functions

of the �rst and second kind. These are linear combinations of Bessel functions:

h
(1)
l (nik0r) = jl(nik0r) + i yl(nik0r) (1.17)

h
(2)
l (nik0r) = jl(nik0r)− i yl(nik0r) (1.18)

For a microsphere with a diameter much larger than the wavelength, the approximation

nik0r/l� 1 can be made. Then an asymptotic expansion of the spherical Hankel functions

is consistent with two spherical waves propagating in opposite directions: a spherical wave

traveling outward in the positive r direction,

h
(1)
l (nik0r) ≈

1

nik0r
ei (nik0r−lπ/2−π/2) (1.19)

and a wave traveling inward to the center,

h
(1)
l (nik0r) ≈

1

nik0r
e−i (nik0r−lπ/2−π/2) (1.20)

Finally, the time evolution of the resonance can be obtained by multiplying equations 1.19

and 1.20 with e−ickt (Eq. 1.3) .

Similarly, we can also solve Eq. 1.14 for the electric �eld distribution in the polar

direction. Eq. 1.14 is known as the Legendre equation, with a general solution given by:

Θ(θ) = elmP
m
l (cos θ) + flmQ

m
l (cos θ) (1.21)

where Pml (cos θ) and Qml (cos θ) are the associated Legendre polynomials, which are the lin-

early independent solutions to the Legendre equation. The variables elmand flmare arbitrary

constants.
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The �eld is �nite everywhere, so the next task is to constrain Eq. 1.21, the general

solution to Eq. 1.14, to be �nite. Pml (cos θ) is �nite for integer l when 0 ≤ θ ≤ π,

and in�nite for non-integer l. Therefore angular mode number l must be an integer. The

azimuthal mode number m takes values from −l to l, and thus is also an integer.

On the other hand, Qml (cos θ)→∞ when 0 ≤ θ ≤ π. The domain of the polar direction

Θ is 0 ≤ θ ≤ π from spherical coordinates, which is the same domain as Qml , so one sets

fml = 0 to eliminate Qml . The solution for Eq. 1.14 is then

Θ(θ) = elmP
m
l (cos θ). (1.22)

Thus the electric �eld structure of a spherical WGM is fully described: the radial portion

of the �eld is described by Eqs. 1.19 and 1.20, and the polar portion by Eq. 1.22. This is

the standard derivation than can also be found in many texts and review papers on WGMs.

From here on, however, we will only be concerned with the radial �eld pro�les. This is

because the equatorial WGMs are the strongest (i.e. they have the highest Q-factor) in

microspheres and because the equatorial WGMs are the only non-propagating modes of

signi�cance in the cylindrical structures investigated in this thesis.

Now that we have the general solutions to the Helmholtz equation (Eq. 1.4), we can

apply boundary conditions to model the �eld pro�le in the radial direction. The radial �eld

functions depend on the refractive index pro�le of the structure in question. For a bare

microsphere, the refractive index pro�le is a piecewise function with refractive index n1 in

the center out to radius b, and the surrounding medium of refractive index n2. For a layered

cylinder, we have a third index n3 (Fig. 1.6).

The radial �eld function can be written in terms of Riccati-Bessel functions in each

domain. Riccati-Bessel functions are used here instead of standard Bessel functions because

when their square is plotted with respect to the radial direction, the resulting function scales

like electromagnetic energy density in a spherical cavity [92].

In this thesis, a high-index QD layer will be deposited on the microsphere. A coating

of di�ering refractive index on the surface of the sphere adds a �layer of complexity� to the

derivation. However, the resonance solutions are generally similar to that of an uncoated

sphere [93]. For a coating of thickness t ≡ a − b (Fig. 1.6) on a sphere with radius b, the
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radial pro�le of the refractive indices can be written as [94]:

n(r) =


n1 r < b

n2 b < r < a

n3 r > a

(1.23)

Figure 1.6: Schematic of a 3-layer structure of a coated microsphere, from Ref. [7]

This is a 3-layer problem: layer 1 is a glass microsphere with radius a− t and refractive

index n1, layer 2 is a coating with thickness t and refractive index n2, and layer 3 is the

outside medium of refractive index n3. Since we are interested in the radial �eld, we can

de�ne S(r) and T (r) to model the electric �eld functions of the TE and TM polarizations

respectively [95, 94, 93]. The TE polarization has the �eld perpendicular to the equatorial

plane of the sphere (Fig. 1.5), and the �eld function Sl(r) can be written as

Sl(r, k) =


AlΨl(n1k0r) r < b

Blξ
(2)
l (n2k0r) + Clξ

(1)
l (n2k0r) b ≤ r ≤ a

Dlξ
(1)
l (n3k0r) r > a

(1.24)

where Al,Bl, Cl and Dl are proportionality constants. Ψ = nik0r · jl(nik0r) is the lth-

Riccati-Bessel function. The Riccati-Hankel functions of the �rst and second kind are ξ(1)
l =

nik0r · [jl(nik0r) + iyl(nik0r)] and ξ
(2)
l = nik0r · [jl(nik0r)− iyl(nik0r)] respectively.

Next, Maxwell's equations state that the electric �eld and its derivative must be contin-

uous for the TE polarization. At boundary r = b, AlΨl(n1k0r) must equal Blξ
(2)
l (n2k0r) +
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Clξ
(1)
l (n2k0r) and their derivatives must be equal; the functions at boundary r = a must

meet similar conditions [96]. The set of equations obtained from these equalities can be

written as a ratio:

n2ξ
(1)
l (n3k0a)

n3ξ
′(1)
l (n3k0a)

=
Bl/Clξ

(2)
l (n2k0a) + ξ

(1)
l (n2k0a)

Bl/Clξ
′(2)
l (n2k0a) + ξ

′(1)
l (n2k0a)

, (1.25)

where
Bl
Cl

=
−n1ψ

′
l(n1k0a)ξ

(1)
l (n2ka) + n2ξ

′(1)
l (n2k0a)ψl(n1k0a)

−n2ξ
′(2)
l (n2k0a)ψl(n1k0a) + n1ψ

′
l(n1k0a)ξ

(2)
l (n2k0a)

. (1.26)

The resonance wave vectors can be obtained by numerically solving for the roots k0 of this

equation. For any given solution, the resonant wavelength is λ0 = 2π
Re[k0]

and the Q-factor

is given by [28]

Q =
Re[k0]

2Im[k0]
. (1.27)

In the case of the TM polarization, the radial �eld pro�le is [92]:

Tl(r, k) =


alΨl(n1k0r) r < b

blξ
(2)
l (n2k0r) + clξ(n2k0r) b ≤ r ≤ a

dlξ
(1)
l (n3k0r) r > a

. (1.28)

The boundary conditions are di�erent in this case, leading to a slightly di�erent set of

equalities:

n3ξ
′(1)
l (n3k0a)

n2ξ
(1)
l (n3k0a)

=
bl/clξ

(2)
l (n2k0a) + ξ

′(1)
l (n2k0a)

bl/clξ
′(2)
l (n2k0a) + ξ

(1)
l (n2k0a)

, (1.29)

with
bl
cl

=
−n2ξ

(1)
l (n2k0a)ψ

′
l(n1k0a) + n1ψl(n1k0a)ξ

′(1)
l (n1k0a)

−n1ψl(n1k0a)ξ
′(2)
l (n2k0a) + n2ξ

(2)
l (n2k0a)ψ

′
l(n1k0a)

. (1.30)

1.3.2 From spherical to cylindrical whispering gallery modes

Microcavities with cylindrical geometries that support WGMs will also be used in this work.

There are two cylindrical geometries that will be discussed: glass capillaries and optical

�bers. In order to obtain the WGM �eld structure, the method is very similar to that of

a coated microsphere. It is again a 3-layer problem. The �ber has a coating of thickness

t ≡ a − b, where a is the radius of the bare �ber, and b is the outer radius including the

coating. The radial pro�le of the refractive indices can be written as a piecewise function

equivalent to that of the coated microsphere.
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For a solid cylindrical dielectric waveguide i.e. an optical �ber, the Helmholtz equation

can be solved in the cylindrical coordinate system using separation of variables. This leads

again to the radial pro�le in Eq. 1.24, where now b is the radius of the �ber, and t is again

the thickness of the coating on the �ber. For a capillary geometry, the coating is on the

inner surface and the analyte runs through the core. The �lm thickness is always t = a− b,

so here a is the inner radius of the bare capillary channel and b is the inner radius after the

coating is applied.

By a mathematically similar process to the spherical WGM derivation, there are two

polarizations whose �eld functions simply use cylindrical Bessel functions instead of Riccati-

Bessel ones [86] :

Sl(r, k) =


AlΨl(n1k0r) r < b

Blξ
(2)
l (n2k0r) + Clξ

(1)
l (n2k0r) b ≤ r ≤ a

Dlξ
(1)
l (n3k0r) r > a

(1.31)

and

Tl(r, k) =


aJl(n1k0r) r ≤ a− t
blH

(2)
l (n2k0r) + clH

(1)
l (n2k0r) a− t < r ≤ a

dlH
(1)
l (n3k0r) r > a

(1.32)

where Jl(n1k0r) is the lth order cylindrical Bessel function of the �rst kind. H(1)
l (n2k0r),

H
(2)
l (n2k0r) are the cylindrical Hankel functions of the lth order, and (1) or (2) indicates

the �rst or second kind respectively.

The radial �eld corresponding to each polarization in a cylindrical geometry can also be

found by solving the radial �eld Eq. 1.24 with boundary conditions, as with the spherical

WGMs. For the TE polarization, the solution is [86]:

n3H
(1)′

l (n3k0a)

n2H
(1)
l (n3k0a)

=
Bl/ClH

(2)′

l (n2k0a) +H
(1)′

l (n2k0a)

Bl/ClH
(2)
l (n2k0a) +H

(1)
l (n2k0a)

, (1.33)

where

Bl
C l

=
n2Jl(n1k0b)H

(1)′

l (n2k0b)− n1J
′
l (n1k0b)H

(1)
l (n2k0b)

−n2Jl(n1k0b)H
(2)′

l (n2k0b) + n1J
′
l (n1k0b)H

(2)
l (n2k0b)

. (1.34)
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Similarly the TM polarization is given by:

n2H
(1)′

l (n3k0a)

n3H
(1)
l (n3k0a)

=
bl/clH

(2)′

l (n2k0a) +H
(1)′

l (n2k0a)

bl/clH
(2)
l (n2k0a) +H

(1)
l (n2k0a)

, (1.35)

where

bl
cl

=
n1Jl(n1k0b)H

(1)′

l (n2k0b)− n2J
′
l (n1k0b)H

(1)
l (n2k0b)

−n1Jl(n1k0b)H
(2)′

l (n2k0b) + n2J
′
l (n1k0b)H

(2)
l (n2k0b)

. (1.36)

By solving for the roots k0, similarly to the sphere, one can obtain the radial mode orders

corresponding to the complex wavevectors k01 , k02 , etc.

1.4 Basic properties of whispering gallery modes

The previous mathematical description of the whispering gallery modes helps to put into

context some of the basic parameters that are used to describe their characteristics as they

appear in a �uorescence spectrum. The quality factor, free spectral range (to be described

below) and many other parameters can be calculated directly using Eqs. 1.3.25-1.3.36.

These parameters are typically measured via an analysis of the WGM mode spectrum, and

are important characteristics from the point of view of sensing applications. Thus, a brief

description of the key physical parameters associated with a WGM spectrum will be provided

here.

1.4.1 Quality factor

One important parameter used to characterize a microresonator is its quality factor. This

describes the rate at which electromagnetic energy is lost from a microresonator cavity. The

de�nition of the Q factor with respect to the stored energy is:

Q = 2π
energy stored

energy dissipated per optical cycle
(1.37)

Equivalently for moderate to high Q-factors, Eq. 1.37 can be related to the width of the

resonance [59]:

Q =
f0

∆f
=

λ0

∆λ
=

ω0

∆ω
(1.38)
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where f0, λ0, and ω0 are the resonant frequency, resonant wavelength, and resonant angular

frequency of the cavity respectively, and ∆f , ∆λ, and ∆ω are the full-width half maximum

(FWHM) in their respective units. Thus, a smaller linewidth implies a higher Q-factor.

From Eq. 1.38 the characteristic 1/e decay time for photons in the cavity is τ = Q/ω0 [97]

where ω0 is the angular frequency of the electromagnetic oscillation in the cavity. In optical

microcavities, the highest Q-factors ever reported are ∼ 1010 at a wavelength of 633 nm in a

silica microsphere [98], at which the absorption of the glass is minimal. In contrast, the Q-

factors observed in �uorescence WGM spectra are typically much lower (i.e., Q ≈ 102−103)

[87, 62]. This is often a result of scattering or absorption losses present in the �uorescent

material used in the cavity. Therefore, a more detailed discussion of the loss mechanisms

and their e�ect on the cavity Q factor is warranted.

1.4.1.1 Loss mechanisms

The Q-factor associated with any microresonator is ultimately limited by at least one of

several possible loss mechanisms. These can be categorized into radiative losses, scattering

losses due to surface roughness, and absorption losses. Whichever mechanism dominates

depends on the size and the material properties of the cavity. One can write an expression

for the overall observable Q-factor for all loss mechanisms acting in parallel. Accordingly,

[99]:

Q−1
tot = Q−1

rad +Q−1
scat +Q−1

abs +
∑
i

Q−1
i . (1.39)

Each of the Q-factors contributing to Qtot (the total Q-factor) will be brie�y discussed

below. Qrad is the Q-factor limited by radiative loss (i.e. photons escaping due to surface

curvature). Radiative loss occurs in cavities with curved surfaces because the electric �eld

at the boundary extends out to in�nity, instead of being truly evanescent. Smaller spherical

or cylindrical cavities have larger Qrad because their surface curvature is sharper.

Qscat is the limiting Q-factor due to light scattering. Surface roughness is a dominant

scattering related loss mechanism in large silica microspheres [7] and lithographically fabri-

cated microdisks. Previous work calculated that in microdisks larger than 4 µm in diameter,

Mie scattering from the quantum dots is an insigni�cant loss mechanism compared to Qscat
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and Qabs [100]. The microspheres in this work are much larger than 4 µm, therefore Mie

scattering is probably not a loss mechanism for the structures in this work.

Qabs is the limiting Q-factor associated with material absorption. In the SiQD-coated

silica microspheres used in this work, band-to-band or intraband absorption can occur in

the SiQDs [101]. Absorption-related losses and scattering losses have been shown to be

comparable in SiQD-coated microdisks [101] and microspheres [7].

1.4.2 Free spectral range

The free spectral range (FSR) is the frequency or wavelength separation between two ad-

jacent resonances having the same radial (n) and azimuthal (m) quantum numbers, but

di�ering by one angular (l) number. The FSR can be approximated very roughly for a

sphere according to [102]:

∆fFSR = fn,m,l − fn,m,(l−1) ≈
c

2πa

arctan[
√
n2
i − 1]√

n2
i − 1

(1.40)

where fn,m,l and fn,m,l−1 are the resonant frequencies of the adjacent modes speci�ed by

(n,m, l) and (n,m, l − 1 ) respectively, c is the speed of light in vacuum, a is the radius of

the cavity, and ni is its index of refraction. The free spectral range can be a measure of the

spectral resolution of a sensor. Experimentally, a small FSR indicates that the modes may

be di�cult to resolve and may even overlap. For sensors that rely on wavelength shifts as the

measurement mechanism, the FSR may limit the sensing range because of the periodicity

of the phase.

1.4.3 Finesse

The �nesse is a �gure of merit closely related to Q-factor and the FSR. Finesse is the ratio of

the free spectral range to the full width half maximum of the resonance peak. It is therefore

is a measure of the spectral resolution of the cavity [103]. Physically, the �nesse is equal to

the number of round trips a photon takes in a cavity before it is lost. The �nesse can also

be de�ned in relation to the Q-factor, according to:

F =
∆fFSR

∆f
= Q

∆fFSR
f0

. (1.41)
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1.4.4 WGM visibility

The visibility is a �gure of merit that describes the contrast of WGM features against the

background signal. A high visibility means that the interference maxima (i.e. the WGMs in

the present work) are relatively easily distinguished from the background �uorescence. The

visibility (VI) takes the usual de�nition:

VI =
Imax − Imin
Imax + Imin

. (1.42)

where Imax is the peak intensity of a mode and Imin is the minimum intensity between

adjacent modes.

1.4.5 Mode volume

The mode volume (Vm) describes the spatial con�nement of energy in the cavity. In other

words, it is a description of the physical �size� of the mode. Mathematically, the mode

volume is de�ned as the normalized volume integral of the electromagnetic energy in the

cavity. For a spherical resonator one can therefore write:

Vm =

´
V ε(r) | E(r) |2 d3r

max[ε(r) | E(r) |2]
. (1.43)

Here ε(r) is the dielectric permittivity along the radial direction, | E(r) |2 is the squared

electric �eld amplitude, and the variable of integration is r.

For a microsphere, the integral in Eq. 1.43 is divergent. In other words, because the

cavity is lossy, the energy extends outward to in�nity. This is the so-called �open-resonator

problem� and means that in practice the integral is generally taken over some arbirary limit

of integration. For example, one might assume that by 100r (i.e. 100 times the radius

of a microsphere [104]) the energy has decreased to the point that we can e�ectively call

the intensity zero. For this reason, the term �e�ective� mode volume is sometimes used to

describe Eq. 1.43.

Along with Q-factor, the mode volume is a parameter that a�ects the interaction of an

emitter (e.g. an atom or a quantum dot) with the WGM. Large Q-factors and small mode

volumes increase the coupling strength of the interaction; in other words, an emitter can
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be said to be better-coupled to a cavity when the ratio Q/Vm is high. A high Q/Vm can

strongly a�ect the decay rate of the emitter, for example, through the so-called Purcell e�ect

(to be described in Section 1.5). Microsphere cavities can have high Q-factors but the mode

volumes are also fairly large, in the range of hundreds of cubic wavelengths. Photonic crystal

and micropillar-type cavities have smaller Q-factors (up to a few tens of thousands) but the

mode volume can be as small as a few cubic wavelengths, giving these cavities among the

highest Q/Vm ratios so far obtained [105].

1.5 Cavity-emitter interactions

Whispering gallery modes can enhance or suppress the emission rates of QDs, depending on

whether the QD emission frequency corresponds to a WGM resonance or not. Therefore, an

investigation of quantum dot ensembles coupled to a cavity might show di�erences in the

ensemble luminescence dynamics as compared to those observed for "uncoupled" QDs.

1.5.1 Basic introduction

An emitter that is resonant with a cavity is said to be �strongly� or �weakly� coupled to

the cavity [59, 97]. When an emitter such as an atom or quantum dot emits into a cavity

via radiative decay, the emitted photons can be trapped for a time in the cavity. These

�resonant photons� can eventually be lost due to the �nite Q-factor of the cavity, or they

can be reabsorbed by the emitter. The coupling regime depends on whether cavity loss or

re-absorption is more likely to occur.

There are three key rates that determine whether the emitter-cavity interaction is strongly

or weakly coupled [97, 59]. First, the coupling rate g0 is a measure of the rate at which

the emitter exchanges photons with the �eld. Second, the cavity loss rate κ measures the

rate at which photons are lost from the cavity. The cavity loss rate is an intrinsic cavity

parameter that depends on the Q-factor, as given by κ = ω/Q. This re�ects that a high

Q-factor cavity has a smaller loss rate. Third, the decay rate γ is the photon decay rate

into non-cavity modes. The ratio of photons emitted into the cavity vs. those emitted into

free space modes is given by β = Wcav/(Wcav+Wfree). The emitter-cavity system is said to

be strongly coupled if g0 > {κ, γ}, whereas if g0 < {κ, γ}, the system is said to be weakly
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coupled.

E�ectively, the strong coupling regime implies that re-absorption is faster than the char-

acteristic time it takes to lose photons from the cavity [59, 97]. This means that the process

of photon emission is reversible and coherent. Systems in cavity-quantum-electrodynamics

investigations are generally said to be strongly coupled [106]. Achieving strong coupling

usually requires ultra-high Q-factor, and often low temperatures (< 10 K) to limit the ther-

mal decoherence [107, 108, 109, 110]. In the present work, the conditions for strong coupling

will not be met and the SiQD-cavity system will be weakly coupled.

1.5.2 Weak coupling: the Purcell factor

In the weak coupling regime, the main e�ect is that the spontaneous emission rate of an

emitter is modi�ed as a result of the optical density of states in the cavity. The rate

enhancement or suppression is quanti�ed by the Purcell factor, Fp, which is simply the

ratio of the emitter lifetime in the cavity compared to that in free space [59, 97, 111]. The

general emission rate can be derived from Fermi's Golden Rule for spontaneous emission of

a two-level atom into any available density of states [112]:

Wgeneral =
2π

~2

ˆ ∞
0
|〈f |H |i〉|2 ρ(ω)Λ(ω)dω, (1.44)

where 〈f |H |i〉 is the matrix element for the atom-�eld transition, ρ(ω) is the density of states

into which emission can occur, and Λ(ω) is the density of states of the atomic transition.

For a quantum dot in a cavity mode, it is usually assumed that
´∞

0 Λ(ω)dω = 1 i.e. the

density of states of the QD (the emitter) is narrow (a δ-function) compared to the cavity

mode [113]. In this case Fermi's Golden Rule can be written:

Wcavity =
2π

~2
|〈f |H |i〉|2 ρ(ω), (1.45)

To derive the idealized cavity-enhanced emission rate, the following three simplifying

assumptions can be made [59, 97, 112]:

� The QD can be modeled as a dipole that is polarization matched with the �eld in the

cavity.
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� The QD resonance is exactly in tune with a cavity resonance.

� The QD emission has an in�nitesimal linewidth as discussed above.

With these assumptions, Eq. 1.5.2 has the following solution [97, 112]:

Wcavity = 4(
d

~
)2 ~ω

2ε0Vm

Q

ω
, (1.46)

where d/~ is the dipole moment, Vm is the mode volume, ε0 is the electric permittivity of

free space, and Q is the cavity quality factor. Maximizing Wcav is a matter of increasing Q/ω

or decreasing Vm with a given choice of emitter [114]. Dividing Eq. 1.46 by the free space

emission rate [112]:

Wfree = (
d

~
)2 ~ω3

ε0πc3
,

where c is the speed of light, one obtains an idealized formulation of the Purcell factor. The

Purcell factor is commonly written� [97, 59, 111]:

Fp =
Wcavity

Wfree
=

3Q(λ/ni)
3

4π2Vm
. (1.47)

where λ is the vacuum wavelength, and ni is the refractive index. In real life, the assumptions

1-3 will not be met and the measured Purcell factor will be smaller than the idealized one

represented by Eq. 1.47.

A brief summary of experimentally observed Purcell factors can be instructive. Ref.

[114] reported a Purcell factor of 5 for InAs QDs embedded in GaAs/AlAs micropillars. A

Purcell factor of 17 was recently reported with GaSb/GaAs QDs in a photonic crystal laser

[115]. A single CdSe quantum dot coupled to a microsphere in Ref. [116] had a reported

Purcell factor of 10. An ensemble of SiQDs in a Fabry-Perot cavity was shown to have an

enhancement factor of 7 [117]. These values were all obtained by comparing the �uorescence

decay lifetimes in the cavity as compared to that in free space. The relatively modest values

suggest that the idealized Purcell factor represented by Eq. 1.47 signi�cantly overestimates

the actual Purcell enhancement for QD-cavity systems.
�The factor of 3 is an averaging factor for the random electric dipole orientation to the vacuum �eld. It

can be included in the density of states, as in Ref. [112], or more commonly in the matrix element as in Ref.
[97, 59].
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For QDs that are o�-resonance, the observed Purcell factor will be less than unity (i.e.

it will be fractional), indicating a suppression of the emission rate [113]. If the mode volume

is estimated to be Vm ∼ (λ/2)3, then the idealized on-resonance Purcell factor is ∼ Q for

QDs while it is only ∼ 1/Q for QDs that are o�-resonance [112].

1.6 Sensing with whispering gallery modes

Although the QDs did not show any detectable Purcell e�ects in the ensemble emission dy-

namics, the structures investigated in the previous chapter may �nd sensor-type application

on the basis of the luminescence spectra alone. In fact, whispering gallery mode devices

have been developed as sensors capable of detecting single nanoparticles or molecular bind-

ing events [6, 118, 119]. This high level of sensitivity makes WGM sensors a powerful tool

for label-free biosensing. This section de�nes the �gures of merit that are often used to

characterize WGM-based optical sensors in order to describe their sensing performance.

An important �gure of merit is the refractometric sensitivity (S) of a sensor. The

sensitivity is a measure of the magnitude of the sensor response to a change in the analyte.

In the case of WGM sensors, the refractometric sensitivity is de�ned by the magnitude of

the resonant wavelength shift in response to a change in the refractive index of the analyte:

S =
dλ

dn
. (1.48)

The sensitivity is an intrinsic property of the sensor, and is independent of the measurement

system.

The detection limit, or limit of detection (LoD), is the minimum detectable refractive

index change. It is related both to the sensitivity and the �resolution� of the measurement

system [120]:

LoD = ∆nmin =
∆λmin
S

. (1.49)

∆λmin is the smallest detectable resonance wavelength change, which depends on factors

such as the pitch (the ratio of the wavelength range to the number of pixels) of the mea-

surement system and the signal-to-noise ratio. The resolution can be approximated as three
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a) b) c)

Figure 1.7: Calculated radial WGM �eld pro�les for a) a coated microsphere, b) a coated
�ber, and c) a coated microcapillary. For each, the WGM is mainly con�ned to the �lm
and part of the mode samples the analyte, while part is in the glass. Shown is the TM
polarization for d = 50µm, l = 308 and a coating thickness of 0.35µm.

times the standard deviation (3σ) of the values of the WGM peaks under constant condi-

tions.

In order to understand how to improve the sensitivity of WGM-based sensors covered in

this work, the basic sensing mechanism must �rst be described. The WGM electric �eld is

mostly con�ned within the cavity, with some of the mode extending into the analyte (Fig.

1.7). The �tail� of the �eld interacts with the analyte, so refractive index changes in the

analyte a�ect the resonant wavelength of the WGM. This refractive index change can be

either a bulk change in the analyte, or a local refractive index change caused by a molecule

binding to the coating surface.

Knowing the radial pro�le of the WGM from Eqs. 1.24 and 1.32, one can estimate the

refractometric sensitivity according to the methods derived by Teraoka and Arnold in three

key references [93, 95, 121]. Accordingly, the sensitivity is related to the fraction of the

WGM electric �eld energy in the analyte region. For the TE polarization, the intensities

can be obtained by squaring Eq. 1.24 and integrating piecewise over the respective layers:

I1 ≡
ˆ b

0
A2
l [Ψ(n1kr0)]2dr,

I2 ≡
ˆ a

a−t
[Blξ

(2)
l (n2k0r) + Clξ

(1)
l (n2k0r)]

2dr, and

I3 =

ˆ ∞
a

[Dlξ
(1)
l (n3k0r)]

2dr,

where the constants Al, Bl, Cl, Dl, and k0 are found for a microsphere from Eqs. 1.24, 1.25

and 1.26.
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For the TM case, the situation is the same except that the constants Al, Bl, Cl, and

Dl are replaced by al, bl, cl, and dl. An expression for the refractometric sensitivity of a

microsphere with a high-index layer [119, 122] can then be de�ned for each polarization [94].

The TE sensitivity is given by:

STE =
dλ

dn
=

λ

n3

n2
3I3

n2
1I1 + n2

2I2 + n2
3I3

. (1.50)

And for the TM case [93]:

STM =
dλ

dn3
=

k0a

4n2
3(I1 + I2 + I3)

x2
l [−h2

l (n3k0a)+(
l(l + 1)

(n3k0a)2
−1)h2

l (n3k0a)−
hl(n3k0a)h

′
l(n3k0a)

n3k0a
],

(1.51)

where I1,2,3 is the energy density for the �rst, second, or third layer respectively, a is the

radius of the microsphere, and dλ is the change in resonant wavelength due to a refractive

index change dn. The refractive indices n1, n2 are microsphere and coating respectively,

while n3 is the refractive index of the analyte. The term h
′
l(x) is the derivative with respect

to x of the spherical Hankel function of the �rst kind. The constant ml comes from the

boundary value problem of Eq. 1.24:

xl =
n2

n3

blh
(2)
l (n2k0a) + clhl(n2k0a)

hl(n3k0a)
, (1.52)

where h(2)
l is the spherical Hankel or Hankel function of the second kind. So the refracto-

metric sensitivity depends on the refractive indices of the various media, the wavelength,

and the size of the microsphere. For the sensitivity of a cylinder, Eq. 1.52 does not have a

factor n2/n3.

1.6.1 Experimental considerations

Light can be coupled into WGM-based sensors via evanescent coupling or by integrating

a �uorescent material into the cavity. Evanescent coupling is usually achieved by using a

tapered �ber or waveguide [88, 105, 118, 123, 124, 125], prism [126], or surface grating cou-

pler [65, 127] placed within the evanescent interaction length from the microsphere surface

(typically less than 1 µm). Light from a tuneable laser is injected into the coupling device.
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The position of the WGM wavelength peak is measured by scanning the wavelength of the

tuneable laser and monitoring the transmission. Resonances then appear as dips in the

transmission spectrum. This method has excellent wavelength shift resolution because the

linewidth of the laser can be on the order of femtometers. One drawback of this scheme is

that the coupling apparatus is often fragile and needs nanometer-motion precision.

Fluorescent coupling of light into WGMs is an alternative to evanescent coupling. This

is achieved by embedding �uorophors such as quantum dots [7] or �uorescent polymers [128]

into the cavity. The �uorescence overlaps with whispering gallery mode spectrum, which

appears as a periodic array of sharp peaks in the �uorescence spectrum. The �uorophors

can be excited by free space radiation and the photoluminescence scattered from WGMs is

collected by an optical microscope and spectrometer. The main advantage of the �uorescence

coupling scheme is that no �ber taper or other delicate positioning is needed. Another

advantage is that the device is robust and easy to fabricate. One drawback is the low light

levels compared to evanescent coupling and the correspondingly long collection times that

may be needed to compensate for this [129].
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Chapter 2

Experimental methods

2.1 Synthesis of silicon quantum dot �lms

The silicon quantum dot �lms studied in this thesis were formed by thermal dispropor-

tionation of hydrogen silsesquioxane (HSQ; chemical formula H8Si8O12) [8, 130]. The HSQ

molecule has a cage-like structure (Fig. 2.1) consisting of HSiO3 sub-units linked through

shared oxygens. The HSQ solution used in this work is trademarked by the Dow Corning

company as FOx-15, or ��owable oxide - 15�. FOx-15 is composed of 15-30% by weight

hydrogen silsequioxane dissolved in methyl isobutyl ketone (MIBK) to form a clear, slightly

viscous solution.

The quantum dots were produced by a �dip-coating method�. In this method, glass

spheres, �bers, or capillaries were dipped into HSQ solution and were then annealed at

high temperatures (1000◦C or 1100◦C) in an atmosphere of 5% H2 + 95% N2. The high

temperature evaporates the solvent, evolves the excess hydrogen, and causes the HSQ cage

structure to collapse and form a solid SiOx �lm [8]. The �lm phase separates at high

temperatures, leading to an ensemble of crystalline silicon nanoparticles embedded in an

SiO2-like matrix. The hydrogen in the annealing atmosphere helps to passivate the quantum

dots, resulting in a brighter �uorescence [131].

There are many ways to fabricate SiQDs, among the most common being physical or

chemical vapor deposition [132, 133] or ion implantation [134, 135]. However, the HSQ

method has certain key advantages for the present work. Most importantly, it can be used

to create non-planar QD �lms needed for coating various microcavity-type structures. The

�nal coating is generally smooth and uniform. However, the stock HSQ solution needs to be
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Figure 2.2: Cross-sectional pro�le schematic of a) a coated �ber and b) a coated microcap-
illary, illustrating the refractive indices n1 (inner index), n2 (QDs) and n3 (outer index).

employed a ULR-10 CO2 laser by Universal Laser Systems, operated at a wavelength of

10.6 µm, a rated power of 10 W, and a repetition rate of 5 kHz. The �ber was moved into

the focus of the laser, while the laser duty cycle was set between 20-30% until the �ber started

to stretch and taper. The �ber was pulled using the linear stage until a su�cient length of

the �ber had been tapered (typically ∼ 5 cm). The length of the taper can determine the

volume of the �nal microsphere. The �ber was then cut by increasing the laser duty cycle

to around 60%. Next, the taper was melted in the focus of the laser until it formed a small

melt-ball under surface tension. The rest of the taper was fed into the melt by moving the

linear stage, until the taper was mostly consumed. Then the laser was turned o�.

This �nished bare microsphere was then removed and placed vertically in the custom

quartz crucible. Before coating with HSQ, the microsphere was cleaned carefully with

methanol to remove debris. Two coatings of HSQ were applied using the same process

as described previously for the �ber. The stem and neck of the annealed microsphere was

extremely brittle, so care was taken to store the microspheres such that the sphere did not

snap o�. Carbon-tipped tweezers were used to gently hold and transport the spheres by

grasping the thick �ber stem.
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Figure 2.3: An overview of the microsphere fabrication process. a) The fabrication setup,
with a �ber that will taper under the weight of a small washer. b) The �ber is at the focus
of the CO2 laser. The �ber starts to taper. c) The taper, after the weight has broken o�. d)
The taper melts in the laser beam and forms a sphere under surface tension. e) The �nished
microsphere. From Ref. [7]
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2.2.3 Microcapillaries

Microcapillaries with a �uorescent coating in the inner channel (Fig. 2.2b) were prepared

using slightly di�erent methods as compared to those described above. A 5− 10 cm length

of microcapillary (outer and inner diameters of 363 µm and 50 µm, Polymicro Technologies

#1068150017) was cleaved from a spool and then heated in a furnace for 45 minutes at

650◦C in an oxygen atmosphere. This removes (e�ectively ashes) the polyimide jacket. The

resulting glass microcapillary was left to cool and then dipped into a vial of HSQ, so that

the solution was drawn into the channel by capillary action. The resulting �lled capillary

was annealed in an atmosphere of 5% H2 + 95% N2 in two steps. The �rst step was for

1 hour at 300◦C in order to evaporate the MIBK solvent, and the second step was for 1

hour at 1100◦C in order to collapse the HSQ cage structure and precipitate the SiQDs [130].

The �rst step was deemed necessary for microcapillaries because the solvent is contained

inside the capillary and does not evaporate as readily as it does from a �ber or microsphere

surface.

2.3 Setup and mounting samples

2.3.1 Fibers

The experiments performed with QD-coated optical �bers required them to be immersed

in various solutions while the QD �uorescence was measured. To mount the �ber into a

�uidic setup, it was clamped onto an optical microscope with a machined clamp and held

in place with a magnet. The clamp was then attached to a stage on the optical microscope,

so that the �ber was mounted parallel to the spectrometer slit. A 700-µm-inner-diameter

square capillary was then inserted into a 1.19-mm-inner-diameter polyethylene tubing and

the joint was sealed with para�n wax �lm. The square capillary was then clamped to a

linear translation stage such that the �ber could be inserted into the channel. The square

capillary thus formed an external �uidic chamber for the QD-coated �ber. The �ber was

placed inside the capillary at a small angle so that one end rested on the inside wall, in order

to establish mechanical support. The �ber setup and the microscope were protected from

air currents in the room with an aluminum foil covering.

Lack of drainage was a problem in the setup. When the �uid reached the end of the
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square capillary, it would form a droplet that gradually weighed down the capillary and

�ber until the droplet fell. This caused unacceptable mechanical vibrations during data

collection. One solution was to insert a wick attached to the �drainage end� of the capillary,

as pictured in Fig. 2.5. This served to dampen the cantilevering e�ect and prevent �uid

from dripping onto the objective lens. However, placement of this wick was �nicky, and the

wick was prone to movement over the course of the experiment.

Figure 2.4: Fluorescence image of the �ber showing the hypothetical spectrometer slit align-
ment.

Figure 2.5: Image of the �ber sensor setup showing a �ber inserted inside a square capillary.

The �bers were oriented two ways: lengthwise or cross-wise with respect to the spec-

trograph entrance slit (Fig. 2.4). This changed the absolute direction of the TE or TM

polarization. If the �ber was mounted parallel to the transmission axis of the analyzer, the

electric �eld of the transmitted light was TE polarized with respect to the WGM propaga-

tion plane. In the opposite con�guration (i.e. �ber axis perpendicular to the transmission
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axis), the electric �eld was radial (corresponding to a transverse-H �eld, or TM polarized).

2.3.2 Microspheres

The microspheres were clamped with the same apparatus used for mounting �bers. The

clamp was then attached to a stage on the microscope. The sphere was oriented so that

the entrance slit of the spectrograph was parallel to the equator of the microsphere. The

polarization state (TE or TM) was determined by the positioning of the transmission axis of

the analyzer with respect to the sphere. The analyzer was rotated to change the measured

WGM polarization state.

2.3.3 Microcapillaries

Microcapillaries were mounted onto a custom stage holder used for pumping �uids into the

channel (Fig. 2.6). The capillary was �rst mounted on the holder with mounting wax.

Next, 28 gauge (0.015 inch inner diameter) Te�on tubing was attached to the ends of the

capillary with Norland Optical Adhesive #76. The same adhesive was used to attach the

tubing onto the stage for support. The glue was cured with a broad spectrum UV lamp,

and heated to 50°C overnight. The other end of the tubing was attached to the top of the

outer bars of the stage with craft glue (Fig 2.6). This provided two points of support that

helped to minimize mechanical motion of the capillary. The holder was then mounted onto

the microscope stage, with the capillary axis parallel to the spectrometer entrance slit, and

left overnight to settle.

2.4 Fluorescent measurement and characterization

Once a SiQD-coated �ber, microsphere, or capillary had been successfully mounted in place

on the microscope stage, the next step was to perform �uorescence spectroscopy. In order

to excite the �uorescence, the samples were excited with one of:

(a) a 445 nm blue diode laser (Arctic from Wicked Lasers) with an incident power of

∼ 60 mW after optics,

(b) a 488 nm line of an Ar+ laser with power of ∼ 15 mW after optics,
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To measure �uorescence lifetimes on �at �lms and microspheres, a di�erent setup was

used. The incident laser beam was modulated with an acousto-optic modulator (AOM) op-

erating at 1 kHz, with pulse widths chosen from 10 to 500 µs. Fluorescence from the sample

was collected with an optical �ber and fed into an OceanOptics USB2000 spectrometer to

obtain a spectrum. The �ber was then attached to a water-cooled photomultiplier tube

(PMT) and the �uorescence decay collected for 1 µs steps to obtain an average lifetime.

2.4.1 Calibration of wavelength and intensity

The spectra from all samples were wavelength-calibrated using the known spectral lines from

a mercury-argon (HgAr) lamp. This provides a direct relation between the horizontal pixel

number and wavelength. The wavelength calibration was automated with a script written

in Mathematica.

The intensity calibrations were performed using a standard blackbody radiator with a

colour temperature of 3100K (the LS1 tungsten-halogen lamp from OceanOptics). This

correction has a simple mathematical form given by:

I(λ) = B(λ) · Is(λ)− Ib(λ)

Ibb(λ)− Ib(λ)
(2.1)

where I(λ) is the corrected intensity, B(λ) is the blackbody spectrum calculated from

Planck's Law (T=3100K), and Is(λ), Ibb(λ) and Ib(λ) are the raw intensity, measured in-

tensity spectrum of the blackbody radiator, and background (dark) intensity respectively.

One can clearly see that I(λ) = B(λ) when Ix(λ) = Ibb(λ), as it should (i.e. the black-

body radiator will yield an exact blackbody intensity after correction). The accuracy of this

correction depends on the LS1 light source yielding a true blackbody radiation spectrum.

2.5 Fluorescence lifetime imaging

Fluorescence lifetime imaging was performed on QD-coated microspheres in order to deter-

mine whether the Purcell e�ect might be observable. This process used an iStar DH734

intensi�ed CCD (iCCD) from Andor Technology. The samples were pumped using either

the Ar+ laser or the blue diode laser, as described in Chapter 2.4. A function generator

(Tektronix AFG3102 Dual Channel Arbitrary Function Generator) was used to control the
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AOM and to trigger the iCCD. The �uorescence lifetime setup is fairly complex and was

built in our lab �rst in this thesis; thus a detailed and complete description of the operation

procedure is given below.

Several key factors are needed to describe the collection of a �uorescence lifetime �movie�.

Essentially the goal was to collect 1-µs image frames that could be sequenced into a movie.

Each image must have a su�cient signal-to-noise ratio (SNR) so that the �uorescence life-

times can be analyzed. To achieve this, one must control the exposure time, gate pulse

width, and gate step (Fig. 2.7).

The exposure time controls how many gate pulses will be added to each frame. For

example, during the �rst exposure time, the system adds all the gate pulses corresponding

to the �rst microsecond time step (i.e., photons arriving from 0-1 µs after the trigger. In the

second exposure time, the system integrates pulses corresponding to the 1-2 µs gate pulses.

This procedure continues until the desired number in the series (i.e., number of frames) is

collected. Thus the total collection time is a product of the exposure time and the �number

in series�, with some additional read-out time added to the total. One problem to avoid is

having the number of gate pulses overshoot the number of pulses that can �t in between

triggers. If this situation happens, the pulse number takes precedence over the next trigger

during collection and unexpected behaviour in the luminescence vs. time �movies� would

occur.

The Andor Solis control software is used to set the acquisition parameters (Fig. 2.8). Sev-

eral of the important con�guration settings are shown in the screen capture. The exposure

time, gate pulse width, gate step, and acquisition time are all controlled here. Additionally,

one must select �kinetic series, and �external trigger� in order to perform lifetime imaging.

�Integrate on chip� is necessary to increase the collection time by adding each gate pulse

prior to the CCD readout (this works up to 216 counts per pixel). The MCP gain controls

the gain or ampli�cation due to the Micro-Channel Plate in the iCCD.

2.6 Measuring WGM refractometric sensitivity

Part of the work in this thesis required a measurement of how much the �uorescence WGMs

would shift in wavelength due to changes in the local index of refraction. This was achieved
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Figure 2.7: A schematic of the timing of the iCCD system. A digital delay generator controls
the gate step (i.e. the time between the start of adjacent pulses). A schematic of the rise
and decay of the �uorescence intensity in relation to the trigger is shown using red dots. The
�number in series� must be less than the maximum number of frames that can ��t� between
adjacent triggers. In the simpli�ed diagram above, a maximum of three gate pulse widths
can �t between the trigger signals.

Figure 2.8: The image acquisition dialogue box in the Andor Solis control software. Shown
are the settings to acquire a �kinetic series� (a �movie�).
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by pumping di�erent solutions into a microcapillary or around an optical �ber that was

coated with SiQDs. The solutions in this work consisted of sodium chloride in water (0.00

mol/L up to 2.50 mol/L) and ethanol-water solutions of varying concentration (Fig. 2.9).

These solutions were easy to prepare and allowed a refractive index variation from 1.33 to

1.38 RIU.

In order to measure the sensitivity to local refractive index changes, the samples had to

be exposed to at least two di�erent solutions. Solutions were injected with 3 mL Beckton-

Dickson plastic syringes and pumped through the capillaries with a Chemix Nanojet pump.

However, simply switching the tubing to a di�erent syringe on the same pump tended to

cause thermal or mechanical �uctuations that a�ected the measurements. Therefore, a three-

way valve was used to control the �ow of di�erent solutions into capillaries. However, the

�dead volume� in the valve made it di�cult to control the solution composition that reached

the sensor. Therefore, an additional method was attempted in which di�erent solutions were

pre-pumped into a long tube, precluding the need for multiple syringes or valves.

The refractive indices of water and ethanol are well known. Dispersion formulae can be

found in the literature for these substances at the near-infrared emission wavelength of the

quantum dots. Pure ethanol has a dispersion formula of [136]

n = 1.35265 + 0.00306λ−2 + 0.00002λ−4, (2.2)

in nm. This gives a refractive index of 1.35748 at a wavelength of 800 nm.

However, the dispersion formulae for NaCl-water and ethanol-water compositions are not

available at near-infrared wavelengths. Ref. [137] does give the refractive index formula for

any NaCl-water composition at 589 nm and 700 nm wavelengths, but there are no dispersion

formulas. Therefore, dispersion was ignored and data shown in Fig. 2.9 was used instead.

This may lead to small errors in the sensitivity measurements, but they are expected to be

minor because the e�ect of dispersion is small over the wavelength range investigated.

Temperature �uctuations can also a�ect the WGM resonance shifts via the thermo-optic

or thermal expansion e�ects [100]. Therefore, the setup was enclosed within an aluminum foil

and cardboard box to minimize the cooling e�ect of random air currents in the room. This

also helped to minimize mechanical vibrations that could also occur due to air movement.
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a) b)

Figure 2.9: Plots of refractive index vs. concentration by mass in water at 589 nm wavelength
and 20◦C for a) sodium chloride-water solution, and b) ethanol-water solution. The vertical
dashed line in a) corresponds to the saturation point for sodium chloride in water, (∼ 26%).
The green regions correspond to the concentrations or refractive indices used in this work.
The ethanol-water plot was an interpolation from data taken from the CRC Handbook[9].

All measurements were taken at room temperature.

To determine refractometric sensitivity ∆λ
∆n , one has to measure the change in the WGM

wavelength due to known local refractive index change. Measurements over a range of RI

were taken, a linear least squares �t performed, and the sensitivity extracted from the slope

of the �t. Spectra were taken at regular intervals, for example 10 second exposures were

continuously collected, as solution was pumped through the capillary or past the �ber.

2.6.1 Measuring WGM spectral shifts with Fourier analysis

The WGM shifts can be found with one of several methods. A common method is to �nd the

peak by Lorentzian curve �tting. However, this method has several problems. First if the

Q-factor is high, the mode may not be well sampled due to the pitch of the spectrograph (76

pm in our case). Second, overlapping radial order modes [129] can cause �tting algorithms to

fail in some cases. Third, the WGMs in microcapillaries are asymmetric due to the presence

of �spiraling modes� that overlap the main WGM [86]. For these reasons, curve �tting

generally cannot capture mode shifts smaller than the pitch of the spectrograph system.

Here, we use the Fourier shift theorem to measure the WGM mode shifts. This theorem

applies to a periodic waveform in which the only change is a phase shift. While a �pure shift�

is not strictly the case in a WGM spectrum (i.e. di�erent mode orders can have slightly

di�erent refractometric sensitivities), for small shifts the overall spectral waveform will re-
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main approximately constant [129]. For a data set of N samples consisting of intensityI(fp)

at frequency fp, the discrete Fourier transform is [7, 129]:

I(fp) =
1

N

N−1∑
n=0

Fp · ei2π
p

N−∆f
fp (2.3)

where p = 0, 1, ..., N−1 is the number of samples (i.e. the number of pixels in the spectrum),

and ∆f is the sampling rate. For a uniform shift (i.e. a �pure shift�), the amplitude of the

pth Fourier component Fp is given by

Fp =
N−1∑
n=0

I(fp + fs) · e−i2π
p

N−∆f
fp , (2.4)

where fs represents the waveform shift in frequency units. The phase shift of the pth

component can be written as

∆φ =
2πpfs
N ·∆fs

, (2.5)

so that the shift in frequency units is

fs =
N ·∆fs

2π

(
∆φ

p

)
. (2.6)

We want to obtain fs from consecutive WGM spectra in order to quantify the spectral shifts.

In Eqs. 2.5 and 2.6, we see that ∆φ
p is constant and depends directly on fs. Therefore, a

measurement of ∆φ
p is needed to obtain the WGM spectra shifts. This is achieved by plotting

∆φ vs.p for selected high-amplitude components of the WGM spectra and performing a

weighted linear �t (with each (∆φ, p) point weighted according to its power F 2
p . This value

was then inserted back into Eq. 2.6 in order to �nd the spectral shift fs. The result can be

converted into a wavelength shift via ∆λ = c∆fs/f2
c where fc is the center frequency in the

spectrum.

2.6.2 Sensorgrams for data analysis

Sensorgrams are a representation of the spectral shift over time. A change in solution RI can

be monitored in sensorgram format by plotting the WGM wavelength shift as a function of

time. All the data points in a sensorgram will have error bars associated with them. These
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arise from the standard error for each point in the weighted linear �t discussed on the above

page.

The refractometric sensitivity can be obtained from the sensorgrams as two di�erent

solutions are pumped through the capillary. The sensitivity is given by ∆λ/∆RIU, where

∆λ is obtained from the mean shifts obtained for each solution in the capillary. In some

cases there was an underlying drift in the sensorgram data. This was handled by linear

least squares �tting of the sensorgram data prior to any refractive index changes, and then

subtracting the �t (i.e. the drift) from the data.
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Chapter 3

The search for Purcell enhancement

3.1 Characterization of silicon quantum dot �lm

In order to search for evidence of the Purcell e�ect in an ensemble of quantum dots on a

microsphere, the quantum dot lifetime needs to be measured. First a �at �lm consisting of

silicon QDs embedded in an oxide matrix was prepared on a quartz wafer for comparison

to the QD-coated microsphere. This sample was prepared by spin coating and annealing a

layer of HSQ on a fused silica substrate, using the methods described in Chapter 2.1. The

luminescence peaked at around 810 nm (Fig. 3.1c). The �uorescence decay was measured

in order to provide a comparison to the QD luminescence dynamics on a microsphere (Fig.

3.1a).

3.1.1 Nonlinear model �tting

Ensembles of quantum dots can be modeled with a mathematical function called a stretched

exponential, also known as a �Kohlrauch� function [138, 139, 140, 141, 142] :

A exp(−(
t

τ
)β) + C 0 ≤ β ≤ 1. (3.1)

Here, τ is a lifetime parameter, β is a stretching parameter, A is the amplitude and C is the

o�set.

The stretched exponential function empirically describes a relaxation process that has

a distribution of rates, such as the discharge of a capacitor [143] or even a socio-economic

model of success [144]. It is widely used to model luminescence decays [141, 145, 146, 147]

when the decay cannot be adequately modeled by a single exponential. The stretched
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Figure 3.1: a) The �uorescence decay for a thin �lm of HSQ on a quartz wafer annealed
at 1100◦C, excited with a 445 nm blue diode laser. Also shown is a �t with a stretched
exponential function (Eq. 3.1.4, see text), where A = 108.95, β = 0.89360, τ= 158.24 µs,
and C = 0.026993 (4.1.1). b) A high-resolution TEM micrograph from a �at Si-QD �lm
showing silicon quantum dots (circled regions), from Ref. [8] c) The �uorescence spectrum
for a thin �lm of HSQ on a quartz wafer annealed at 1100◦C excited with a 475 nm Ar+

laser. The sharp peak at λ = 950 nm is a higher order grating interference maxima due to
the pump laser.

exponential function can be used to gauge di�erences from the single exponential decay

using the stretching parameter β, providing a means of comparison to other results in the

absence of a more fundamental model [138].

The stretched exponential is a widely used model for the �uorescence decays of quantum

dot ensembles [140, 142, 145, 146, 147, 148, 149]. However, the origin of the behaviour

that gives rise to the stretched exponential in ensembles of quantum dots is heavily debated

and there exists a range of explanations [141, 146]. When the behaviour is related to the

size distribution in QD ensembles, the model assumes a distribution of QD lifetimes a

priori, where for the stretched exponential the lifetime distribution is the inverse Laplace

transform of the �uorescence decay [138]. Recovering the distribution can be mathematically

complicated and generally requires numerical modeling [141, 142, 149].

47



The key parameters of the model are the �lifetime� τ and the stretching parameter β.

The physical meaning of τ , in terms of a �uorescence decay, is related to the average lifetime

of the ensemble by

〈τ〉 = τβ−1Γ

(
1

β

)
(3.2)

where Γ( 1
β ) is the mathematical Gamma function [138, 141]. Single quantum dots have single

exponential decays (∼ exp(− t
τ )), but an ensemble has a distribution of lifetimes related to

the QD size distribution [146]. The parameter β, which is between 0 and 1, can be used

to recover the ensemble lifetime distribution through an inverse Laplace transform [138].

A small β indicates a broad lifetime distribution and a β value approaching 1 conversely

indicates a narrow distribution [141]. When β = 1, the single exponential decay is recovered.

One consideration is that the stretched exponential, as given in the form of Eq. 3.1,

describes the population decay, but what is actually measured is the luminescence decay.

Eq. 3.1 is used by many references to model the luminescence decay directly, but this is not

technically the appropriate form of the stretched exponential function. The luminescence

decay I(t) is generally related to the fractional population of excited emitters at a certain

time t′, such that the intensity in a given time interval is given by

ˆ t=t′

t=0
I(t) dt = 1− n(t′)

n(0)
(3.3)

where n(t′)
n(0) is the fraction of the initial population that remains excited. For stretched

exponential population decays, Eq. 3.1 is equal to n(t′)
n(0) . The luminescence decay would

then be the derivative of the right hand side of Eq. 3.3 [141]:

I(t) = A
β

t
(
t

τ
)β exp(− t

τ
)β + C (3.4)

where the �tting parameters are A, τ, β, and C are as de�ned before.

For an ensemble of QDs on a cavity, one expects τ and β to be di�erent for QDs on

resonance vs. o� resonance. Due to the Purcell e�ect, QDs on resonance would have a

smaller (faster) lifetime, and QDs o� resonance would have a larger (slower) lifetime. This

would manifest as a change in the lifetime distribution. In previous work, for example, it

was shown that such a situation would show a decrease in β and an increase in τ , compared
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to the situation where the ensemble was not coupled to a cavity [113]. This represents the

overall e�ect of a distribution of emitters that are continuously �spread� over many cavity

modes.

3.1.2 Quantum e�ciency

The quantum e�ciency (QE) of a quantum dot is the ratio of photons absorbed to the

number of photons emitted and can be written as:

ηR =
number of photons emitted

number of photons absorbed
=

1

1 + τR/τNR
(3.5)

Quantum dots with high QE (ie. large ηR) have short radiative lifetimes (τR) compared to

non-radiative lifetimes (τNR) (ie. τR � τNR). In a decay measurement such as that shown

in Fig. 3.1, the observed decay rate is the sum of the radiative and non-radiative ones, i.e.

1

τ
=

1

τR
+

1

τNR
, (3.6)

Therefore the observed decay rate is related to the QE. Although we could not measure the

QE directly since there was no locally available apparatus to do so, the quantum e�ciency

of silicon quandum dots can be as high as 68% for functionalized QDs in solution [150]. The

values in oxide �lms are likely to be less, i.e. on the order of a few percent [151, 152].

3.2 Characterization of microsphere �uorescence

The whispering gallery modes were clearly evident in the PL spectrum from the QD-coated

microsphere (Fig. 3.2a). The visibility was 0.1, the Q-factors were ∼800, and the FSR

was ∼ 7.2 nm, consistent with a 25-µm-diameter microsphere. The PL image shows that

the characteristic red emission is concentrated around the equator of the microsphere and

the �ber to which it is attached (Fig. 3.2c). The mode visibility was fairly low, indicating

a signi�cant fraction of uncoupled PL. The ensemble PL decay was �t with the stretched

exponential function (Eq. 3.4) as discussed in the previous section, yielding τ = 156.8 µs

and β = 0.89 (Fig. 3.2b).
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Figure 3.2: a) The WGM spectrum for SiQDs on a microsphere. b) Fluorescence image
of a microsphere coated with SiQDs. The slit position corresponds to the red line and the
WGMs are strongest at the positions indicated.

3.3 Microsphere lifetime imaging

In order to search for evidence of the Purcell e�ect, a �uorescence decay �movie� was ob-

tained using the �uorescence lifetime imaging method described in Chapter 2.5. Frames

corresponding to several di�erent time intervals are illustrated in Fig. 3.3. The overall

decay, as taken from one speci�c pixel on the edge of the sphere, clearly indicated the non-

exponential nature of the luminescence decay (Fig. 3.3), which would otherwise appear as

a straight line on the semi-log plot.

In order to construct lifetime �maps�, the microsphere area was �rst converted into polar

coordinates. Next the data for each pixel were normalized to the peak value. Once this was

done, each decay was �t using the stretched exponential function given in Eq. 3.4. Because

the results consisted of numerous fairly noisy luminescence decays (i.e. one for every image

pixel), the �ts required good initial guesses in order to successfully converge. This process

was partly automated by taking the time at which the intensity had reached 1/e ≈ 0.37 of
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its initial value as the starting guess on each pixel. The starting guess for β was simply �xed

at 0.6. For example, for the pixel indicated by the red star in Fig. 3.3, the �t parameters

are A = 11.5, τ = 22.5 µs, β = 0.976, and C = 0.00632. Also shown are the 90% con�dence

bands of the �t. The sharp drop at the beginning of the �t is an artefact from the fact that

for time t = 0, Eq. 3.4 becomes in�nite. The �tting process was then repeated for pixels all

over the sphere (Fig. 3.4). The �tting parameters τ and β were then plotted with respect

to the polar coordinates on the image in order to detect any trends.

Figure 3.3: The luminescence decay for a speci�c pixel on the microsphere, as indicated by
the red star in the image frames shown across the top. The �t and con�dence bands are
discussed in the text.

For a cavity-coupled QD ensemble, the stretched exponential parameters τ and β were

predicted to increase and decrease, respectively as a result of part of the ensemble being

on-resonance and part being o�-resonance [113]. However, no clear trends were observed

either in the angular or radial directions (Figs. 3.4). The values for τ were typically on the

order of 30 µs and β was around 0.83, although the data is also fairly noisy. Since the WGMs

are most pronounced along the equator (where the neck de�nes a �pole�, one might expect

the strongest e�ects to be seen there. The lack of any clear trends indicates no discernible
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Figure 3.4: Colour map of the �tting parameters: a) τ ; b) β; and c) the intensity over the
entire sphere. The plots are in radial coordinates, from the center to edge along the line
indicated on the sphere in d). The center of the microsphere is at the top of the images,
and the �edge� of the microsphere is between r=78 to 86. The high intensity area is at the
neck of the sphere. 52



Purcell e�ects. In other words, regardless of whether we look where the WGMs are strong

or where they are weak, we observe no clear di�erences in the luminescence decay.

Therefore one can conclude that there is little evidence of Purcell enhancement or sup-

pression in the current data. There are several possible explanations for this negative result.

First, and perhaps most likely, the QE may be too low to observe clear Purcell e�ects. A low

QE means that non-radiative processes dominate the decay (i.e. if τNR � τR). The Purcell

e�ect only modi�es the radiative rate, so if the QE is low, the overall rate will change com-

paratively little. Second, the cold-cavity Q-factor of the microsphere may be somewhat low

(measured to be ∼ 105 [7]) to observe signi�cant rate modi�cations. Third, the linewidth of

the QDs may be too broad (see chapter 1.5.2). Finally, not all the �uorescence may come

from QDs that are well-coupled to WGMs. In future work, spectrally separating the �uo-

rescence into resonant and non-resonant wavelengths, which was not possible at the current

time, and measuring the decays seperately may be bene�cial in determining the e�ects on

the decay.
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Chapter 4

Cavity-coupled Si-QDs for

refractometric sensing

In the previous section, the resonant wavelengths of each WGM depended on the refractive

index of the surrounding medium. Therefore, the next project was to determine the ultimate

refractive index sensor performance, in terms of the overall detection limit. Fluorescent

sensors have many advantages: the absence of complex and expensive equipment, the relative

ease of use compared to other sensors, and their low cost of fabrication. However, their limit

of detection (LoD, or detection limit) tends to be fairly modest (Table 4.1).

The nominal detection limits of �uorescent sensors are rarely demonstrated experimen-

tally. For example, the best LoD calculated for a �uorescent microcavity is 10−5 RIU,

while the best experimental observations are typically is in the range of 10−3 RIU to 10−2

RIU (Table 4.1). The objective of this chapter is to experimentally measure the ultimate

detection limit, using an SiQD coated optical �ber or capillary as the sensor.

The most important advantage to employing a �uorescent optical �ber rather than a

microsphere is that the mode structure should be identical along the length of the �ber.

Thus, one can perform vertical binning on the WGM spectrum by aligning the �ber axis

parallel to the spectrometer entrance slit and projecting the spectrum onto a 2D CCD. This

should enhance the SNR and improve sensor performance [129]. Other advantages include

the ease of fabrication and handling.
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Smallest ∆RIU measured Quoted LoD Device Ref.

3× 10−2 − lasing dye in capillary [153]
6.53× 10−2 5× 10−4 dye doped microspheres [154]

2× 10−2 2.4× 10−4 lasing dye doped microspheres [155]
7.55× 10−2 4× 10−4 QD embedded microspheres [156]
5.52× 10−2 7.2× 10−3 QD coated optical �ber [89]

10−3 3× 10−4 dye doped microspheres [157]
− 2.5× 10−5 QD coated bottle resonator [99]

1.20× 10−3 − QD coated microcapillary [129]
2.10× 10−3 2.2× 10−4 QD coated microsphere [83]
9.8× 10−3 1× 10−3 �uorescent polymer coated microcapillary [128]
− 3× 10−4 dye doped microsphere [158]
− 1.35× 10−4 QD coated microcapillary [159]
− 8× 10−5 lasing dye doped microsphere [123]

Table 4.1: A sample of the quoted LoDs and smallest measured refractive index changes for
�uorescent WGM-based sensors in the literature.

4.1 Detection limits: modeling

In order to gain insight on the e�ect of using a two-dimensional CCD array to measure the

WGM wavelength shift, we �rst conducted a set of basic data simulations. The aim was

to investigate possible bene�cial e�ects of projecting the WGM spectrum onto a 2D CCD

array rather than onto a linear array. The simulated 2D WGM spectrum shown in Fig.

4.1 corresponds to a set of Lorentzian peaks plotted in greyscale along the horizontal (i.e.

wavelength) axis, with Gaussian noise added. The vertical axis simply represents repeats

of the same spectrum with random noise. This corresponds to the situation in which the

spectrometer entrance slit is aligned perfectly parallel to the edge of an optical �ber or

capillary, causing light from the WGM region to be imaged along the entire slit length. A

�normal� 1D spectrum would thus simply be the intensity plotted along a single horizontal

line of pixels in Fig. 4.1.

Figure 4.1: Simulated 2D WGM spectrum. The horizontal axis is wavelength.

The simulation shown in Fig. 4.1 represents a spectrum that is 1667 pixels wide, 200
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pixels high, and contains Gaussian noise that gives a linear SNR of 100 (where SNR is

calculated with respect to the mean signal amplitude over the whole spectrum). Therefore,

one might hope that a simple vertical binning would improve the SNR by the square root of

the number of vertical pixels, and thereby potentially also improve the ability to detect slight

changes in the mode central positions, which is what one wants to measure for refractive

index sensing.

The next step was to generate a set of 30 spectral images that incorporated a small

spectral shift (0.167 pixels in this case). We don't show all the images here as it would

be repetitive and such a small spectral shift is impossible to observe by eye. The spectral

shifts were analyzed using the Fourier shift theorem, as described extensively in Refs. [7,

129, 160] and outlined brie�y in Chapter 2.6.1. The strongest �ve Fourier components

were chosen to contribute to the analysis. Fig. 4.2a shows the single-line result; in other

words, the sensorgram that would be measured on a linear 1D CCD. While the shift is

certainly detectable, the data are scattered and the errors from the �tting analysis are large.

In comparison, Fig. 4.2b shows the same shift as it appears on a 2D CCD with vertical

binning. The improvement is striking. Even larger improvements might be expected in

practice, as typical scienti�c imaging CCDs have more than 200 vertical pixels. The one

used in the data shown later in this chapter has 510 pixels in the vertical dimension.

However, there is a complication: quite often in experiment the WGMs do not form

perfect vertical lines in the spectral image, but instead show some �waviness�. This can

be due, for example, to variations in the QD �lm thickness along the length [159] of the

�ber imaged onto the slit, which translates the WGM mode positions. If this e�ect is not

avoidable experimentally, it needs to be taken into account because it would otherwise blur

the modes after the vertical binning step. In order to deal with this potential problem, an

option was therefore installed in which the code would �rst calculate the mode shifts for

all of the individual lines and take the sensorgram from the average of all the shifts. This

in fact produced results identical to those shown in Fig. 4.2b, except that the error bars

associated with the Fourier shift theorem for each shift cannot be similarly averaged in a

meaningful way. Regardless, this method can account for �wavy� WGM spectra along the

length of a sample, assuming that the magnitude of the shifts is always e�ectively the same.
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a) b)

Figure 4.2: a) Sensorgram of a single line of the simulated 2D WGM spectrum. b) Sensor-
gram of the vertically binned spectrum. The shift of the middle ten spectra is +0.167 pixels
in both cases.

This only drawback is that the method is more computationally intensive because it requires

numerous Fourier transform steps.

Finally, the minimum 3σ shift, in pixels, can be found for any particular signal-to-noise

ratio. For the case of a linear SNR of 100, corresponding to the data in Figs. 4.1 and 4.2, the

minimum detectable pixel shift can be estimated by �nding the standard deviation of the

points for a constant (i.e. zero) shift and multiplying by three, resulting in a shift detection

limit of 0.009 pixels in this case. This would be the ultimate limit achievable for a CCD of

this size with an SNR of 100. This corresponds to the somewhat amazing wavelength shift

of 0.7 pm for our detector, which has a pitch of 76 pm/pixel. Of course, one can expect that a

number of experimental problems will cause the detection limit to be signi�cantly larger in

practice. This is what we next set out to determine experimentally, using the 2D spectral

imaging method described above.

4.2 Experimental sensitivity and LoD of the �uorescent �ber

sensor

The wavelength shift resolution was discussed and simulated in the previous section; here, it

is necessary to determine the refractometric sensitivity of the device structure. In order to

determine the sensitivity, a QD coated optical �ber was mounted onto the microscope stage

in the �uidic setup described in Chapter 2.6. Theory suggests that the TM-polarized WGMs

should be slightly more sensitive than the TE ones [86], so the analyzer was oriented with
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its transmission axis in the radial direction (i.e., perpendicular to the �ber axis). The slit

was aligned parallel to the edge of the �ber in order to collect the 2D spectral images. The

modes were relatively straight (vertical) in the spectral image, although there were some

signi�cant intensity variations (Fig. 4.3a), which corresponded to visibly brighter regions on

the �ber. The 1D �uorescence spectrum (Fig. 4.3) showed a clear set of WGM oscillations,

with a visibility of 0.02, a Q-factor of ∼ 900, and a free spectral range of ∼1 nm.
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Figure 4.3: (a) Spectral image (TM polarization) taken along the length of the optical �ber.
The vertical direction corresponds to length along the �ber, the horizontal axis is wavelength,
and the greyscale is the �uorescence intensity. (b) The corresponding 1D spectrum made
by vertically binning the intensity data in (a).

The overall limit of detection depends on two key parameters: the sensitivity S and the

wavelength shift resolution R, such that LoD = R/S. A small LoD is desirable. The limit of

detection obtained for a typical 1D spectrum (∼ 10−3 RIU) is respectable for �uorescence

sensors but is not particularly outstanding (Table 4.1). The measured sensorgram (Fig.4.4)

suggests that one of the more signi�cant problems was the noise in the experimental data.

Thus we looked for experimental means to improve the overall result. First, any mechanical

motion arising from air currents in the room was reduced by wrapping the setup in a foil

enclosure. Second, a small wick was applied to the open end of the square capillary in

order to minimize the unwanted cantilever motion that would typically occur whenever

a �uid drip was released into the disposal container. Third, a system was developed in

which the tubing would be pre-�lled with sequences of solutions so as to minimize the

motions associated with switching the valves when changing �uids. Finally, although this

was mainly for convenience, a remote data collection system was developed which permitted

the sensorgram to be continuously updated during data collection. This made it easier to
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of 6 pm, the LoD should be 2.9× 10−4 RIU. Therefore, another experiment was performed

in which the NaCl concentration was changed from 2.216 M to 2.121 M, corresponding to

∆RIU = 9.7× 10−4 RIU, which is only about 3 times larger than the theoretical one. This

change was clearly detectable (Fig. 4.5) and smaller than any of those reported in Table 4.1.

The largest issues appear to be systematic underlying drifts that could be due to mechanical

motion that always seemed to plague the experiments, or possibly due to heating caused

by the pump laser. Additionally, the �lm was not very constant along the length of the

�ber, i.e. there were signi�cant variations in the overall brightness in di�erent regions. This

implies that the vertical binning method might not improve the results as much as expected.

For example, in the extreme case all the intensity would be in a single line and the binning

would only contribute noise.

2.216M

2.121M

2.216M

2.121M

2.216M

Figure 4.5: Sensorgram for a sequence of �uids for which the NaCl concentrations are labeled
above the corresponding data. The shift was ∆RIU=9.7× 10−4 RIU.

4.3 Sensing with a �uorescent microcapillary

From the experiments in the previous section, the �ber sensor was considered too fragile to

produce a su�ciently stable sensing response. Mechanical motion and drift seemed almost

unavoidable, probably because the �ber was simply inserted into one end of the square

capillary �chamber� and was not supported inside the capillary. Thus, motion of the �uids

could cause cantilevering or other types of unwanted motion. At this point, it was thought

that a �uorescent-core microcapillary (as described in Chapter 2) with a layer of quantum

dots on the channel surface would be a more stable system to investigate. As in the case

of a �ber, a capillary can be imaged with the entrance slit parallel to the channel, allowing
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a)

Figure 4.6: (a) TM-polarized �uorescence spectrum from an FCM with water in the channel.
The capillary was oriented parallel to the entrance slit and the spectrum was vertically
binned. (b) A �uorescence image of the channel region. The image intensity is from the
�uorescence of the QDs that coat the channel wall. The nominal channel diameter is 50 µm.

the WGM spectra to be projected onto the full 2D CCD.

The capillary studied in this thesis was quite uniform along its length and showed a well-

developed �uorescence WGM structure (Fig. 4.6). (The fabrication methods were discussed

in detail in Chapter 2.2.3 and 2.3.3.) Here, the visibility, Q-factor, and free spectral range

were 0.15, ∼ 1300, and 2.5 nm respectively. Generally, the QD �lm was smoother along the

length of the capillary as compared to the QD-coated �ber discussed in the previous section.

One problem with as-prepared capillaries is that the sensitivity does tend to be rather

low, since fairly little of the mode �eld extends into the channel region [86]. This is because

the deposited QD �lms tend to be thick, limiting the fraction of the resonant WGM �eld

that samples the channel �uid. In order to deal with this issue and thereby improve the LoD,

a set of numerical calculations were conducted in order to determine the optimal QD layer

thickness needed to obtain the highest sensitivity. Once this was determined, we aimed to

etch the QD �lm inside the capillary until the sensitivity was near the theoretical maximum.

The mode �eld equations derived in Chapter 1.2.2 were used to calculate the electric �eld

pro�les and refractometric sensitivities. For example, Fig. 4.7 shows the TM �eld intensity

pro�le for the l = 308 and n = 1 cylindrical WGMs calculated from the TM component
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Figure 4.7: Calculated mode intensity pro�les for a 50-µm-diameter capillary with QD layer
thicknesses of 0.33 µm (a) and 1.0 µm (b). These are both �rst-order radial modes with
an angular number l = 308. The thicker �lm has very little of the energy in the water and
therefore has a low sensitivity of 3.2 nm/RIU.

of Eq. 1.32, for a capillary with a channel diameter of 50 µm and QD layer thicknesses of

0.33 µm and 1.00 µm, respectively. The discontinuities at the two interfaces are consistent

with the boundary conditions associated with the TM polarization. For the thinner �lm, it

is readily apparent that much more of the �eld pro�le extends into the channel region. The

corresponding sensitivities were 41.7 nm/RIU and 3.1 nm/RIU respectively (using the cylindrical

analogue of Eq. 1.51 from [161]), again consistent with the important e�ect of the QD layer

thickness on the overall refractometric sensitivity.

In order to complete the picture, the sensitivities and Q-factors were plotted for QD layer

thicknesses ranging from 0.15 to 1.0 µm (Fig. 4.8 and 4.9). The sensitivity was strongly

dependent on the channel medium, as expected. E�ectively, a higher-index medium �pulls�

more of the �eld into the channel region and increases the sensitivity. More subtly, the

thickness corresponding to the peak sensitivity also showed a dependence on the channel

medium, with slightly thinner �lms being more optimal as the refractive index of the channel

medium is increased. For water in the channel, the optimum thickness was found to be 0.33

µm, so this was set as a target for the etching procedure.

The calculated Q-factors also show a strong thickness dependence; for very thin QD

layers the Q-factor approaches zero as the �eld con�nement is lost. For thick �lms, the

Q-factor reaches a constant value that is limited by absorption and scattering in the QDs

(Fig. 4.9). While the Fourier shift method is not particularly sensitive to the Q-factor,

it is interesting to note that there is also a QD layer thickness at which the Q-factor is
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Figure 4.9: Calculated Q-factors for a 50-µm-diameter capillary, for di�erent QD coating
thicknesses. The points represent solutions to Eq. 1.32 for the �rst-order radial modes
with l = 308 and a TM polarization, calculated using Eq. 1.27 where k is the resonant
wavevector. The colored solid lines are guides to the eye. The green and red vertical dashed
lines correspond to the peak sensitivities for water and air, respectively.

channel. NaOH is known to slowly etch silicon and silica glass [162] and may therefore

remove the QD layer which consists of silicon QDs embedded in a glassy SiOx matrix.

The etching process was monitored as follows. Initially, NaOH was pumped for 4 hours,

then left overnight (∼ 18 hours). Then a sensitivity measurement was performed as described

in Chapter 2.6 and the sensitivity was determined before the next round of etching. This

procedure was repeated 5 times. When the sensitivity reached 22 nm/RIU, then NaOH was

pumped for 2 hours without leaving it overnight and the sensitivity measured between etches.

This procedure was repeated 4 times, until the sensitivity started to drop instead of increase,

which implied that the sensitivity had passed its peak (Fig. 4.11).

At this point, we had a �uorescent-core microcapillary with an excellent sensitivity of

28 nm/RIU. The peak sensitivity prior to the �nal etching step was 32 nm/RIU. This is among

the highest reported for this type of structure [86, 87, 89, 159]. The 3σ shift resolution was

next estimated from the scatter of the points in the ��at� part of the sensorgram (Fig. 4.10),

yielding R = 3 pm.

In order to test this result, we next attempted a measurement in which the refractive

index change of the channel medium would be close to the theoretical LoD. This was achieved
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higher �disaster probability�.

We �nally wish to point out that other types of devices can certainly achieve higher

sensitivities than we report here [57, 88, 163, 63, 28, 164, 83, 165]. Some of the highest values

ever reported are for �lled photonic crystal �bers, in which the reported sensitivity was 30 100

nm/RIU [52]. However, all of these devices have some advantages and disadvantages. Some

require very high-index analytes [163] and such as the photonic crystal �ber mentioned above

[52]. Others require expensive equipment and feature extremely fragile devices [88]. Still

others, for example surface plasmon devices [57], cannot easily be integrated into capillary-

type structures which have many advantages for micro�uidic analyses. Thus we feel that

it is important to determine the ultimate limit of each type of structure, because each one

features di�erent bene�ts and limitations and they are not strictly interchangeable.

Figure 4.12: Sensorgram of varying concentrations of ethanol in water by weight, correspond-
ing to a refractive index change of ∆RIU=∼ 1.7×10−4. The corresponding wavelength shift
is ∼ 5 pm. This sensorgram was achieved as follows: 10-second spectral images were col-
lected as the solutions were pumped through the capillary. They were vertically binned
and the Fourier shift theorem was applied to calculate the wavelength shifts, using the 3
strongest Fourier components. A slight background drift was corrected via a linear �t to the
overall drift. The overall shift is close to the 3σ resolution.
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Chapter 5

Conclusions

Optical microcavities can be used to control the luminescence spectrum and dynamics of

ensembles of emitters such as luminescent quantum dots. Materials systems comprised of

cavity-coupled QDs are, in fact, interesting both from the perspective of basic physics and

for potential device applications. This thesis explored a sampling of both of these aspects,

as related speci�cally to silicon-QDs deposited onto spherical or cylindrical microcavities.

The �rst part of this work explored the possibility of observing the Purcell e�ect in

ensembles of Si-QDs coupled to an optical microsphere. To investigate this, a QD-coated

microsphere was fabricated and the decay dynamics of the ensemble luminescence was in-

vestigated using a �uorescence lifetime imaging setup that was constructed as part of this

project. This apparatus permits one to create a dynamic �movie� with (in this case) one-

microsecond frames that allow one to spatially map the decay dynamics.

While the emission spectrum could not, at the time, be readily measured, it was felt that

the overall decay dynamics might show certain e�ects if the QD ensemble was well coupled

to the whispering gallery modes of the microsphere. These e�ects should be measurable on

the basis of the decay parameters associated with the commonly-used stretched exponential

luminescence decay. While pronounced WGM oscillations were observed in the QD lumi-

nescence spectrum, there were no consistent variations in the luminescence lifetimes in parts

of the sphere showing strong WGMs (typically around the equator) as compared to other

regions that did not.

The negative result is believed to have many possible origins. For example, the nonra-

diative decay rate, which is not a�ected by Purcell-type rate enhancements or suppressions,
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may be too large in these Si-QDs. Alternatively, there may be too much background lu-

minescence from uncoupled QDs and, indeed, the WGM visibility was not especially high

in the samples investigated here. Perhaps in retrospect it was too optimistic to expect to

observe Purcell e�ects, but the work did suggest means to observe such e�ects in the future.

Perhaps most important is to improve the quantum e�ciency, which is in fact a direction

currently being explored by our collaborators, who have demonstrated �freestanding� Si-

QDs with e�ciencies above 60% [166]. The ability to do spectrally resolved lifetime imaging

would also be important, but the signal intensities are currently too low.

The next step of this project was to explore the refractive index sensing capacity of

structures similar to those investigated for Purcell enhancements. This work used cylindrical

cavities rather than spherical ones, mainly for reasons of convenience. The aim was to

see how low the limits of detection can be pushed, using �uorescence-based microcavity

measurements. To achieve this, liquids were �owed around QD-coated optical �bers or

through coated capillaries, while the �uorescence WGM spectrum was carefully monitored.

In this part of the project, both optical �bers and microcapillaries were investigated.

One of the main advantages of such structures is that they can be aligned with the entrance

slit of a spectrometer such that the WGMs �align� vertically on a 2D CCD array, which,

by vertical binning, signi�cantly improves the signal-to-noise ratio as compared to standard

linear CCDs. In addition to this enhancement, a range of experimental improvements were

developed to minimize noise and drift in the WGM spectral data over time.

Microcapillaries turned out to be more stable than optical �bers, which su�ered from

signi�cant mechanical instabilities due to our inability to stabilize them su�ciently as the

�uid �owed past. In contrast, capillaries did not su�er nearly as severely from this e�ect.

However, air motions in the lab, possible laser heating, and especially mechanical vibrations

associated with opening and closing �uidic valves attached to the tubing were found to be

severe problems. These di�culties were minimized using a number of techniques, such as

minimizing the laser power as much as reasonably possible, pre-�lling the tubes with the

various solutions, and covering the entire apparatus with a foil enclosure.

In the end, we were able to demonstrate a limit of detection for a �uorescent microcapillary-

type refractometric sensor of ∼ 1.7× 10−4 RIU, which is less than a factor of 2 larger than
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the calculated optimum theoretical LoD. While such detection limits are not particularly

impressive in comparison to some other technologies, it is to our knowledge the best one

actually measured for �uorescent WGM-type sensors. In addition, the expensive and fragile

apparatus typical of other WGM-type sensing structures is completely avoided. It should

be noted that these measurements involve a 5-picometer spectral shift, which is resolved

on a standard miniature spectrograph system. Since we are clearly pushing the ultimate

limits of this device, further improvements may require achieving a better SNR, a higher

refractometric sensitivity, or improving the wavelength resolution of the system, although

the latter admittedly comes at additional costs. The work may also have implications for

other measurements in which very tiny shifts of a periodic emission spectrum need to be

determined with a relatively inexpensive measurement system.
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