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ABSTRACT

The luminescence of silicon nanocrystals can be coupled to optical microcavity
modes in order to control many aspects of the emission, such as the directionality,
spectral intensity, and lifetime. Spherical microcavities made from silica or poly-
mers can be particularly efficient in trapping light and hence display strong res-
onant optical modes. In this research a method has been developed for coupling
the luminescence of silicon nanocrystals into silica microspheres by coating the
spheres with a nanocrystal film. The resulting emission spectra of these struct-
ures showed strong optical cavity modes. Effects of sphere size, film thickness,

and emission location within the sphere on the emission spectra were investiga-

ted.
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Chapter 1

Introduction

For several decades, silicon (Si) has been the most technologically important semi-
conductor due to its excellent electronic and mechanical properties, and because of
the ease and low cost associated with its production. However, owing to its indirect
bandgap, it is a poor light emitter and hence has had limited potential in optoelec-
tronics applications. Researchers have searched for ways to overcome this difficulty
- for example, under careful synthesis conditions in which bulk crystalline silicon
walfers are textured, the light emission quantum efficiency can be up to 10.2% [79].
Silicon nanocrystals currently represent one particularly attractive possibility for
making luminescent silicon. Since the discovery of room-temperature photolumi-
nescence (PL) from porous silicon in 1990 [12], researchers have identified numerous
standard thin film and ion implantation methods that result in films of luminescent
silicon nanocrystals embedded in a matrix of SiO; (eg. see [43, 29, 75, 60]). However,
although test devices such as light emitting diodes (LEDs) have been demonstrated
using Si nanocrystals [4], significant challenges must be overcome before the tech-
nological potential of these materials will be realized. For many applications the
luminescence is broad, has low quantum efficiency and is difficult to tune.

By embedding Si nanocrystals inside planar microcavities, these problems can
be at least partly overcome. Fabry-Perot microcavities have characteristic resonance
wavelengths into which the luminescence can couple, thereby narrowing the emission
linewidth, increasing the intensity in the direction of confinement, and possibly
altering the radiative rates [39, 65, 78, 36]. For example, lacona et al. [39] grew a

silicon nanocrystal layer sandwiched between a pair of distributed Bragg reflectors
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(DBRs) to produce resonant wavelengths centered between 700 and 950 nm, with an
optical quality factor (Q factor) of 500. Using metal mirrors to sandwich amorphous
silicon nanocrystals, Hryciw et al. {36] tuned the photoluminescence wavelength
between 480 and 900 nm with a Q factor of approximately 100.

Planar cavities, although relatively easy to synthesize, result in only one dimen-
sional optical confinement and can be limited by the presence of waveguide modes
in the plane of the cavity. In contrast, three dimensional microcavities can offer
“complete” confinement due to the lack of any non-confined modes, resulting in
much stronger coupling of the PL to the cavity modes. The most obvious candidate
for a three-dimensional microcavity is the high index sphere or droplet in which
the PL is enhanced due to total internal reflection inside the sphere [41]. Spherical
microcavities have been investigated by many researchers and are among the most
attractive candidates for experiments in cavity quantum electrodynamics due to the
very high Q factors that can be obtained [31, 1, 7].

The basic physics of the dielectric microsphere is a result of total internal re-
flection as photons “orbit” at the edges of the sphere. The light is-trapped into the
so-called “Whispering Gallery Modes” (WGMs) of the sphere, and the resulting Q
factors can be much higher than those that can be achieved in planar cavities [7].
Although there have been several studies coupling the PL from II-VI semiconductor
nanocrystals into the cavity modes of microspheres (eg. see [10, 47, 7, 5]), so far
there have not been many studies using Si nanocrystals. Attempts to incorporate
Si nanocrystals into silica (SiOq) microspheres have previously been made; however,
during the processing steps (ion implantation of silicon into the microspheres) the
spheres were deformed to the degree that the WGMs were virtually non-existent in
the PL spectra {70, 82].

In this thesis research, a new and simple method of incorporating Si nanocrys-
tals onto SiO2 microspheres has been developed. This particular method allowed
us to achieve strong WGMs in the PL spectra and to obtain higher @ factors than
possible in planar cavities. The basis of this method is that SiOs spheres are coated
with a thin layer of silicon-rich oxide which, upon annealing, segregates into a layer
of silicon nanocrystals embedded in SiO» that sits directly on top of the micro-
spheres. After proving that the method could work in principle, the main goals

of the research were addressed: to couple the PL from the nanocrystals into the
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WGMs of the microspheres, to obtain higher @ factors than previously reported for
planar microcavities, to control the PL using different microsphere sizes and differ-
ent thicknesses of the nanocrystal film, to estimate the @ factors possible with this
method, to produce long-range two dimensional luminescent microsphere arrays,
and to suggest future means to improve the @ factors for silicon nanocrystals in
spherical microcavities.

The structure of this thesis is arranged as follows: Chapter 2 reviews the ba-
sic physics behind the photoluminescence of silicon nanocrystals and introduces the
relevant theoretical basis for the behavior of light trapped inside spherical microcav-
ities. As well, a review of previous microsphere/nanocrystal work by other research
groups is given. Chapter 3 outlines the experimental set-up and the experiments
performed for this thesis including details of materials used. In Chapter 4 the re-
sults of the experiments are presented through microscope images and PL spectra.
The physical meaning of these results are discussed. Analysis of the spectra and a
comparison of the experimental results to theoretical predictions is given in Chap-
ter 5. Finally, Chapter 6 summarizes the results of this thesis and discusses future

research directions.
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Chapter 2

Background

2.1 Silicon Nanocrystals

2.1.1 General Background: Semiconductor Nanocrystals

Semiconductor nanocrystals are small clusters of semiconductor material consisting
of hundreds to several thousands of atoms. Due to their size, they have a mix of the
properties of the bulk material and properties of a single atom [46]. They are small
enough to exhibit quantum confinement effects in their electronic structure, while
large enough to have a crystal structure that is the same as that of the bulk phase
{3]. Nanocrystals are often referred to as artificial atoms or quantum dots (QDs)
since quantum confinement effects lead to atomic-like discrete electronic states. This
causes a QD to have an absorption spectrum made up of discrete lines, unlike the
bulk semiconductor. In general, the optical and electronic properties of a QD are
strongly size-dependent, and are much different than those of the same material in
bulk form [46].

The range of sizes over which quantum effects become important is determined
primarily by the effective masses of electrons and holes and by the dielectric constant
of the semiconductor. A variety of theoretical approaches has been taken to calculate
how the bandgap and density of states changes as a function of particle size, and
the theoretical results match closely with experiment [24, 32, 33, 87, 21, 22, 64]. For
example, by reducing the diameter of cadmium selenide (CdSe) nanocrystals from
200 A to 20 A, the bandgap is observed to change from 1.7 eV to 2.4 eV, while the

colour of luminescence changes from deep red to green [3]. This increase in bandgap
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with reduction of particle size is a relationship that has been well explained by
theory [24]. _

A simple estimation of the effects that occur in semiconductor nanocrystals can
be obtained from the so-called effective mass approximation (EMA). Although this
ignores many of the complicating factors such as non-parabolicity of the valence
band, spin-orbit interactions, and other effects that more complete theories can
take into account {32, 33, 87, 21, 22, 64], it does provide a simple, semi-quantitative
picture describing the shifting of the energy levels as a function of size and the
selection rules associated with different possible transitions.

In the EMA, electrons and holes in a nanocrystal are assumed to have the same
effective masses as in an ideal bulk crystal with the same stoichiometry [26]. The
spatial separation of the electron and hole in the QD is given by the ezciton Bohr
radius [62]:

eh?

Tm,e2

(2.1) r=

where r is the radius of a sphere defined by the separation of the electron and hole in
three dimensions, € is the dielectric constant of the material, h is Planck’s constant,
m, is the reduced mass of the electron-hole pair, and e is the charge of an electron.

When semiconductor particles have a radius of less than the exciton Bohr radius
(~1 - 10 nm for most semiconductors, and ~5 nm for Si), they are said to be in the
strong quantum confinement regime {59]. At this size scale, spatial confinement in
all directions causes electrons and holes to “feel” the presence of particle boundaries.
The wavefunctions inside a spherical particle with high potential barriers are much
like the familiar particle-in-a-box problem of quantum mechanics. As the particle
size decreases, the valence and conduction bands are discretized and the energy of
the lowest states for electrons (holes) in the conduction (valence) band increases.
In the EMA approximation, the energy of the bandgap in a semiconductor QD is
given by [62)]:

B2 /1 1 1.8¢2
(2.2) Eg(QD) - Eg(bulk) + gﬁf (R: + m__h) B 47l'6()6R

where Ey is the bandgap energy of the QD or bulk material, R is the radius of the

QD, m,. is the effective mass of the electron, and my, is the effective mass of the

hole. In the right hand side of this equation, the middle term is due to quantum
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Figure 2.1: Range of theoretical calculations for the bandgap of Si nanocrystals as

a function of particle size. Figure reproduced from [59] (in which it was modified
from ([89]).

effects, while the last term is due to the Coulomb attraction between the electron
and the hole.

More specifically to thisthesis, the relationship given in Equation 2.2 is often ob-
served in silicon nanocrystals. The theoretical bandgap of Si as a function of particle
size has been calculated by a number of authors [32, 33, 87, 21, 22, 64]. There is a
considerable range within these predictions, but all of them show that the bandgap
increases in‘ smaller Si particles due to quantum confinement (see Figure 2.1).

In the small size regime of semiconductor nanocrystals, not only is the bandgap
energy affected by the confinement, but also the density of states in the valence and
conduction bands. In the bulk material, the density of states is lowest near the band
edges and increases with increasing energy of the electrons and holes. However, in
the nanoscale material, the density of states is highest near the band edges. Because
most transitions occur from near the band edges, the range of emission energies is
small, and therefore the PL spectrum has a narrow linewidth.

A full treatment of the physics of semiconductor nanostructures is beyond the
scope of this thesis, so the reader is referred to Gaponenko [26] for a complete
summary of the quantum size effects characteristic of nanoscale semiconductors.
However, in this simplified picture it is readily apparent that the optical transitions

are strongly dependent on particle size when the particles are smaller than the Bohr
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exciton radius. The emission spectrum is intensified and narrowed as compared to
the bulk material, making semiconductor nanocrystals atiractive for light emission

applications.

2.1.2 Synthesis of Silicon Nanocrystals and the PL Spectrum

Although quantum size effects have been observed for years in direct gap semi-
conductors, luminescence from low-dimensional silicon was not observed until the
1980s by researchers experimenting with silicon-rich thin films and porous silicon
{13, 92, 68, 25]. However, at that time, they did not realize that the luminescence
came from nanoscale silicon; rather, they concluded that the luminescence was due
to the presence of amorphous hydrogenated silicon. It was not until 1990, in a study
on porous silicon, that the observed photoluminescence was suggested to be due to
quantum confinement effects in silicon nanocrystals within the porous silicon net-
work {12]. That paper sparked an enormous amount of research interest due to the
potential applications of light-emitting silicon and has been cited more than 3,600
times. Presently it is well known that silicon nanoparticles exhibit strong room
temperature PL with an efficiency as high as 10,000 times greater than that of bulk
silicon {52]. Although porous silicon has been widely studied, silicon nanocrystals
embedded in a solid host material have more potential for applications due to their
greater chemical and mechanical durability [59].

Silicon nanocrystals can be made by a number of methods including thin film
physical or chemical vapour deposition, ion implantation, pulsed laser deposition,
and chemical precipitation [59]. In most of these methods, a thin film of silicon rich
oxide (SiO,, where 1 < z < 2) is deposited onto a substrate and then exposed to
ﬁigh temperatures (i.e. annealed). When the film is annealed at temperatures of
1000 °C or higher, the SiO, film phase separates to form Si nanocrystals embedded
in an Si0O film.

The PL spectrum from silicon nanoparticle films almost invariably peaks in the
near infrared part of the spectrum between 700 - 1000 nm. As well, the spectrum is
always broad, with a full-width-at-half-maximum typically on the order of 150 nm.
The wide emission spectrum could be due to both homogeneous and inhomogeneous
broadening effects. Example spectra are shown in Figure 2.2. These spectra come

from a work by Glover and Meldrum [28] in which it was shown that the peak
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Figure 2.2: PL spectra of Si nanocrystal films of varying thicknesses (film thickness
indicated next to each spectrum). Nanocrystal layers were separated by 20 nm of

Si0q. Figure reproduced from [28].

wavelength could be controlled by changing the thickness of the film in multilayer
Si nanocrystal films separated by buffer layers of SiOs.

The emission spectrum cannot be tuned to the same degree that it can for CdSe
or other direct gap nanocrystals. In the latter case, the PL peak is much narrower
and can be tuned right across the visible spectrum, according to the particle size.
The situation is quite different for silicon nanocrystals in SiOs ~ the nanocrystal
emission never peaks in the visible and the color to the eye is almost always a deep
red, due to the short-wavelength tail of the spectrum. In contrast, the absorption
“onset” appears in the blue part of the spectrum, and this has important implica-

tions for the photoluminescence mechanism.

2.1.3 Mechanisms of Luminescence from Silicon Nanocrystals

In bulk Si, light emission is inhibited due to its indirect bandgap. The transition of
an electron from the bottom of the conduction band to the top of the valence band
requires a substantial change in momentum that would not be accounted for by the
small momentum of an emitted photon (p = E/c, where p is the photon momentum,
E is the bandgap energy, and c is the speed of light). To satisfy conservation of
momentum, transitions can occur only with phonon assistance, and the radiative
rates in this case are very slow [3].

At a nanoscale, however, the radiative rates are greatly enhanced by confinement

effects (although they are still much lower than the radiative rates of direct gap
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semiconductors). The most prominent factor in the enhanced light emission in
nanoscale Si is the reduction of nonradiative rates due to a geometrical effect in
which nonradiative traps are isolated on individual nanoparticles [3]. The exact
emission mechanism from Si nanocrystals has been greatly debated in the literature.
It is a complex and interesting topic that has been studied for its own sake by many
researchers. Some of the existing theories are introduced below.

The shift between the emitting and absorbing states (Stokes shift) is large
(>2 eV) in silicon nanocrystals. Although many authors have proposed a direct
particle size dependence of the luminescence, it is not obviously consistent with
such a large Stokes shift. There can be at least two reasons for the large energy
gap between the absorbing and emitting states: 1) the density of states near the
band edge (i.e., ~1.5 eV) is lower by orders of magnitude compared to where the
absorption onset is observed [50]. In this picture, carriers are absorbed dominantly
at energies corresponding to the blue region of the spectrum, and rapidly ther-
malize to the band edge states in the near infrared. They subsequently recombine
and produce near-IR light emission. 2) The PL is moderated by the presence of
a radiative center in the bandgap. In this model, absorption occurs across the
quantum-confinement-enlarged bandgap but the luminescence occurs after carriers
are trapped at a radiative recombination site. {33, 38, 23, 51, 48].

Currently, the second model is gaining favor for a variety of reasoms. First,
Lépez et al. {57] have used electron spin resonance methods to obtain evidence
on the nature of the radiative centers and nonradiative traps. The PL intensity
scales inversely with the concentration of silicon dangling bonds, consistent with
the idea that the dangling bonds act as nonradiative traps. Second, there is a
direct dependence between the emission energy and oxygen concentration at the
nanocrystal-matrix interface [83]. Theory suggests that the Si=O double bond can
trap either electrons and/or holes, and that the recombination is localized to these
interface regions. Some models suggest that the energy of the radiative center tracks
the bandgap energy, but is always several eV below it [93]. The Si=0 double bond
is thought to be the main center at work in this model since it creates a deep
trap well into the bandgap [22]. This implies that the more oxygen atoms there
aie on the surface, the more possible recombination sites there are and statistically

the smaller the emission energy will be. Hence larger nanocrystals (i.e. with more
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oxygen atoms on the surface) emit at lower energies, and the experimentally observed
redshift of PL from larger nanocrystals is accounted for by the radiative center
model. In addition, particle interactions can strongly affect the peak PL wavelength
- Glover and Meldrum {28] showed that this effect can dominate over particle size
effects on the luminescence. In that work, an interactive nanocrystal model was
proposed in which carriers can migrate from particle to particle, although the exact
mechanism (eg. electron or exciton tunneling, dipole effects, minibands, etc.) was
not determined. Energy could be transferred through closely spaced particles (less
than 10 nm apart), resulting in a decrease in the overall emission energy (and a
PL redshift). On the other hand, more isolated particles had less probability of
carrier migration and a blueshift in the PL spectrum resulted. Hence the proximity
of particles (and grain boundaries) can greatly affect the PL spectrum.

It is clear at this point that the photoluminescence mechanism is much more
complex than in the case of II-VI nanocrystals. There is considerably more evi-
dence and argument for and against a pure quantum confinement model than cited
above: for example, the temperature dependence of the PL and the PL lifetimes has
also been interpreted on the basis of competing models {81, 86, 11]. Based on the
previous work by Glover and Meldrum {28, 27], particle size considerations alone

were insufficient to account for the photoluminescence results.

2.2 Microcavities

2.2.1 General Properties of Microcavities

Much of the research in silicon nanocrystals for application purposes is directed
towards making the emission spectrum sharper, more directional, more efficient,
and tunable to a specific wavelength. One common method of achieving these goals
is to embed Si nanocrystals in optical microcavities that trap the luminescense
and intensify the emission at specific wavelengths as a result of cavity quantum
electrodynamic (CQED) effects.

CQED is the study of boundary effects on electrodynamic properties of atoms
inside a cavity [19]. The field must be continuous across the boundary, leading
to a modification of the frequency-dependent mode density of the electromagnetic

field inside the cavity [9]. The mode density for an ideal closed cavity is a series of
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delta functions occurring at certain “resonance” wavelengths. If an atom inside a
cavity has a transition corresponding to a resonance wavelength, it can radiate faster
than in free space (this is called “enhanced spontaneous emission”). Otherwise, if
the atom’s transition is not at a resonance wavelength, the radiative lifetime is
theoretically infinite (in a perfect cavity) and emission of light will not occur [9].
The atom will simply remain in an excited state unless it radiates into one of the
“cavity modes”.

There are two regimes that describe the coupling strength between the atom’s
transition and the cavity mode [67]. In the weak coupling regime, the spontaneous
emission rate of an atom is enhanced inside a cavity compared to free space due to the
Purcell effect (as will be defined below). In the strong coupling regime, spontaneous
emission is a reversible process and photons that are emitted by an atom can be
reabsorbed and emitted many times (known as “Rabi oscillations”). The optical
properties of the system in this regime become a superposition of those of light (the
photon) and matter (the atom). For the work in this thesis, the coupling strength
was always in the weak coupling regime.

The quality factor, @Q, is the measure of the optical quality of a cavity. In an ideal
cavity, light would be confined indeiim'tely inside with no loss and the quality factor
would be infinite. But in real cavities with imperfect reflectors, light escapes after a
given time and the resonance peaks broaden as a result. The Q-factor is defined by

the ratio of the resonance wavelength A and bandwidth of the cavity mode AA;

[77].
A
2.3 Q=
(2.3) Ahis
The bandwidth A);/; can also be referred to as the full width at half maximum
(FWHM).

The higher @ is for a microcavity, the narrower the modes are and the more
efficient the light trapping becomes. In fact, @ is proportional to confinement time

of the light in units of the optical period [80] and can be written as
(2.4) Q=wTr

where w = 27rc/ )\ is the optical frequency and 7 is the photon lifetime in the cavity
[77]. Therefore, high @ factors correspond to narrow and intense emission lines,

although the overall emission intensity decreases due to the efficient trapping.
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The resonant wavelengths of the cavity, \,, are separated by the Free Spectral
Ra.nge (A/\ FS R):

(2.5) AAFSR = Ang1 — A

Or equivalently, the free spectral range in terms of frequency f or any other param-
eter can be found by substituting that parameter with ) in the above equation.

The free spectral range changes as a function of the cavity dimensions. If the
cavity is made larger, more wavelengths can resonate inside the cavity. As the
size of the cavity approaches infinity (i.e. free space, in which atoms can emit at
any wavelengths), A\pgr approaches zero. On the other hand, if the cavity is
made smaller, the allowable wavelengths become more separated, so that Alpgg
approaches infinity. A cavity with dimensions around 0.1-10 um is ideal for isolating
a few widely spaced cavity modes or even a single mode [94], as is desirable for most
practical applications.

At a resonant wavelength, the intensity of light inside a microcavity is enhanced
in a process known as the Purcell Effect. As originally reported by Purcell in 1946
[69], the density of modes per unit volume at a given transition wavelength is modi-
fied for atorus inside a cavity [80]. The density of modes is maximum at the resonant
wavelengths and well below that of free space at non-resonant wavelengths, and this
controls the spontaneous emission rate from the atoms inside the cavity. The more
modes that are available for an atom to radiate into, the more likely spontaneous
emission becomes. Therefore, spontaneous emission is enhanced at resonance wave-
lengths (maximum density of modes), while it is suppressed at non-resonant wave-
lengths (minimum density of modes). The magnitude of the enhancement is given
by the Purcell enhancement factor [80]:

3 /x)\?

(2.6) P = ) (N) %
where ) is the wavelength of light, N is the refractive index of the cavity, Q is
the quality factor, and V is the volume of the cavity. Note that the enhancement
factor is inversely proportional to volume, showing that there is another advantage

associated with the small dimensions of microcavities.
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2.2.2 Planar Microcavities

In a planar cavity, the cavity modes correspond to wavelengths that exactly equal
the length of the cavity when multiplied by a half-integer. In a cavity of length
L with perfectly reflecting end mirrors and a refractive index of 1, the resonant

wavelengths A, are given by [19]:

An

2.7 L=n—

(2.7 n=
where 1 is an integer. Or equivalently,

2L

(2.8) An = -

Due to the simple length dependence of resonant wavelength in Equation 2.8,
the wavelength of planar microcavities can be easily tuned by varying the size of the
cavity [39, 36]. For example, Hryciw et al. made Fabry-Perot planar microresonators
using Ag mirrors with an active layer of SRO sandwiched inside {36]. By changing
the thickness of the SRO layer, the photoluminescence wavelength could be tuned
between 475 — 875 nm. As well, they developed a single graded cavity, in which
the thickness of the active layer varied uniformly across a 2 inch wafer. From this
one sampile, all wavelengths between 475 — 875 nm could be obtained by moving the
excitation laser across the sample.

In addition to being tunable, the luminescence from planar microcavities is highly
directional. Si nanocrystals embedded inside planar microcavities are known to ex-
hibit narrow PL peaks whose intensity is more than an order of magnitude higher
than similar samples in the absence of the cavity [39]. The intense, narrow, direc-
tional, and tunable emission from planar microcavities makes them very attractive

for potential applications, as well as the study of cavity quantum electrodynamic
(CQED) effects [49).

2.2.3 Spherical Microcavities

Although planar microcavities represent a well established technology, spherical mi-
crocavities also have recently been gaining attention for possible applications and
theoretical studies. There are many differences in the emission properties of the two

types of cavities arising from the different geometries. Unlike planar microcavities,
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the emission from spherical microcavities is not naturally directional, and the wave-
length is not easily tunable. However, a spherical cavity has one major advantage
over a planar one: the cavity modes of spherical microcavities have much higher Q@
factors than in planar microcavities due to the three-dimensional confinement [6]. A
nearly ideal spherical cavity with diameter of 5 to 10 um can easily have Q greater
than 10° [41], whereas recent findings of silicon nanocrystals embedded in a planar
microcavity had @ factors of approximately 500 {39, 40].

In analogy with a quantum dot, a spherical microcavity is sometimes referred
to as a photonic dot (PD) due to its three dimensional confinement of light. Us-
ing QDs in combination with PDs yields an interesting and unique structure in
which both electron states of the QD and photonic states of the PD are quantized
in three dimensions. Because of this property, nanocrystal-containing microspheres
are attracting attention amongst both theoretical and experimental researchers. Ap-
plications of these fluorescent microspheres include the study of three-dimensional
confined photon states, microlasers, and optical coding of biomolecules [31].

In the following subsections we review the important theoretical background of
light inside a spherical microcavity. The equations presented in this section will later
be used for comparison to the experimental results of this thesis in Chapter 5. A
number of these equations (such as the resonance locations and free spectral range)
were originally derived according to Mie scattering theory. Although in this case
the experiment will not be dealing with light scattering from a sphere, important
parts of the theory have been shown to be equivalent for emitters inside or out-
side the sphere (for fluorescence vs. scattering). Equivalent parts of the theory
include resonance locations, linewidths and lineshapes, mode and order numbers
of observable resonances, density of modes, transition rates of atoms, and the fre-
quency dependence of these rates [34, 14, 15]. However, the angular distribution
and polarization of emission from a fluorescent sphere were shown to be different

from that of scattered light from the same sphere [16].

‘Whispering Gallery Modes

The optical cavity modes in a spherical cavity are called Whispering Gallery Modes
{(WGMs). This name originates from an acoustical effect first observed in a gallery
in the Cupola of St. Paul’s Cathedral in London. One can hear a whisper spoken

14
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Figure 2.3: WGMs formed inside a sphere by multiple total internal reflections at
the sphere-air interface. The incident light beam enters the sphere tangentially by
diffraction. Figure reproduced from [34].

near the wall on the other side of the gallery (42 m away) due to the refocusing of
the sound by the curved surface of the cathedral {49]. Lord Rayleigh was the first
to identify this effect about 100 years ago and suggest the existence of the gallery
modes. He related the idea to light as well, saying that a similar strong confinement
of electromagnetic fields would be useful for applications.

The formation of optical WGMs in a spherical microcavity occurs as follows. If
the refractive index of a nonabsorbing sphere is larger than the refractive index of
the material surrounding it, then a beam of light approaching the internal sphere
surface at an angle above the critical angle (with respect to the sphere surface
normal) will be totally internally reflected at the sphere-air interface [41, 49, 34].
When the circumference of the sphere is larger than at least a few wavelengths of
light, the light can undergo multiple reflections off the curved inner surface of the
sphere, and produce resonance (constructive interference) when it returns in phase
to the starting position. The ray of light inside the sphere stays close to the inner
surface because the angle of incidence (with respect to the sphere surface normal)
must be large enough for total internal reflection (TIR) to occur. To illustrate this
point, an example of a ray path is shown in Figure 2.3. The energy density is highest
close to the inner sphere surface, giving the light a ring-like appearance.

In reality, a description of light propagating around the sphere by a series of total

internal reflections cannot be entirely explained by geometric optics. According to
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this picture, light could neither enter the sphere nor leave it. The light must enter
the sphere at an angle beyond the critical angle in order to be trapped inside, which
is impossible by simple refraction. The only way for the light to enter the sphere is
by diffraction or optical tunneling (frustrated TIR) {34]. The TIR modes are then
trapped inside the sphere with a loss of light due only to scattering and absorption
in the sphere. The modes are able to radiate due to scattering (otherwise, in a
perfect sphere, they would be trapped inside forever). However, even with this loss,
the light is nearly totally internally reflected and it takes a long time to escape the
sphere [34]. This efficient trapping of light in a spherical microcavity is what makes
the extremely high Q factors possible.

In this way, a uniformly solid microsphere can be used as a cavity for trapping
light into high @ WGMs. The source of light (eg. fluorescent nanocrystals) could
be inside the microsphere or outside the microsphere. As discussed in Section 2.2.1,
resonant wavelengths of light are intensified in the microsphere, and corresponding

widely separated intense peaks appear in the emission spectrum of the microsphere
(i.e. the WGMs).

Quantum Numbers

The resonance structure inside a spherical microcavity is solely dependent on the
size, shape, and refractive index of the cavity. The resonant modes can be described

in terms of wavelength A, frequency f, or size parameter x. The size parameter is
defined as

(2.9) z= 2na

where a is the radius of the sphere.

Each cavity mode has a unique set of quantum numbers, or order numbers, that
describe the angular dependence of the electric field inside the sphere. Each mode
is indexed by three numbers, n, I, m, which are all integers, and correspond to the
number of intensity maxima in a given direction. The angular order number (or
mode number), n, can be thought of as the approximate number of wavelengths
that fit inside the sphere. It gives the number of maxima in the field intensity from
polar angle 0° to 180°. The radial order number (or order number), I, represents

the number of maxima in the field intensity in the radial direction. And lastly, the
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azimuthal order number (or magnetic number), m, describes the angular depen-
dence from azimuthal angle 0° to 360°. m can be anywhere from —n to n, where
positive or negative m is given to waves traveling in opposite directions around the
sphere’s equator (so that the total number of maxima will be 2|m| ). For perfect
spheres, modes differing only in azimuthal number m are degenerate (have the same
resonance spectrum). When a particle is not exactly spherical, modes for different
m values become nondegenerate, and the frequency shift between them is related to
the ellipticity of the sphere [34].

For small size parameters, the first-order modes are the first to appear in the
spectrum, and they occur when n &~ Nz where z is the size parameter and N is
the refractive index. As the size parameter is increased, the linewidths decrease
and the order number, n, increases. The relation n = Nz equates the number of

wavelengths mside the Sphere to the CircumfGI'ence Of the Sphere:
(2 ].O) n. _—A - 271
. a
mazr N

Here the label n,,,, is given since this represents the maximum number of wave-
lengths that fit inside the sphere (or the maximum value of angular momentum).
If n is higher than n,qz, the energy densities of the modes are mostly outside the
sphere, and hence are extremely lossy. From this equation, it can be seen that ng,az
increases with increasing size of sphere, since more wavelengths can fit inside a larger
sphere. 4

Looking at the other extreme, the minimum number of wavelengths that can
fit into the sphere and produce resonance corresponds to 7, = 2z, so that the
broadest modes to appear in the spectra have n = z. If n is less than n,,;,, the light
approaches the internal surface of the sphere at an angle greater than the critical
angle and therefore is not confined within the sphere by total internal reflection [34]
(see Figure 2.4). So we have:
EE

A

In summary, from Equations 2.10 and 2.11, we have {58} : -

(2.11) ’ Timin =

(2.12) z<n<Nz

Here the highest n values correspond to the modes with the greatest confinement
and hence the highest possible @) values (in this case, m is close to n and l=1). The
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Figure 2.4: When n < nmin, the light is no longer confined in the sphere by total
internal reflection. At each reflection point, some light is reflected inside, and some

escapes outside the sphere.

lowest n values correspond to the lowest possible @ values that can occur when the

sphere is still resonant with light.

TE and TM Modes

When dealing with an electromagnetic wave crossing the boundary between a sphere
and its surrounding medium, the boundary conditions depend on the polarization
of the field. This leads to two types of resonances that can exist in the sphere:
transverse electric (TE) — with the electric field perpendicular to the plane of inci-
dence, and transverse magnetic (TM) — with the electric field parallel to the plane
of incidence [45]. The plane of incidence is the plane containing the incident and re-
flected rays (i.e. the plane of the paper, as in Figure 2.5). Due to their polarization
direction, the TM modes extend slightly outside the sphere compared to the TE
modes {77]. TE modes are hence associated with higher Q values and more efficient
confinement of light than TM modes [77].

In the emission spectrum, it is possible for TE and TM modes to appear as one
peak, when they are very closely spaced and broad [34]. This effect will lessen as size
parameter is increased (i.e. as wavelength is decreased, since z = 2wa/)). However,
in general the TE and TM modes occur at different wavelengths and appear as
separate peaks. The shift in wavelength between TE and TM modes with the same

order numbers n, {, and m is due to the Fresnel phase-shifts upon reflection [55].
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EI/
E,

Figure 2.5: The two polarizations of light in a sphere: with the electric field per-
pendicular to the plane of incidence (E, , corresponding to TE modes) or with the
electric field parallel to the plane of incidence (E;;, corresponding to TM modes).

The plane of incidence is the plane of the paper.

This shift, in terms of frequency, is given by {55, 72] :
(N2 - )Y2Afrsr
N

where N is the refractive index of the sphere as usual, and A frgp is the free spectral

(2.13) Afre-tm =

range in terms of frequency. A theoretical formula for calculating A frgp will be

given below in the ”Free Spectral Range” subsection.

Resonance Locations

It is possible to calculate with high accuracy the theoretical positions of low order
(low 1) modes of any given polarization and quantum number by using high-order
asymptotic expansion formulas. Since WGMs correspond to low ! values, this is
directly useful in the present work. Many approximate analytical formulas for the
resonance locations have been calculated according to Mie theory. One of the most
accurate of these was derived by Schiller in 1993 [71]. He showed that the resonance
locations (in terms of size parameter z) are

knlllt
' i Cl _V- 1/3 dk(My Cl)
(2.14) =M (2) + ;} vk/3 (M2 — 1)(k+1)/2

where v = n + 1/2, M = N, /N, is the relative index of refraction of the sphere (s)
to the surrounding medium (a), ¢; is the lth root of the Airy function which can
be found in standard mathematical tables (see for example [54]), and di (M, () is a
coefficient that depends on M and {;. The limit k., refers to the highest k£ value
taken for the summation. The higher k., is, the more accurate the approxima-

tion is. The coefficients di{ M, ;) are not well known for high k¥ and require much
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calculation to find. In Schiller’s paper [71], the coefficients for £ = 0 to kmez = 8
are given (thereby offering higher accuracy than in previous calculations which had

used kinaz = 2 [72, 54]). As an example, the first four coefficients are:
(2.15a) dp=—p

2'33(M* - 1)¢F
_ —23M%p(-3+ %%
B 6

(2.15¢) d2

_ 350M*(1 —p)p(—1 +p+p*) + (M* - 1)2(10 + )
= 700M

where p = 1 for TE modes and p = 1/M? for TM modes. Here the resonances are

(2.15d) ds

given in terms of size parameter z. If the size of the sphere is known, the resonant

wavelengths can also be calculated by Equation 2.14 using A = 2ra/x.

Free Spectral Range

The free spectral range in a spherical microcavity can now be defined more properly
as the spacing between neighbouring whispering gallery modes of the same polariza-
tion with the same radial (I) and azimuthal (m) order numbers, but a difference of
one unit of angular order number (n) (i.e. two successive modes of the same trans-
verse mode structure). There are two approximations for free spectral range that
are commonly quoted by various authors. The first has been quoted with respect
to fluorescent spheres (58, 34]:
’ tan " 1[(N2 — 1)1/2]
(N2 —1)1/2

where N is the refractive index of the sphere.

(2.16) Azpgp =~

The second equation is more often used for Mie scattering. It is derived under
the assumption that the mode number n is approximately equal to the number
of wavelengths that fit inside the sphere, and that the mode’s electric field at the
surface of the sphere is approximately zero. In terms of frequency, the free spectral
range is [55, 72]:

(2.17) AfFSR ~

c
2aNa

20

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



where f is the frequency, c is the speed of light, N is the refractive index, and a

is the sphere radius.

Rate Enhancement 7

The cavity rate enhancement, 7, is the magnitude of the enhancement of the prob-

ability for spontaneous emission at resonance as compared to free space. It is given

in [58] by
3N3QD

(2.18) = Eri?f_m

where D is the degeneracy of the mode, @ is the quality factor, and V,, is the mode

volume. Comparing this to Equation 2.6, we see that the rate enhancement 7 is just

another form of the Purcell factor P. The enhancement can be approximated by

where N is the refractive index, @ is the quality factor, and z is the size parameter
(see [58] for the derivation of Equation 2.19 from Equation 2.18). This approxima-
tion holds under the following assumptions: (1) @ is low, (2) Q is much less than
Qab; and (3) n = 2. Qg is the absorption factor and is given by Qg = 2aN/a)
[68]. Here « is known as the absorption coefficient, and it is a measure of the purity
of the sphere. If the sphere is perfectly pure (with no defects), then o = 0.

Note that the rate enhancement of spontaneous emission also depends on the
location of the light emitter inside the spherical cavity. Both theory [18, 17, 15]
and experiment [88] have shown that when the emitter is near the surface, the
enhancement is great {over 1000 times that of the free space value), but for light

emitters in the central portion of the sphere there is no enhancement.

The Q@ factor

Although the Q factors of spherical microcavities can be extremely high, there are
limiting factors, such as surface imperfections, which can seriously lower Q. The

overall Q-factor can be broken down into all its contributing mechanisms as follows

[77):
(2 20) 1 = 1 + ! + 1 + ! + ; 1
) Q Qmat QwaMm st Qcontam. Qcouph’ng
21

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Each of the terms on the right hand side of Equation 2.20 represents some form of
loss from the cavity. Qg is due to resonator material loss, Qwaa is due to the
curved dielectric cavity, Q,s is due to scattering off of surface imperfections, Qcontam
is due to contamination on the surface or inside the cavity, and Qeoupting is due to
input/output coupling.

Gorodetsky et al. performed a study on the ultimate @ of optical microsphere
resonators [30]. They found that the limit for microsphere Q at 633 nm is 0.9 x 101°,
but that in regular laboratory conditions @ will worsen within 1 h, due to water
vapours and dust accumulating on the microsphere surface. They propose that in
order to preserve high @, the microspheres must be nade and kept in evacuated dry-
gas-filled chambers or be treated chemically to prevent surface hydration. In the
present case no special care was taken with respect to the storage of the microspheres
since the dominant loss mechanisms should be due to the film itself rather than

contamination on the surface of the film.

2.3 Experimental Background

With the basic theory of nanocrystals and spherical microcavities now presented,
this section is devoted to how nanocrystals and microspheres have been used in
combination by other researchers. The work discussed here is what leads up to the
experimental design used in this thesis research (which follows in Chapter 3).

Glass or polymer microspheres are amongst the common types of spherical mi-
crocavities that are known to produce high Q WGMs (as an example, another type
would be a liquid droplet). High Q modes and lasing have often been observed
when the microsphere is coupled with laser beam light. Of particular interest, even
single mode lasing was achieved by Cai et al. {10] when they tuned the pump laser’s
wavelength to the fundamental WGM resonance of the sphere.

The possibility of developing a light source from microspheres coupled to the
luminescence of QDs has also been widely studied both theoretically and experi-
mentally. For example, Pelton and Yamamoto have proposed a design for a semi-
conductor micro-laser which couples the light emitted from a single InAs/GaAs QD
into the WGMs of a glass microsphere {66]. This would be achieved by bringing a
glass microsphere attached to a fiber stem very close to the surface of a GaAs matrix
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with a single InAs QD embedded inside. The calculated threshold current for this
laser is several orders of magnitude lower than for other semiconductor lasers.

Experimental researchers have also investigated microsphere/nanocrystal de-
vices. Sometimes the QDs in these structures are formed inside the sphere, but
it was noted by Artemyev et al. [7] that since the electromagnetic field is highest
at the surface of the sphere, it would be best to attach the QDs to the surface of
the microsphere or-embed them in a thin shell of a hollow microsphere. Many dif-
ferent methods of attaching the nanocrystal to the microsphere have been tried by
different authors. Jia et al have reported on CDSe,S;_,; QDs embedded in glass mi-
crospheres (~40 pm diameter) with observed resonance modes of @ = 1790 [41]. The
microspheres were formed by a heating process of glass containing CdO, CdS, and
elemental sulfur or selenium. The spheres were annealed for several hours to form
CDSe,S:_. nanocrystals inside by precipitation. Artemyev et al. have used glass
microspheres (3 — 10 ym diameter) with ZnS-coated CdSe nanocrystals attached to
the surface in a thin shell to achieve Q factors greater than 10* [7]. The nanocrys-
tals were chemically bonded to the surface of the microsphere via a process known
as mercaptosilanes. Klimov and Bawendi coated polystyrene microspheres (10 ym
diameter) with a thin film of CdSe nanocrystals (<100 nm thick) and achieved
lasing from these structures [47]. The number of lasing modes increased with exci-
tation power. As well, a recent report by Snee et al. showed lasing from silica and
polystyrene microspheres coated with CdSe/CdZnS nanocrystals [76]. The micro-
spheres were coated uniformly to preserve sphere structure by mixing them with a
nanocrystal/titania solution.

Reports on high Q WGMs and lasing from microsphere/nanocrystal stfuctures
usually have used direct gap semiconductor nanocrystals. There have been studies in
which silicon nanocrystals were implanted into microspheres, but strong WGMs were
not found in the spheres. For exaraple, in a work by Ryan et al.; silicon nanocrystals
were embedded into silica microspheres via ion implantation {70]. This study hinted
that the light was being coupled into WGMs, however the modes were very weak.
The process of ion implantation caused the spheres to be severely deformed, making
them more muffin-shaped than spherical (see Figure 2.6), and hence there were no
resonant modes inside the cavity.

In other work, silicon nanocrystals were embedded via ion iraplantation into silica
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Figure 2.6: 5 prm diameter silica microspheres that have been implanted with Si
nanocrystals by ion implantation. Figure reproduced from [70].

microspheres or nanospheres for the purpose of patterning them into 2D arrays or
3D artificial opals [82, 2, 96]. Again, little to no WGMs were observed, but these
works showed ‘successful patterning of the microspheres. Such patterning of the
spheres offers further control over the emission properties, making them attractive
for potential device applications. As an example, a periodic structure of materials
with alternating dielectric constants is known as a photonic crystal [42]. Scattering
at the interfaces between the different dielectric constants causes photons of certain
frequencies to be forbidden to propagate through the crystal (much like the case of
an energy band gap for electrons in semiconductor materials). Depending on the
geometry of the crystal, certain frequencies can be allowed in one direction while
others are forbidden, thereby offering control over the direction of emission from the
crystal. In fact, the patterning of luminescent nanocrystals to make the emission
more directional has been studied using various techniques such as lithography {61,
37]. Attaching the nanocrystals to microsphere arrays is just one of these methods.

Many researchers have studied the theory involved with luminescent microsphere
arrays, but not very many experimental studies have been done since arrays with
large areas are difficult to make. Researchers are experimenting with methods to
make arrays, such as lithography and self-organization methods [95, 84, 82]. For
example, Yamasaki and Tsutsui reported a method which produces two dimensional
arrays of silica microspheres as big as 3 cm? in area [95]. Their technique involves a
reservoir and a tapered cell filled with a suspension, placed in a specific set-up such
that an array is formed by self-organization as the suspension drys. The hexagonal
arrays were found to be uniform (with some imperfections due to variations in sphere

size) and they withstood various chemical and thermal treatments.
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Chapter 3

Experiment

3.1 Experiment Goals

There were two main experimental goals to this thesis research. The first was
to develop a new structure using silicon nanocrystals and silica microspheres that
would not deform the spheres and hence could be used to trap light efficiently into
the WGMs. The second goal was to study the optical properties of this structure
and experiment with different parameters to control the PL spectrum. With these
goals in mind, arrays of silica microspheres were arranged onto a substrate and
coated with a thin layer of silicon nanocrystals on top (Figure 3.1). The idea here
is that by putting the nanocrystals on the outside of the sphere, ion implantation
could be avoided so that deformation of the sphere would not take place as in
previous work [70]. Instead electron-beam evaporation was used in combination
with annealing to “grow” the nanocrystals on top of the sphere. The luminescence
from the nanocrystal could then enter the sphere thiough the upper hemisphere
and ideally be trapped into the WGMs. Aside from avoiding ion implantation as a
preparation method, placing the nanocrystals on top of the spheres is advantageous
for another reason. As mentioned in Chapter 2, enhancement factors are greatest
for emitters near the surface of the sphere as opposed to the central portion. Also,
when WGMs are trapped inside a sphere, the electromagnetic field is highest close
to the surface, so that for maximum confinement of light the ideal place for the
emitter is either attached to the surface of a solid sphere, or embedded in a thin
shell around the edges of the sphere [7].
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Figure 3.1: Experimental Samples: an array of silica microspheres on a substrate

with a layer of Si nanocrystals on top. Drawing is not to scale.

The spheres were aligned in monolayer arrays to show that, in principle, such
structures could be used for photonics applications in which the emission should be
directional. Tuning of the luminescence wavelength was not attempted, however,
various sphere sizes and thicknesses of nanocrystal filln were used in order to provide
some controllability on the PL spectrum.

The experimental portion of this research involved preparing the samples (as
will be discussed in Section 3.2} and collecting photoluminescence measurements
and images of these samples (as in Section 3.3). The goals of these experiments
were to identify and understand the differences in PL spectra for different sizes of
microspheres, different thicknesses of the Si nanocrystal film, a single sphere vs an
array of spheres, and different locations within-a single sphere {i.e. center vs the
edges).

3.2 Sample Preparation

Preparing luminescent microsphere arrays was a three-step process that took about
four days in total to complete. The three main steps were: (1) Drop-coating the
spheres onto a substrate to form an ordered array (Section 3.2.2), (2) adding a
thin film of SiO, on top of the array of spheres by electron-beam vapor deposition
(Section 3.2.3), and (3) annealing the samples to form nanocrystals inside the film
{Section 3.2.4).

3.2.1 Microspheres

The standard materials for making microspheres used in research are silica and
polymer (ex. polystyrene or polyMMA). Since the refractive index of solid materials
is greater than that of air (N = 1), which is usually the surrounding medium, then
‘WGMs can be achieved. Some groups use plastic microspheres (polymer N = 1.5),
while most choose silica or glass microspheres because of their better optical stability.

26

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Polymer microspheres often degrade in optical experiments due to photosensitive
surface reactions, while silica spheres do not {41].

Microspheres can be prepared using a chemical method {5], but the most com-
mon way involves heating a material and allowing surface tension to form the sphere
[41, 49, 53, 66]. For this thesis research, microspheres were ordered from commercial
suppliers. They came in a small bottle dispersed in a solution of deionized water.
Four sizes of spheres were ordered from Bangs Laboratories, having nominal diam-
eters of 4.99 pum, 3.47 pm, 2.34 pm, and 0.80 pm, with a quoted standard deviation
of 10 %. Another bottle of 20 pum diameter spheres was ordered from Kisker. These
spheres had a very high standard deviation on the size distribution {although it was
not given by the supplier, the standard deviation was later estimated to be around
50 % by imaging of the sphér%). The spheres were made from pure silica (glass),
which is a uniform, amorphous (noncrystalline) solid material. According to both
suppliers (Bangs Labs and Kisker), all the spheres had a refractive index of 1.37,

which is somewhat lower than commercial fused silica.

3.2.2 Drop-Coating Spheres onto a Substrate

In order to produce long-range two-dimensional arrays, the spheres were deposited
onto substrates using the drop-coating technique outlined in reference [84]. In this
method, spheres in solution are dropped onto an angled substrate that has been
treated by potassium hydroxide (KOH). As the spheres dry and make their way
down the angled substrate, they naturally form hexagonal close-packed arrays.
Fused silica substrates (~6.5 cm? in area and ~1 mm thick) were left overnight
in a covered flask of KOH to increase their hydrophylicity. In this treatment, a
chemistry change in the substrate takes place which causes a drop of water on the
surface of the substrate to be “flat” as opposed to forming the usual convex “bubble”
that it would form on glass or plastic. After the KOH treatment, the substrates were
cleaned to remove the excess KOH. The cleaning process consisted of putting the
substrates into clean distilled water and sonicating for a few minutes. This was
repeated 2 - 3 times using a new flask of water each time. The bottle of spheres
was also sonicated briefly (~30s) to shake up the spheres, which were often stuck
in a clump at the bottom of the bottle. Once the sonication was complete, the

substrates were taken out of the distilled water and mounted at an angle of ~10° to
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Figure 3.2: Spheres in solution are dropped onto an angled substrate propped up by
a few microscope slides {drawing not to scale — the size of the substrate and slides

has been exaggerated for clarity).

the horizontal by resting their edges on a stack of 2 - 4 microscope slides. While the
substrates were still wet, the spheres (in water) were deposited onto the substrate
using a micropipette. One small drop was deposited near the top central portion of
each substrate (see Figure 3.2). Next, the substrates were covered by a bell jar and
left to dry for 2 - 3 days. The drying took place at room temperature in a relatively
vibration-free area of the lab. To ensure slow drying, the atmosphere was kept
moist by including an open flask of water inside the bell jar. A moist atmosphere is

important in order to create well ordered arrays [84].

3.2.3  Electron-Beam Evaporation

After drying, the microsphere arrays were coated with a thin film of nanocrystals.
The experimental basis for the nanocrystal synthesis method was developed by
Glover and Meéldrum [28], which itself was based on earlier work by Kahler and
Hofmeister [44]. In this method, thin film physical vapor deposition is used to
form a thin film of silicon rich oxide (SiO,, where 1 < = < 2). The film can be
formed by co-evaporating such materials as silicon (Si), silicon monoxide (SiO), and

silica (8iO2). Alternatively, a single material such as SiO can be evaporated in the
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presence of axygen to make SiO, with £ > 1. The pressure of the oxygen within
the evaporation chamber can then be used to control the film composition. Both
methods were used for this research: single source evaporation and co-evaporation

of two sources.

Method 1 (Single Source Evaporation)

In this method, a single source material was used as the evaporant. A schematic of
the evaporation chamber is shown in Figure 3.3. The substrates, pre-coated with
arrays of spheres, were mounted at the top of the chamber directly above the source
evaporant. In order to ensure stable evaporation rates, a molybdenum crucible with
a tungsten lid was used. The electron beam was directed at the lid and heated the
crucible more-or-less uniformly. The evaporated material escaped into the chamber
through a small hole in the lid. This system controlled the problem of spitting
that is a typical difficulty with molten silicon monoxide. The evaporation rate was
controlled via the emission current of the electron gun. The amount of evaporant
reaching the substrates was measured by a crystal thickness monitor mounted at
the same height. Once the desired film thickness was reached, the substrates were
blocked from further deposition by a shutter just below them. There may have
been some consistent error in the crystal monitor measurement, but this would not
affect the conclusions of the present study (since exact film thicknesses were not
important).

Silicon monoxide (SiO) was used as the evaporant and the deposition was per-
formed with a continuous flow of oxygen in the evaporation chamber in order to
produce a film composition of SiO,. The oxygen pressure in the chamber was .
always set at 1x10™5 Torr just before the evaporation, but during the evapora-
tion the oxygen pressure was reduced due to gettering (oxygen reacting with the
evaporant and sticking to the walls of the chamber). This method usually results
in a film composition of approximately SiQ; ; when the evaporation pressure is
~4x1078 Torr [28]. Although this composition was aimed for by setting the pre-
evaporation pressure to 1x10~% Torr, during deposition the pressure could not be
adjusted. In each deposition the pressure was different, ranging from ~5x 1078 Torr
to 1x107% Torr (see Table 3.1 and 3.2). In most cases, the pressure was between

~2x107% Torr to 6x 1078 Torr. However, in one deposition (of 20 nm film) the pres-
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Figure 3.3: The electron-beam evaporation system.

sure was ~1x107% Torr which is quite a bit higher than the others, meaning that
the film composition had a higher concentration of oxygen. However, since these

films showed characteristic silicon nanocrystal PL, these samples were included for
WGM analysis.

Method 2 (Co-evaporation of Two Sources)

Method 2 is similar to Method 1, except that instead of bleeding oxygen into the
chamber, an additional source (SiO;) was used in combination with the SiO to
produce a composition of Si0O;. This has the advantage of obtaining higher z values.
With Method 1 the upper limit is x = 1.2. In this work, Method 2 was used to
produce films of z = 1.4, which has been shown to be a composition that produces
strong PL.

In this method, one source (Si03) was placed in the crucible and was heated via
the e-beam as described above. The other source (SiO) was placed in a “boat” near
the middle of the chamber that was heated thermally. The two sources Were heated
(and hence evaporated) simultaneously. Two thickness monitors were mounted at

the height of the substrates, one to measure the thickness of material contributed by
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each source. The path of evaporation for each source was shielded in order to reach
the appropriate monitor only. By careful control of the evaporation rates of both
sources, and timing of the deposition, it was possible to control the composition of
the film. For example, in one deposition the SiO was evaporated at a rate of 3 A/s
while the SiO5 was evaporated at 2 A/s. The total deposition time was two minutes,

resulting in a 100 nm film of Si0Oy 4.

3.2.4 Annealing

After the SiO, filus were deposited onto the arrays of spheres, the samples were
then ready for annealing. When the film is annealed, the SiQ, phase separates to
form an Si + SiO2 mixture. There has been much debate concerning the diffusion,
nucleation, and growth pr.ocesses at work and many authors have investigated the
effect of annealing temperature and annealing time on the particle size and size
distribution. For a given SiO, composition, a higher annealing temperature results
in larger silicon particles. If the temperature is too high, this could cause large
particles or semi-continuous layers of silicon to form [59]. The exact effect of the
annealing time is not as clear. Some researchers have observed PL redshifts by
increasing the annealing time and have hence concluded that nanocrystal size is
increased with longer anneals (eg. see [74]). But in another study, Lépez et al. [56]
showed that nanocrystal size was unaffected by different annealing times (1 minute
or 16 hours made no difference), but PL intensity was affected. The PL intensity
increased with annealing tine up to 4 hours and then saturated. The annealing
atmosphere also plays a role: several investigations have shown that the presence
of hydrogen in the annealing atmosphere is crucial for obtaining reasonably intense
luminescence [63, 90, 27, 35]. This is thought to be due to the hydrogen passivation
of silicon dangling bonds at the nanocrystal-matrix interface (dangling bonds - i.e.,
Py centers - are well known nonradiative traps in silicon).

The samples in this work were annealed for 1 h at 1000 °C in flowing 96% Ny
+ 4% Hy gas at a pressure slightly above 1 atm. The annealing temperature was
chosen on the basis of previous experiments by Glover [27], who showed that SiO,
films annealed for 1 h at 1000 °C gave more intense luminescence (an order of
magnitude greater) than those annealed for 1 h at 600 °C, 800 °C, or 1200 °C. The

annealing gas was chosen in order to passivate nonradiative traps and enhance the
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Si nanocrystals

Figure 3.4: An SiO; film annealed to form Si nanocrystals embedded within an SiO,
film.

luminescence. Previous research [27] has shown that SiO; 3 films annealed under
these conditions (1 b at 1000 °C in Ny + Hy) result in an SiO; film embedded with
randomly oriented Si nanocrystals with an average diameter of approximately 3 nm

and an average interparticle spacing of approximately 3 nm (Figure 3.4).

3.2.5 - Sample Lists

Using the above outlined method of drop-coating, e-beam evaporation, and anneal-
ing, several samples were prepared. SiOj s films 20 nm, 50 nm, and 100 nm thick
were deposited onto each of the four Bangs laboratories sphere sizes using evapora-
tion Method 1. The 20 um spheres that were ordered from Kisker were examined
much later in the research in order to test the Q factor of relatively large spheres. By
this time, the SiOy 4 composition was found to produce more intense luminescence
as compared to the SiOy 2 composition, so the 20 um spheres were deposited with
Si0O; 4 films using evaporation Method 2. For a list of all main samples prepared,
see Table 3.1. Samples were named according to their sphere diameter and film
thickness.

In addition to the main experiments, a number of preliminary samples were
prepared to test such factors as film composition. These included a set of “blank”
samples, a set of “three stages” samples, and a set of “Si0O; 4” samples. The “blank™
samples were prepared without any film on top of the spheres to see if any lumi-
nescence originated from the spheres themselves. The “three stages” samples were
prepared to compare the sample structure in the three main stages of preparation:
1 (drop-coated}, 11 (dfop—coated and deposited on) and III (drop-coated, deposited
on, and annealed). The “Si0; 4” samples were deposited with Si0; 4 using evapora-

tion Method 2 to compare to those made with Method 1 and test film composition
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List of Main Samples
Sample Sphere Film Targeted Film | Deposition
Diameter | Thickness | Composition Pressure
(pum) (nm) (Torr)
0.8m100nm 0.80 100 SiO;2 2x1076
2.34pm100nm 2.34 100 SiO; 2 2x1076
3.5um100nm 3.47 100 Si0; 2 2x10-6
54m100nm 4.99 100 SiO1 2 2x10~%
0.8m50nm 0.80 50 SiOy 2 6x10~6
2.34pm50nm 2.34 50 Si012 6x1076
3.5um50nm 3.47 50 SiO; 2 6x1076
5m50nm 4.99 50 SiOy 2 6x1076
0.844m20nm 0.80 20 SiO; 2 1x1075
2.34pm20nm 2.34 20 SiO; 2 1x10~%
3.54m20nm 3.47 20 SiO; 2 1x1078
54m20nm 4.99 20 SiO; o 1x1075
20pm100nm 20 100 SiO} 4 2x1076
20m50nm 20 50 Si0;4 | 2x107®
20pm20nm 20 20 SiO4 3%x10°%
20pmHnm 20 5 SiOg 4 3x10°6

Table 3.1: List of samples showing sphere diameter (according to the supplier), film
thickness (according to the crystal monitor), targeted film composition (according to
whether deposition Method 1 (8i0; 2) or 2 (SiO1.4) was used, and average pressure
during the deposition of the film (according to the pressure monitor of the E-beam
system). All sarples were annealed for 1 h at 1000 °C).
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List of Preliminary Samples
Saraple Sphere Film Targeted Film | Deposition
Diameter | Thickness | Composition Pressure
(pm) | (um) (Torr)
0.8umblank 0.80 - - -
2.34mblank 2.34 - - -
3.5umblank 347 - - -
Spmblank 4.99 - - -
20pmblank 20 - - -
5u50nm(T)* 4.99 - - -
5um50nm(IT)* 4.99 50 Si0y 5 1x1073
5um50nm (IIT) 4.99 50 SiO1.9 1x107°
0.8um50nm(1.4) 0.80 50 Si01.4 3x10°6
2.34pm50nm(1.4) 2.34 50 SiO; 4 3x1076
3.5pum50nm(1.4) 3.47 50 Si0y 4 3x10°6
5umbinm(1.4) 4.99 50 Si0q 4 3x1078

Table 3.2: List of preliminary samples showing sphere diameter (according to the
supplier), film thickness (according to the crystal monitor), targeted film compo-
sition (according to whether deposition Method 1 (SiQ;2) or 2 (SiO;.4) was used,
and average pressure during the deposition of the film (according to the pressure

monitor of the E-beam system). All samples were annealed for 1 h at 1000 °C except

* which were not annealed.
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effects. A list of all preliminary samples is given in Table 3.2.

3.3 Photoluminescence Spectroscopy and Imaging

The samples consisted of areas of arrays of spheres near the center, and more dis-
persed spheres near the edges of the deposited area. Therefore we were able to
collect PL from not only an ensemble of spheres, but single spheres as well. The
photoluminescence spectroscopy method used was different for the case of ensem-
bles and single spheres and will be given in Sections 3.3.1 and 3.3.2, respectively.
Fluorescence, reflection, and transmission images of single spheres and arrays were

also taken for all samples, as discussed in Sections 3.3.3 and 3.3.4.

3.3.1 Ensemble Spectroscopy

The set-up used for collecting photoluminescence spectra of arrays of spheres (“en-
semble spectra”) is shown in Figure 3.5. The 325 nm line of a HeCd laser with a
continuous wave (CW) power of ~20 mW and a diameter of ~1 mm? was used as
the excitation source. Using a mirror, the beam was directed towards the sample at
an area of arrays (this area was visible by eye, as will be discussed in Chapter 4).
The PL was collected by an optical fiber and brought through a long-pass filter to
a 2048-pixel linear CCD spectrometer. The filter was used to block reflected laser
light from being collected by the spectrometer. The spectrometer was attached to a
computer, where spectra were collected using the program OOQOlbase. The spectral

response of the spectrometer was calibrated using a standard blackbody radiator.

3.3.2 Single-Sphere Spectroscopy

Single-sphere spectra were taken on a home-built photoluminescence microscopy
setup. Isolated spheres were first lined up under an optical microscope. The 442 nm
line of a HeCd laser was then directed into the microscope and focused through the
objective lens and onto the sample to excite the PL. The PL was collected from
the same objective and then directed through a 550 nm long-pass interference fil-
ter to remove reflected laser light, and onto an imaging spectrograph interfaced to
two CCD cameras (one for imaging and the other for spectroscopy). The spectral

response of the system was corrected using the same blackbody radiator as for the
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Figure 3.5: The set-up used for collecting ensemble photoluminescence spectra.

enseinble PL measurements. The wavelength scale of the resulting spectra was de-
termined by calibrating with an HgAr lamp. Spectra were collected on the computer
using the programs SBIG Spectrograph and CCDops. An image of the sphere was
displayed on the computer along with the entrance slit of the spectrometer. The
slit could be lined up with any desired portion of the sphere. Also, the emission
collected through the spectrometer slit could be cropped in order to compare light
emission from different areas of the sphere (i.e. the center vs. the edges).

Using this set-up it was also possible to analyze the PL of the sphére from
different angles. Usually, the substrate was face up in the microscope so that the
spheres were excited from the top and the PL was collected from the same angle. By
cleaving the substrate and propping it on its side, it was possible to obtain images
and spectra at a 90° angle from the substrate surface normal (if the contact point
of the sphere with the substrate is the “bottom’ of the sphere, then this set-up was
the “side view”). This experiment was difficult to do however, because there were

very few spheres suitably near the edges of the substrate.

3.3.3 Optical Microscope Imaging

Images were taken through the microscope using a specialized fluorescence camera
{Roper Coolsnap E5) and the computer programs WinView and RSImage. The

setup allowed images to be taken in three modes: reflection (sample illuminated from
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above by a white light), transmission {sample illuminated from below by a white
light), and fluorescence (sample excited by a laser, as in Section 3.3.2). Although
the camera cannot perform spectroscopic functions, the image quality is superior
to the performance of the small CCD used for imaging the slit (see Section 3.3.2).
The magnification of the microscope/camera system was calibrated using a standard

lithographic array of features with a known size.

3.3.4 SEM

The microstructure of the samples was investigated by a scanning electron: micro-
scope (SEM) in the secondary electron imaging mode with a beam energy of 5 kV.
The samples had to be coated with a gold film of approximately 150 A to reduce
charging effects, so SEM was the “end of the road” for all samples that were ex-
amined. Because of this, samples were always snapped in half before taking to the
SEM so that part of the sample could be saved in case it was needed later. The
SEM images were taken by George Braybrook (Department of Earth and Atmo-
spheric Sciences) while the author of this thesis was present to guide the selection

of images.
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Chapter 4

Results and Discussion

In this Chapter the results of the experiments are presented.! For convenience, the
4.99 pm diameter spheres will be referred to as “5 pm Spheres” , the 3.47 pan diameter
spheres as “3.5 pun spheres”, the 2.34 pm diameter spheres as “2.3 pmn spheres”,
and the (.80 yan diameter spheres as “0.8 pm spheres”. As mentioned previously,
the 20 pn spheres were obtained later in the research than the other four sizes (and
from a different company) to test } factors of relatively large spheres. Because of

this, the 20 g spheres will be treated separately in Section 4.2.4.

4.1 Structure of Samples: SEM Results

4.1.1 Sphere Structure

In general, the microspheres maintained their spherical shape throughout the sample
fabrication process. A set of three samples was made to examine the structure of
the samples in different stages of development: 1 — after drop-coating the spheres
onto the substrate (Figure 4.1 (a) and (b)); II - after depositing a nanocrystal filin
on top of the drop-coated spheres (Figure 4.1 (¢) and (d)); and III - after annealing
the coated spheres (Figure 4.1 (e) and (f)).

As shown in Figure 4.1 (and through the examination of many other such im-
ages), the deposition and annealing steps did not deform the spheres. There were

no consistent differences in the aspect ratio of the spheres before and after anneal-

EA version of this chapter will be submitted for publication in the Journal of Luminescence,
. April 2006 [8].
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Figure 4.1: SEM images of samples in the three stages of development (all are 5 ym
spheres with 20 nm film): (a), (b) after dropping the spheres on the substrate; (c},
(d) after depositing the nanocrystal film on top; (e), (f) after annealing. Note the
defects in (a) (front row, left) and (c), and the irregular spots (possibly dust or
contamination) in (b) and (f). The horizontal white lines in some images are due

to charging effects in the microscope. gg
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Figure 4.2: SEM image of a “defect” of two or three spheres fused together. This

image comes from a sample consisting of 5 pm spheres with 20 nm film.

ing. vThe only microstructural differences that could be observed between the three
stages was the appearance of the film on top of the spheres after deposition. The
thin deposited film was visible on the spheres and the substrate. The SiQ, film
appeared as a slightly granular structure on the upper section of the spheres, and
was clearly evident via a shadowing effect on the substrate (Figure 4.1 (d}, (e}, and
©).

Although in general the spheres were not deformed during deposition and an-
nealing, some occasional defects were observed. These were of the form of extra
material added onto a sphere (as in Figure 4.1 (c)) or two or three spheres that
‘seemed to have fused together (as in Figure 4.2). Many such defects were observed
in the images of the unprocessed spheres (ex. Figure 4.1 (a) and (c¢)), implying that
the sample fabrication did not cause the deformation. The defects may have been
caused- by the sonication of spheres before drop-coating, but it seems most likely
that they were formed in the manufacturing process.

The addition of the nanocrystal film on top of the spheres naturally caused a
slight alteration of the shape and texture of the spheres. Looking more closely at
the film in Figure 4.3, it is not perfectly smooth. It bas an observable thickness
and rough texture. The thickness becomes more substantial (in terms of shape
alteration) for the smaller spheres due to the higher ratio of film thickness to sphere
diameter. As an example, one can compare Figure 4.3 () and (b) to (¢) and (d).
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Sphere Size Measurements
Nominal Diameter | SEM Measured Diameter + Standard Deviation
(pmm) (pm)
0.80 0.68+0.02
2.34 2.140.1
3.47 3.1+£0.2
4.99 4.6+0.3

Table 4.1: A comparison of the nominal sphere size diameter as quoted by the
manufacturer to our own SEM measurements. Several measurements were taken
using the scale bar of the images and a ruler. The average and standard deviation

of all measurements for each sphere size are shown here.

The film thickness is the same in all images (50 nm) but the sphere size is 5 pm in
{(a) and (b) and 0.8 pm in {c) and (d). Part of the mottled texture seen in Figure 4.3
(and all SEM images) could also be due to the gold coating of the sample that was
required to reduce charging in the SEM. The gold coating was ~15 nm as compared
to the 50 nm nanocrystal film. The roughness and thickness of the film will be an
important factor when considering loss mechanisms, as will be contamination that
may have accumulated on the sample (as in Figure 4.1 (b) and (f) or Figure 4.2).

Using the SEM results, it was also possible to measure the approximate size
of the spheres according to the scale bar in the images. The average and standard
deviation of these measurements are shown in Table 4.1. The results showed that all
spheres were about 10 — 15 % smaller than their “sold as” diameter. The standard
deviation of sphere diameter within each sample was confirmed to be less than 10 %,
as was quoted by the manufacturer. However, occasionally spheres were observed
that lay outside this range up to 50 % larger or smaller than the rest of the spheres.
These will be labeled as “defects”.

4.1.2 Array Structure

The fabrication technique was successful in producing long-range 2D arrays of
spheres. Monolayers of close-packed hexagonal arrays were observed on all sam-

" ples, as in Figure 4.4. However, some imperfections in the arrays existed due to the
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Figure 4.3: SEM images of the nanocrystal film texture. (a) and (b) show 5 um
spheres with a 50 nm film, where (b) is a close-up on the film ; (c) and (d) show

0.8 pm spheres with a 50 nm film.
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presence of defect spheres. Figure 4.4 (a) shows a highly ordered SiO;-coated array,
while Figure 4.4 (b) shows a lower magnification image in which domain boundaries
are visible.

The usual outcome of the drop-coating technique was a deposited area of ~1 cm?
of spheres. Arrays such as those in Figure 4.4 (b) covered the majority of this area.
The rest of the deposited area consisted of more dispersed spheres that were not
regularly ordered. This is where isolated spheres were found for taking single-sphere
spectra. Since the nanocrystal filmm was deposited over the entire surface of the
substrate, there were also areas of “film only” (i.e. areas of substrate where there
were no spheres). The various areas of the sample (arrays, dispersed spheres, and
“film only”) were visible by eye, which was useful for eollecting PL and images of
any desired portion of the sample.

As a side note, some 3D arrays were also observed on the samples (as in Fig-
ure 4.5). These were found only on the smallest-sphere-size samples (0.8 ym), pos-
sibly due to the angle of the substrate during drop-coating of the spheres. If the
angle was too high, the spheres could roll on top of one another while drying instead
of forming a 2-dimensional monolayer. The 3D arrays resembled natural opals and
appeared colorful to the eye due to dispersion effects. The ordered structure of
opal effectively acts as a diffraction grating which disperses white light into various
colours, depending on the viewing angle. Although the formation of the 3D arrays
was unintentional and not the goal of the present work, the optical properties of 3D
arrays of silica microspheres and nanospheres embedded by silicon nanoparticles was
the focus of two previously mentioned articles in which WGMs were not observed
12, 96].

4.2 Photoluminescence Spectra

The main goal of this research was to examine how the luminescence of Si nanocrys-
tals would be affected by the WGMs of the spheres. Therefore, in this section we
present the results of many PL spectroscopy experiments. In all experiments, sev-
eral spectra and images were collected to ensure the repeatability of the results. The
background structure of the spectra will be discussed in Section 4.2.1, while sphere

size and film thickness effects are presented in Sections 4.2.2 and 4.2.3, respectively.
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(b)

Figure 4.4: SEM images showing the hexagonal array structure: (a) a nearly per-
fectly ordered array of 0.8 pm spheres with a 50 nm coating; (b) a lower magnifi-

cation image of an array showing domain boundaries. The spheres are nominally

3.5 pum with a 50 nm coating. 44
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Figure 4.5: SEM image of a 3D array formed by 0.8 um spheres with a 50 nm

coating.

The mode structure from different areas of a single sphere will be discussed in Sec-
tion 4.2.5. A detailed analysis of the mode structure follows in Chapter 5.

4.2.1 Background PL

All samples were luminescent when excited with a HeCd laser, and the majority
showed clear evidence of WGMs. The WGMs appeared as oscillations atop a broad
“background” that peaked between the wavelengths of 750 and 900 nm, depending
on the sample. As an example, the WGM spectrum of a single 5 um sphere coated
with 100 nm film is shown in Figure 4.6. In this case, the background is centered
around 825 nm. The main source of the background component was thought to be
the PL from the nanocrystal film, but other possible sources will also be investigated
in this section.

“Film only” PL spectra were taken in areas of the sample without any spheres,
and the results are shown in Figure 4.7 (a) for the nominally SiOy 3 films [28]. The
spectra varied depending on the film thickness, but in general they peaked between
750 and 900 nm. In a recent report by Glover and Meldrum [28], it was found that
as Si nanocrystal films were made thinner, the peak wavelength of the PL decreased
(i-e. blueshifted), while the intensity increased. In the present work, the expected
blueshift was observed for thinner films, however, the intensities of the film did
not increase. The intensity of the 50 nm film was higher than that of the 100 nm
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Figure 4.6: Single-sphere PL spectrum of a 5 um sphere coated with 100 nm film.
The WGMs oscillate atop a broad background centered around 825 nm.

film as expected, but instead of the 20 nm film having the highest intensity of the
three thicknesses, it actually had the lowest. This discrepancy could be due to the
unusually high oxygen pressure that occurred during the deposition of the 20 mﬁ
films (see Section 3.2.3), which may have caused a lower concentration of silicon
in the 20 nm films than the other two film thicknesses. In any case, all films were

sufficiently luminescent to permit an investigation of the WGMs.
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Figure 4.7: “Film only” PL spectra for: (a) three thicknesses of SiO 2 film, and
(b) 50 nm films with two different compositions, SiO; .2 and S8iOy 4. The four traces
for each thickness or composition represent the samples made with the four sphere
sizes from Bangs labs. For each thickness or composition, results were consistent
except the “5um20nm” spectrum which was redshifted with respect to the other
three 20 nm film samples.

The four traces representing each thickness in Figure 4.7 (a) correspond to sam-
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ples of the four sphere sizes from Bangs laboratories. The spectra were taken in
areas without any spheres and the traces were compared in order to test the consis-
tency of the film thickness and composition over all the samples. For each thickness
the PL of the film was consistent for the four samples (i.e. the spectra had similar
peak wavelengths and intensities), except for that of the “54m20nm” sample. The
PL of this particular film was less intense and redshifted compared to the rest of
the 20 nm film samples.

Film composition is known to be an important factor in the PL spectrum and this
was investigated by making another batch of samples with an SiOy 4 film to compare
to the SiOq 2 batch. In previous experimentation, it was found that films of SiOj 4
had a higher PL intensity than films of SiO; 3. Indeed this trend is observed in the
present data, as shown in Figure 4.7 (b) (the four traces for each film composition
show the consistency of the film over the four sphere size samples). As well, the
SiO; 4 film had a PL spectrum that was blueshifted with respect to that of the
Si0; 2 film. |

Although the composition of the film affects the background spectrum, it should
play no role in the actual WGMs. The structure of the WGMs is dependent only
on sphere size, shape, and refractive index. The composition of the film (i.e. the
wavelength or intensity of light entering the sphere) is of no importance to the mode
structure aside from the background. This shall be demonstrated in Section 4.2.3.

Aside from the nanocrystal film, it was possible that some background PL came
from the spheres themselves. Such PL could be caused by luminescent impurities be-
ing distributed throughout the spheres during manufacturing. To test this, “blank”
samples were made in which the spheres were annealed in the absence of the SiO,
coating. The ensemble PL from these spheres is shown in Figure 4.8. The peak
wavelength and intensity varied for the four different sphere sizes, but no relation-
ship was observed between the sphere size and the PL spectrumn. The PL from the
blank spheres was weak (in comparison to that of the nanocrystal films) and cen-
tered between 650 and 750 nm. The background in the WGM spectra is therefore
a combination of the film spectrum and the “blank sphere” spectrum. The latter
source is thought to have had a less significant contribution, since it was two to five
times weaker than the PL from the 100 nm and 50 nm nanocrystal films. However,
in the case of the 20 nm films, the “blank sphere” PL had about the same intensity
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Figure 4.8: “Blank sphere” ensemble PL spectra for all four sphere sizes from Bangs
labs. The spheres were annealed without any film.

as the “film only”, so the blank spectrum is expected to play a larger role for those

samples.

4.2.2 Whispering Gallery Modes: Sphere Size Effects

The effects of sphere size on the WGM spectra are shown in Figure 4.9. Figure 4.9
{(a) shows ensemble spectra for the four sphere sizes with 100 nm film, while in
(b) the corresponding single-sphere specira are shown. The WGMs of the single-
sphere spectra are considerably narrower than in the ensemble spectra, showing that
the defects and sphere size distribution observed in the SEM broaden the modes

observed in ensermble spectra.
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Figure 4.9: PL spectra for four different sphere sizes with 100 nm film: (a) ensemble
spectra; (b) single-sphere spectra. Spectra are offset for clarity.
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For the smallest spheres (0.8 pm) there is virtually no evidence of the WGM
structure. The mode structure first becomes faintly observable for the 2.3 um
spheres. The observed relationship between sphere size and mode structure agrees
well with theory. The peaks became more closely spaced (i.e. the free spectral range
decreased) with increasing sphere size as discussed in Chapter 2. The peaks also
became narrower with increasing sphere size, implying that larger spheres confine
light better. This can be explained theoretically by the geometric optics picture of
WGMs inside a sphere. Larger spheres have a larger ratio of sphere diameter to
wavelength and so more wavelengths can fit inside the circumference of the sphere
than in smaller spheres. Hence in a larger sphere the modes travel closer to the
surface, with a smaller mode volume (i.e. the modes are more confined spatially).
In this situation, light approaches the internal surface of the sphere at glancing an-
gles so that diffraction losses are minimized [49]. This is one contributing factor to
the lack of modes observed for the 0.8 um spheres; the modes are simply too broad
{or far apart) to be observed because the sphere is so small. Another important
factor is the high ratio of nanocrystal film to sphere diameter (100 nm compared to
800 nm), which leads to a higher aspect ratio.

To estimate the quality factor, the modes were normalized by subtracting the
background from the spectrum. This was done by selecting points along the back-
ground {i.e. the lowest points between the modes) and interpolating between them. .
A cubic spline interpolation method was used in Matlab to predict values at inter-
mediate points and find a 1D function underlying the data. Then the interpolated
function was subtracted from the spectrum. The full-width-at-half-maximum and
peak wavelength was determined from the normalized modes in order to estimate
the Q factors (Figure 4.10). Due to inaccuracies in selecting the exact lowest points
between the modes to find the background, some points of the normalized spectrum
were given a negative intensity as shown in Figure 4.10. The dip below zero was al-
ways slight, but it did produce some difficulty in determining the FWHM for modes
that were uneven at the bottom. In this case, the FWHM was always measured from
the lowest point between the modes. For each peak between 700 and 900 nm, Q
was found and the average was taken over all peaks. Using this method the average
Q factors for the ensemble spectra were Q@ = 22, 37, and 46 (for the 2.3, 3.5, and

5 um spheres, respectively). For the single-sphere spectra, Q factors were Q = 38,
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Figure 4.10: Normalized single-sphere spectrum (i.e. with background removed) for
a 5 pm sphere with 100 nm film. The Q factor was estimated by measuring the -
full-width-at-half-maximum (AJ, ;) and the peak wavelength (A) of each mode.

48, 121 (for the 2.3, 3.5, and 5 pm spheres, respectively). The @ factor was greater
for the single-spheres than the ensembles, and increased with sphere size.

Although this method produces better formed spheres as compared to previous
investigations using ion implantation, the @ factors are still rather low. As seen
in the SEM images, the nanocrystal film has roughness, imperfections, and con-
tamination on the surface. These, as well as water vapor (which is assumed to be -
present as well) are known to seriously lower the Q factor [30, 85, 20, 19]. However,
shape effects due to the film itself are expected to be among the most significant loss
mechanism in these samples. As shown in the SEM images, the coating represents a
significant fraction of the total sphere diameter, especially in the case of the 0.8 ym
spheres. In order for well formed WGMs to occur inside a sphere, the sphere should
be perfectly symmetrical. Any deformation of the sphere’s shape will cause a lack
of confinement of light and therefore broaden the modes. As an example, recall
the deformed “muffin-shaped” microspheres v}}xich produced virtually no WGMs in
previous work [70].

4.2.3 Whispering Gallery Modes: Film Effects

To determine effects of the nanocrystal film on the resulting WGM spectrum, two

factors were considered: composition and thickness. As mentioned in Section 4.2.1,
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the mode structure depends only on the size, shape, and refractive index of the
sphere. So although film thickness may affect the WGMs (due to shape changes),
film composition should not. To illustrate this, single sphere spectra were taken for
5 pm spheres with 50 nm of Si0O; 2 and 5 pum spheres with 50 nm of Si0O; 4. The
change in composition caused no change in the pea.k wavelengths or mode structure
of the WGMs (Figure 4.11 (a)).

8 -
g 6 8iO4 .; 2
« o
= - 20 nm
24 F-y
w *
£ ‘ § '] ,
g 2] Si0¢2 £ 50 nm
100 nm
0 0 T L T L]
600 700 200 900 600 700 800 900 1000
wavelength (nm) wavelength (nm)
(a) (b)

Figure 4.11: Effects of the nanocrystal film composition and thickness on PL spec-
tra: Single-sphere spectra for 5 pum spheres with (a) 50 nm films of two different
compositions, SiO; 2 and SiO; 4, and (b) three different thicknesses of SiO; 2 film. -
Spectra are offset for clarity.

In order to investigate possible effects of the nanocrystal film on the @ factors
of the microspher%, sets of samples were produced with film thicknesses of 100 nm,
50 nm and 20 nm. Figure 4.11 (b) shows the single-sphere PL for 5 pm spheres
with three different film thicknesses. On decreasing the film thickness from 100
to 50 nm, the modes became sharper and the initially single peaks split into two
narrower ones. These two peaks represent the TE and TM polarizations of the
modes and, as we shall see in the next chapter, the more intense modes are due to
the TM polarization. When decreasing the film further from 50 nm to 20 nm, the
modes became still sharper.2 The reason that the TE and TM modes are resolved
for the 20 nm and 50 nm films but not the 100 nm film is clear. By adding the
film thickness, the aspect ratio of the structure changes and hence the @ factor

2the significant difference in background structure for the 20 nm film in Figure 4.11 (b) is likely
due to the unusual composition of that one film, as mentioned in Section 4.2.1.
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decreases, broadening the modes. The modes are broadest for the thickest film and
the closely spaced TE and TM modes simply merge into one peak as discussed in
Chapter 2. Average @ factors for the spectra in Figure 4.11 (b) were found for the
TM modes between 650 to 850 nm. The results showed that the @ factor increased
as the film thickness decreased: @ = 82 (100 nm coating), 156 (50 nm coating), and
173 (20 nm coating).

4.2.4 20 Micron Spheres

The highest @ factors so far obtained from the 5 gm spheres with 20 nm film were
~200. Although higher than previous work with Si nanocrystals and microspheres,
these numbers are still low compared to results for Si nanocrystals in planar mi-
crocavities (Q =~500) [40, 39]. In order to investigate the possibility of higher Q
factors, the experiments were repéated using microspheres with a nominally 20 gm
diameter. '

The nominally 20 pym spheres were ordered from a different company (Kisker)
than the other four sets (Bangs Labs), and imaging showed that the size distribution
of these larger spheres was as high as 50% (eg. see Figure 4.12 (a)). Spheres ranged
in size between ~10 to 30 pm. Therefore the spheres did not self-organize into
ordered arrays as they did with the other sizes, and it was difficult to find several
spheres of the same size fo analyze and compare. When collecting single-sphere
spectra, the spheres that appeared to be largest were always chosen for consistency
(and to find the highest possible Q factors). An example single-sphere spectrum for
the nominally 20 pm spheres is shown in Figure 4.12 (b). The modes of these large
spheres were sharp and closely spaced, with average @ factors around 500.

The background spectrum peaked between 650 — 800 nm (on average about
100 num less than the spheres from Bangs Labs). This makes sense when looking at
the separate components of the background spectra. The “film only” PL spectra
also peaked between 650 — 800 nm (Figure 4.12 (c)), while the blank PL spectrum
(for spheres annealed without any film), peaked around 600 nm (Figure 4.12 (d)).
The “film only” data was consistent with the previous samples. The composition
was 5i0; 4 and was blueshifted with respect to those with composition of SiOy 2.
This is the same trend shown earlier in Figure 4.7 (b). The 50 nm film had the
highest intensity, while the thinnest film (5 nm) had the lowest (as was the case in
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Figure 4.12: PL results for the nominally 20 g spheres: (a) Fluorescence image
of the spheres coated with 100 nm film. The size distribution of these spheres was
large. (b} Single-sphere PL spectrum of a sphere coated with 50 nm film. (c)
“Film only” PL spectra for the four film thicknesses used to coat the spheres. (d)
“Blank” PL spectrum for a single sphere annealed without any film. (e) Normalized
single-sphere PL spectra for spheres coated with various film thicknesses. Spectra

are offset for clarity. (f) Images of the spheres (aligned with the spectrometer slit)

corresponding to the spectra in (e). 53
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Figure 4.7 (a)).

The effects of film thickness on the WGM spectrum of the 20 pum spheres is
shown in Figure 4.12 (e). Each spectrum corresponds to a single sphere with a dif-
ferent film thickness. The modes have been normalized in order to see the structure
more clearly. The mode structure in this case does not show any clear trend with
increasing film thickness. Average Q factors for all peaks between 600 — 750 nm
were taken for all spectra. Q factors were found to be 448 (100 nm coating}, 458
(50 nm coating), 389 (20 nm coating), and 610 (5 nm coating). However, due to
the large size distribution of these spheres, it was difficult to find four equally sized
spheres to use for comparing film thickness effects. So, although the 5 nm coating
produced the highest @ factors in this case, it is thought that this is at least partly -
due to that particular sphere being largest of the four (Figure 4.12 (f)). Theoreti-
cal approximations of the four sphere diameters based on the mode spacing in the
spectra (as will be done in the next chapter) showed that the sphere diameters in
Figure 4.12 (e) were approximately 24 um (100 nm coating), 256 pm (50 nm coating),
22 pm (20 nmo coating), and 26 um (5 nm coating). Comparing these values to the
calculated @ factors shows that the Q factors increased with increasing sphere size.

The highest individual Q) factors that were observed from single peaks. of the
5 nm coated sample spectra were around 1500. However, these values may be
limited by the spectrometer’s resolution, which is ~1 nm. At this resolution, modes
with @ factors greater than ~1500 will not be resolvable. However, even with this
limitation, the measured @ factors are higher than those for recent reports of Si

nanocrystals inside planar microcavities [40, 39].

4.2.5 PL from a Single Sphere

In general the luminescent spheres appeared ring-shaped when viewed from above,
as shown in Figure 4.13. This is consistent with theoretical calculations of the
_electromagnetic field of a light emitter in or near a spherical cavity, which is highest
near the surface {7, 91]. As discussed in Chapter 2, the WGMs circle the equator
of the sphere close to the surface. In this case, light enters the sphere in random
directions from the nanocrystals covering the entire upper hemisphere. Hence the
WGMS circle the sphere in all directions. If the sphere is viewed from above, the

line of sight intersects more of the mode volume near the edges of the sphere (as
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opposed to the center), and hence the sphere appears ring-shaped. As the size of
sphere is decreased into the sub-wavelength regime, the emission becomes closer to
the bulk case and so the ring structure becomes less-pronounced [73, 91]. In the
fluorescence images the ring structure was clearly observable for the 20 pm spheres
{as shown previously in Figure 4.12 (a)), 5 um spheres (Figure 4.13 (a)), 3.5 ym
spheres (Figure 4.13 (b)), and 2.3 pm spheres (Figure 4.13 (c)). In the images of
the 0.8 um spheres, the ring-like structure was not observed (Figure 4.13 (d)).

(a) (b)

(c)

Figure 4.13: Fluorescence images of arrays of spheres showing the ring-like structure
of the luminescence. All samples have 100 nm film coating, and the nominal sphere

diameters are: (a) 5 pm; (b) 3.5 pm; (¢) 2.3 um; and (d) 0.8 pm.

Single spheres were subsequently aligned with the entrance slit of the spectrome-
ter, and the PL spectrum was cropped from different reéions of the sphere’s intersec-
tion with the slit: the top edge, center, and bottom edge of the sphere (Figure 4.14).

There were obvious differences in the mode structure between the outer ring-like por-
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Figure 4.14: Single-sphere PL spectra from different areas of a 20 um sphere coated
with 50 nm film. The inset shows the sphere aligned with the entrance slit of the

spectrometer. Spectra are offset for clarity.

tion and the center of the sphere. The WGMs were well developed at the edges of
the sphere, but there was little evidence of mode structure in the spectra cbtained
from the sphere centers. This was consistently observed for all single-sphere spectra.
The “center” in this case does not actually refer to the center of the sphere (where no
modes would be expected), rather it refers to the center of the sphere’s intersection
with the slit from the top view, so that all modes traveling vertically (with respect to
the horizontal substrate) intersect this point. The lack of mode structure detected
in this region shows that there was loss in the modes traveling perpendicular to the
substrate compared to those traveling parallel (compare ‘topview” vs. “sideview”
in Figure 4.15). The vertical modes intersected both the contact point of the sphere
with the substrate and the thickest portion of the nanocrystal film. Both of these
factors were investigated.

The nanocrystal film appeared not to be responsible for the weak structure in
the sphere center spectra. This was determined by comparing “edge v.s. center”
spectra (similar to Figure 4.14) for 5 um spheres having film thicknesses of 100 nm,
50 nm, and 20 nm (Figure 4.16 (a), (b) and (c), respectively). If film thickness was
a cause for mode loss in the center due to the increase in sphere ellipticity, than
the center modes should have weakened with increasing film thickness. The results

were inconsistent with this idea as shown in Figure 4.16.
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Figure 4.15: The two different viewing angles of the sphere with respect to the
substrate. Arrows represent the direction that PL spectra were collected from. In
the topview, WGMs in the center of the sphere were lassy, while in the sideview

they were not.

The effects of the contact point of the sphere and the substrate were tested by
placing the substrate on its side (i.e. perpendicular to the original direction) and
analyzing sphere spectra in the same way as before (Figure 4.15). With this set-up,
the contact point of the sphere and substrate no longer intersected the slit, and
so it was not expected to affect the mode structure in the center. As discussed in
Chapter 3, this experiment presented a challenge in that only spheres that were at
the very edge of the substrate could be analyzed, and these were scarce. In total six
spheres were found on the “5um20nm” sample, and “edge v.s. center” spectra were
collected. The difference between the spectra in this sideview direction (Figure 4.16
{(d)) compared to the previous topview (Figure 4.16 (c)) is striking. In all sideview
spectra, the mode structure was well developed and strong in the center, supporting

the hypothesis that the contact point with the substrate is a major source of loss.
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Figure 4.16: “Edge v.s. center” spectra for 5 pm spheres with film thicknesses of:
{a) 100 nm; (b) 50 nm; (c) 20 nm and (d) 20 nm (sideview). In (a), (b), (c) the
spectra were collected in the usual viewing direction. In (d) the substrate is propped
on its side, so that the contact point of the sphere with the substrate is on the side of
the sphere when viewed in the microscope, as shown in the inset (reflection mage).

In each figure, spectra are offset for clarity.
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Chapter 5
Analysis

The purpose of this chapter is to compare the experimental results to the theoretical
predictions given in Chapter 2. The results are compared to theory given mainly
in the following references: Hill and Benner, 1988 [34], Lu et al., 1992 [58], Lefévre-
Seguin, 1999 [55], Schiller, 1993 {71], and Schiller and Byer, 1991 [72]. The results are
also compared to theoretical models generated by the computer program Mieplot.
Mieplot uses calculations from standard Mie scattering theory to produce the WGM
spectrum for a sphere of given size and refractive index.!

Several spectra were chosen for comparison to theory, and the chapter begins
with an overall comparison of these spectra {Section 5.1). It continues with results
of a number of calculations that compare the spectra to theory. The main results
of these calculations are the values of the order numbers n, I, and m (Section 5.2),
quality factor Q) {Section 5.3}, rate enhancement 7 (Section 5.4), and approximations
for the diameter d based on the free spectral range Azpsgr (Section 5.5). For each
spectrum, calculations were done for every peak in the wavelength range 650 —

800 nm and then the average was taken to determine the overall value for that

spectrum.

5.1 OQOverall Comparison of Spectra

All spectra used in the comparison of experiment to theory are shown in Figure 5.1.

The background has been removed from each spectrum for a clearer comparison.

“Tlhe program was written by Philip Laven, and is available as freeware at www_philiplaven.com

59

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.


http://www.philiplaven.com

e e~ \_~ 100 nm ens.

20 _—A;/\_JU\/\, 100 nm
W %0 nm

" —J\‘/\MJW\.
20 nm
WJ\J\/\J\/\/ theor
0.0 ‘ Y

700 750 800 850
wavelength (nm}

intensity (a.u.)

Figure 5.1: Normalized spectra used in the analysis. All spectra are from 4.99 um
spheres, and are named according to their film thickness in nanometers. All are

single-sphere spectra except “100 nm ens.” which is an ensemble spectrum.

For a sample of the experimental data, four spectra were chosen for the comparison
from the 4.99 yum diameter spheres: “100 nm ens”, “100 nm”, “50 nm”, and “20
nm”. The latter three are single-sphere spectra, while the first is an ensemble
spectrum. They are named according to the thickness of their film in nanometers.
A theoretical spectrum from Mieplot, “theory”, is also included as a reference. This
theoretical spectrum was calculated for a 4.99 yum diameter sphere surrounded by
air, at a scattering angle of 0°. The refractive index was 1.37 and was assumed to
be constant with wavelength (i.e. the sphere was non-dispersive).

Aside from differences in mode structure caused by film thickness, theoretically
the spectra should all be the same. Although they were similar, a slight shift in
peak wavelengths was observed between the spectra. This was expected since the
spheres had a standard deviation of ~10 % in the diameter. Since size, shape, and
refractive index are the defining factors of the resonance wavelengths [34], a small
size difference could easily have caused the observed shift from one spectrum to the
next. For exarmple, calculations using Equation 2.14 (as in the next section) showed
that a mode could be shifted by over 100 nm by changing the diameter from 4.5 to
5.5 pm.
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5.2 Indexing the Modes

The first analysis of the data was to index the modes with their order numbers n,
1, m, and their polarization (TE or TM). As a reminder and quick reference for the
reader: n = angular order number (or mode number), | = radial order
number {or order number), and m = azimuthal order number (or mag-
netic number) (see Section 2.2.3). For perfect spheres (i.e. with no ellipticity),
modes are degenerate with respect to m [34]. For the present discussion, it was
assumed that the spheres were approximately spherical, and hence m was neglected
in the indexing of the modes.?

The order number, I, corresponds to the number of field maxima in the radial
direction through the sphere. Modes with high [ values extend more towards the
center of the sphere than those with low [ values. Whispering gallery modes are
confined near the inner surface of the sphere, and so they correspond to the lowest
{ values {77]. It was therefore assumed that the observed peaks in Figure 5.1 were
the l =1 and | = 2 modes.

To test this assumption, the theoretical spectra from Mieplot and the modal posi-
tions calculated via Schiller’s asymptotic expansion {71} were compared. A program

. was written in Matlab to calculate the expansion using Equation 2.14. Resonance
locations could be calculated for any given n, I, and polarization, and for any given
refractive index of sphere and surrounding medium (see the appendix for the full
code of the Matlab program). The program was used for a sphere of refractive index
N = 1.37 surrounded by air (N = 1) to find all TE and TM resonance locations with
{ =1 and I =2 for n between 1 and 144. The range of n values was approximated
using Equation 2.12 (2xa/A < n < 2Nwa/]) for wavelengths of 600 — 900 nm and
sphere diameters of 1 — 20 um with refractive index of N = 1.37.

In Figure 5.2, the evolution of the modes with incressing sphere size is shown.
The I = 1 and | = 2 mode locations are plotted against corresponding theoretical
spectra from Mieplot 'for spheres increasing in diameter from 3 ym to 20 ym. Ac-

cording to theoretical predictions, the | = 1 modes are the first to appear in the

2If the sphere has some ellipticity, the frequency shift Af between modes differing only in m
values is related to the ellipticity e by Af/f = e/n, where n is the mode number [55]. In the present
work, the ellipticity due to the film was less than 2%, hence any mode splitting due to ellipticity
was expected to be unobservable (and indeed no such splitting was observed).
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spectrum for small spheres [34]. Then, as size is increased, these modes narrow and
the [ = 2 modes appear. Each mode eventually narrows so much with increasing
sphere size that it becomes no longer resolvable in the spectrum. This trend is ap-
parent in Figure 5.2 (a) - (e) as size is increased between 3 to 7 um. In (2) and (b)
(3 and 4 pm), the only resonances that appear are I = 1 modes. In {c} and (d) (5
and 6 pm) the ! = 1 modes begin to narrow and the I = 2 modes are just slightly
resolvable as small broad maxima between the larger peaks. Finally, in (e) (7 ym)
the I = 1 modes have almost completely disappeared (some very narrow ones are
still visible in the spectrum) and the I = 2 peaks are very much resolvable. In (f) the
Mieplot calculation for a 20 pum sphere is given as an example of how complex the
modes become for a relatively large sphere. At this size, many higher order modes
have appeared in the spectrum.

From Figure 5.2 (c) it was determined that for a 5 pm sphere, only the I =1
modes appear in the spectrum, and the TM resonances have a higher intensity than
the TE resonances {but this is not the case for all sphere sizes, as in (b) for example).
So, to index the modes of the experimental spectra, one of them (“50 nm”) was
plotted along with a Mieplot spectrum and the I = 1 modes calculated using Matlab
for a 4.99 um sphere with refractive index of N = 1.37. For comparison purposes
the background was subtracted from the spectra. The result is shown in Figure 5.3
(a). The experimental spectrum agreed well with the theoretical models in terms of
peak wavelengths and relative intensity of TE and TM modes. The mode indexing
of the experimental spectrum is clear from this comparison. Again it was confirmed
that the TM modes had the highest intensity. TE and TM modes of the same n and
l were neighboring each other, and n decreased with wavelength as expected from
the discussion in Section 2.2.3. In Figure 5.3 (b), the same experimental spectrum
is shown again (this time without background removed) with formal indexing of the
modes in standard notation a!, (TE modes) and b}, (TM modes).

5.3 Quality Factor

The quality factor of each spectrum in Figure 5.1 was found from the normalized
modes using Q = A/AX;/; where X is the peak wavelength, and A}/, is the full
width half maximum of that peak. Average values for each spectrum are shown in
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Figure 5.2: Evolution of the modes with increasing sphere size. Normalized theoreti-
cal spectra from Mieplot are plotted against predicted resonance locations according
to Schiller [71] (triangles and squares) for spheres of diameter: (a) 3 pm; (b) 4 um;
(c) 5 pm; (d) 6 pm; (e) 7 pum; (f) 20 pm. The legend is the same as in (a) for all
graphs.
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Figure 5.3: Indexing the modes of an experimental single-sphere spectrum from
a 4.99 pm sphere with 50 nm film. (a) The normalized experimental spectrum
plotted against Mieplot’s theoretical spectrum and Schiller’s resonance locations
[71] (triangles and squares). The numbers above the Schiller positions represent
the corresponding angular mode number n. (b} The same experimental spectrum
again (without background removed), indexed according to standard notation al,
(TE modes) and b, (TM modes).
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Table 5.1. Quality factors for the TM peaks were on the order of Q = 100 — 150
for the experimental data, whereas for the TE peaks @ was around 170 — 230. The
TE peaks (i.e. the smaller peaks) had higher Q than those of the TM peaks (larger
peaks). TM modes are known to extend slightly more outside the sphere compared
to the TE modes, hence TE polarized modes are associated with more efficient
confinement of light and have slightly higher Q factors [77)].

The quality factors of the theoretical spectrum were @ = 213 for the TM modes
and @) = 392 for the TE modes. These values are higher than those of the experi-
mental spectra, due to the numerous loss mechanisms in the samples. The quality
factor tended to decrease with increasing wavelength in most cases, and this rela-
tionship was most clearly seen in the theoretical spectrum. As discussed in Hill
and Benner, 1988 [34], the resonance peaks become narrower as size parameter is
increased. Since size parameter is inversely proportional to wavelength, resonance

peaks should become broader (i.e. @ should decrease) with increasing wavelength.

5.4 Rate Enhancement

As discussed in Chapter 2, for a sphere of refractive index N, quality factor @ and
size parameter x, the rate enhancement is n = v2N2Q/ 23/2 {Equation 2.19) under
the assumptions that (1) Q is low, (2) Q@ << Qu, and (3) n ~ z. According to the
previous section assumption (1) is satisfied; Q factors are low, relatively speaking
(as an example, “high Q" usually refers to values of at least 10%).

Assumption (3) is also satisfied since @ factors were low. Each mode has a
corresponding mode number n that is between Ny, = z and Ayper = Nx. When Q
values are low, it is reasonable to assume that = is closer to z rather than Nz [58].
A physical interpretation of n being close to n,,;, means that the light approaches
the inner surface of the sphere at relatively high angles (close to the critical angle)
and so it is not confined as close to the surface as it would be in the case of n = nyq,
and not as many wavelengths can fit around the sphere’s circumference.

To consider assumption (2), it was recalled that Qg is the absorption factor
given by Qq = 2nN/a [68]. For spheres without any impurities, @ = 0 so that
Qb — 00, and assumption (2) is satisfied. The spheres in this experiment most
likely had impurities, as suggested by the PL coming from “blank” spheres that was
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Calculations for WGMs of spectra in Figure 5.1

TM modes
Spectrum Qi d dd
(pm) (%)
theory 213 {50 | 5.23 5
20 nm 152 1 36 | 5.04 1
50 nm 148 | 36 | 5.04 1
100 nm 131 1 31| 535 7
100 nmens. | 104 { 26 | 5.23 5
TE Modes
Spectrum Q17 d ad
(pm) (%)
theory 392 { 90 | 5.29 6
20 nm 168 } 40 | 5.00 0
50 nm 229 | 53 | 4.97 2

Table 5.1: Average cé.lculated values for all modes between 650 — 800 nm for the
spectra in Figure 5.1: quality factor @, rate enhancement 7, diameter d, and cor-
responding percent difference dd from the expected value of 4.99 um. The spectra
“100 nm” and “100 nm ens.” are not included in the “TE Modes” section since they
did not display any TE peaks.
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shown in Section 4.2.1. The actual value of a was unknown. However, for the sake
of the calculation, it was assumed that the spheres are pure enough for assuruption
(2) to be satisfied so that Equation 2.19 could be used to get a rough idea of the
rate enhancement.

Average values of the rate enhancements were calculated according to Equa-
tion 2.19, and are shown in Table 5.1. Rate enhancements of the experimental
spectra were found to be around n = 25 — 35 (TM modes) and n = 40 — 55 (TE
modes). These are low values, relatively speaking. Theory predicts that enhance-
ments for a spherical cavity can be over 1000 {18, 17, 15]. Since the enhancement is
proportional to @ and is another measure of how well the light is confined inside the
sphere, low 7 values were expected. As in the case of the @ factor, the enhancement
factor was lowest for the “ensemble” sample and generally increased for samples
with decreasing film thickness. As well, the TE modes had higher enhancements
than the TM modes. The rate enhancement could, in principle, be obtained from
a direct measurement of the luminescence lifetimes at the resonance wavelengths.
This will be a subject of future investigation for this study, as the equipment will
be acquired over the next few months that should enable this type of experiment.

5.5 Free Spectral Range

In this section, the mode structure of the experimental results is further compared
to theoretical predictions in terms of the free spectral range. As discussed in Sec-
tion 2.2.3, there are three approximations for calculating the theoretical free spectral
range of the WGMs (Equations 2.16, 2.17, and 2.13). In order to make a compari-
son with a directly observable parameter, the equations were rearranged to find the
theoretical diameter of the sphere based on the mode spacing of the experimental
spectra. As an example, Equation 2.16 is used below to calculate the diameter based
on the experimental free spectral range, and compare this to the “expected” value
(as given by Bangs Labs}) of 4.99 um.

Equation 2.16 gives the free spectral range between successive peaks of the same
polarization, m, and | values (differing only in n) in terms of size parameter z:
Azpsg ~ tan~ [(N? — 1)/2]/(N? — 1)//2 [34, 58]. Using N = 1.37 for the silica
spheres, Equation 2.16 gives a theoretical free spectral range of Azpggr = 0.80.
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An expression for d in terms of Alpggr can then be found using z = 2ma/A =

wd/) , so that Az =~ wd(AM/A?), and
AAz

(5.1) d=~ ;A—/\;"ff
where ) is the peak wavelength, and AApgp is the difference in wavelength between -
neighboring TE peaks or neighboring TM peaks (i.e. free spectral range in terms of
wavelength). This expression has been quoted with respect to fluorescent spheres

Equation 5.1 was used with Azpgr = 0.80 and the experimental values for A
and Al pgg as observed on the spectra to determine values for d (see Table 5.1). For
the experimental spectra, the agreement was good between the calculated diameters
and the expected value. Average calculated diameters were in general slightly higher
(between 4.97 — 5.35 pm) than the actual quoted diameter from Bangs Labs of
4.99 um. Average calculated percent differences between the expected value and the
calculated value are shown in Table 5.1. For the experimental spectra, the percent
difference ranged from 0 — 7 %. The worst agreement (i.e. the highest calculated
diameters) were for the 100 nm coated sample {(both single sphere and ensemble
spectra). Values calculated for the other two samples agreed within 2 % difference
to the expected diameter. Therefore, the experimental results agree reasonably
well with theory. The slight differences observed are most likely due to the fact
that dispersion has not been taken into account in these calculations (the refractive
index N was assumed to be constant with wavelength since the actual relationship

was unknown).
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Chapter 6

Conclusions

This thesis presents a new method for incorporating silicon nanocrystals into mi-
crospheres that has demonstrated strong whispering gallery modes in the spheres.
Silicon nanocrystal films were deposited by electron-beam evaporation onto silica
microspheres and the resulting optical properties were studied. The microspheres
maintained their spherical shape during the sample-making process, unlike previous
attempts using ion implantation where there was deformation. {70, 82]. The micro-
spheres were successfully patterned into long-range 2D arrays. The spheres produced
visible luminescence that peaked between the wavelengths of 650 — 950 nm and was
intensified at resonance wavelengths corresponding to the WGMs of the sphere. The
peak wavelengths of the WGM spectra agreed well with predictions based on Mie
scattering theory. The modes were indexed with the appropriate quantum numbers,
and the diameter of the sphere was calculated based on the free spectral range of
the modes.

The fluorescence appeared as a thin ring near the edge of the sphere, showing that
the electromagnetic field intensity was highest near the surface as theory predicted
[7, 91]. The mode structure was sensitive to the position inside the sphere. Spectra
from the central portion showed weak WGMs when compared to the spectra from
the edges of the sphere. This was caused by scattering from the contact point of
the sphere and the substrate, as was determined by analyzing the sphere from the
“sideview”. In this viewing angle the contact point was no longer in the center, and
the modes were strong in the central region as well as the edges.

The method used in this work of coating microspheres with silicon nanocrystals
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has demonstrated higher @) factors than those for planar microcavities containing
silicon nanocrystals. Quality factors of up to 1500 were observed for individual
modes, and this value may have been limited by the spectrometer resolution. The
Q factor increased with sphere size {the highest Q was measured from nominally
20 pm diameter spheres), as expected by theoretical predictions {34]. The thickness
of the nanocrystal film was also shown to be related to @ factor. Q increased with
decreasing film thickness since the added volume represented an effective deforma-
tion of the sphere and therefore a loss of mode structure. Other factors that may
have decreased ) were microdust particles and water vapor on the surface, surface
defects or roughness of the spheres, and the roughness of the film itself. As well,
the size distribution of the spheres lowered the @ factor of an ensemble of spheres
compared to the @ factor of a single isolated sphere. )

This method can be improved by several slight alterations which are known
to increase () factors: using larger spheres, using spheres with a higher refractive
index, keeping the samples very clean (ex. preparing and storing them in special
chambers), chemically treating the samples to avoid surface hydration, or preparing
smoother films by using a different evaporation method (eg. thermal evaporation).
However, the method is limited for two reasons. The first is that the spheres are not
uniformly coated with the nanocrystal film and this seriously limits the Q factor.
For very high @ factors, the films will have to be uniform around the entire sphere so
as not to alter its shape. The second limitation, in terms of potential applications,
is that it is not an easy task to produce the samples. A new method should address
both of these issues.

In the future, our group plans to investigate the possibility of using chemical
methods to uniformly coat the microspheres with SRO. This should produce higher
@ factors by maintaining sphericity. Also, as shown in the theory section of this
thesis, maximum @ factors are obtained from such structures when the nanocrystals
are near the sphere surface.

Microlasers have been developed in the past by trapping the light from direct
gap semiconductors into the WGMs of a microsphere [47, 76]. This author predicts
that with some clever ideas and experimentation in the future, the same can be

achieved using silicon nanocrystals and microspheres.
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Appendix

The following text is the program written in Matlab to calculate Mie resonance
locations according to reference [71]. The expression “..” is used at the end and
beginning of a line to indicate that the text should continue in a single line in
Matlab. The actual “...” should be removed from the text when inserting the code
into Matlab.

% Mie.m written by Angela Beltaos and Aaron Hryciw

% following Schiller, Appl. Opt. vol. 32., No.12 (1993)

function mie=x(n,l,pol,m)

% X = MIE(n,1l,pol,m) returns the size parameter x(n,l) where:
% n = angular mode number
% 1 = radial mode number

% pOl = WITEY or "'TM’"

% m = relative refractive index of sphere to surrounding medium

if (pol=="TM’lpol=="tm’)
p=1/m"2;
w=1;
else p=1;
w=0;

end Y% Default is TE
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% Roots of the 1th Airy functions, ail{l) are according to Lam et

al., Opt. Soc. Am. B, vol. 9, No. 9, (1992).

ail=-[2.338 4.088 5.521 6.787 7.944 9.023 10.040 11.009 11.936...
. 12.829 13.692 14.528 15.341 16.133 16.906]; % Airy fen roots

v=n+1/2;

% Define ep (e prime)

ep=[0

O

0

(-8+12%m~4+m~8)/m"8 % e4’

7000%m™~6 (~-28-m~2+56*m~4-16+m~6-7*m"~8+2*m" 10) % e5’

m~~8% (5% (~200-32+m"~2+526+m"~4-226+m"6-99+m~8+62*m~10+4 . . .

.. A" 12) 425 (~400+27 24m " 24T444m "~ 4~424+m " 6-366+m~8-2+m" . . .

... 10+m712)*ail (1) "3) %e6’

~269500+m~ -8+ (-232+160+m "~ 2+543+*m~4-447*m"6-186+m~8+165. ..

.. o¥m”10-154m~12+4+m"14) Ye7’

m~-10%ail (1) * (~10* (~459200+286000*m"~2+1360312sxm"4~-. ..
..1305476*m"6-433952+xm"8+717562*m" 10-209039*m"12-215642. ..
.. *m" 14+7060*m"~16) +3% (336000-441600*m"~2-626496%m~4+. . .
..891008%m"6+306416+%m~8-505696+m"~10-72488*m"12-7664*m. . .
..714+2395¢m"16)*%ail (1) "3) %e8’

1;

e=wux(m~2-1)*ep;

%, Define 4 (dk)

d=[-p %do
2°(1/3)«3%(m"2~1) *ail (1) "2/ (20%m) %di
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~2°(2/3) *m~2%px (-3+2%p~2) *ail (1) /6 %d2

(350+m~4* (1-p) *p* (—1+p+p~2) +(m~2-1) “2* (10+ail(1)"3))/...
...(700%m) %43

=27 (1/3)*m~2*ail (1) "2x(4-m~2+e(4)) /20 %44
ail(1)*(40%(~1+3%m~2-3+m~4+351*m"6) -479%(m~2-1) "3*ail (1)...
..."3-e(5))/(2°(4/3)*63000%m)  %d5

(5+m~ 2% (~13-16%m"2+4*m~4) +2+«m "~ 2% (128-4*m~2+m"4)*ail (1) "3...
...-e(6))/1400 %de

ail (1) 2% (100%(-551+2204+m"~2-3306+m~4-73256%m"6+10229+m" . . .
...8)-20231*(m"2-1) ~4%ail (1) "3+e(7)) /(27 (2/3)*16170000*m)  %d7
(m~2#%ail(1)*(10%(11082+44271+m"~2-288+m~4+7060%m~6) -3*(52544.. . .
.. . +48432+m~2-11496+m~4+2395+m"6) *ail (1) ~3)+e(8))/ (2~ (10/3) ...
...%141750) Yd8

1;

sumdk=0;
for k=0:8
sumdk=sumdk+(d(k+1)./(v." (k/3)*(m"2-1) " ((k+1}/2)));

end

xnl=v/m-ail (1) /m*(v/2) .~ (1/3)+sumdk; x=xnl
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